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ABSTRACT

'The developmental role’ of homeotic genes’ funcuon is’ controlled’ja many‘ levels by ;

general and spemf’ c regulators For example, the Brahma (Brm) chromatmwemodelmg :

complex is neccesary for the transcriptional regulatlon of homeotlc genes T hlS act1v1ty of e

this complex requ1res the assistance of auxiliary factors, In thls work we have 1dent1ﬁed

the lonallz (ma)i and taranis (fara) genes as genetic modlﬁers of brahma (brm) The:

gene encodes an ATPase and is a catalytic subunit of the Brm complex The tna Iocus 1s7’
necessary _for the adequate expression of Antennapedia (Antp), Sex comb

and Ulnablthomx (be) homeotic genes Moreover tna genetlcally mteracts w1th

enough to uncover, in vivo, the ac’tivity"o 1bunits ofthe basal transcriptional

complexes TFIIH and the RNA polymerase II holo, zyme. [ .- Haywire (Hay), the p52

subunit. called Marlonnette (Mrn) and RpIIl40] Some point mutations in the hay and
Rpll140 genes act as modifiers of the Ubx derepressnon. The silent state of the Scr gene
in some tissues can be derepressed by Polycomb mutations or by destabilizing a pairing-
dependent system. Both backgrounds are strongly suppressed by a Rplll40 point
mutation. Nevertheless, /iay and mrn point mutations only modify Scr phenotypes in the
context of pairing-dependent derepression Scr. We speculate that mutations in these
genes produce toxic proteins that act conflicting players in the regulatory environment in

homeotic gene function.



RESUMEN

La funcién de los genes homeétlcos durante el desarro]lo es controlada a dlstmtos mveles e

por reguladores generales y espemﬁcos Por ejemplo el compleJo remodelador de la. :

cromatina Brahma se necesnta durante la” regulacmn transcrlpclonal de los: genes'ﬂ

homeéticos. La actividad de este complejo sobre sus blancos requlere de la: ayuda de"‘ ‘

necesario para la expresion correcta de los genes homeotlcos Antennapedzd (Antp) Sex
combs reduced (Scr) y Ultrabithorax (Ubx). Ademas, tna interactiia con subumdades de
los complejos Brm, Mediador y Kismet. El gene fna codifica para dos proteinas
alternativas y la isoforma grande contiene un motivo SP-RING. Este_rryi‘(')ti'y(') se presenta

en un conjunto de proteinas conocidas como la familia PIAS y est4 involucrado en la

sumoilacién de substratos especificos. Se ha propuesto que la"'suthbilacién es una

modlﬁcamon covalente que regula la locallzaclén subcelular de proteinas y. también

antagomza la degradacién por ublquxtmaclén La funcioén molecular de Tna podna ser la

modlﬁcacmn postraduccmnal de modlﬁcadores de la cromatina y/o c
Ademas encontramos que los fenotlpos provocados por la derepresn ‘yn,—-de genes
homeétlcos son utiles para mostrar la actividad de subunidaes de los complejos basales
de transcripcion conomdos como TFIIH y la holoenzima polimerasa II de RNA [i.e.
Haywire (Hay), la subumdad p52 denominada Marionnette (Mrn) y Rpll140]. Algunas
mutaciones puntuales en hay y RplI] 40 son aumentadores del fenotipo provocado por la
desrepresién de Ubx. El genc Scr silenciado estd inactivado en algunos tejidos y puede
ser desreprimido por rfvau:t:aihtes en Polycomb & por mutaciones que desestabilizan sus
interacciones re‘pr;ésiv?é ’;_:d_e‘p‘endientes de apareamiento. Una mutacién puntuale en
Rplli140 suprim‘e"l.é~~ déiéﬁresién de Scr en cualquier fondo genético. No obstante,
mutantes puﬁtalévsv,en:hay y mrn sélo modifican la desrepresion del locus Scr en
condiciones,;qiic dependen de apareamiento cromosomal. Explicamos lo anterior
proponiéﬁd_o, 'qué la presencia de proteinas toxicas para cstos factores afectan el entorno

regulatorio de la funcién de los genes homedticos.



INTRODUCCION
1.- L.os genes selectores.

El problema fundamental de la biologia del desarrollo es. entender como un huevo ,
fertilizado crece y forma un cuerpo adulto. Las células de los ammales tlenen una

1dent1dad propia la cual es programada por la actw1dad de Ios genesr selectores B

destmos de

Orlgmalmente estos’ genes fueron definidos por su propledad de regular 1 _

grupos:de célula "(Garcfa-Belhdo 1975). Actualmente, el concepto de gene selector es

,{'90‘ Mann y Carroll, 2002).

‘ )pelanogasle/' codifican para factores de transcripcién que
ﬁién a DNA conocido como homeodominio. Como se observa
sHOM se expresan en dominios discretos en el cuerpo de la
> pfeéién de varios genes blanco que participan en el desarrollo de
cor orales Los genes HOM estan ubicados en dos loci separados: El
complejo Anrennapédza (ANTC) incluye los genes Antennapedia (Anip), Sex combs
reduced (Scr), Deformed (Dfd), proboscipedia (pb) y labial (lab) (Kaufman et al, 1990).
El complejo Bithorax (BXC) esta formado por los genes Ultrabithorax (Ubx),
abdominal-A (abd-A) y Abdominal-B (Abd-B) (Sanchez-Herrero et al, 1985).



La funcion de Amp es necesaria durante el desarrollo de*la glon del mesotérax T2 y de

las patas derlvadas de los tres compammlentos tordc [1,.T2 - Yy T3 (Fl ura 1) Antp L

reprnme la 1dent1dad de ojo- antena en todos lo

B). Ademas, se necesna la conlnbucnon de los tres genes de este complejo.para: 1mped1r el
desarrollo de la identidad toricica en el abdomen (Sanchez—Herrerqet al, 1985) Pox_’
ejemplo, se sabe que la delecién éompleta del complejo provoca la' transfdrniacién de t"odos'
los segmentos T3 ky abdominales (A1-A8) hacia la identidad del segmento tordcico T2
(Lewis, 1978).

Dfd)
Scr |
Antp |
Ubx |
abd-A
] TS CON
Abd-B FALLA DE ORIGEN

LARVA ADULTC

Figura |. Los genes de los complejos ANTP y BX asignan la identidad morfolégica de los derivados
cuticulares ventrales durante el desarrolio de Drosophila (Imagen tomada de Lewis, 1978). H corresponde

al segmento de la cabeza, T1-T3 a los toracicos y A1-A8 para los abdominales,



2.- Establecimiento de la expresién de los genes HOM.

Durante la embriogénesis temprana de D. melanogaster, el estado transcnpcxonal de. losg:

genes HOM se establece por la cascada regulatoria que part1c1pa en la formacxon de los '

segmentos. Los genes HOM se empiezan a transcribir: poc . ‘antesE el“'mc1o de la-

celularizaciéon del blastodermo del embrién en amphos domlmos sobrelapantes yio

requleren de la funcién activadora de los genes de segmentacxon conocxdos como palr-f""" '

rule (Ingham, 1988; Ingham y Martinez-Arias, 1986). Posteriormente, Ias fronteras de .
expreswn de los HOM son restringidas por la accion represora de los factores de‘.f ,
segmentacmn Gap (Harding y Levine, 1988; Ingham, 1988). En las regxones regulatorlas,,-
de los genes HOM existen sitios sobrelapantes de unién para las proteinas Palr-{glq y
Gap, que actian como competidores directos de la activacion o represién inicfira_ll: delos
genes HOM (Milller y Bienz, 1992; Shimmell et al, 1994). En este momento las células ,
del blastodermo poseen una identidad que se debe mantener por varias géneraj(;:fibﬁes'v
celulares atin a pesar de la desaparicion de los factores de segmentacion (Carroll y Scott,
1985). Por esta razon, las células blastodérmicas deben de tener mecanismos de memoria

molecular que aseguren la continuidad del destino morfolégico de sus descendientes.
3.- Control de 1a expresion genética y el codigo de histonas.

Durante el desarrollo, las células de los animales deben mantener y recordar su identidad
morfolégica. El mecanismo por el cual lo realizan es a través de preservar un patrén
particular .de expresion de sus genes atin a pesar de transitar continuamente por la
divisién celular (Turner, 2002). Una hipdtesis (Orphanides y Reinberg, 2002) sugiere que
las etapas qﬁe' regulan la expresién de los genes estan conectadas de manera fisica y
funcional en el orden siguiente: a) el proceso de transcripcion b) el procesamiento y los
RNAs mensajeros (mRNAs) c) la sintesis y modificacion de proteinas y d) el control de
la concentracion local de proteinas (comparmentalizacion). Esta serie linear de eventos
requiere que una etapa se concluya para empezar la siguiente y predice que cada etapa es

una subdivision de un proceso continuo.



Esta hlpotems enfatiza las combmator as secuenc1a1es de eventos en conjuncién con

multlples contactos f' isicos altamente spec1fico Los. resultados de un gran cumulo de

la asomacxon»DNA protefnas en el nicleo de una célula en interfase se le conoce como :

cromatma, en'la cual el nucleosoma es la umdad minima estructural y funcional. Los
nucleosomas se asocian en cadenas contmuas y se ensamblan en estructuras mas
complejas (e g: fibras de cromatina de 10y 30 nanometros). Las histonas son protel’nas
que contienen dos dominios. El domlmo central contribuye a la compactacxon del
nucleosoma y contacta directamente al. DNA. El dominio saliente esta conformado por
sus extremos amino-terminales. Estos extremos, al ser modificados covalentemente,
regulan las interacciones entre nucleosomas vecinos y modulan el grado de compactacion

de las fibras de cromatina (Felsenfeld y Groudine, 1998).

En los eucariontes, la activacidn transcripcional se realiza por medio del reclutamiento
selectivo de. prbtel’has La descompactacién de la cromatina es un requisito para que los
factores de umén a DNA especificos (activadores) pueden llegar a la cercania de los
genes y sobre todo tengan acceso a sus secuencias blanco en el DNA. Algunos
actlvadores lo hacen por si solos pero otros necesitan ayuda de otros factores (Orphanides
y Reinberg; 2002), y a estos asistentes se les conoce como coactivadores. Estos ltimos
son reclutados por los activadores y algunos de cllos alteran 6 modifican la estructura de
la cromatina por medio de interacciones proteina-proteina. Existen coactivadores que
acetilan los extremos aminos de las histonas y debilitan los contactos DNA-nucleosoma.
El sustrato generado por estas enzimas, favorece el reclutamiento de otros complejos con

6




: actlvxdad de ATPasZ "que retlran los nucleosomas de las reglones regulatornas de los genes

(Narllkar Y. ngston 2002) Este proceso de "remodelamén" de: la cromatma ayuda a

en cond1c1ones fi smloglcas cambiantes y por

los genes involucrados en generar su identidad.

que. 1 iucleosoma tendria el potencial de funcionar

como :el banco: d la xpresxon de una célula. Esta hipétesis (Jenuwein y
’Allxs 2001)’? ugiere 'que existe;un codlgo de histonas el cual es descifrado para controlar
‘la expresxén de un:gene:-En esta k51tua010n, una modificacidn covalente en un residuo

‘especffico de “una h tova predlspone el establecimiento subsecuente de otras

modxﬁcacxones en la’ mlsma u otras hlstonas Al final, existe un patrén de modificaciones

que son leidas por medlodel reclutamlento de complejos de proteinas que favorecen el
func:onamlento de la maqumarla de transcrlpclén (Jenuwem y Allis, 2001). Esta
do 1 act1 amon del gene IFN B (Agalioti et al, 2002).

hipdtesis se ha evaluado anallza

En este caso, una’ colecm -en’las: hlstonas H3 y H4 son acetiladas por el

cn5. Una. d estas modlﬁcamones tiene como blanco a

complejo acetllador de hlstona

la histona H4 y es: nec' aria rqp_lu\tam;gntﬁ_ ,d}cl y-comple‘]o remodelador de la
cromatina SWI/SNF. Ademas, dtras“m'odikfl'lvcaciohves eh la histona H3 son criticas para el
reclutamiento del factor basal de transcripcién TFIID (Agalioti et al, 2002). Es
importante resaltar que en este caso sélo se evalué una de las muchas modificaciones

posibles y hoy en dia se sabe que hay otras.
4.- Mantenimiento de la expresién de los genes HOM.

Cuando los factores de segmentacion cesan su actividad, los factores pertenecientes a los

grupos Polycomb (Pc-G) y trithorax (trx-G) toman la funcidon de mantener los estados
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transcrlpclonales de los’ genes HOM: Las células con genes HOM sxlenclados requ1eren
de los factores PcG y las células donde los gel OM mantlenen su expre516n reqm ren:
de los factores trx-G (Kennison, 1995 jF
2002). Algunos de los factores PcG,y;vtyi_fo. G

molecular que contienen actividades bioqu

'kagston, 2001 y Slmon Zy B

comple_]os multlmerlcos de alt

que actuan sobre la estructura de‘ {

nucleosomas (Simon y Tamkun, 2002): Lt
REs y TREs (Polycomb and tnth rax :

entran en muchos lugares cromosomales y '

especificos en los cromosomas conocid

Response Elements) Estos elementos se

modlﬁcacmnes eovalentes en la cromatina y alterando su estructura, 2) bEstlmulando o
bloqueando la actividad de la maquinaria basal de transcripcién y 3) La- p051ble
colaboracién de RNAs no codificantes en la activacién y represion de genes HOM
(Orlando, 2003). ‘

5.- Represion de los genes HOM.
Sa.- Los complcjos Pc-G.

Hasta este momento, se han purificado dos complejos Pc-G a partir de los embriones de
D. melanogaster (Figura 2). Se necesita la dosis silvestre de las proteinas de ambos
complejos para mantener el estado reprimido de la expresién de los genes HOM . El
complejo E(Z)/ESC (600-650 kDa) contiene las proteinas Enhancer de Zeste (E(Z)),
Extra sex combs (Esc), la desacetilasa de histonas Rpd3, el Supressor of Zeste 12
(Su(Z)12), Nurf-55. (Czermin et al, 2002 y Miiller et al, 2002) y Pleihomeotic (Pho)
(Poux et al, 2001b). El complejo PRC1 (1-3 MDa) contiene las proteinas Polycomb (Pc),
Polyhomeotic (Ph), Posterior sex combs (Psc), dRING, Sex combs on midleg (Scm)
(Shao et al, 1999 y Levine et al, 2002 y) y el factor GAGA entre otras (Horard et al,
2000).

S <l

temas Pc Gy trx-G se unen a smos ;



La proteina Esc:es esenc1al en el desarrollo temprano Su asomacxon en el compleJo L

' entre el inicio y el mantemm'ento del .

. sﬂenmamlento multlprotelco De esta manera, existen modificaciones postraduccionales

en la hlstona H3 que reclutan selectivamente complejos de silenciamiento.

Complejo Complejo

E(Z)/ESC =P PRC1

Elemento de respuesta a Pc-G (PRE)

Figura 2. Los complejos Pc-G actiian sobre los elementos regulatorios PRE. El complejo E(Z)/ESC tiene
actividad de metilacion de histonas y el cromodominio de PC podria estar involucrado en el reclutamiento
del complejo PRCI. Los factores Pho, Zeste y GAGA unen DNA y podrfan funcionar como reclutadores de

ambos complejos.

Este modelo de reclutamiento por histonas metiladas es complejo. Pero otras evidencias

sugieren que el silenciamiento por Pc-G es un proceso todavia més elaborado y muchos

9
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de sus componentes aun no han sxdo 1dent1ﬁcados Por ejemplo 51 la protema;Pc se une

artlﬁcmlmente aun PRE antes del blastodermo celular no se bloqu g l‘i'mcw de la

postblastodermo, las protema Pc y Esc se detectan en complej sepa dos. En el caso de .
PRCI1 ahora si se detecta la protema Psc. Por lo tanto, en un mlcm e »comp E(Z)/ESC‘
te: Esta .

estaria interactuando con un complejo PRC1 reclutado mdependle‘ e en‘

interaccion promoveria la transicion hacia el establecimiento de un conﬂplqo PRCI
"maduro" que incluiria Psc. Se ha propuesto que Psc es el represorvtran_s}cnpcmnal del
complejo PRC1 (Beuchle et al, 2001 y Francis et al, 2001).

5b.- El modelo del trans-silenciamicnto para el gene Scr.

El gene Scr se necesita para asignar la identidad de la cabeza y del primer segmento del
torax. Cada uno de los tres segmentos tordcicos en la larva contiene un par de grupos de
células conocidos como discos imagales. En la metamorfosis, estos discos se diferencian
en las patas del adulto. En las patas del primer segmento de los machos silvestres existe
una estructura conocida como "peine sexual". Cada uno de los 10-12 dientes de este peine
se origina a partir de una célula individual. Las proteinas Scr se expresan en dosis
silvestres umcamente en las células del primer disco imagal. Las mutantes nulas para el
gene Scr provocan una reduccxon en el numero de dientes en este disco. En las células del
segundo'y terq¢r~dlscos imagales no se detecta la expresion de las proteinas Scr y por lo
tanto tampécb existen peines sexuales (Kennison et al, 1998 ). La expresion ectdpica de
las protel’nas‘:Scr en los discos del segundo y tercer segmentos tordcicos provoca la
diferenciacién y aparicién de peines sexuales. Este fenotipo ha sido usado para la

identificacion de los factores Pc-G y trx-G (Kennison y Tamkun, 1988).

10



En el caso de Scr y posiblemente de Ubx, se ha’ propuesto que ex1ste un 51stema de

silenciamiento dependiente de apareamlento cromosomal (Southworth y Kenmson,

2002). Este modelo predice la exnstencla de dos elementos'regulatonos, denominados

MES (Maintenance Elements for Sllencmg) en el Iocus Vde Ser (Flgura 3). Los elementos

MES interactuarian en cis para inactivar el promotor de Ser en las células del segundo y
tercer discos imagales (Figura 4). La ausencia de interaccion entre los MES en el primer

disco imagal propiciaria la transcripcién de Scr (Figura 4).

— 1 ® A

Maintenance elemcuts
for silencing (MES)
il

0 50 100 150 kb &
—_ L ;Lsconol.::!g:l

actividad de elemonto
de respuesta a Polycomb
(PRE)

+ AL 4 M4 4 44 R

Msc Aberracién cromosomal

Scr

Figura 3. Regidén genomica que incluye los genes Scr y Antp. Los elementos MES aislan la expresion de los
genes contenidos entre ellos. Los triangulos representan inserciones y las flechas los puntos de

rompimiento de inversiones o translocaciones cromosomales. (Tomado de Southworth y Kennison, 2002).

Las inversiones o translocaciones cromosomales Scr**® Ser®!! ySer™ provocan la
expresion ectépica de Scr en el segundo y tercer disco imagales y la aparicion de peines
sexuales (Figura 2). Estas mutantes tienen puntos de rompimiento en el DNA estructural
de los MES (Figura:3). Los cromosomas que albergan estas inversiones no pierden sus
elementos MES y'Cuando se aparean con su cromosoma homdlogo podrian competir con

los MES “de é'ste’.ffLo" anterior provocarfa la desestabilizacion del sistema de

11

m
3

-q

515 CON
FALLA DE QRICEN




51lenc1am1ento de Scr (Flgura ‘ ’y por ende, la desrepresmn de Scr en los segundo y

tercer d]SCOS 1magales (Southworth yv Kenmson 2002) B

Sex

, Por otra parte ex1ste un ) 1nserc1on de DNA repetmvo en Antp (Antp ) que también

desreprlme Scr en los dnscosﬁlmagales 2 y 3 y se cree que esta insercién contiene un
elemento paremdo a un: MES (Flgura 3y 5). Cuando el cromosoma Anip™™ se aparea con
'su homologo (F 1gura 5), Ia 1nsercxén Scx podria competir y desetabilizar, tanto en cis 6

trans, el sllenCIamlento del locus Ser (Southworth y Kennison, 2002).

1a disco 28 y 3a discos Desestabilizacién

i
o

i In(3R)scrMsc

Scr 8cr Sor
ACTIVO SILENCIADO DESREPRIMIDO

Figura 4. Modelo de la desrepresion de Scr por la inversién cromosomal Ser**™. (Tomado de Southworth 'y
Kennison, 2002).

scr DESREPRESION
silenciado Aitp EN CIS

Scx Z
\ CX, DESREPRESION

EN TRANS

9

Figura 5. Modelo de la desrepresion de Scr , tanto en cis 6 trans, por la adicion de un elemento tipo MES en

Sex

Antp (Antp™). Ademds, ia desrepresién en cis de Scr provocaria la inactivacion del promotor 2 de Anip.

(Tomado de Southworth y Kennison, 2002).
12
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6.~ Activaciéon dc los genes HOM: Complejos trx-G.

En D. melanogaster se han purificado cuatro complejos multiméricos qué Contienén: .
subunidades codificadas por genes del trx-G (Figura 6). Algunas de ellas estan asomadas
en el complejo BRAHMA (BRM) de 2 MDa y corresponden a los factores Brahma’ ,
‘(Brm), Osa (Osa), Moira (Mor) y Snri (Snrl) (Collins et al, 1999; Kal et a '2000 y E
; 1998) La proteina BRM es una ATPasa con actividad de remo’ "cién de o

ina que facilita el reclutamiento de activadores transcripcionales a promotores
, ,especlﬁcos El comple_]o BRM actia como un corregulador de la actividad de la RNA
o 'pqllmerasa IT (RNApolll) (Armstrong et al, 2002). Existen varios complejos relacionados
“a BRM en otros organismos y su composicidn es heterogénea. En levadura existen los
complejos SWI/SNF, RSC y en humanos se han purificado al menos cuatro: i.e BAF,
PBAF, hBRM, BRGI1-1 y B’RG‘ly-ﬁ; Estoé' contienen horﬁélogos de algunas subunidades
@Mmmwommmmm$m$ﬁfﬁmh&myB@n0m@wnymwxmnmr
(Swi3, Rsc8, BAF17O y BAFISS), Snrl. (Snf5 Sthl y Iml), BAP 111 (BAF57 solamente
en humano), BAPSS (Arp7 y beta-actma) y BAP47 (Arp9 y BAF53) (Klochendler-Yeivin
etal, 2002) .

Los complejo‘s BRM en levadura, D. melanogaster y mamiferos regulan, positiva y
negatlvamente, la expresnén de genes involucrados en varios procesos, como por
ejemplo: el crecxmlento celular, el control del ciclo celular, la reparacion del DNA, la
dlferen01a01on;y, la respuesta hormonal (Lohuizen, 1999). Por lo tanto, se presume que la
funcién dé:l::é%(émf)lejo BRM como facilitador general de la transcripcién por la RNApolll
€s una funciébﬁﬁconservada en muchos organismos (Armstrong et al, 2002). Por ejemplo,
en levadura él',complejo RSC es esencial y se require para la expresidn de por lo menos
700 genes (Démelin et al, 2002); ademds, en ciertos estudios se ha observado que RSC se
une ﬁsicamé}ite con la proteina TATA (TATA-binding protein), la cual reconoce algunos
de los promotores dependientes de la RNApolll (Sanders et al, 2002). No obstante, en
otros casos no se ha detectado una interaccion fisica con la RNApolll (Armstrong et al,

2002).
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Complejo KIS

Kismet

Activador Kohtalo Trithorax
especifico Skuld
Me‘% @ .

Complejo TACI1

Haywire

Marionnette
Factores basales de Ash1
Brahma transcripcién (e.g. TFiIH) (.
Moira
Osa Complejo ASH1
Complejo (BRM) omplejo

Figura 6. Los complejos que contienen subunidades trx-G como BRM TACI ASH1, KIS y Mediador

funcionan como coactivadores de la RNApolll. Se muestran Ias prote[nas Rpl40 Haywire y Marionnette

histonas d
sugieren q_‘ A
cromatina: E ,comp e_|o ACl tlene actividad de acetilacion sobre la histona H4 (Tabla 1)
(Petruk et al 2001) y el estado hiperacetilado de los elementos PREs/TREs es necesario
para heredar el estado activo de un gene reportero (Cavalli y Paro, 1999), por lo que esta
modificacién podria participar en el mantenimiento de la memoria de la expresion de
genes homedticos. La proteina Trx, que tiene un dominio SET (Tabla 1), metila la lisina 4
de la histona H3 (Czermin et al, 2002) y este dominio es esencial para mantener la

identidad homéotica (Katsani et al, 2001). El complejo ASH1 de D. melanogaster metila
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las lisinas 4 y 9 de la hxstona H3, asf como la 1sma 20 d Ela hlstona H4 (Tabla l) La

combmac16n de las tres modxf icaciones facﬂlta reclutamlento del complejo BRM a un.

promotor (Belsel et al, 2002).

Factqrcs'frxG - | Dominios iv ad“esﬁt;)iioqqimirc‘is'ﬁ"":.""
Brm ATPasa, Bromodgmiﬂio o Remodelac:én de nucleosorﬂas
Osa = ARID Une DNA ipqg?gg;ﬁcaﬁign;¢
Tou® PHD, Brémb&orﬁiﬁi&i o ‘

Lid* | ’ ok i V’»ARID RlNG/PHD PHD '

Trx ‘ o ‘ 'Z;PHD SET e ~ Acet'iltylckidn"dé His'tbhas"(SET) '
Ashl v ,_:P_HQ,SET o . Acétilaéién‘dé_hisiéﬁas (SET)
pohzss ~ PHD } -

BAPIII j "HMq

Kis | i | Crohodominio, ATPasa

Tabla 1. Algunas protefnzis del trx-G contienen dominios protefcos que actiian o actuarian sobre la
cromatina, La ATPasa de Brm es responsable de la actividad de remodelacién de los nucleosomas. El
dominio ARID une DNA al igual que muchos factores que tienen un dominio HMG. Los dominios RING y
PHD podrian favorecer la actividad de ligasas de ubiquitiné sobre blancos especificos 6 mediar contactos
cntre proteinas. El bromodominio podria reconocer sustratos acetilados y el dominio SET tiene actividad de
metilacion de histonas. Ademas, se sabe que los cromodominios se unen a cromatina metilada. * Producto

codificado por el gene little imaginal discs (lid); £ producto codificado por el gene foutatis (tou).
7.- Antagonismo entre los factores Pc-G y trx-G.

Se ha propuesto que los elementos PREs de los genes HOM silenciados, albergan marcas
moleculares heredables que los sefiala para la represion transcripcional. Existen datos que
sugieren que las proteinas Pc y Scm mantienen y propagan estas marcas y que las
proteinas Psc y Ph reprimen directamente la transcripcion de estos genes HOM marcados

(Beuchle et al, 2001). Como se mencion6 con anterioridad, todas estas proteinas estian
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La ausencm ' de'Pc n D melanogaster desrepnme la expresion de genes HOM: y este

evento es su m'do por la reducclén en la dosis de muchos de los factores trx-G como

Brmvyb -Trx" enmson v Tamkun 1988) Es decir, la carencia de Pc en sus blancos k

permite que

y Trx actuén Sm embargo, en algunos casos lo contrarlo no: sucede de:

nanera SImllar"‘ Por ejemplo, los defectos morfoldgicos provocados por la ausencia de
Brm no sovn, suprlmldos por la reduccién en la cantidad de Pc (Brizuela et al, 1994) pero
los defectos homeéticos provocados por la eliminacién de Trx si son suprimidos por
mutantes en Pc (Capdevilla et al, 1986). Cuando Brm & Trx se expresan en tres dosis
versus una dosis de Pc, solamente Trx aumenta la desrepresion de genes homedticos pero

no Brm (Kennison y Russell, 1987).

Brizuela plante6 la hip6tesis que Trx competiria directamente con Pc para determinar el
estado activo de un gene HOM; Brm unicamente estaria involucrada en la transcripcion
de los genes activos y seria incapaz de remover a Pc del gene reprimido (Brizuela et al,

1994). Evidencias recientes sugieren que Trx es un coactivador que induce cambios en la
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cromatina que. tlenen dos efectos aumentar la transcrlpcmn € 1mped1r el re-

establemmxento del sﬂencnamlento porP (Poux etal 2002) Como se ve en la Tabla 1,

1 -G' pueden o podrian
3 : trxG actuen en distintas
etapas de la expresién de los genes HOM orgamzacxo de ae ktrukc‘tura de la cromatina,

estimulacion de la actividad de la RNApolll, la modlﬁcaﬂgqxrlj:g}\:'algnte de histonas, etc.
8.- La maquinaria de transcripcién basal.

Por medio de experimentos de reconstitucién in vitro en promotores tipo TATA, se ha
definido que la maquinaria de transcripcién basal consiste de un complejo de proteinas
que incluye la RNApolll y los factores basales TFIIA _TFIIB, TFIID, TFIIE, TFIIF y

TFIIH. A partlr de estos experimentos, se propuso kun orden de reclutamlento en un

compleJO de pre- -iniciacién: el factor TBP subumdad del complejo TFIID, se une al
promotor TATA seguido del reclutamlento de TFIIB Posterlormente, se une lav
RNApolII no fosforllada asociada a los factores TFI]F TFIIE y TFIIH. Después de la
aper ra del promotor, el dominio CTD de la RNApol II se fosforila, Lo anterior
promue\)e el escape a partlr del DFNA del promotor y la progresion a la fase de
elongaﬁclén‘. Al llegar a la terminacién, una fosfatasa defosforila la RNApolll y la deja

disponible "pél‘ra iniciar otro evento de transcripcién (Woychik y Hampsey, 2002).

En el caso de D. melanogaster, se han caracterizado a cuatro tipos de elementos
promotores: 29% estén relacionados a TATA, 26% son DPE (Downstream Promoter
Element), 14% son TATA-DPE y el 31% no tienen ninguno de estos elementos (Kutach
y Kadonaga, 2000). TBP no se une al elemento DPE y parece que otras subunidades de
TFIID (TAF;60 y TAF40) lo podrian hacer. Existen factores especificos (NC2) que
actuan positivamente en los promotores DPE y reprimen los TATA. Ademds, se sabe que
un elemento regulatorio (enhancer) especifico para un promotor DPE no puede activar a
un promotor TATA. Los promotores de los genes homedticos Anip. Scr y Ubx son del
tipo DPE (Kutach y Kadonaga, 2000) y las regiones cis-regulatorias de estos genes
determinan su patrén de expresion. Todo lo anterior indica que existen factores que

discriminan el tipo de promotor usado y podrian contactar diferencialmente a los
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componentes usados por la "maquinaria de transcripcién basal". El panoram’a que sé,

espera es la identificacion de elementos regulatorios (enhancers 51len01 dores, etc)

especificos para cada tipo de promotor (Butler y Kadonaga, 2002)
9.- El complejo TFIIH.

El factor TFIIH (Flgura 7) es un comple_,o multlprotélco que art1c1pa en_procesos

p44 p52 y p62 Las tres restantes que son Matl la c:clma le‘y Cdk7 se asocian en un
set,undo subcompleJo denominado CAK (Cdk-Actxvatmg Kmase) (Tlrode et al, 1999). La
actividad-de helicasa 3'-5' de XPB [codificado por el gene haywzre (hay) en Drosophlla)]

promueve la apertura del DNA del promotor y la formacnén del prlmer enlace
fosfodiéster (Sung et al, 1996). En este momento, la. RNApoI II no puede mlclar la
elongacidn porque no estd fosforilada y provoca aborcwnes en la sfntesxs del mRNA
(reiniciacién). En el comienzo de la fase de elongamén la cmasa Cdk7 ‘s la responsable
de la fosforilacién del CTD de la RNApol II (Dahmus 1995) La actwndad‘;dev la helicasa
de XPB/Hay promueve la separacxén ﬁnal de la RNApol II para ‘consolidar

adecuadamente la fase de e]ongacnon (Moreland et al 1999)

El anilisis de la secuencia del ge’néma de D. melanogaster predijo Que el locus /b es el
homologo a la proteina p52 del complejo TFIIH en humano. El locus marionnette (mrn)
tiene una posicién citogenética (71C3-E1) muy cercana a la de (/6 (71E1). Las
mutaciones que inactivan la unidad transcripcional del gene {fb no complementan a los
alelos del gene mrn. Como todas estas mutaciones forman parte del mismo grupo de
complementacién, se pude inferir que afectan la funcion del mismo gene. Por lo tanto, el
locus mrn cbdiﬁca para la proteina p52 del complejo TFIIH en D. melanogaster [Hiromi,
2003 (comunicacién personal) y Fregoso, 2003 (Proyecto de Doctorado)]. Mrn en
humano se requiere para anclar a la helicasa XPB/Hay y su regiéon C-terminal es
necesaria para que el complejo TFIIH funcione adecuadamente en la transcripcion y

reparacion por escision de nucleétidos (Jawhari et al, 2002).
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CAK

P44

XPB/Hay

XPD/Rad3 C-TERMINAL

C-TERMINAL

P62
P52[Mrn (?)]

Figura 7. Reconstruccién del complejo TFIIH de humano por microscopia electrénica de alta resolucion,

Las letras indican la posicion relativa de los diferentes componentes del complejo.

10.- La RNA polimerasa II.

La RNApollI es una holoenzima compuesta por 10-12 subunidades y es suficiente para la
sintesis de RNA in vitro a partir de un templado de DNA. Esta holoenzima no puede
reconocer por si misma a un promotor y requiere de la asistencia de los otros factores
basales 6 especificos. Las dos subunidades grandes (RplI215 y Rpll140) de la
holoenzima}Se asééiah para exponer el sitio catalitico y participan en la seleccion del sitio
de inicio dela "tféh:scripcién. En el sitio activo convergen los ribonucleétidos y los
factores que mane_]an el mRNA naciente. Las subunidades restantes (Figura 8) tienen
funciones eSpf;é(ﬁCas como ayudar en la seleccion del sitio de inicio, regular la tasa de
elongacién;y,p,ijomp\;,ér las interacciones con los activadores transcripcionales. Ademas,
RplI215 coritite!he»el dominio CTD y puede unir DNA mientras que la proteina Rpl1140
contien,e’ el smo activo y regula la tasa de elongacion (Lee y Young, 2000).
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Figura 8. Representacién de la estructura de la RNApolll de levadura en donde se muestra el patrén de
interacciones cntre sus componentes. Los numeros 140 y 215 corresponden a las subunidades mds grandes

RplI215 y Rpl1140.
11.- El complejo Mediador.

El complejo Mediador en D. melanogaster (dMed) representa un complejo coactivador
de alrededor de 25 proteinas. Este complygjo, transmite las sefiales de activacién de los
enhancers a la maquinaria de transcripCiéﬁ basal ubicada en un promotor (RNApol II). El
complejo dMed actua exclusivamenteA c';'m»factores de transcripcion especificos. Por
ejemplo, en ensayos in vitro, el cqmplejo dMed se requiere para la activacion
transcripci‘_o?né}l;de diferentes promotores (e.g. el promotor 2 de Antp) (Park et al, 2001).
Algunas su dédes del compléjo dMed estan codificadas por algunos genes del trx-G.
Los genes skuld (skd) y kohtalo (kto) codifican para las subunidades TRAP240 y

TRAP230?""rfeisypectivamente (Figura 6). Estas subunidades comunican las sefiales de
activadores conocidos (e.g. la proteina homedtica Scr) 6 desconocidos que determinan la
identidad de algunas células en los discos imagales. Originalmente las mutaciones skd y
kto fueron aisladas como supresoras de mutaciones en Pc, lo que refleja un papel general
en la transcripcion. Por otra parte, las células que carecen de skd y kfo no estan afectadas
en su viabilidad 6 proliferacion, aunque la ausencia de una subunidad central del
complejo dMed (e.g. TRAP80) si lo hace (Boube et al, 2000; Treisman, 2001).
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Lo anterlor mdlca que no todos los componentes de este compleJo son’ necesanos para las

act1v1dades generales. La presencia 6 ausenma de subumdades especxﬁcas (e 3.8 Skd o}

"Kto) en comp]e_]os relacionados al dMed. podrfan reﬂejar las acthades especfﬁcas de

este complejo (Treisman, 2001).
12.- Sumoilacion.

Sumo es una proteina relacionada a ublqumna que regula varlos procesos ce]ulares como

son el transporte nuclear, la seﬁallzacmn y la progresmn delvclclo celu]ar (Muller et al,

o por medlo de unsnstema le- conjugacmn que requlere de la act1v1dad de tres yenZImas
'(Flgura 9). En el caso de sumo, la enzima El activadora con51ste del heterodfmero
--Aos1/Uba2 yesel encargado de la formacién del comple_]o El-sumo a través de un

enlace tioéster, La enzima E2 conjugante transfiere la proteina sumo a la lisina del

sustrato. Las enzimas E3 ligasas son requeridas para facilitar la modificacion covalente y

la seleccion del sustrato (Melchior, 2000).

TN §

Ubiquitina
- T >SS D> @
El E2 E3
activadora conjugante ligasa Sustrato
Figura 9. Sistema de conjugacion de los modificadores ubiquitina y sumo.
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En los animales existen dos tipbs de E3 ligasas de sumo descritas hasta la fecha. El

primer tipo estd e_]emphﬁcado por la protema asociada al poro nuclear RanBP2 (Klrsh et

al, 2002) El segundo tlpO mcluye lés protemas de la famllla PIAS (protem inhibitor of
actlvated STAT) que tlenen un dommlo de union a zmc conomdo como SP-RING
(Hochstrasser 2001) Las protefnas PIAS son correguladores de la transcripcién mediada
por receptores de hormonas (Kotaja et al 2000) El dommlo SP RING ‘modula la funcién
de factores de transcrlpclon a través de su actividad de E3 hgasa de sumo (Kotaja et al,

2002).. Lka caractenzacxén de la proteina del trx-G Tonalli nos permmo sugerir la
exiétéﬁcié de un nuevo subgrupo de E3 ligasas (ver articulo y discﬁéién:anexa). Estos
facfofes recién identificados tienen el dominio XSPRING (eXtended SP-RING finger) el

cual corresponderia a su dominio cataljtico (Gutiérrez et al, 2003).
13.- Sumoilacion de factores asociados a la cromatina.

Existen varios blancos de sumoilacion que intervienen en la estructura de la cromatina,
Uno de esos blancos es la familia de proteinas SP100 (Sternsdorf et al, 1997), que junto
con otros componentes se asocia en los cuerpos nucleares conocidos como PML (Seeler
et al, 1998). Los cuerpos PML (ProMyelocytic Leukaemia) son estructuras subnucleares
que estdn asociados a la matriz nuclear y que contactan transitoriamente con muchas
proteinas sumoiladas, incluyendo algunos represores transcripcionales como Daxx y p53.
Aungque la funcién de los cuerpos PML es enigmatica, se sugiere que estan implicados en
la regulacion transcripcional, control de la muerte celular programada y la presentacion
de antigenos (Miiller-et al, 2001). En mamiferos, el gene SP100 genera cuatro isoformas
por splicing alternativo: SP100A, SP100-HMG, SP100C y SP100B. Todas se unen a la
proteina heterocromatica HP1 y las tres primeras se pueden sumoilar. La sumoilacion de
SP100A estabiliza la interaccién con HP1 (Seeler et al, 2001). Las variantes SP100A y
SP100C junto con HP1, actiian como represores transcripcionales (Seeler et al, 1998). La
variante SP100C tiene un dominio PHD-Bromodominio (Seeler et al, 2001) que es
caracteristico de factores que probablemente regulen la estructura de la cromatina como

el factor trxG Tou (Tablal) (Fauvarque et al, 2001). Tou pertenece a la familia de
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protemas WAL que mcluye ala proteina Acfl Esta protema, en D me nogasler, es"

funcxénar como una senal de retencion nuclear para inhibir o retardar la re-exportacxén de .
la proteina HDAC4 (Kirsh et al, 2002). La desacetllasa de histonas HDAC3 mteractua .
fisicamente con las proteinas SIZ2 (E3 llgasa tipo PIAS), MusTRD1/BEN y TFII I En el ‘.
nucleo, el factor TFII-I se reqmere para la activacion transcripcional de promotores
especificos. TFII-I es un: factor que se activa y fosforila en respuesta. a. senales

extracelulares y se transloca del c1top1asma al nicleo. La proteina MusTRDl/BEN es un

represor especifi ' IVWI,V se piensa que la proteina MusTRD1/BEN excluye a TFII-I

del nicleo y""pu're’de:, que MusTRD1/BEN compita en el citoplasma con un factor
requeridq pa‘fa sldcécién nuclear de TFII-1. Alternativamente, MusTRD 1/BEN
b‘ 'h~5fegu1ador de TFII-I en el nucleo. SIZ2 estimula la activacion
transcnpcional dependlente de TFII-I, mientras que la enzima HDAC3 la reprime cuando
hay dosis: baJas de SIZ2 6 TFII-1. A un aumento en la dosis de los factores SIZ2 6 TFII-I
se contrarresta el efecto negativo de HDAC3. Lo anterior sugiere que SIZ2 tiene un papel

regulatorio de la actividad de la enzima HDAC3. A partir de estos trabajos se puede
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inferir que existe un antagonismo entre distintas modificaciones postraduccionales (e.g.

n) en’el proceso de activacion transcripcional (Tussié-Luna et
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JUSTIFICACION

La caracterizacion genética de- los factores que regulan la determmacnon de los segmentos o

de D. melanogaster ha produc1do una amp]xa variedad de mutacmnes envprotemas Pc-G y

trx-G, asi como tamblen, de generar 1deas nuevas sobre la lmportancm de la regu]acmn
transcripcional en este proceso (Kenmson 2003). Los factores Pc G’ y trx-G se asocian en

S que regulan la transcripcion de los genes ANTC y BXC

distintos complcjos,multlmen
en difere‘ntes‘etaﬁas L'o Vtir,rifc,)'rs/ ha]lazgos en este campo resaltan la importancia que

tienen los complejos Pc-G _trx§G en el establecimiento de las modificaciones covalentes

en las hlstonas, la rem ’elfﬁa\‘(":ién de la cromatina y las interacciones con los factores
basales de transcrlpcxdn (Slmon y Tamkun, 2002). En este momento, se esta intentando
resolver los sxgu1entes toplcos 1) La interdependencia funcional entre estos complejos, 2)
El 51gmf' icado de ]as varlacmnes temporales y espaciales en su composicion, (Simon y
Tamkun, 2002), -3‘), Idengl_ﬁcar cémo y cudles factores basales de transcripciéon son
reclutados en un j)::rkbrﬁibktic‘ifﬁhbjneético activo o inactivo (Kennison, et al, 1998) y 4) La

regulacién de la 'activvidad énzimatica de estos comp]ejos, entre otros.

Con- el propéslto de 1dent1f‘ icar-a: factores requeridos para el mantenimiento de la
transcrxpcnon de los genes HOM se propone la identificacion y caracterizacion de genes
que interactuen genétlcamente con brm en la regulacion del promotor 2 de Anip. Ademis,
identificar hiutaciohes en los genes que codifican para las subunidades de la RNApolll y
TFIIH que modifiquen los fenotipos provocados por la pérdida y ganancia en la funcion
de los genes ANTC y BXC., 7
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OBJETIVOS

El trabajo de esta tesis se dividio en dos partes.

1.- Caracterizaciéon genética y molecular del gene fonalli (fna).
Hipétesis:

Si las mutantes de los genes /na y tara interactiian genéticamente con las mutaciones en
el gene brm y la proteina Brm es parte de un complejo proteico que promueve la
expresion de genes HOM vy tiene actividad de remodelacién de la cromatina. Entonces,

los: factores codlﬁcados por los loc1 tnay tara podrian actuar en algin paso especifico de

la fun016n de brm, como por. ejemplo ‘a): Env la expresion del gene brm, b) Como una

» subumdadw el comple_]o BRM c) Umendo’ 0 modlficando a los componentes del
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2.- Estudiar el papel de las subunidades inividuales de TFIIH y 1a RNApolll en la
expresiéon de genes HOM.

Hipotesis:

Si la expresién de los genes en Drosophila, como. los homedticos (ANTC y BXC), es
regulada durante el desarrollo (Keﬁhisah :éﬂt élh 1998) y las mutaciones en los factores
basales de transcripcion producen fenotxpos espe' ﬁcos Entonces se podria esperar que

R como TFII RNApolII contribuyan de manera

los factores basales de transcrlpmén

diferencial en los distintos mvele‘ funcnén de los genes HOM. Como

consecuencia, las mutacic I odrian afectar: a) El inicio y

mantenimiryentok:q'efl ,XC,,b) El silenciamiento y

reactivacién de los’ de los genes regulados por las

Para evaluar estas p051b111dades, se planteé lo §iguiente:

1.- Evaluar si mutacmnes en los genes hay, mrny Rpll140 (TFIIH y RNApolll)
modifican los fenotlpos provocados por la pérdida y ganancia en la funci6n de los genes
ANTC y BXC. '

2.- Identificar los cambios puntuales en estas proteinas. Se cree que existen sitios de
contacto en estos factores que serian imporantes para la regulacién de la expresion de los

genes HOM.‘

3.- Analizar si las mutaciones en hay, mrn 'y Rpll140, interactiian genéticamente con

mutaciones en los genes Pc-G y trx-G.
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RESULTADOS
1.- Caracterizacion genética y molecular del gene tna.

El gene tna se requiere para la expresion correcta de los genes Antp, Scr ~y’Ul:7‘x.7_1n,a_
codifica para al menos dos proteinas (TnaA y TnaB). La isoforma TnaA confiéne un
motivo conocido como SP-RING. Este motivo estd conservado en otras ,ersvp;':gi‘e;s;y;g‘s,té;ﬂ
involucrado en la sumoilacién de sustratos especificos. El analisis genético y'hqb:lécﬁlaf':‘ =

de este factor se describe en el articulo de la siguiente seccion (Gutiérrez et al, "2003);‘""'
2.- Los genes tna y tara son miembros del grupo de genes trx-G.

Mutaciones en los genes tna y tara interactian genéticamente con brm y osa (Calga_r'o et
al 2002 y Gutiérrez et al, 2003). Se les considera genes trx-G porque Ias mptaciOnes v
recesivas en estos genes producen individuos con fenotipos de pérdida en la 'fv'u'nci()npde
genes HOM (Calgaro et al 2002 y Gutiérrez et al, 2003;). El homdlogo de Tara en raton
puede unir otras proteinas que albergan motivos tipo PHD-Bromodominio y RING (Hsu
et al, 2001). En este trabajo sugerimos que Tara podria interactuar fisicamente con la

proteina Brm (Gutiérrez et al, 2003).
3.- Los genes fna y tara interactiian genéticamente con el gene Antp.

Existen dos promotores alternativos que dirigen la transcripcion de Anip y le permiten
multiples maneras de regulacion durante el desarrollo. Cada promotor responde a
distintas regiones cis-regulatorias que dirigen la expresion localizada de Anp (Laughon
et al, 1986). La reduccion de la expresion del promotor 2 de Anip en el disco imagal del
ala provoca que las moscas extiendan las alas (Vazquez et al, 1999). Las mutaciones en
los genes tna, tara, brm y osa aumentan este fenotipo (Vazquez et al, 1999; Calgaro et al,
2002 y Gutiérrez et al, 2003). Las mutaciones Antp™'y Anip”® provocan la desrepresion
de Antp en el disco ojo-antena y su transformacion hacia pata a una frecuencia de 90-100
% en individuos que contienen estas mutaciones. La desrepresion de Anfp en la mutante
Antp™ proviene de su propio promotor (P2) y en el caso de Anp”*? de un promotor no

homedtico (Frischer et al, 1986; Talbert y Garber, 1994). Estos fondos genéticos han sido
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utlhzados para evaluar la especificidad a los factores Brm, Osa, Mor y Tna sobre un
promotor homeotlco (Tamkun et al, 1992; Brlzuela y Kenmson ‘1997‘1Vazquez et al,
1999 y Gutlerrez et al, 2003). Como se ve en la Tabla 2,

suprlmen 1a transformacién provocada por la mutaclén Anrp”’ [tna (17%), tara0388'(50‘y)

; 1ones en tna'y tara

y ind’, tara®® (49%)] Estas mutacmnes no modlf' ican el fondo mutame Anrpm’ (100% en

todos los genotipos). Por lo tanto, Tna y Tara actuan en la transcrnpcxon de Antp y no

actiian postraduccmnalmente en la proteina Antp

Genotipo . Amp""' . Abt,;w,«
W’ | ‘ _._36',/_124'9(95) con V_f‘{25v3‘/2;5_3 (1_00) ;

’:jzi:l;7’2A/205 84 - o :"'2‘58/2%5‘:8(1‘00)

1375 (17) 1 .,'}Zg'4,6/46’(100)

40/80 (50) 129/129 (100)

25/44 (56) b 12?/122(100)

o ,‘._‘41/47('87), L sas3qon

{391'/,1:'13(80)_ | , ‘ © 80/80 (100)

i,v75/106(7l) | _'||0/||0(100)

76/109 (70) o 933(100)
97/102 (95) P |;|"9‘/i|9(100) ‘

n@a’/éfa?f{' ol 60/121 (49) © 95/95(100)

Tabla 2: tna'y tara reducen Ia transformaclén homeétlca provocada por la mutante Anfp™ pero no por la
mutacion Anlp”" El sfmbolo ("‘) mdlca el numero de individuos que muestran fa transformacién de antena

a pata dividido entre el numero de moscas exummadas
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Las mutantes Ina tara’ y tara® fueron generadas con etllmetanosulfonato y generan

cambios puntuales en estos loci (Vazquez et al, 1999) Esta' ’Am"ta es] or si solas no

tienen’ fenotlpo visible, con excepcmn de tna' que genera in v1duos que extlenden las
alas a una proporcion del 17% (Gutiérrez et al ,‘2003) Todas ellas interacttan ,
fuertemente con mutaciones en brm y osa (Gutxerrez et al k2003) Se presume que varias

mutacmnes puntuales en osa (e.g. osa y osa )generarlan protemas alteradas que retienen

la capacndad de umrse a: otros factores Y. podrlan competlr con:la protema sxlvestre Osa

la protema TnaA
funcmn de TnaA "

Gutlerrez et al 2003)

Los datos genéticos preSenltﬁdos en esta seccién sugieren que proteinas mutantes para
para Osa, Tna y Tara competirian con sus contrapartes silvestres y afectarian la

activacion de un promotor homeético.

4.- Mutaciones en los genes Rplli40, hay y mrn modifican diferencialmente la

desrepresion de los genes Scry Ubx.,

Esta parte del trabajo se describe en detalle en el manuscrito de la siguiente seccion
[Gutiérrez et al, 2003 (manuscrito sometido)]. Aqui mostramos que algunas mutaciones
en los genes Rpll140, hay y mrn interactuan genéticamente con alelos que provocan la
desrepresion de los genes Ubx y Scr. Una mutacién en particular, Rp/l] 40""", aumenta
especificamente los fenotlpos provocados por la pérdida en la funcion de Ubx. Ademds,
esta mutante suprlme los fenotipos provocados por la desrepresion de Ser en cualquier
fondo genético, pero en contraste, aumenta el fenotipo observado cuando se desreprime el

gene Ubx.
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Las mutantes en los genes hay y mrn (TFIIH) modifican especificamente los fenotipos

provocados por la desrepresion de Scr en un contexto particular; cuando la desrepresion

Mse

de Ser depende de apareamiento cromosomal (mutaciones Scr**® y Antp™™). Las mutantes

hay™? y hay"™"! reducen la expresividad del fenotipo provocado por la mutacién Anfp™™

y aumentan la penetrancia del fenotipo generado por la desrepresion de Ubx [(Gutiérrez et

al, 2003 (manuscrito recién sometido)]. En contraste (Figura 10 y Tabla 3), algunos alelos

ex9-2

puntuales en mrn (mra®?, mra®®?) aumentan el fenotipo provocado por la desrepresién

Asc

de Scr en los mutantes Scr*™ y Anp™.

Primer Segundo Tercer
e H, A g ‘

)

Figura 10. Algunas mutaciones puntuales en mrn aumentan del fenotipo provocado por la desrepresion de

Scr en los segundos y tercer discos imagales. Como se ve en estas imagenes, la mutante puntual mrn™”

incrementa el nimero de dientes en los peines sexuales del segundo y tercer par de patas.
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Genotipo -

Expresividad (%)

e -

mra™?Sert

mrn™-Y/ScrM

mrn®/Scrt

+/Anp™™

mn"™ Anp™™

m ’,nu.r9-2 /Ant, p.\cx

mri" /A

+/Pc’

mrn'™Y pc’

mra®? pc’

mrn™ pc?

Tabla 3. mrn modifica el fenotlpo de desrepresuSn de Scr provocado por las mutantes en Ser*™ y Anf™, El

simbolo (*) indica la expreswndad que f‘efdetermmada como el namero de dientes de los peines sexuales

en el segundo y tercer par de palas comparado con el niimero en la primer pata que tiene un promedio de

10.8 dientes y que es €l 100%. (Se contaron los dlentes de 80 patas transformadas).
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DISCUSION
1.- Tna y Tara como modificadores postraduccionales de la transcripcion.

En este trabajo se propone que las modificaciones postraduccionales por sumo y/o
ubiquitina podrian participar en la regulacién de la expresién de los genes Anip, Scr y

Ubx. La modificacién por sumo en algunas proteinas. favorece su establlldad antagomza ‘

la ublqumnacron y/6 promueve la sublocalizacién: nuclear de
(Muller et al, 2001) Estas actividades, no necesarlar' ite e ¢
las funcién de complejos asoclados a la cromatina y/o J anscnpcnonales

Las protemas Tna y: Tara serian factores que modrﬂcarlan la ac vidad del complejo BRM

durante la acuvacxon transcnpcnonal de Antp. La isoforma TnaA se ropone ‘que puede

de:un ubérupo nuevo de E3 ligasas de Sumo cuyos sustratos serian las

ser un mrcmbr
subuﬁida'cié; omp_léjos de transcripcién BRM, KIS, y MED (Gutiérrez et al.,

2003) Las proteinas "Tara tendrian el potencial de unirse a protemas que albergan
H Bromodomlmo y RING (Calgaro et al, 2002). Se sabe que las

100C y SP100-HMG, asociadas a los cuerpos nucleares PML, tienen

dommlo P rbhodominio y HMG respectivamente y se pueden sumoilar (Seeler et

al, 2001) No hay que 'olvidar que Sp100C funciona como un corregulador transcripcional

(Seeler et 998 ”El Bromodommlo de hBrm podria regular su estabilidad y transporte
nuclear (M t‘-'y Yamv, 1993) y el Bromodominio presente en factores acetiladores
tbnasfy a factores de transcripcion (Winston y Allis, 1999).

se uneala

Los dominr:();ér RINGy PHD (Figura 11) tienen estructuras parecidas y actian, en algunos
casos, co:mo'_iE?s; ligasas de ubiquitina sobre sustratos especificos (Coscoy y Ganem, 2003;
Jackson et al, 2000). Si nos fijamos en la Tabla 1 de la introduccién podremos visualizar
que muchos‘fadtbrésb trx-G contienen alguno 6 varios de estos dominios: e.g. Brm, Tou,
Lid, Trx, ‘Ashl,AshZ y Baplll. No hay que olvidar que Trx y Ashl también tienen
actividad'dé"hletilac’:iéh de histonas por medio de su dominio SET (Katsani et al, 2001;
Czermin-et al 2002 y Belsel et al, 2002). El locus rara interactiia genéticamente con los
genes. trxG brm, osa y tna. Los homologos de Tara en mamifero unen a factores que

albergan motrvos presentes en varios factores trx-G.
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Por lo tanto: Tara podria: a) Unirse fisicamente.a léé'é\ibﬁﬁidédég sumdiladas de los
compleJOS trx-G b) Ser una subunidad de alguno(s) complejo(s) trx G, ¢) Integrar las,r‘
actlv1dades modxﬁcadoras como remodelacion, sumonlaclén, ublqultmacnon, acetllamén y '
melllacmn de histonas en regiones de la cromatina de genes activos 'y d) Regular la

acuwdad de los factores de transcripcion.

1 -2 3 4 5 6 7 8
C-X5-C-X3.17-C-X1.4-C-X;3.7-H-X5-C-X-13.0;-C-X5-C  PHD (C4HC3)
C-X3-C-X2.17-C-X.4-H-X5.9-C-X-C-X-03.39-C-X5-C RING (C3HC4) -

C-Xj3.5-C-X  H-X; -C-Xy7 -C-X3-C  SP-RING (C2HC3)
i &) ® ‘ i
n n Zn Zn
{ & O @0 66
PHD y RING SP-RING

Figura 11. Comparacion entre los dominios PHD, RING y SP-RING. Los dominios PHD y RING tienen
estructuras parecidas y conforman una estructura tipo "cross-brace" la cual coordina dos atomos de zinc,

La cstructura del dominio SP-RING no ha sido resuelta y podria tener relacion con la estructura RING.

2.- El reclutamiento del complejo BRM, Tna y Tara a la cromatina activa.

Se sabe que el reclutamiento del complejo BRM y de los complejos tipo SWI/SNF a la-
cromatina de ciertos genes, depende de la interaccion de dominios especificos dc faétofes'; ,
de transcripcién con subunidades individuales de estos complejos. Por qemplo, algunos&
factores con distintos motivos de unién a zinc (EKLF, GATA-1, Spl TFL‘3 NF- kB)"
pueden reclutar selectivamente la actividad remodeladora de los complejos SWI/SNF de
mamifero. Por. esto, se ha. propuesto que uno de los posibles mecanismos de
reclutamiento es por la interaccién diferencial con factores de transcripcién con dedos de

zinc que unen a DNA (Kadam et al, 2000).
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Se ha postulado que la protema O"j podria: estar involucrada en el ‘proceso de

ominio de unién a DNA incluye a un motivo de umon a zmc [DBD/zmc;f '
R)]>quc funclona como una mlerfase de mteracmén con protemas
factorcs basales TF IIB, TFIIFy

' 1_vo ein vitr 0, cuatro

al 1999) En ratén se han 1d
»mteractuan con la reglon DBD/ receptor hormonal. La
uena proteina con un domA URF), la segunda es una
na (ANPK), la tercera esl

eC ina ARIP3 que tienen actividad de E3
1o y_ a cuarta es ARIP4 qu

TPasa dependiente de DNA

2002) La ATPas'l ARIP4 también se sumoxla en celulas
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postraducmonales por sumo ‘son senales que regulan el balance del mtercamblo de
factores transcripcionales entre los subcompartimientos nucleares y la cromatina y entre
el citoplasma y el ntcleo. Lo anterior no excluye que sumo regule la degradacién y/é

estabilidad dec estos factores.

3.- El sistema de modificacion postraduccional sumo/ubiquitina y su relacién con ¢l

cédigo dc histonas.

lLas modificaciones covalentes de las histonas controlan muchos aspectos del
funcionamiento de los cromosomas. Se sabe que la monoubiquitinacion de la histona
H2B es necesaria para la mctilaci()n de la lisina 4 en la histona H3. Esta modificacién

estd asociada con la cnomatma acuva y es catahzada por Rad6 que es una E2 conjugante

de ublqultma (Robsky et: al 2000) Rad6 esta involucrada en muchos procesos biologicos

como la reparacxon de DNA 1081s"y 51len01a1mento de genes (Kupiec y Simchen,

1986). Es de esperarse que dlstmtas E3 llgasas de ubiquitina determinen la especificidad:

de suslmtoyde Rad6. Dos. abajo recxentes en levadura indican que el dominio RING de - i

la E3 lxgas‘_‘: de ubiquitin conomda como Brel modifica a la histona H2B. Esta senal‘bf

conduce a la metllacmn de las: llSv as 4 y 79 en la histona H3 y Brel se asocia a traves d(.l:v_‘ i

dominio’ RIN

modiﬁcééi S
(Hwang ét 0 y Wood et al, 2003). En levadura, la metilacion de las lisinas 4'y. 127 .

de la hlstona 3 ‘que depende de Rad6, es catalizada por el complejo COMPASS

(Robsky et él :2000) el cual contiene un homélogo de la proteina Trx (Miller et al, 2001).

En el caso’ de D. melanogaster, se requiere de un contexto adecuado de residuos
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metilados en las histonas H3 y H4 para famlltar el reclutamiento del complejo- BRM,

(Beisel et al, 2002). Lo anterior suglere que’ las modlﬁcacmnes covalentes por. ublqumna‘_é .

podrian contribuir para establecer senales de memoria en la cromatina activa. Enmmas:de, :
la via de ubiquitina, con dommxos tipo RING podrian ser reclutadas a las regiones blanco
del complejo BRM y promover entonces un conformacién de cromatina activa. Por lo
tanto, la sumoilaciéon y la ubiquitinacién actuarian regulando la actividad de sustratos

diferentes pero necesarios para el mantenimiento de la expresion de genes HOM.
4.- El papel de los factores TFIIH y RNApolil en la desrepresion de genes HOM.

Las interacciones regulatorias entre los genes HOM complica las interpretaciones sobre

los efectos que tienen las mutaciones en modificadores de fenotipos homéoticos. Las

proteinas Abd-A y Abd-B reprlmen la transcrlplon del gene Ubx y la protema be S

reprime la transcripcion del gene Antp (Kenmson, 2003) En contraparte la act1vac10n o‘ :

represion de los genes Scr Abd-B y-Dfd parecc no ser afectada por la. expresxon de otros«_ o

genes HOM (Kenmson, 2003)

En este lrabajo [Guuerrez et al 2003 (sometldo)], moslramos que: la mutacxon/f
Rplll 40""""’ suprlme los fenotipos provocados por la desrepresmn de Scr en los segundo o

y tercer dlscos 1maga1es En contraste, Rp11140""'"” aumenta el fenotlpo por laj'

desrepresxon de Ubx provocado por: la mutacxon Cb.\ Ubx!, este fenotipo conSISte"n-la S

transformacion parcial de ala hacia halleno De ‘manera equivalente, las mutacxones” s

ncrvd

y hay
aumentan el fenotipo de la mulacnon va Ub\ El 1mpacto de estas"mutamo

ne2

hay reducen la desrepreswn de Sc; en ‘un contexto en partlcular y

actinomicina D, reduccn globalmeme la desrepresmn Scr, be y Antp [Gutlérrez etj‘al
2003 (sometldo)] g ‘ L

Un aumentador del fenotlpo Cb,\ Ub). podr{a corresponder a una mutamohcn algun,k“ .

factor que promueva la’ actnvacxon de Antp Los alelos en los genes trx-G (b; m mor om,

skd, emre olros) aumentan el fenotlpo Cbt Ubx' [Stoller y Kenmson 1997
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(comumcacmn personal) y Kenmson, 2003] y este efecto es atnbmdo al;hecho‘que estos .
rX- ; : para la d be Stoller.

conlrlbucmn menor’en la expresm de
1997y Vazquez et al, 1999) Ning
fenotlpos de provocados p::“ m
Rp11140" mpy; Rp111407 "3 pe

por la perd|da en la func

1992 y Guuérrez et al 2003 E

(sometido)]. Por lo tanto, ’la I sxon n de Antp no es la causa del aumenlo

c2rvd

el fenotipo Cbx'Ubx'! por Ias 0' it 110)’“2 y-ha

ne2rvd

tacnones Rplll 40""P, hay y hay

) mﬂuyen en la morfogenems del ala .

presencia:

cnde,‘l,av

sensible a’ sxs de los mecanismos generales de la transcripeién y también-ha permmdo

1dent1f"car los factores que promueven la expresion o funcién de Ser durante el
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crecxmlento larvarlo (Kenmson, 2003) Cas1 todas las mutantes en hay prIIl40
suprlmen o reducen los fenotlpos provocado por la desrepresxon de Scry las mutac1ones'
en los factorcs basales Taf60, Taf110, Taf250, TFIIA y TFIIF también uene‘nb esta
prdpiedad. o

5.- Mrn como una posible subunidad regulatoria de TFIIH.

El carboxilo terminal de p52 de humano afianza la helicasa XPB en el complejo 'TFHH :
(su homologo en D. melanogaster es Hay). Es de esperarse que mutaciones en la protema
Mrn (homélogo de p52), altere la actividad de Hay y probablemente, el p051c1onam1ento
y asociacion de TF1IH en el complejo de preiniciaciéon y reparacion de DNA Las moscas
que alberg,an mutaciones en mrn, son sens:bles a radiacion por rayos ultravxoleta {Hiromi,
2003 l(comumcacxon personal)] sugiriendo que son deficientes para reparar DNA daiiado.
Mumgiones'en ‘hay reducén la expresion ectépica de Scr y alguﬁas mutaciones en mrn, la
ziuinentayfn, Estas interacciones solamente se observan cuando el locus Scr se desreprime
por“iﬁ,e’di’o de apareamiento cromosomal (transveccion). Algunos escenarios ‘podbriian
exp]fi:(':ar‘:c':stasb 6bscrvaciones. La proteina Mrn controlaria negativamente la actividad de"
TFIIH y pbsiblemente de Hay. Otra opcién es que Mrn interactue con -factorés que-
participan en el trans-silenciamiento dominante de Scr y limite la disponibilidad de

TFIH para el promotor de Scr en el segundo y tercer discos imagales.
6.- Propicdades regulatorias de componentes de la RNApolll.

Sc han descrito propiedades nuevas en las interaciones de la maquinaria basal de
transcripcién con los promotores y con factores promotor-especiﬁcos Existen
subcompejos relacionados al factor TFIID que permiten una regulacién mas elaborada de
¢t¢f'TFnB
para mleractuar con un promotor (Zhao y Herr, 2002; Tjian y Levme 20 )Q;"El factor
la RNA -

1ento_, del ’

la expresion de ciertos genes y algunos activadores afectan la capacidad de

TFIIH part1c1pa en la transcripcién de los genes ribosmales, dlr'"‘

pohmerasa I Yy la actlv1dad 'de cinasa de TFIIH es requerida para’

complejo SET L;este complejo metila la lisina 4 de la hlsto‘n_a.‘H3,_y es ‘mgdlﬁca{:if’o'nip'sté
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enriqrueci:da en-la rvegrion‘S'de’ lvosfge'n'esﬂ trahscritos (Iben et-kal, 2003; Reinberg y
I—Iampsey, 2003).

Se ha propuesto que algunos de los fenotlpos provocados por mutaciones en TF IIH son

el resultado de la contrnbucxon de los sxguxentes fendmenos:

1.- Una reduccmn en la canudad de TFIIH que afecta los mve]e Y transcrnpcxon de .

dlferenles genes. En individuos receswos (TFIIH/TFIIH) se lmplde la:actividad:de. genes?

que pamclpan en el mantemmlento y la homeostaSIS cclula En individuos | teromgotos’ ;

y no son reprmndos 0 actlvados por otros factores HOM :

Por otra parte, los contactos: espemﬁcos de los faclores TFIIH y ]a RNApo]II,E on- faclores
de transcripcion; influyen en la expresién de una sub;,rupo de genes y por 1o lanto,
produce fenotipos especificos (Zurita y Merino, 2003). Algunas mutaciones especificas
en Rpll140 (RpIl140"™" y Rpll140%*) podrian afectar algin paso de la funcién de Ubx en
el tercer segmento tordcico y se ha especulado que las posibles interacciones fisicas de
Ubx con estas prolemas mutantes en. RpIIl40 podrian alteran la expresmn de genes

regulados por be [Mortméet al 1992 y Gutlerrez etal, 2003 (someudo)] En las alas, la

expresion ectépn X: v i h‘_dcj“cncrtqu_-ge  también senan{ SR

RpllIH0 |

sensibles’ a las [Gutie : ,
ne: . l1ay”°2f ?4,, mir n mrn®? 2(TFIIH)

(somctldo)]._ La,ST 1ta




producen fenotlpos especd‘ cos en elf-transuenclamlento dommate de Scr [Gutlerrez etal,

sugerlr la ex1stenma~de puntos de contacto con otros _pomponenles de la transcrxpclon.
Estas mteraccmnes 1mpactarfan dlferencxalmente la expresion de genes en contextos

: rcgulatorlos espemﬁcos (Fi 1gura 12)

rvd nc2 rvl

"] Hay (845 a.a)

E94 ex9-2?

h Mrn (499 a.a)

Z43 wimp ?

Rpll140 (1176 a.a)

Figura 12. Mutaciones en las proteinas Hay, Mrn y Rpll140 que provocan efectos diferenciales en la
expresion de genes HOM. La mutacion nc2 provoca una sustitucion de la arginina en la posicién 652 de
Hay hacia una cisteina (Mounkes ct al, 1999). rv4 y rvl gencran sustituciones de los aminodcidos 220 y
657 de Hay hacia codones de término produciendo proteinas truncadas [Mounkes ct al, 1999 y Merino,
2002 (Tésis de Doctorado)]. Las mutaciones v+ y rv/ fueron generadas como revertantes de la mutacién
ne2 (Mounkes et al, 1999). Las mutacién £94 genera un codén de término en la posicion 96 de la proteina
Mrn [Fregoso, 2003. (Proyecto de Doctorado)]. Z43 es un alelo que genera una sustitucion de la arginina en
la posicién 940 de Rpli140 hacia histidina (Chen et al, 1993). La secuencia de las mutaciones ex9-2 en mrn

y wimp en Rpll140 no ha sido determinada.
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CONCLUSIONES
tnay tara B e e o -

El locus /na codifica para un factor 1rx- G que se require. para el: mantemmxento de la

expresion de los genes homeotlcos Scr Anlp y Ubx

Existe contrib

encrado 'por spllcmg alternatwo que

VnaB.(GO kDa) Los transcrltos maA Y

El locus Ina contlene, al m i

codll' ican paralas protemas TnaA ,
tnaB se expresan dlfcrencnalmente duranle el desarrollo y se detectan en dosxs altas en las'

ctapas tardias .

La isoforma TnaA tiene un reglon de homologla con otras proteinas eucarlotlcas quc
incluyen a dos faclores en humano KIAA1224 y KIAA1886 Esta region de homologfa
se le nombré como XSPRING (eXlended SP RING ﬁnger)

La region XSPRING de l‘naA contlene el motwo SP- RING Las proteinas que tienen estc

motivo funcnon:' ' como E3 lxg'lsas de sumo y ﬁeren especificidad sobre su sustrato

Por lo anterlor proponemos que TnaA de ne:a. un nuevo subgrupo de E3 llgasas de

sumo. La summlacmn puede regular: a) la mteraccwn de factores de transcrxpcnon con los

corcguladores b) el transporte y sublocahzamén nuclear 0 c) el antagonismo de la

ublqunlmacxon

Lo antcrlor abre la- posibilidad que las; subunld de 0 t‘;ig)i"rnplcjos BRM y KIS sean

blancos de summlacnon y suglere la’; ex1stenc1a de un nuevo nivel de regulacién en la

acuwdad de los complejos remodelado es

Proponemos que Tara se une ﬁsncam io de la proteina: Brm. El

homologo de Tara en ratén se une a el ] omodominio-de una factor que también
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contlene un motlvo RING : PHD y RING han 51do encontrados en protel’nas

que tlenen act1v1dad de E3 ]1g as de blqu‘ i

Las modlﬁcacmnes por sumo y ublqumna'podrlan Jugar un papel clave en la regulacwn

dela expresu‘)n de genes homeollcos -

Imy, mrn'y RpII140 B

Existen mutaciones particulares en los genes hay, mrn y Rpll]40 que modxf’can
diferencialmente los fenotipos provocados ‘por- la desrepresmn de los genes: homeétlcos b
Ser 'y Ubx. '

En los individuos que albergan las mutacnones RpIIl4OWimp y RpII 140“‘3 se suprlmen los
fenotipos provocados por: la pérdlda en'la: func:én de Pc y se propone que reducen la

actividad del promotor dc Sc: en'los’

' undo ¥ tex cer dlSCO lmagales

ne2

nenL dommate de Scz Las protemas Hay™ "y

'er'it"é's“a'sbéi'ldos a-los elementos

:los segundo y tercer dISCO 1magales

dor negatlvo de la funcnon de. Hay

En los md1v1duos que albergan las mutacwnes hay""z hay"cz'w y RpII] 40"""" se aumenta

la transformaclon de ala hacia halterlo provocado por la desrepresmn de be Se postula -

que estas protemas mutantes reducen la exprcsmn de un subgrupo de genes qucr

p'xrucxpan en la formacnon del ala

Por otra parlc, creemos qu vla ' emas Rplil4owimp y Rpll] 40’24‘31%1&‘: tan,la‘éc uv1 dad de

union a DNA de la prole(n U X
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PERSPECTIVAS

Evaluar si la proteina- TnaA "'ene actlviwad de E3_ hgasa de sumo en- un- 51stema de-

reconstitucion in w/ro Ademas !‘delectar" 51£la protema Tara se asocla con el

bromodomlmo de Brm

Identlf' car y-aislar a:los;componentes-celulares’ ‘que se. asoc1an con las protemas TnaA,

or esponder a las subumdades de los complejos

Buscar elementos‘de'DNA que respondan a factores trx-G en la region regulatoria del

gene Anlp Espemﬁcamente la regién genémica delimitada por las mutaciones Anp® y

A nrp

Evaluar si los complejos BRM y KIS sumoilados cambian sus actividades bioquimicas en

un sustrato de cromatina.

Evaluar como se asocian los factores TFIIH y Rpl1140 a las regiones regulatorlas que

controlan la actxvndad transcrxpcnonal de los promotores ANTC y BCX.

Evaluar si ex1sten 1nteracc10nes proteina-protema de los factores TFIIH y la RpII140 con

subumdades de los compleJo trx 'y Pc~G

Evaluar como €. odxﬁca los-.fenotlpos provocados por la desrepresion de Sery Ubx en

los mdmduos dobles mutantes hay y mrn,

Secuenciarv lamei'taci(')n Rp!l] 40“"’"” y evaluar si modifica la actividad el reclutamiento de

la proteina'Ubx a sus secuencias blanco en los genes que forman las alas y los halterios.
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SUMMARY

The trithorax group genes are required for positive
regulation of homeotic gene function. The trithorax group
gene brahma encodes a SWI2/SNF2 family ATPase that is
a catalytic subunit of the Brm chromatin-remodcling
complex. We identified the tonalli (tna) gene in Drosophila
by genetic interactions with  brahma. tna mutations
suppress Polycomb phenotypes and ma is required for the
proper expressions of the Antennapedia, Ultrabithorax and
Sex combs reduced homeotic genes, The ma gene encodes
at least two proteins, a large isoform (I'naA) and & short
isoform (FnaB). The TnaA protein has an SP-RING Zn
finger, conserved in proteins from organisms ranging from
yeast to human and thought to be involved in the

sumoylation of protein substrates. Besides the SP-RING
finger, the TnaA protein also has extended homology with
other eukaryotic proteins, including human proteins. We
show that tma mutations also interact with mutations in
additional subunits of the Brm complex, with mutations in
subunits of the Mediator complex, and with mutations of
the SWI2/SNF2 family ATPase gene kismet. We propose
that Tna is involved in postranslational modification of
transcription complexes.

Key words: Homeolic gene regulation, hrahima, Trithorax group,
Sumoylation, Chromatin remodeling, SWI/SNF, taranis, tonalli,
Drosophila melanogaster

INTRODUCTION

The trithorax and Polycomb group genes encode positive and
negative factors required for the maintenance of homeotic gene
expression (Francis and Kingston, 2001; Gellon and McGinnis,
1998; Kennison, 1995; Simon and Tamkun, 2002). Kennison
and Tamkun (Kennison and Tamkun, 1988) first identified
bralma (brm) as a ftrithorax group gene required for the
maintenance of homeotic gene expression, but brm also
regulates the expression or function of engrailed (Brizucla
ct al.,, 1994), hedgehog (Felsenfeld and Kennison, 1995),
wingless (Collins and Treisman, 2000), and £2F (Stachling-
Hampton et al., 1999). The Brm protcin (Tamkun ct al., 1992)
is a SWI2/SNF2 family ATPasc (Eisen ct al., 1995). Brm is a
subunit of a large protcin complex that is a member of the
SWI/SNF family of chromatin remodeling complexes
(Papoulas ct al.,, 1998). Scveral different mouse and human
SWI/SNF complexes related to the Brm complex have been
isolated and mutations of some subunits have revealed their
roles in a variety of processes, including cell proliferation,
differentiation, viral infection, and cancer (reviewed by
Klochendler-Yeivin et al., 2002). In vitro studics show that
SWI/SNF complexes can alter both nuclcosome position and
nuclcosome conformation (reviewed by Flaus and Owen-
Hughes, 2001; Vignali ct al, 2000). The ycast SWI/SNF

complex is recruited to nucleosomes proximal to the promoter
by transcriptional activators. This rccruitment leads to
localized nucleosome disruption. Retention of SWI/SNF
complexes on the promoter requires cither the continued
binding of thc transcriptional activator or the prescnce of
acctylated histones (Cosma ct al., 1999; Hassan ct al., 2001).
These changes facilitate the transcriptional activation or
repression by gene-specific DNA-binding proteins. It is likely
that the cffects of SWI/SNF complexes will have important
cffects on inter-nuclcosomal intcractions that could have
conscquences for higher-order chromatin structure (Francis
and Kingston, 2001).

Several trithorax groups genes in Drosophila cncode
protecins involved in chromatin remodeling, including moira
(Brizucla and Kennison, 1997; Crosby ct al,, 1999), snri
(Dingwall et al., 1995; Rozenblatt-Rosen ¢t al., 1998), osa
(Collins ct al., 1999; Collins and Treisman, 2000; Treisman ct
al., 1997; Vazquez ct al., 1999), and kismet (Daubresse ct al.,
1999; Therricn ct al., 2000). The Brm, Mor, and Snrl proteins
arc probably part of a core complex that is required for
chromatin remodecling activity, whereas other subunits
probably rcgulate and/or target this activity (Collins ct al.,
1999; Kal ct al., 2000; Papoulas et al., 1998).

In addition to chromatin remodeling complexes, the
initiation of transcription in cukaryotes also requires the
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function of several other large protein complexes that may act
to either relicve repression or allow transcriptional activators
to interact with RNA polymerase and other basal transcription
factors. Among these other protein complexes, the Mediator
and TATA-binding protcin (TBP)-associated factors (TAF)s
function as coactivators by relaying transcriptional activation
signals from DNA-bound activators to the basal transcription
machinery. The Mediator complex is found from ycast to
human and functions as an interface between activators and
RNA polymerase 11 to transduce regulatory information from
cnhancers to promoters. There is also some in vitro evidence
to suggest that some specific Mcediator subcomplexes act as
transcriptional corepressors (Balciunas ct al., 1999; Song and
Carlson, 1998; Sun ct al., 1998), In flics, the Mediator
complex has been purificd and its interactions with different
promoters, scquence-specific transcription factors and basal
transcription machinery has been characterized to some
extent (Park et al., 2001). In addition, many subunits have
been identified in the Drosophila genomic DNA sequence by
their similarity to yeast or human Mediator subunits (Boube
ct al., 2000; Rachez and Freedman, 2001). The TRAP230 and
TRAP240 subunits of the Mediator complex arc encoded by
the trithorax group gencs: kolitalo (kto) (Treisman, 2001) and
skuld (skd) [described as blind spot (bli) (Treisman, 2001)
and poils aux pattes (pap) (Boube ct al., 2000) (J. W.
Southworth and J. A. Kennison, unpublished results)]. kfo and
skd were first identified in the same genetic screen for
regulators of homeotic genes as brm (Kennison and Tamkun,
1988).

In order to identify additional protcins that are required for
the proper regulation of homeotic gene expression, we have
screened for mutations that show genetic interactions with brm
mutations in regulation of the Antennapedia (Antp) P2
promoter. We have previously described the isolation of
mutations in the trithorax group gene osa in thesc screens
(Vazquez ct al, 1999). Here we report the isolation of
mutations in two cther genes, taranis (tara) and tonalli (tna).
tara has been recently characterized as a new trithorax group
gene required for homeotic gene expression (Calgaro et al.,
2002; Fauvarque ct al., 2001). In this work we show that tna
is a novel trithorax group genc that is required to regulate the
expression of the Sex combs reduced (Ser) and Antp homeotic
genes. We also show that ma function is required at scveral
devclopmental stages. The molecular characterization of two
Tna protein isoforms reveals that ma could function in
postranslational modification of chromatin-modifiers and/or
transcriptional activator proteins.

MATERIALS AND METHODS

Fly strains

Flies were raised at 25°C on a yeast-sucrose-agar medium with either
Nipagin or propionic acid or on a commeal-molasses-yeast-agar
medium with Tegosept. Unless otherwise noted, all mutations and
chromosome aberrations are described by Lindsley and Zimm
(Lindsley and Zimm, 1992), ina!, tara?, and tara® are EMS-induced
mutations recovered on the basis of the wings-out phenotype when
transheterozygous to brm” (Vazquez et al., 1999). tara”¥%/ is a
P-element insertion allele. a® [P{PZH(3)r1075/075),  ma?
[PtlaciV}i(3)s0583/02] and tna’ [PllacW(3)ri0755674] are P-
element insertion alleles, that are lethal in combination with tna’. The

EP(3)0374 is a ma* line kindly provided by P, Rorth (Rorth et al,,
1998), We will refer to /n(3R)ScrMse simply as Scrtfse,

Mutant phenotypes

The *held-out wings' phenotype was scored if flies had both wings
extended (Fig. 1A). For Pc?, Pc?, and Scr5<, the penetrance of the
homeotic transformation was measured by the presence of ectopic sex
comb teeth on the second and third legs of adult males. The
expressivity of the homeotic transformation was determined by
counting the number of ectopic sex comb teeth on the second and third
legs and comparing it to control first legs, which have an average of
10.8 sex comb teeth per leg (Kennison and Russell, 1987). Wing
extension, transformation of haltere to wing (Fig. 1B), and reductions
in the numbers of sex comb teeth on the male first legs (Fig. 1C) were
used to evaluate Amip, Ultrabithorax (Ubx) and Scr expressions,
respectively.

Lethality of individuals carrying homozygous or heteroallelic
combinations of ma alleles was determined by counting the 7h*
progeny from crosses between /na alleles balanced with TM68, v e
7h.

Isolation of DNA from the tna genomic region

We identified three P-element insertion strains (tna?, tna® and ma)
that failed to complement fma’ for viability. The insertion sites of
these three P elements were mapped in contig Dm3049 (Adams et
al., 2000) located in the 67F1-68A' region. To isolate genomic DNA
from the /na locus we carried out a standard plasmid rescue of
genomic DNA adjacent to the P element from the ma’ and ma®
strains (Sullivan et al., 2000). Both isolates were [¥2P]dCTP-labeled
and used as probes for Southern analyses of P{ clones from the 67F I -
68A1 region. After standard restriction mapping and Southern
hybridization of the positive Pl clones, we carried out further
restriction mapping and Southern analysis of approximately 32 kb of
the chromosomal region surrounding the tna” and ma’ insertion sites
in the DS04626 PI clone. Several fragments of this Pl clone were
used as probes to analyze the transcripts from the tma genomic region
and to screen cDNA libraries.

Nucleic acids analyses

To identify cDNAs representing the ma transcripts, we screened a
cDNA library in the Uni-ZAP XR vector from 2- to [4-hour Canton-
S embryos (Stratagene). Three positive clones were recovered and in
vivo excised to isolate the phagemids containing the cloned insert. The
fargest cDNA clone (ZAP1 in Results, Fig. 3A) was sequenced to
confirm its identity.

Several expressed sequenced tags (ESTs) were identified by
identity searches carried out using the BLASTN and BLASTX
programs (Altschul et al., 1997) as provided by the NCBI and BDGP
databases. The ¢cDNA clone LD16921 (from 0-22 h embryos) was
reported with the nucleotide sequence from the 5” and 3’ ends. With
primers from these 5’ and 3" sequences we amplified an RT-PCR
fragment named PCR1 (see Fig. 3A). This fragment joins the most
5’ untranslated exon to the Tna coding exons. PCR1 was amplified
with the Expand High Fidelity polymerase (Roche) according to
manufacturer’s instructions with poly(A)! RNA from 0-3-hour
embryos, using as 5" and 3’ 24mers primers with the sequences
5’CTGTCGCTTCTTCTTCTTCTTCAC3 and STGCCTCCGTAAC-
CATTTCCTGCTCY’, respectively.

Southern and northemn analyses were done as previously described
(Vizquez et al., 1999). Five micrograms of poly(A)' RNA from the
indicated developmental stages were fractionated on a 1% agarose
Mops/formaldchyde gel and transferred to a Hybond™ N* nylon
membrane (Amersham). RNA blots were probed with purified DNA
fragments labeled with (2P]JdCTP by the random primer method
(Prime-1t I kit from Stratagene) and washed under conditions of high
stringency (0.1x SSC, 0.1% sodium dodecyl sulfate, at 65°C).

We searched for ma-related proteins in the human genome using



the http://www.ensembl.org/Homo_sapiens/ and Online Mendelian
Inheritance in Man™ (McKusick, 2000) databases.

To identify the molecular lesion in the ma’ mutant allele, we
purified genomic DNA from individuals with the genotypes ma’ red
e/Df(31L)vin2 or tma* red e/Df(3L)vin2, Df(3L)vin2 is a chromosomal
deletion that lacks the entire tna gene. The ma coding region was PCR
amplified with Expand High Fidelity polymerase (Roche) using as 5’
and 3’ primers oligonucleotides with the sequences 5’ATGAACCA-
GCAGGCGGGCTCCTCAAGGGCG3’ and S"CTAGTCGAATAAC-
GTGGCCAGCAAGTCGT3’, respectively. These primers amplify a
4.4 kb fragment with the entire ma open reading frame. One fragment
from ma’ and ma' (the wild-type chromosome in which the tna!
mutation was induced) was sequenced in both strands and the
sequences were compared. To verify the identity of the tna’ mutation,
a 578 bp fragment that includes the exon 5 genomic DNA (Fig. 4A)
was amplified from five ma!/Df(31)vin2 individuals using a 5
oligonucleotide with sequence from the end of exon 4 and a 3’
oligonucleotide from the beginning of exon 6 as amplification
primers. The sequences of these 5° and 3’ primers are S"GCTAT-
GGTGGAGTCGGAGGAGY and SATTCGTCGGAGACGGTGA-
CGGTATG3’, respectively., All five independently amplified 578 bp
fragments contained the substitution of a cytosine for a thymidine that
changes the glutamine codon at position 566 to a stop codon (Fig.
4C).

Germline clones

Germline mosaics were generated using the dominant female-sterile
technique (Chou et al., 1993). ma/, ina’ and ma' heterozygous
females were mated to w; Pfw’, ove?/J2X4/1'\3, Sh males and the
progeny irradiated during the first larval instar (24-48 hours after egg
laying) with 1000 rads of X-rays. Female offspring of the genotypes
+hv; tnal red e/Plw?*, ovoPl]PXIE L h0: ma® /P[w*, oveP 2N or
+hv; tnat /P[w*, ovoP! J2X48 were crossed to males heterozygous for
a tna- deficiency (v w. DBL)IXA6/TMGB, Hu e Th Dr). Individuals
produced by a female bearing a germ-line clone were dissected,
mounted and examined under the light microscope.

RESULTS

tonalli and taranis enhance brahma mutant
phenotypes

Flics heterozygous for some combinations of mutations in
trithorax group genes have a held-out wings phenotype (Fig.
LA) that results from reduced expression of the Amp P2
promoter ( Vazquez ct al., 1999). On the basis of this phenotype
we isolated several dominant enhancers of brm. Two of the new
mutations arc alleles of the trithorax group genc taranis (tara)
(Fauvargue ct al., 2001). These mutations, fara? and tara?’,
show genetic interactions with multiple alleles of brm. In
addition, we isolated onc mutation in a novel gene that we
named tonalli (tna). tonalli is *fate’ in nahuatl, an indigenous
mexican language. We mapped tna’ to polytene chromosome
bands 67F3-4. Analyzing thc available collection of P-clement
insertion lines from the BDGP we identified three P-clement
inscrtion strains [P{PZH(3)ri07511975, P{laciV}(3)s0583/02,
and Pylaci¥}i(3)rl07516731] that failed to complement mal, We
will refer to these P-insertion mutations as ma?, tma’ and ta?,
respectively.

tna is a trithorax group gene

The Antp gene has two alternative promoters, P1 and P2, The
Antp™s allele derepresses the Antp P2 promoter in the cye-
antcnnal disc and expresses wild-type Angp transcripts from the
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Fig. 1. ma mutant phenotypes mimic homeotic loss-of-function
phenotypes. In all pancls wild type is on the lett and the mutant is on
the right (A) The held-out wings phenotype of a tna!/brm” double
heterozygote indicative of loss of Anp P2 function, (B) The partial
transformation of haltere to wing in a tma!/tna’ mutant fly indicative
of loss of Ubx function. (C) The reduction in the number of sex comb
teeth on the first leg of a na”/tna? mutant male indicative of loss of
Scr function.

Anip promoter (Jorgensen and Garber, 1987; Talbert and
Garber, 1994).

Derepression of the Scr gene causes the appearance of cxtra
sex combs on the sccond and third legs of males. This
derepression can be caused by gain-of-function alleles of Scr,
such as SerMsc (reviewed by Southworth and Kennison, 2002),
or by loss-of-function mutations in Polycomb group gencs,
such as Pc? or Pct.

Several trithorax group genes (including brm, mor, osa, kis,
skd and kto) were first identified as suppressors of the extra
sex combs phenotype caused by derepression of Scr or as
suppressors of the antenna to leg transformation caused by
derepression of Antp in the Nasobemia (Ns) allele of Antp and
(Kennison and Tamkun, 1988). Since we identified the tna gene
on the basis of genctic interactions with brmi, we first tested
whether tma mutations could also suppress thesc two homeotic
derepression phenotypes. We found that all ma mutations
strongly suppress the extra sex combs phenotype caused by
Pc3, Pe! or ScrMsc (Table 1), but only weakly suppress the
antenna to leg transformation caused by the Anp™ mutation
(Table 2).

We also analyzed other Anip alleles affecting the expression
from the P2 promoter. We have shown through this approach,
that the P2 promoter cxpression is sensitive to brm and osa
dosages (Vazquez ct al., 1999). For example, brm and osa
alleles cnhance the held-out wings phenotypes caused by
mutations affecting the Anp cis region located between the
breakpoints of In(3R)Antp® and In(3R)Antp® aberrations. We
tested for genetic interactions with all of the chromosome
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Table 1, Effects of tna mutations on Scr homeotic
derepression phenotypes induced by Polycomb and
Scr mutations

Transformed Expressivity?
Genotype flies/total* (%) (%)
+Pct 37/40 (93) 14
tmallPct 8/20 (40) 4
+/Pc? 20/20 (100) 52
tallPcl 16/20 (80) 6
tnadlpcd 20/20 (100) 28
ma’tPe? 20/20 (100) 30
ma'/Pc? 19/20 (100) 17
ma-$1Pct 10720 (50) 2
+/ScrMse 20/20 (100) 23
tna’iScrVie 18/20 (90) 8
tnalScrite 19/20 (95) 7
tnad/ScrMe 16/17 (94) 9
tnatiScrMe 19/20 (95) 6
tna=/Scrdhe 0/20 () 0

*Numbers ol male individuals showing sex comb teeth in the second and/or
third leg.

tExpressivity was determined by counting the number of ectopic sex comb
teeth on the second and third legs and comparing to control first legs with an
average of 10.8 sex comb teeth each (100%).

Ytna- is DA(3L)vin2, a chromosomal deficiency for 6712 1o 6816 that
deletes the entire ma gene.

Table 2. Genetic interactions of tna’ with Antp
chromosomal aberrations that alter Anep P2
promoter function

Flies with

held-out
Genotype Angphs+ Angp?ib+ wings/Total
4+ 236/249 (95) 253/253 (100) -
ma'l+ 172/205 (84) 2587258 (100) -
mal+ 41/47 (87) 53/53 (100) -
a1+t 13/75 (17) 46/46 (100) -
In(3R) Anip®i+ - - 5/62 (8)
mallin(3IR)Anip¥ - - 55173 (75)
In(3R)AnipRr+ - 0/117(0)
tnallh(3R) Anip® - - 84/130 (65)

*Numbers of individuals showing antenna to leg transformation divided by
the total numbers of fies examined. The percentages are given after in
parentheses.

Y- refers w0 Dff31)vin2, a large deletion that removes the entire tna gene.

aberrations with breakpoints between the 4mp P1 and P2
promoters that were previously used to test for interactions
with brm and osa mutations (Vazquez et al., 1999). We found
that ma’ (but not the P clement rna allcles) enhances the held-
out wings phenotype when in combination with In(3R)Antp?
and In(3R)Amp® lines (Table 2). We did not observe
interactions with any of the other aberrations (data not shown).
Thus, we conclude that as with b and osa, there is a ta-
sensitive region mapping between the 5° breakpoints of
In(3R)Amp® and In(3R)Antp®.

tna, tara, brm and osa interact genetically

Since we isolated ta and rara mutations because they enhance
the held-out wings phenotype of brm, we also looked for
genetic interactions with osa, which is also required for Anp
P2 function (Vazquez ct al,, 1999). We tested the EMS-induced

Table 3. Genetic interactions of tna and tara with some
trithorax group genes

Numbers of tlies

with held-out %
Genotype wings/Total Penetrance
+/tna! 19/115 17
+/tnat 0/120 0
+/tara? 0/129 0
+/tara?? 0/151 0
+/tara® ! 97184 5
brm?/+ 9/498 2
brm¥/ma’ 43/43 100
brména’ 0/100 : B 0
brmftara’ 7/31 ; 23
brm/ina’ tara? 12/20 ) . 60
brm?/tara®® 3/37 i ; 8
brn?/ma’ tara?® 40/53 S T8
brm?/tara® ! 17165 L : <l -
brn?/ina’ tara®3ss! 2171 s : +30
osal/+ 6/208 : , 3
osaltbrm? 1007100 SRR 100
osal/ma’ 35/35 ) : 100
osal/mat 0/69 [N . 0
osalfara’ 41/57 Ll 120
osal/tara?? 36/48 - 75
osa/tara®nsl 33105 . 31
osal/ma’® tarq?is81 22/59 . 37
+/tna¥ tara®s¥! 0/137- .k ' 0
ma'/tara’ 36/36 A 100
wma'ltara’t 27/3t S 87
mal iqra®sst 1067123 - - 80
mor!/ina’ 82/139 . . 59
mor/ima! 97/123 . 79
snrl®3ma! 417120 34
kis!316/pa! 67/108 62
kis!/tna’ 75/137 55
skd?/ma’ 74/103 72
sked-7062/ing! 1351175 77
sk %760/ ina! 107/219 49
kiol/ina’ 417120 34
Trap8tr?958/mal 41/152 27

For mor?!, mor?, snr 1319, kis!3416 kisl | skd?, skd-7062 skdrk?60 jeo! or
Trap8072956 dato from the controls (the same genotypes as in the table but
lacking the ma’ mutation) were not included, since no flies with the held-out
phenotype were observed. At least 100 flies were examined for each control
genotype.

alleles, ta!, tara? and rara?’, and the P-clement insertion
allcles, tna® and tara"3%%!, for genetic intcractions with brm,
osa, and with each other (Table 3). We found that all three
EMS-induced alleles interact strongly with hrm?2, but that the
two P-clement insertion allcles do not show strong genctic
interactions. The P-clement inscrtion alleles do show genctic
interactions with brm? in flics heterozygous for mutations in
all three genes (brm, ma and tara). These results suggest that
the P-insertion alleles arc weaker than the EMS-induced
allcles. We observed similar results previously with brm and
osa (Vazquez ct al., 1999). It is possible that the P-inscrtion
mutations arc not null alleles, but it is also possible that the
EMS-induced alleles make mutant proteins that bchave as
dominant-ncgalive mutations, still binding to interacting
protein complexes and competing for binding of the wild-type
allcles. All of the tna and tara mutations (except the P-inscrtion
allele ma’) show strong genetic interactions with osa’ (Table
3). All three tara alleles interact strongly with ma’, with tara?
showing the strongest intcractions.




tna interacts genetically with mutations in subunits
of the Brm complex, the Mediator coactivator
complex and with the Kismet SWI2/SNF2 family
ATPase
Several members of the trithorax group proteins are subunits
of chromatin remodeling or coactivator complexes. The Brm
protein is the SWI2/SNF2-family ATPasc subunit of the Brm
chromatin remodeling complex (Tamkun ct al., 1992). The
trithorax group genes mor, osa and snrl encode other subunits
of the Brm complex (Brizucla and Kennison, 1997; Collins ct
al., 1999; Collins and Treisman, 2000; Crosby ct al., 1999;
Dingwall et al., 1995; Kal ct al., 2000; Papoulas ct al., 1998;
Rozenblatt-Rosen ct al., 1998; Treisman ct al., 1997; Vazquez
ct al., 1999). The kismet (kis) gene encodes another trithorax
group SWI2/SNF2-family member and is probably thc ATPasc
subunit of a different chromatin remodeling complex
(Daubresse ct al., 1999; Therrien et al., 2000). It is thought that
chromatin remodcling complexes may interact physically
with the basal transcription machinery, with transcriptional
coactivators or corepressors, or with proteins involved
in histonc modification, such as acctyl-transferases and
deacetylases. Onc of the transcriptional coactivator complexes
with which chromatin remodecling complexes might intcract is
the Mediator complex (Rachez and Freedman, 2001). The
koltalo (kto), skuld (skd), and Trap80 trithorax group genes
cncode subunits of the Mediator coactivator complex
(Kennison and Tamkun, 1988; Boube et al., 2000; Trcisman,
2001) (J. W. Southworth and J. A. K., unpublished results).
We tested whether tna mutations could genetically interact
with mutations in the trithorax group genes encoding subunits
of the Brm or Kis chromatin remodeling complexes or the
Mecdiator coactivator complex to give the same held-out
wings phenotype that we obscrved in the brm/+; osal+
transheterozygous combinations (Vazquez et al,, 1999). We
also looked for genetic interactions between sma and several
other trithorax group mutations that probably do not encode
subunits of the Brm, Kis or Mediator complexes. The results
are shown in Tablc 3. We found that rna’ shows strong genetic
interactions with some mutations in the Brm complex (brm?,
osal, mor! and mor?), with kis mutations (kis! and kis/3416),
and with some mutations in the Mecdiator complex (skd?,
skdt7062 and skd"*760), There were no strong interactions with
the snr/®1% mutation in the Brm complex or the Aro! and
Trap80°2956 mutations in the Mediator complex. We also
observed no strong genetic interactions with ash2?, #x/,
99397 urd? or sis! trithorax group mutations (data not
shown).

The zygotic and maternal functions of tna

Transhetcrozygous combinations among tma’, tma?, tma’ and
ma? alleles result in death at the third instar larval, pupal
or pharate adult stages. Heteroallelic pharate individuals
(dissccted from the pupal cases) present transformations
typical of loss-of-function of the Antennapedia and Bithorax
complex homeotic genes (Table 4). In some cascs, we observed
partial haltere to wing transformation that results from loss of
function for the Ultrabithorax (Ubx) homeotic gene (Fig. 1B).
In 100% of the malce flies we observed a strong reduction in
the number of bristles in the male sex comb (the sex comb
tecth) (Fig. 1C). This is the phenotype observed in partial loss
of function in the S¢r homeotic gene. Thus, we found that the
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Table 4. Homeotic transformations in pharate adult tna
mutants

Number of flies with
transformed tissuc/Total (%6)

Genotype First leg® (Scr) Haltere' (Ubx)
ma'ima? 3134 (97) 33/74 (45)
tnallna’ 33/40 (83) 36/80 (45)
mallma’ 36/36 (100) 47/74 (64)
tma’/mnal 24/24 (100) 0/24 (0)
ma’tmat 30/30 (100) 3/64 (5)
na’ima’ 40740 (100) 1/80 (1)

*Transformed tissue in the first leg measured by the reduction in numbers
of sex combs teeth. A wild-type first leg has an average of 10.8 sex comb
teeth, while most of the rma mutant males had only 5-7 sex comb teeth per
leg.

Transformed wing tissue in the haltere,

Fig. 2. Phenotypes from maternal loss of tna function. Prepupa (A)
and young pupa (B) that lack both maternal and zygotic ma
functions. These individuals are tna!/Df(31.)ixd6 [tna] and very few
individuals reach the pharate adult stage without paternal rescue. One
of the males that reached the pharate adult stage is shown in C. The
first leg has a smaller sex comb with fewer sex comb teeth (inset in
C) suggesting a reduction in Scr function. (D) A ta'/+ male that
lacked maternal Tna function but was rescued by the paternally-
inherited wild-type allele. The patemally rescued males have sex
combs with normal numbers of sex comb teeth (inset in D).

tna zygotic function is required for proper expression of at least
three homeotic genes, Antp, Uby, and Scr.

At least 50% of the ma mutant transheterozygotes (and 85%
for some heteroallelic combinations) reach the pupa stage, This
late stage of lethality suggests that maternal ma function might
be sufficient for carly development. To determine if this is so
we generated homozygous germ cells for the tma’, tma? and
mal alleles. We used mitotic recombination and a transgenc
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carrying the dominant female-sterile mutation ovoP! (Chou et
al,, 1993) to producc embryos that lacked wild-type maternal
ta functions. The same results were obtained with all three
tna alleles and individuals representative of this experiment are
shown in Fig. 2. When both maternal and zygotic ta functions
arc lacking, most individuals dic as third instar larvae, For tna’,
a few mutant individuals reach late developmental stages (Fig.
2A-C) if they lack both maternal and zygotic tma functions.
Thesc pharate individuals have fewer sex comb tecth in the

A

cDNAs 31 ATO7790 adult tostis
\

D\v__"____—n LD16921 embryo

CIREA42750 adult probe LTt ZAP1 embryo

1 = PCR1 embryo
mRNAs ™ — ry
szzx/‘nl - -l-l...a. tnaA (6.1 kb)
SR UL

) -.l\ -'l"“‘ilnaB {4.2 kb)
Y .
EP(3)0374 tna* _tna3 CG6418
W e S% " XM E 0 B W T
¥ 'l Ly L) T
0 <« o235 +10 15 +20 kb
tna
B

F?\b%-o Larva3 P A
LT

tnaA (6.1 kb)
tnaB (4.2 kb)

p49

Fig. 3. Molecular organization and developmental expression of the tma
locus. (A) The tna genomic region is represented at the bottom of the pane

‘The ma- P-element insertion sites are indicated by gray circles. The arrows

by the insertions represent the orientation of the respective P-element with
respect to the (na transcription direction. The tma' EP0374 insertion site is
shown as a white circle. The restriction sites are: B, BamHI; X, Xbal; E,

EcoRl; H, Hindlll. CG6418 is an RNA helicase transcribed towards the 3°

end of the ta locus. The transcripts (MRNASs) are depicted in the middle of

the panel. The BDGP, release 2-predicted transcripts containing the
translated exons (black rectangles for shared, grey rectangtes for the non-
shared exons between fmas and tmaf3) are shown, We have added the 5°
untranslated exon and the 3" poly(A)' regions (white rectangles) deduced
from our analysis of the locus. The 5° UTR exon is open on the left to
indicate that the na transcription initiation start site has not been

determined. The indicated sizes of both transcripts are in agreement with the

northern analysis shown in B. The upper part A (¢cDNAs) shows

representative cDDNAs isolated from the tna locus. AT07790 is one of several

ESTs identified in adult testis. RE42750 is an EST from adult heads. The

ZAP1 embryo cDNA clone was isolated from the UNI-ZAP library from 0-

12-hour embryos (see Material and Methods) and was the probe for the
northern blot shown in B. The PCR1 embryo ¢cDNA clone was RT-PCR
amplified with 5" and 3" primers sequences from the reported L.D16921
embryonic clone (see Material and Methods). (B8) RNA poly(A)* was

prepared from 0-3-hour and 3-21-hour embryos (0-3 and 3-21), first, second
and third instar larvae (L1, L2, L3), pupae (P) and adults (A) . Samples were

blotted and run under standard conditions. The blot was probed with the

ZAP] cDNA (A). The blot was washed and rchybridized using a probe for

rp49 as a loading control. The sizes of the detected bands are indicated.

male first legs (Fig. 2C) and show a haltere to wing
transformation. In contrast, if only the zygotic function is
lacking (and the maternal function is normal), the 717a mutants
dic, predominantly as pupac. Individuals with no maternal tna
can be completely rescued by a wild-type allele inherited from
the father, giving rise to normal (and fertile) adults (Fig. 2D).
Thus, we can conclude from these experiments that there is
maternal tna contribution but the zygotic function is sufficient
to reach late developmental stages, at Icast with the three alleles
that we have tested.

Molecular analyses of tna

The closest ma' insertion line, EP(3)0374 (Fig. 3A,
open circlc), has an EP clement 6kb upstrcam of the tma-
P-clement insertion sites (Fig. 3A, full circles). Thus, at
least part of the gene could be between the ma™ P and
ma' EP clement inscrtion sites.

To isolatc genomic DNA from the tia region we
sclected P1 clone DS04626, which includes the genomic
DNA flanking the sites of the tna?, ma’® and tma® P-
element insertions. We did a chromosomal walk from
DS04626 and tested several genomic probes to identify
putative (na transcripts (data not shown). The tha-
inscrtion sites are within the first large intron of an
annotated gene, CG7958. We will present the evidence
below that CG7958 is tna, but we will first describe our
efforts to characterize the structure and limits of the
transcription unit (Fig. 3A). Therc is another genc
(CG6418, which may encode an RNA-binding protcin)
about 1.8 kb downstream of the last exon of tma. The 3’
end of the ma transcription unit should be within this
1.8 kb region. Although there is an annotated gene
(CG12523) about 60 kb upstrcam of the predicted 5°
exon of tna, the first predicted gene (CG6449) for which
there is EST evidence is about 160 kb upstream of na.
Although the tna promoter should be somewhere within
this large genomic region, we have not yct identified
the transcriptional start site. There is one P-clement
insertion available within this large region, EP(3)0374,
which is about 1.6 kb upstrcam of the predicted tma 5’
cxon. This P-clement inscrtion complements the tia
mutations, i.c., it is tna®.

Our northern analyses identified two transcripts (6.1
and 4.2 kb in size) within the g region, which derive
by alternative splicing (scc below). To characterize the
structurc of these transcripts, we isolated cDNA clones
from an embryonic library. ZAPI, which is the longest,
is shown in Fig. 3A. We also characterized cDNA cloncs
from the BDGP. The BDGP clone LD16921, which was
isolated from a 0- to 24-hour mixed stage embryonic
library, was particularly uscful and is also shown in Fig.
3A. We were able to amplify several RT-PCR fragments
using, as a 5" primer, an oligonucleotide with the
5’LD16921 sequence and as 3’ primers olignoucleotides
with the sequence of diverse translated tma cxons (sce
Materials and Methods). One of these fragments, PCRI,
is a cDNA made from poly(A)* RNA purified from 3-
24-hour cmbryos. To corroborate its identity it was
cloned and sequenced (Fig. 3A). There arc at least two
alternative untranslated 5” cxons. The 5 exon of the
embryonic LD 16921 cDNA clone (and the adult cDNA



clones RE42750 and RE27454) differs from the 5’ exon found
in several testis ESTs (AT07790, Fig. 3A). There is also
alternative splicing within the translated exons (described in
detail below).

The tonalli transcripts are differentially expressed
during development

We performed northern blot analyses with RNA samples
purified from different developmental stages using the ZAP!
cDNA clone (Fig. 3A) as a probe. This clone was isolated
from a AZAP embryonic library and overlaps all of the ma
translated cxons. We found two signals (6.1 and 4.2 kb) (Fig.
3B) that correspond to major tna transcripts. The 6.1 kb
transcript was present at all stages, but its expression increased
at the second larval instar and reached its maximum in the
pupal stage. The 4.2 kb transcript was first detected in third
instar larvae, but it was most abundant in the pupal and adult
stages.

One of the Tna protein isoforms belongs to an SP-
RING Zn-finger domain family

The northern and sequence analyscs of tma predict at least two
alternative transcripts (CT41698 and CT23982 from BDGP,
releasc 2) (Fig. 3A, mRNAS) encoding products of 1109 and
610 residues (Fig. 4A). The long form of the protein (TnaA)
is translated from 10 coding cxons and may have three different
amino termini (CG7958-RA, -RB and -RC, BDGP, rclease 3).
The mRNA for the short form (TnaB) lacks cxons 5-8 and part
of cxon 9. Both protcins have similar amino termini, which
have two Gln-rich regions, but they do not share the same
carboxyl termini; the alternative splicing of the short form
gencerates a frameshift that changes the open reading frame
after the alternative splice (Fig. 4A). This frameshift gencrates
a stop codon in the middie of exon 9.

Exon 7 is present only in TnaA and encodes a possible
bipartitc nuclecar location signal and an SP-RING (Siz/PIAS-
RING) (Hochstrasser, 2001) putative zinc finger (Fig. 4, sec
below).

Blast analyses of the TnaA protein sequence allowed us to
identify four regions (Fig. 4A). Region I and 1V (residues 1-
494, and residucs 799-1109, respectively) do not show
homology to any other reported protein in any organism,
Region I contains two blocks of glutamine residucs.

Region 111 (647-798) includes the SP-RING finger (residucs
718-760), which is present in several proteins from organisms
ranging from ycast to human (Fig. 4B). Onc family of
SP-RING finger protcins are thc PIAS [protein inhibitor
of activated STAT (signal transducer and activator of
transcription)] family. Onc of the PIAS proteins, Mizl
(ARIP3/PIASX ) (Wu et al., 1997) has also been identified as
a cofactor of homcotic gene function in mice. In the Drosophila
genome, the only other SP-RING finger proteins are ZimpA
and ZimpB (zinc finger-containing, Mizl, PIAS3-like) (Mohr
and Boswell, 1999). The Zimp proteins belong to the PIAS
family and arc encoded by the Su(var)2-10 locus (Hari ct al,,
2001). Region I also includes the putative bipartite nuclear
location signal (residucs 668-086, Fig. 4C).

Although there are many proteins with similarities to
Regions I (residues 495-646) or 111 (residucs 647-798), there
arc only a few proteins that have similarity to both. These
include proteins from the mouse (EST B6863016), Xenopus
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laevis (EST BJ075201), Gallus gallus (EST AJ396794),
Caenorhabditis elegans (predicted protcin NM_069604),
Arabidopsis thaliana (AB011483), and human (KIAA1224
and KIAA1886). The two human proteins (retinoic acid-
induced KIAA1224, EMBL AB033050, and KIAA1880,
GenBank source AL136572) are 60% identical to TnaA in a
region spanning almost 300 residues (from TnaA residucs
495 to 798) (Fig. 4A.C). We scarched the OMIM database
{(McKusick, 2000) but did not find any associated discascs
attributed to mutations in the KIAA1224 (10q23.2) and
KIAA 1886 (7pl15.1) genes to date. This family of proteins
differs from the PIAS family in having Region II. We belicve
that the 300 amino acid domain spanning both Regions 11 and
111 identifics a new signature that we have named the
XSPRING (eXtended SP-RING finger) domain (Fig. 4A,C).

The TnaB form shares regions I and 11 with TnaA, but has
a unique carboxyl terminus. It does not show any additional
homology to other known or predicted proteins.

The tna’ allele carries a mutation that affects only
the TnaA protein product

The tna locus produces at least two different proteins, TnaA
and TnaB. We arc intcrested in characterizing the functions of
cach onc of thesc forms and in dissecting more accurately
whether the tma mutant phenotypes are caused by the failure
of one or both Tna protcins. Individuals with the EMS-induced
ta! allele have different phenotypes from those resulting from
the P-clement inscrtion alleles (tna?, tma® and ma®). mal is the
allele that intcracts strongest with several trithorax group
mutations to reduce Antp P2 function and cause a held-out
wings phenotype (Fig. 1A, Tables 2 and 3). The ma! allcle is
also the allele that shows the strongest loss-of-function Ubx
phenotype (Fig. 1B, Tablc 4) when heterozygous with the
P-clement inscrtion allcles or the dclctions. Thus, we
characterized molccularly the nature of the mutation in tna’
(scc Materials and Methods). We purificd DNA  from
ma'/Dfy3L)vin2 individuals that survive until third instar
larvae, PCR amplified, and sequenced the ma! genomic region.
We found only onc change within the entire open reading frame
of the ma! mutant chromosome, a transition (C to T) that
changes glutamine 566 (Fig. 4C) to a stop codon. This change
would gencrate a truncated product at the end of exon 5 (Fig.
4A) that will resemble the amino-terminal region of the TnaB
protcin without its carboxyl terminus. These data suggest that
tna! should affect only TnaA, with TnaB still functional. The
truncation of the TnaA protcin may be responsible for the
phenotypes we observe with the ma’ allcle. The fact that this
truncated form resembles the amino terminus of the wild-type
TnaB, together with the ma’ genetic data, leads us to suggest
that TnaB cannot substitute for TnaA. As TnaB mRNA appcars
for the first time late in development, the role of TnaB could
be to negatively modulate the TnaA function.

DISCUSSION

To study the mechanism of action of the Brm complex on
different homcotic genes, we have characterized genes that
interact with Brm in regulating the expression of the Autp P2
promoter in the imaginal wing disc. Reduced expression of the
Antp P2 promoter in the imaginal wing disc causes flics to
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Fig. 4. The Tonalli proteins, (A) The two alternatively spliced forms
predicted by the BDGP, release 2, are shown. In the upper part is a
scale that indicates the aminoacid residues, In the TnaA protein the
exons are indicated as E. E1 to E4 are exons shared between the
TnaA and the TnaB forms. The glutamine rich domains are indicated
by lightly shaded boxes. The bipartite nuclear location signal is
indicated by the hatched box. The SP-RING finger is indicated by a
black box. The TnaB carboxyl termini is indicated by the grey box
and is different from the one in TnaA. The XSPRING domain, which
is present in the human KIA A proteins and in proteins in other
organisms, is indicated by the box above the proteins. (B) Multiple
alignment of the SP-RING finger region in different proteins.
KIAA1224 and KIAA 1886 human proteins (accession numbers in
Results); Su(var), D. melanogaster Su(var)2-10/ZimpA/B
(gb/AAD29287.1); Mizl, (Msx-interacting-zinc finger) from mouse
(8b/AABY6678.1); PIASI from mouse (gb/AAC36702.1); KCh, K*
channel-gssociated protein from rat (gb/AAC40114.1); PIAS3 from
mouse (dbj/BAA78533.1); PIASy from human (gb/AAC36703.1);
CEWI0DS predicted protein from C. elegans (pir/T26331); VICIA,
Vicia faba transcription factor (pir/T12184), SER-INT, a
Schizosaccharomycees pombe homologue (pir/T37748) of
Saccharamyces cerevisiae Siz proteins; NFI1/S1Z2, CDC12 and
septin-interacting protein in S. cerevisiae (gb/AAA86121.1); SI1Z1,
septin-interacting protein from S. cerevisiae (pir/'S69691). The
bottom line is the identical (in uppercase letters) and most common
(lowercase) residues in all sequences. (C) Multiple alignment of
Drosophila TnaA, human KIAA 1224, and human KIAA 1886
XSPRING domains (495-798). The glutamine 566 that changes for a
stop codon in tna’ is indicated by the residue number. The bipartite
nuclear location signal residues are underlined. The SP-RING finger
residues are indicated with asterisks. Consensus sequence of the
same amino acid present in the three proteins is indicated.

extend their wings out from the body (a held-out wings
phenotype). While flics heterozygous for a null b allele
usually hold their wings properly, they often extend their wings
when also heterozygous for hrm-interacting mutations. We
have previously used this genetic screen to isolate mutations in
the osa gene (Vazquez ct al., 1999), which encodces a subunit
of the Brm chromatin remodeling complex. Here we report the
isolation of mutations in two additional brm-interacting genes,
tara and na. tara is pleiotropic and has been identified in
several other genetic screens (e.g. Fernandez-Funez ct al.,
2000). Of particular importance to our own results was the
recent identification of tara as a dominant suppressor of the
extra-sex-combs phenotype  displayed by loss-of-function
mutations in the Polycomb group genc polyhomeotic
(Fauvarque ct al., 2001) and its modification of phenotypes
associated with cctopic expression of the homeotic gene
proboscipedia (pb) (Calgaro ct al,, 2002). The published
results, as well as the results presented here, suggest that tara
and ma arc both members of the trithorax group of homeotic
gene regulators.

tara encodes twin proteins, Tara-o and Tara-f3, which have
a cyclinA-binding motif (also present in the cell cycle
regulatory transcription factors E2F1-3), a SERTA domain
[which is thc largest conserved region among TRIP-Br
(transcriptional  regulator interacting with  the PHD-
bromodomain) proteins] and a PHD-bromo interaction domain
(Calgaro et al., 2002). Trip-Bri/p345E-l is a Tara-related
protein in micc that is a cyclin-dependent kinase regulator
(Sugimoto ct al,, 1999) and a transcriptional regulator. Trip-
Br1/p34SEl-t can interact with PHD and/or bromodomains
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(Hsu et al,, 2001). It has been proposed that this family of
proteins could link the cell cycle with chromatin remodeling
(Sugimoto ct al., 1999).

Individuals with low dosages of tara (Calgaro ct al., 2002)
or tna (this work) have a held-out wings phenotype. As we have
isolated rara mutations because they interact genetically with
brm mutations, the simplest hypothesis is that Tara proteins
physically interact with Brm protcins through the Brm
bromodomain.

One Tna protein isoform is related to the PIAS family
Analysis of tna ESTs shows that therc are at Icast two different
5’ ends (represented by RE42750 and AT07790), suggesting
that the ma gene may have alternative promoters. The rara
gene also appears to have two promoters (Calgaro ct al., 2002).
In addition to the possibility of two promoters, alternative
splicing within the zna open reading frame gives rise to at lcast
two different protein isoforms, TnaA and TnaB.

The TnaA isoform has an SP-RING (Siz/PIAS RING) finger
(Saurin ct al., 1996), which is present in the PIAS [protein
inhibitor of activated STAT (signal transducer and gctivator of
transcription)] family of proteins. PIAS proteins are co-
regulators of many gene-specific transcription factors. For
example, PIAS proteins co-repress STAT factors (which act as
signal transducers of cytokine rcceptors) to transcriptionally
activate specific target genes (Chung ct al., 1997; Liu ct al.,
1998). PIAS protcins also coactivate steroid receptor-
dependent transcription (Kotaja et al., 2000; Tan et al,, 2000).
The PIAS protein Mizl/ARIP3/PIASXa possesses intrinsic
transcriptional-activating function (Kotaja ct al., 2000),
intcracts with the¢ homeobox protcin Msx2 to cnhance its
affinity for DNA (Wu et al., 1997) and is an androgen receptor
(AR)-interacting protein (ARIP). The Drosophila zimp (zinc
finger-containing, Mizl, PIAS3-like) genc encodes proteins
with similarity to the Mizl/PIAS3 protein (Mohr and Boswell,
1999). The zimp gene is also known as Sufvar)2-10 (Hari ct
al,, 2001). In addition to the SP-RING zinc finger domain, the
Su(var)2-10 protcins have a putative DNA-binding domain (the
SAP domain) that is found in diverse nuclcar protcins. The
Su(var)2-10 proteins regulate chromosome structure and
chromosome condensation, and function in interphase nuclei
(Hari et al., 2001). Recently a SUMO-protecin ligase (E3)
activity has been found in several SP-RING finger proteins
(Johnson and Gupta, 2001; Sachdev ct al., 2001) (reviewed by
Hochstrasser, 2001).

tna and a role for sumoylation in regulating
homeotic gene expression

SUMO (small ubiquitin-related modificr) is a ubiquitin-like
protein (UBL) that is covalently attached to other proteins in a
manner analogous to that of ubiquitin (reviewed by Muller
ct al,, 2001). Conjugation of SUMO-! to all protein targets
requires the El-activating heterodimer Aosl/Uba2 and the
single E2-conjugating Ubc9 enzyme. The target specificity is
conferred by the SUMO E3 ligases. There arc at least two types
of SUMO E3 ligases that are structurally unrelated. The first
type is represented by the PIAS family of SP-RING finger
proteins. The second type is represented by RanBP2, a nuclear
pore complex protein. TnaA has an SP-RING finger within the
larger XSPRING domain (Fig. 4B). The XSPRING domain is
present in a new group of human, mousc and Arabidopsis
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protcins and may be the signature for a new subgroup of
SUMO E3 ligascs within the PIAS family.

Although the role of sumoylation is not clear, it has been
suggested that sumoylation could be an address tag for protein
targeting. Most of the identified substrates of sumoylation are
nuclear proteins, and the sumoylated forms arc often found in
specific  subnuclear  protein  complexes.  Preferential
accumulation sites for sumoylated protecins arc the PML
nuclear bodies. PML, a protein found in PML nuclear bodies,
is a RING-finger protein. Another core component of PML
nuclear bodics is Spl00, a protein that intcracts with HPI
and HMGI1/2 familics and a major ccllular substrate for
sumoylation. In vitro, sumoylated Sp100 has a higher affinity
for the HP! protein (Sceler et al,, 2001). Rclocalization of
protcins to nuclcar bodies after sumoylation can modulate
transcriptional activity (Fogal et al., 2000; Ishov ct al., 1999;
Lehembre et al., 2001; Li et al., 2000; Schmidt and Muller,
2002). It has been suggested that nuclear bodics might
stimulate SUMO conjugation, and that protcins transiently
associated with nuclear bodies include SUMO targets (Muller
et al., 2001). Thus, sumoylation can modulate the interaction
of transcription factors with transcriptional corregulators. In
Drosophila, the transcriptional repressor Tramtrack 69 prolein
(Ttk69), which inhibits ncuronal differentiation, has been
identificd as a SUMO substrate (Lchembre et al., 2000). The
Dorsal protein also undergoes sumoylation, which facilitates
its nuclear import (Bhaskar ct al., 2000).

The SUMO ligation target consensus sequence is ‘WKxE
(where YW is an aliphatic residue) surrounding the substrate
lysine(s) that is sumoylated. Although this consensus sequence
is short, all of thc proteins encoded by the trithorax groups
genes that interact genetically with tma (including TnaA itself)
(Table 3) have one or more blocks of this consensus sequence
(L. G. and M. V., unpublished results). However, some
trithorax group genes that do not intcract with fua, such as
trithorax (nrx), also encode proteins with the ‘sumoylation
consensus'. Sumoylation of the HDAC4 dcacetylase is
catalysed by the RanBP2 SUMO E3 ligasc. While HDAC4 has
several ‘sumoylation consensus’ sequences, only one functions
in vitro and in vivo (Kirsh ct al., 2002). The possibility that
subunits of the Brm and/or Kismet complexes might be targets
for sumoylation opens the window for a new level of regulation
of the activity of chromatin remodecling complexes. This level
of regulation could involve the modification of their subnuclear
localization within the nucleus, although mutation of the
SUMO acceptor site in HDAC4 did not change its subcellular
distribution (Kirsh et al., 2002). Alternatively, is that
sumoylation could target the homeotic function itself or its
cofactors.

Another possible role for sumoylation is as an antagonist
of ubiquitylation. Ubiquitylation is a key rcgulator of
transcription (reviewed by Conaway et al,, 2002) and it has
been suggested that sumoylation could be an inhibitor of
ubiquitylation. The RING (reviewed by Jackson et al., 2000)
and PHD (Lu et al.,, 2002) fingers have been described in
proteins that have E3 ubiquitin ligase activitics. In that sense
it is intriguing that Trip-Brl (the rara homolog in mice) (Hsu
ct al,, 2001) was identified because it binds the PHD-
bromodomain of Krip1/TIF1B which also has an RBCC (RING
finger-B boxes-goiled coil) RING finger (Saurin ct al., 1996).
Kripl/TIF1B has a dual role because it has been described as

a corepressor of a subset of Kriippel-type zinc finger proteins
(Witzgall ct al,, 1994) and as a hormonc-dependent coactivator
that interacts with several nuclear hormone receptors (Chang
et al., 1998; Le Douarin ct al., 1996). Mutations in a ubiquitin-
conjugating cnzyme (UbcDl1) have been shown to affect
homeotic gene silencing (Fauvarque et al., 2001). Since tna
mutations affect homecotic genc activation, antagonism
between the ubiquitylation and sumoylation post-translational
modifications may play a key role in homeotic gence regulation.
Antagonism of ubiquitylation and targeting nuclear
sublocalization arc not mutually exclusive roles for
sumoylation, and it is possible that both will be found to have
roles in regulating the functions of chromatin remodeling
and/or transcriptional co-activator complexcs,
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Summary: Mutations in the XPB and XPD helicases of the DNA repalr/transcrlptlon
factor TFIIH are involved in several human genettc dlsorders “An unanswered problem
concerning the complexity of the phenotype,-ge_notype; gelattonshxp,ls,,why mutations in
TFIIH produce specific phenotypes and{not many oit‘he‘rvs? In VOrder to investigate this
question we are using Dr oso[:hila as‘ model.- In' Drovophild mutations in_the XPB

homologue, haywire (hay), ‘mimic: ’some of the mamfestallons observed. in humans In

this work, we- report that in: addmo’“ to’ these phenotypes, mutations in hay and in the 140‘
kDa subunit of the RNA polymerase’IvI’ (Rp11140"""”) act as dominant modlﬁers of: theh
derepressmn of the Sex combs reduced (Scr) and Ultrabithorax (Ubx) genes In addition,
RpI1140"™ also generates: typlcal loss of function phenotypes of Ubx. Interestingly
contrary to Rpf//40 mutant alleles, kay alleles only affects the derepression of Ser in the
context of the Anp™ mutation but not other Scr derepression phenotypes like Polycomb
loss function.* On the other hand, all the derepression backgrounds are also sensitive to
the total reduction of transcription levels by growth the flies with actinomycin D. We
also show that different promoter control regions have differential sensitivity to different
hay alleles. All these results supports that even that TFIIH is a basal transcription factor,
mutations in Aay have a more specific effect in the transcription of some genes than

others.
INTRODUCTION.

General transcription factors (TFIIA, TFIIB,; TFIID, TFIIE, TFIIF and TFIIH) function in
intimate association with the RNA polymerase IT (RNA pol II) recognising the promoter,
forming the open complex and allowing transcriptional elongation (Butler and Kadonaga,
2002). Some of these factors are composed of several subunits that interact not only
among themselves, but also with other transcription factors required to activate specific
genes during cell differentiation, in particular situations of space and time (Dvir ef al.,
2001; Lee ef al., 2000). In addition, the interaction between the basal transcriptional
machinery with the mediator and complexes involved in chromatin remodelling has also
been documented (Boube er al., 2002; Johnson ef al., 2002; Pokholok er al., 2002).

Interestingly, recent evidence indicates that the RNA pol Il core promoter can interpret

11



regu]atory mformatlon (for rev1ewksee, Butler and Kadonaga 2002 Blackwood and

subcomplexes The core complex contams six subumts (XPB XPD, p62, p52, p44 and

p34) whereas the cyclin-activating- kinase complex contains three (Cdk7, CycH and .

MATI1). ‘However the XPD helicase interacts in vitro with either of the two sub-; e

complexes (Egly, 2000) The core of TFHH is also part of the Nucleotld EXC]SIOI’I '

Base Excision Repair (BER) (Le Page ef al., 2000).

During transcription, the helicase activity of TFIIH is invqlved i"

yndrome‘(XP/CS) and Trichothiodystrophy (TTD)
(Lehmann 1 98‘ ‘Le kk"mh'fn 20 ’1) Interestmgly, the clinical manifestations of patients
with dlfferent' 1 atlons> in XPD or XPB are’ allele-dependent (Lehmann, 1998; de Boer
and Hoeumakers, 1999 Nance and Berry, 1992 Cleaver, 2000; Rolig and McKinnon,
2000; Lehmann 2001). '_ ;

It has been proposed that some of the mamfestatlons observed in XP, CS and TTD

pigmentosum and Cockayn

patients are caused by deficiencies in transcription (Itin and Pittelkow, 1990). Since
TFIIH is a basal transcription factor and since mutations in it cause transcriptional
defects, the following intriguing questions emerge: how is it possible to have viable
organisms with mutations in TFIIH components that affect general RNA pol II

transcription? And why different alleles produce specific phenotypes and not others?
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nd onal allele hay"*.

! _ mmal]y -»1dent|f_‘ ed,as" antlmorphlc by its
dommant enhancer mtera mutants in a gene that encodes a testis specific

tubulm (BZI) (Regan and Fuller,
nc2

88V) Other hay alleles were isolated as revertants of
ha by their inability to mteract w1th B2t (Regan and F uller 1988), however, most of
these alleles do not act as revertants in other hay functlons‘(Mermo et al., 2002). Some
hay heteroalellic combinations are viable and prodUce adults which have evident
phenotypes caused by transcriptional defects that affect the cuticle and the macro and
microchaetae (Merino ef al., 2002). On the other hand -it has been show that mutations
in some subunits of the RNA pol 1I have speclﬁc effects in genes that are
developmentally regulated, including the,Ultﬁibil}?ofax gene (Mortin et al., 1988; Mortin,
1990; Mortin ef al., 1992). Of particular interest for this work is a mutation in the
Drosophila 140 RNA pol 11 subunif named RpllI 40", Rpll140"™ is an allele that has
a dominant maternal effect on some segmentatlon genes but not in others. It has been
suggested that the locus select1v1ty of the wimp mutant reflects promoter specific
mechanisms of transcmptxonal activation_(Parkhurst and Ish-Horowicz, 1991). In this
work, we report that in ‘addition to the defects previously reported for mutations in, Aay,
some hay alleles;‘are;suppressors of the Sex combs reduced gain of function mutation
Anip™*, but not of Scr** or Polycomb mutants. On the contrary Rpll140™'™ is strong
suppressor of these three Sex combs reduced gain of function mutants. On the other hand
both hay and Rpll140""™ modify Ubx derepression phenotypes. In addition, Rpll140""”
also enhance typical Ubx loss of function phenotypes. Interestingly, the non-specific

inhibition of global transcription caused by actinomycin D also suppresses all of the

v




reported derepression phenotypes. Fmally, we found that the transcrlptlonal phenotype"

of hay mutations reflects differences among the regu]atory reglons of a partxcular gene. S

These results support the idea that, although the eductlon of global transcrlptlon by .

mutations in Aqgy can participate in the generatxon of spec1ﬁc phenolypes, there is a locus

selectivity by different mutations that affect TFIIH.
RESULTS AND DISCUSSION.

Effects of haywire alleles and RpII140*™" on Sex comb reduced derepression

mutations.

Screens for dosage-dependent modifiers of dominant homeotic genes have been used to
identify genes involved in the determination of segment identity. For example, the
derepression of Scr in cells that form the second and third thoracic legs causes these cells
to differentiate into structures of the first leg. A characteristic row of'bristlee called "sex
combs" is present only in the first thoracic pair of legs in an adult Wild type male. The
appearance of ectopic sex comb teeth on the second and thlrd legs can be caused by gain

e and Antps‘x) or by loss of functlon mutations in the

of function alleles of Scr (eg. Scr
Polycomb group genes (eg. Pc’) (Duncan and Kaufman, 1975 Kenmson and Tamkum,
1988; Lewis, 1980; Simon and Tamkum, 2002)." This is also the case for the Antp gene
which is transcribed from two alternative promoters, P1-and P2. The Anle‘ allele
derepresses the Anip P2 promoter in the eye-antennal disc cansing' an antenna to leg
transformatlon 1n these cells (Talbert and Garber, 1994). Several of the trithorax genes
mutations: (trx-G) were identified as suppresors of Antp and Scr phenotypes (Kennison

and Tamk nl, 16 ,8:8). In order to evaluate the role of individual subunits TFIIH and RNA

ion of the homeotic genes, we set out to compare the ability of hay
eles o supress_Pc’, Scr*™, Anp®™, and Antp™ mutations. We found that
10 alleles suppress the extra sex combs phenotype caused by Scr*™® 4ntp>™
and Pc (F ure 1, Table 2,) at least as much as other trx-G mutations (Gutiérrez et al.,

2003). On the other hand, the #ay™? and hay™™ alleles were weak suppressors of the
Anip®e pheotype, but not for Pc’ (Figure 1, Table 2). It has been suggested that the



he a _ nd | , subumts is’ suff cnent for Antp
functlon but msuff cxent for Scr functlon under more 11m1tmg conditions. This effects -
may be caused by differential cellular concentration of the TFIIH and RNA pol 11 "

complexes during larval growth and/or to differential rate of homeotic gene activation.
hay alleles and Rp140""™ are modifiers of the Chx'Ubx’ mutation.

It has been reported that some loss of function mutations in the Ultrabithorax (be ) gene '

produce a partial transformation from haltere to wing such as Ubx’. It has been shownv.'

that this phenotype is caused by the reduced transcription of the be gene (Bender ,,’ al

1983). Accordingly, the ectopic Ubx expression in wing 1magma] dlSCS nduces the

reverse phenotype with a partial transformation from wing to halter ph notype is .

observed in individuals carrying the Cbx'Ubx' allele, which is subjec of:tran

ctlgn, the ’
ablhty of cis-regulatory elements to regulate the transcnptnon ef the ‘pr { o , k
homologous chromosome (White and Akam, ]985) Smce hay and Rp111 40 : lleles were
modifiers of Scr gain of function phenotypes we analysed the: effect of these mutations
on the Chx' Ubx' phenotypes. B

Surprisingly, hay"*?, hay*"? and"Rﬁ11140"""’” alleles enhance the partial wing to haltere
transformation caused by the,Cb;v! Ubx' mutation (Table 2 and Figure 2). On the other
hand, the other tested Rpl/140 ‘alle]es were suppressors of the Cbx! Ubx’ phenotype in the
wing (Table 2), suggesting-that a different effect on this derepression phenotype can be
obtained by components of the basal transcription machinery. The enhancement of the
Cbx'Ubx' phenotype by hay and RpIl140 alleles could be explained if these mutations
affect Ubx silencing in the wing disc or by inactivating targets genes directly repressed by
Ubx, such as Antp. In these two cases an increase in the Chx' Ubx' ectopic transformation

would be observed (Stoller and Kennison, personal comunication). However, not any
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of-functlon phenotypes (data not‘

hay and Rp[[] 40. alleles modlﬁes Antp loss or gami
shown) ' :

Genetlc and molecular ev1dence

al., 2002 and our unpabhsheo results) From our kesultp we: propose that at least some
subunits of the RNA .pol:II and the TFIIH complex have an- 1mportant contrnbutlon to

regulate the expression of a subset of wing-promoting- genes.
RpI1140™" enhance loss of function mutations in Ubx.

Since hay alleles and the RpIl140"™” were modifiers of the Cbx/Ubx' phenotype, we
decided to analyse if these mutants have an effect on loss of function mutations of Ubx.
In order to analyse this possibility we crossed hay™?, hay"*™* and Rpl1140"" mutants to
the Ubx' allele, which produce a partial transformation of haltere to wing. We found that
the Rpll140"™” mutant but not hay is a weak enhancer Ubx’ phenotypes which includes
the partial haltere to wing transformation, loss of haltere and third legs malformations.
(Table 2 and Figure 2). Interestingly, a related but not identical phenotype called "the
Ubx effect" has been observed with mutations of the RplI215 subunit which only produce
the haltere to wing transformation (MORTIN et al. 1988; MORTIN,; 1990; MORTIN ef al.
1992). These data indicate that RplI/40"™ is a new allele that affect"‘heg"atively the Ubx
function. This Ubx effect only affects adult structures, since Rpl/1 40" has a dominant
maternal-effect that does not affect the establishment of Ubx function in the embryo
(PARKIHURST ahd‘,ISl-I-HOROWICZ 1991). We propose a physically interaction between the
Ubx and‘R‘p‘Ill4'(')v‘Vimp proteins that interferes the Ubx binding to regulatory DNA of target
genes. Th‘us;t‘he-pleiotropic phenotypes by Rpl1140%™ on Ubx function may result from
an increase m transcription of genes repressed by Ubx (wing-promoting-genes) and the
decrease in transcription of those genes that are positively regulated by Ubx (haltere and
third leg-prornoting-genes). Alternatively, RNA polymerase Il mutations migth reduce

the level of Ubx protein by lowering Ubx transcription.
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Non-specific transcription inhibition by actinomycin D suppresses all homeotic

derepression mutations.

Some derepressed phenotypes might be the result of sensitivity to the total transcriptional
activity and not necessarily result from a problem in specific interactions with
transcription factors. Therefore, we decided to analyse if the non-specific chemical

inhibition of transcription has the ablllty to-suppress ectoplc homeotlc transformations. -

To answer thls question we used actmomlcyn.vD'(act D) Act D is"a potent drug that
inhibits transcrlptlon by the three RNA polymerases;’(l II III), however at low doses
preferentrally mhlblts RNA pol II transcrrptlon (Yu, 1980) We fed Pc/+, Scr M/+;
Anipsc"/+ Cbx Ubx'/+ and Antp™/+ flies thh dlfferent act D concentrations (see

methods), and determined the number of transformed md1v1duals In all cases we
observed a dose response suppression of the ectopic phenotype when the flies were fed
wrth mcreasmg concentrations of the drug (Figure 3). 'However, we were not able to get‘;:

total suppressxon of any ectopic transformation before act D killed the flies as ug/ml) '

In our conditions no defects were observed in wild type individuals feed w1th act D. wrth 5 8

the dlfferent concentrations used. The suppression of these phenotypes was n

preferemlal dead of the mutant flies by act D, since a clear reductron in the number 'of -

extra sex combs was found in Pc, Antpsc" and Scr** flies. Interestmg

Alsc

I‘uncllon phenotypes of Scr and Cbx'Ubx' are not enhanced by the exposure of these

mutants ‘—toac D.= ThlS rsrm agreement with previous studies that show that alpha-
amanitin did_not alter the Ubx phenotype caused by Rpll/1215” (Burke et al., 1996). In

addition,'ithese‘results show that the global reduction of transcription can contribute to the
modification of the phenotypes observed and show that the ectopic expression of genes is
particularly sensitive to the global transcriptional levels. Therefore, genetic modifiers of
phenotypes produced by the ectopic expression of some genes under limiting conditions
may not be caused by the action of specific factors, but by defects in global transcription.

It has been reported that a delay in development may have an effect on the ectopic
transformations produced by some homeotic genes. For instance Minute mutants have a
similar effect as act D (Kennison and Russell, 1987; Fauvarque et al., 2001).

Interestingly we only observed a delay in development when the flies are incubated in
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medium- with 10 ug/ml of act D, but not with lower doses that partlally suppress the

ectoplc homeotlc transformatlons (data not show' Ind:catmg that at these doses the

:suppressmn effect is’ not due to a develo )i

efother hand, the delay in
development at hlgher concentratlons of rto?the effect of the drug on
genelal transcrlptlon In: such a case: thl" i ccur m mutants that affect any-

kind of transcrlptlon factor that also de ays pment and in consequence suppress

ectopxc homeotlc transformations. - It is- 1mportant to note that contrary to the effect of act - S

ncz h nchv4
ay

D, that suppress all the derepression’ phenotypes analysed here, both hay and'

Rpl]] 40“ . were not able to suppress Antp™"* and hay was not able to supress PS. This

observatlon supports that there is a preferential effect on some promoters by mutations in, =

the hay and Rpll140 genes. It is also important to mention that in the case of Cbx'Ubx',

the ‘enhancement of the ectopic phenotype observed when the hay and Rpll140""™"

' mutants were tested, was not observed in these animals when treated with act D. - This |

v sttggests that in the hay and RplI140"™ point mutations carried by these alleles, a more

' speciﬁc effect can be exet'ted,cnisome genes than in others.” Therefore the:enhancement

of the Cbx'Ubx' phenotype by RplI140"™ and hay is not due to a general reduction of
transcription, but to a more complicated mechanism that may involve Ubx downstream

genes. This effect could be dependent on the nature of the allele and the segmental

cellular context.
Mutations in iay do not have the same effect on different promoter control regions.

In order to determine if the hgy mutations analysed in this work have a preferential effect
on specific promoter control regions, we used four independent transgenic lines (lines 1-
4) that express the mini-whife gene from the minimal Asp70 promoter (P[hsp70-w])
(Brand and Perrimon, 1993). These lines have only one P element insertion in different
chromosomes and express whifte at different levels, depending on their insertion site (Fig
4). The white expression levels can easily be assayed by quantifying of the amount of red
pigment (drosopterine) in ‘the adult eyes using spectrophotometry. These four lines were
crossed with the Vhay"”yz,-hay""z"" and hay™?"™ flies, hay">™" resemble a deficiency in the

hay gene (our unp'ubliShed results). Heads of several heterozygous flies of the same age
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of the progeny of each parental strain Wwere drssected and assayed for whzte actrvnty The .

quantlﬁcanon was performed at least ten times for each transgemc hne'(see materrals and'r g

hay ’cz"’" causes suppression of white actrvrty, his st

2 and hay ’°2""' In lme number 4 there was an im

observed in the presence of hay
increase of the activity in the presence of the same alleles, but not w1th h
Therefore, some hay mutations cause. an 1ncrease in white gene expressron fr :
transposon ‘insertions, but a decrease in others These suggest that mutat1
drfferentlally affect transcrrptlon in a way that depends on the sequences or. chromosomal :
context- that surrounds the core promoter. Considering that. TFIIH s’ a general
transcription factor in theory, the effect of mutations in 1t may cause a general reduction
in transcription, however the observed phenotypes suggest that these mutations may
affect differentially and in an allelic specific manner the expression of different genes.
The increase in the white expression observed ‘with some hay alleles can be explained if
this differential effect, produce the decrease in transcrlptron of partrcular genes that in
consequence allows others to increase transcription. Also we- can not discard the
possibility that TFIIH function to increase the transcription of some genes and to
decrease the transcription of others. ‘It is interesting to note that these mutations in TFIIH
have similar effects on TATA plus promoters like the hsp70 (Amin et al., 1994) and
TATA less promoters like the ones present in the homeotic genes (Kutach and Kadonaga
2000).

Concluding remarks. Basal transcription factors including RNA polymerase 1l and
TFI1IH are fundamental for the proper regulation of gene expression during development.
These factors interact with specific transcriptional activators that ensure correct spatio-
temporal expression. Both, TFIIH and the RNA polymerase II, are composed of several
subunits that may interact physically with several other complexes involved in

transcription. Different mutations in these factors may specifically disrupt some of these




lnteractlons As a consequence, 1t 1s not difficult to. rmagme that mutatlons ina pamcular

reglon of one of the components of these factors ‘may affect n'of 'ome genes ’

and n tof thers ThlS has already been. reported fo""'

and Ish-HorowwL 1991) In this work we hav fo

a general reduction in the glowbal ,transcrlptlon‘ may produce phenotypes by affectmf,
genes that require high levels of t’ra’nscri’ption‘,‘ in-Drosophila, specific sets of genes are
affected in an allele-specific manner by TFlIl-l mutants. From this considerations we
propose that mutations in components of the basal transcrlptlon machinery not only may
produce a reduction of global transcrrptron, but also differential alterations in the
regulation of gene expression. What genes are ‘more affected by these defects m gene;

regulation depends on the nature of the mutatlon in the basal transcrrptlon factor, in }thls; ‘

case TFIIH. Interestmgly, experlments in: human cell lme have ‘de

mutations in XPD affect the Cdk7 dependent phosphorylatlon of some: hormone nuclear

receptors, suggesting that this may be one of the ways 1: A ese mutatlons produce

specific phenotypes observed in patients (Keriel er al.,;2002).. In conclusion we have
presented evidence that mutant versions of subumt : fvwhat it is considered basal
transcription machinery may cause antagonistic. phenotypes dependmg on the gene used
as reporter of expression. This behaviour may also_reflect the different cis-regulatory
information harboured in each gene. Therefore, the-results observed in this work, using
Drosaphila, have important implications in the irlterpretation of phenotypes observed in

humans affected in TFIIH.
METHODS.

Fly strains. Flies were raised at 25°C on a yeast-sucrose agar medium with either

Nipagin or propionic acid. Unless otherwise noted all mutations and chromosome
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expenments were OIeR ru h' th' sr cu sl e ca or w stocks

thlS work were hay

were,selected and the: recombmant chromosomes balanced and tested for dominant

homeotic mutatlons Pc?, Ser, Antp>, Chx' Ubx', be and An!pNs A list with the

descrtption of the alleles used in this work is shown in Table 1.

Phenotypic analysis of homeotic transformations. Cuticle preparations and homeotic
phenotypes were scored under the microscope. The following criteria has been used
extensively to measure homeotic phenotypes. For Anip gain of function phenotype, the
penetrance is the number of specimens showing antenna to leg transformations divided

by the total number of scored flies. The expressivity of Scr**

and Pc’® was determined by
counting the number of ectopic sex combs teeth on the second and third legs of at least
twenty males and comparing. them to control ﬁrst legs containing an average of 10.8 sex
comb teeth -each (100%) (Kenmson and Tamkum, 1988). The penetrance of the
Cbx' Ubx" phenotype was measured as’ the number of flies showing. necr051s of the wing
blade as well as-a. complete loss of alula divided by the total number of flies scored in
each experlment (Whlte and Akam, 1985). In the case of the actinomycin D treatment,
the severlty of thlS transformation was measured as a partial suppression of the
previously described phenotypes as the percentage of partially transformed alula that lost

their wing bristles.

Quantitative measurement of red-eye pigments. A P-element containing the mini
white gene under the control of a minimal Asp70 promoter was used for transgenic fly
generation. Transgenic flies were constructed following a standard protocol (Spradling
and Rubin, 1982). Four independent transgenic lines, that only have a single P element,

were crossed with Aagy mutant flies. The flanking sequences of the P element insertions

X



were obtamed after mverse PCR amplrficatnon of these genomlc reglons usmg the l

protocol reported by Huang et al (2000)’.9 ed~eye plgments from ﬁve days old flies for

mutatlons was’ quantlﬁed

Homeotlc phenotype suppressron using actinomycin D. Fly medium was prepared
followmg the standard rec1pe Actinomycin D (Sigma) was added to the medium at 1, 5,
10 and 15 ng/ml ﬁnal concentrations. Crosses were grown in actinomycin D-medium

supplement medla at 25°C After eclosion, the homeotic phenotypes were scored as

prevrous]y descrlbed
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Table 1, Mutant alleles used in this work.

Genotype -

r' W hay" e vi' /TM6B, Tb', Di!

r b hay" ™ il 7TM6B, TH', D!

rt W hay" ™ il /TMGB, TH! DY

rd, W st e, s, e, ca'/TM6B, T, DY
r, hY, hay™?, eud, sr', €', ea'/TM6B, T, Dr!
re, W, hay™™, e, s, ¢, ca’/TM6B,TY, Di?
rd, W hay™™, cd, srl, &, ca'/TM6B, TH, Dr!
cu’ Rpll 140" /TM3,Sb'

ri B st en’, RpILIAO™ 51 ¢ ca' STM3,5b'
s W st en, Rpl 1407, red', ¢
RpII4077, red', ¢!

y’. w'; RpIIH()“, red', e’

ru’ B Ubx'e'/TM3.sb' Ser!

Antp™S/TM6B, T’

In(3R)SerM™ ru’ Ser™, pum*,ss',e'/TM3,5b
In(3R)P(PS ), PSP /TMI

Ubx“"! Ubx' glPrTMm1

ru', B, st knit™!, Anip™T pf ¢'/TM3, SB'

B.D.S.C= Bloofnington Drosophilai‘Stockpehter

Description -

hypomorphic/antimorphic
: 'antiﬁlorphié, hay allele”

hypomorphic fiay allele

khypfdn‘ic‘_)'rp‘hi‘c'/anti'morph ic

antimorphic hay allele

h'yp"pmo\fphic hay allele

maternal effect allele

‘maternal effect allele

lethal recessive allele
Iéthal recessive allele
lethal recessive allele
amorphic allele
visible dominant allele
In(3R)84B1-2;84F -2
antimorphic allele
neomorphic allele

visible dominant allele
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Source.

M, Fuller lab.
M. Fuller lab
M. Fuller lab

. .M: Fuller Iab.,}

This work =~
This wqu :
This work
This w:(‘)vrk:/* :
BDSC.

M Mbﬁih‘,lab
M- Mortin lab
M. Mortin'lab -

B.D.S.C.

. ,_Jk._‘lb_(gnnis,on, lab
B.D.S.C.
_.BDSC.
'B.DS.C
- 'B.D.S.C



Table 2. Rpll140"™", hay"” and hay"*™ modify gain of function of homeotic phenotypes

Genotype Anp™ (@) Se™<(@) PSi(a)  Chx'Ubx'(b) Ubx'
1+ 25 23 51 60/307 (19) 1/502 (<1)
e 0, st e, s, @ cal 19 1 15 16/141 (1) 0/340 (0)
r, W, hay™?, e, s, e, cal 1 1 16 107/234 (46)  0/123 (0)
ru' W, hay"?™, e, s, €, ca’ 12 3 21 73/138 (53) 0/98 (0)
ri 1, hay™ e, s, e, ca S 26/164 (16) 0/158 (0)
vl W0, st end, RpHIA0M™, s, ¢, ca’ 3 <1 1 68/142 (48)
cu'; Rpl1I40"™® 11 1 8 547106 (45) 317195 (16) (d)
rul, 0 st ent, RpIIAOPE, red', o 5 8 0/89 (0) 56/56 (100) (¢)
RpHHI407, red', ¢! 10 27 0131 (0) 0/123 (0)
Vo w's Roll40%, red!, ! 31 0/112 (0) 0/137 (0)

Reciprocal crossesfor almost genotypes produce similar penetrance and expressivity.

The original crornésome rul, W, i, st cu’, RpIIl40"™", s, &', ca’ fails to complement

Ubx! but the recon1binant cu', Rpl1140"™ chromosome does.” In all genotypes the

maternal clipemosome is indicated first. The full genotypes are indicated in Table 1.

(a) Expressivity was determined by counting the number of ectopic sex combs teeth on
th‘e ,seeend;and third legs of twenty males and comparing to control first legs with an
averege ‘oﬂf 10. 8 sex comb teeth each (100%).

b Number of flies showing necr051s of the wmg blade as well as a comiplete loss of
allula d1v1ded by the total number of flies. Percentages are given in parentheses.

(c) Penetrance of the Ubx' phenotype caused by the Rplll 40" mutation (partial haltere

to wing transformatlon)

imp

(@ Penetrance of several Ubx' phenotypes caused by the Rpll140"""" mutation. This

includes partial haltere to wing transformation (3%), third leg malformation (8%) and

loss of haltere (5%).

XIX



Figure 1. Effect of. hay‘ and Rpll 14 0"””f’ “m’utants on- ectoplc Scr . homeotic

transformations. The rele ‘nt genotypes ar d éted .in the ﬁgure A) - Suppression

, ffecn,,of hay mutatlons on the ectoplcg

effect of Rp11140"’”"’ and partial supressxo

in the secon ‘and

’,'.’ 'mutants on be homeotic transformatlons The

Figure 2. Effect of" hay and Rp11140'
relevant genotypes are mdlcated m the ﬁgure A) Enhancement by the RplT140. wimp
mutation on Ubx loss-of-functxon phenotypes First panel indicates a partlal haltere to
wing transformation, the second panel shows a malformed third lcg and the third panel
displays the lack of haltere. B) Effect of hay and Rpll] 40"™P mutations on eetopie Ubx
homeotic transformations. In the presence of the hay"™?, hay™" and Rp1711>40""’"” alleles
the Cbx'Ubx' effect is dramatically increased. Note the high degree of neeroticy tissue in
the hay"? /Cbx'Ubx' wing and the transformation of wing to haltere in the Rp/I140"""”
/Cbx! Ubx' organism,

Figure 3. Suppression effect by actinomycin D on ectopic homeotic transformations.

A) Supression of sex combs in second and third ‘flegs in Ser* and P (B) flies. The
expressivity was quantified as a function of act D concentratlon C) Act D suppression of
alulle loss in Chx'Ubx' organisms. The percentage of organisms with loss of the allula
structures was determined. D) Act D suppression of antenna to leg transformations in
Anip™ flies. The number of individuals showing transformation is shown as‘ a
percentage. The viability is presented as the percent of adult organisms obtained at each

act D concentration from at least 500 embryos.

Figure 4. white activity determination in transgenic lines in the presence of hay alleles.
A) Chromosomal and gene location of the different insertion lines. The name of the
gene and the cytological positoin in which the P element was inserted is indicated in the
figure. The vertical arrow indicates the position in the corresponding gene of the P

element. The exon-intron organisation for each gene is as it is reported in Gadfly in the
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Fig 4.
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