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ABSTRACT	  OF	  THE	  DISSERTATION	  

	  

Genome-‐wide	  Analysis	  of	  Groucho	  Function	  in	  Drosophila	  Embryogenesis	  
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Michael	  Douglas	  Chambers	  

	  

Doctor	  of	  Philosophy	  in	  Biochemistry	  and	  Molecular	  Biology	  

University	  of	  California,	  Los	  Angeles,	  CA	  2009	  

Professor	  Albert	  J.	  Courey,	  Chair	  

	  

Animal	  developmental	  patterning	  is	  a	  complex	  and	  intricate	  process,	  requiring	  the	  

interpretation	  of	  multiple	  temporally	  and	  spatially	  regulated	  signals	  to	  define	  the	  

transcriptional	  profile	  of	  each	  cell.	  In	  Drosophila,	  Groucho	  (Gro),	  a	  transcriptional	  

corepressor,	  participates	  in	  these	  processes	  through	  long-‐range	  silencing	  of	  distant	  

enhancers.	  Lacking	  any	  innate	  DNA-‐binding	  activity,	  Gro	  is	  targeted	  to	  these	  elements	  

through	  interaction	  with	  multiple	  repressors.	  
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Using	  a	  combination	  of	  ChIP-‐seq	  and	  RNA-‐seq	  techniques,	  I	  sought	  to	  characterize	  

Groucho	  activity	  at	  multiple	  stages	  spanning	  the	  initial	  nine	  hours	  of	  embryonic	  

development,	  and	  thereby	  gain	  insight	  into	  both	  the	  mechanisms	  and	  extent	  of	  

Groucho-‐mediated	  repression.	  These	  data	  reveal	  that	  Groucho	  is	  recruited	  to	  thousands	  

of	  sites	  at	  each	  stage	  of	  development.	  Most	  Gro	  peaks	  are	  <	  1kb	  in	  width,	  consistent	  

with	  recruitment	  of	  one	  or	  a	  small	  number	  of	  Gro	  complexes	  to	  a	  regulatory	  element,	  

indicating	  that	  spreading	  of	  Gro	  along	  stretches	  of	  chromatin	  is	  not	  a	  common	  feature	  

of	  repression,	  as	  previously	  thought.	  Gro	  binding	  is	  frequently	  observed	  as	  clusters	  of	  

discrete	  peaks,	  which	  supports	  a	  model	  in	  which	  Gro	  self-‐association	  facilitates	  

crosslinking	  of	  non-‐contiguous	  regions	  of	  chromatin.	  In	  some	  cases,	  Gro	  occupancy	  is	  

observed	  at	  transcriptional	  start	  sites	  multiple	  kilobases	  from	  known	  Gro-‐binding	  

silencing	  elements,	  suggesting	  that	  interactions	  with	  these	  sites	  via	  crosslinking	  and	  

looping	  of	  chromatin	  is	  one	  method	  of	  Gro-‐mediated	  repression.	  

Both	  Gro	  gain-‐	  and	  loss-‐of-‐function	  embryos	  exhibit	  extensive	  perturbations	  in	  gene	  

expression	  from	  the	  onset	  of	  zygotic	  transcription.	  Integration	  of	  these	  differentially	  

expressed	  genes	  with	  ChIP-‐seq-‐derived	  Gro	  occupancy	  data	  facilitated	  the	  identification	  

of	  Gro	  targets	  within	  each	  developmental	  stage,	  including	  known	  Gro-‐regulated	  genes	  

and	  novel	  targets.	  Gro	  target	  genes	  are	  enriched	  for	  transcription	  factors	  involved	  in	  

multiple	  developmental	  processes,	  as	  well	  as	  regulators	  of	  multiple	  signaling	  pathways.	  

The	  activity	  of	  Gro	  in	  regulating	  both	  the	  inputs	  and	  outputs	  of	  signaling	  pathways	  

suggests	  that	  Gro	  is	  utilized	  to	  regulate	  the	  cellular	  response	  to	  signaling	  on	  multiple	  

levels	  by	  facilitating	  crosstalk	  between	  pathways.	  
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Gro	  binds	  to	  many	  genes	  that	  it	  does	  not	  repress	  as	  exemplified	  by	  genes	  that	  are	  

regulated	  by	  Dorsal,	  a	  bifunctional	  transcription	  factor	  that	  activates	  some	  targets	  and	  

represses	  others.	  Gro	  is	  essential	  for	  repression,	  but	  dispensable	  for	  activation	  by	  

Dorsal.	  However,	  data	  presented	  in	  this	  thesis	  suggest	  that	  Dorsal	  recruits	  Gro	  to	  both	  

the	  repressed	  and	  the	  activated	  targets.	  This	  shows	  that	  Gro	  recruitment	  is	  not	  

sufficient	  for	  repression.	  	  

Utilizing	  a	  technique	  to	  isolate	  and	  sequence	  the	  nascent	  transcripts	  of	  actively	  

transcribed	  genes	  provides	  an	  accurate	  profile	  of	  the	  transcriptional	  activity	  of	  the	  

Drosophila	  embryo	  at	  multiple	  stages	  of	  development.	  Nascent	  transcripts	  of	  Gro	  target	  

genes	  are	  significantly	  enriched	  for	  promoter-‐proximal	  read	  density,	  indicating	  that	  Gro	  

targets	  are	  enriched	  for	  stalled	  PolII.	  Coupled	  with	  the	  observation	  that	  Gro	  often	  binds	  

overlapping	  or	  shortly	  downstream	  of	  start	  sites,	  we	  propose	  that	  Gro	  may	  repress	  

genes	  by	  favoring	  the	  stalling	  of	  PolII,	  potentially	  through	  direct	  or	  mediated	  interaction	  

with	  PolII	  or	  alteration	  of	  chromatin	  structure	  within	  transcribed	  regions.	  

Finally,	  I	  have	  contributed	  to	  a	  study	  characterizing	  the	  Gro	  interactome.	  This	  study	  

showed	  that	  Gro	  interacts	  with	  U1	  snRNP.	  I	  compared	  the	  effect	  of	  knocking	  down	  a	  U1	  

snRNP	  subunit	  with	  that	  of	  knocking	  down	  Gro	  on	  the	  S2	  cell	  transcription	  profile.	  The	  

results	  suggest	  that	  Gro-‐mediated	  repression	  of	  some	  targets	  may	  require	  U1	  snRNP.	  
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Introduction	  

	  

The	  Groucho/TLE	  family	  of	  corepressors	  are	  ubiquitous	  regulators	  of	  animal	  

development	  

The	  Groucho/TLE	  (Gro)	  family	  of	  corepressors	  play	  crucial	  roles	  in	  the	  

interpretation	  and	  integration	  of	  multiple	  spatial,	  temporal,	  and	  signaling	  inputs	  during	  

development	  in	  higher	  eukaryotes.	  Groucho,	  the	  sole	  Drosophila	  melanogaster	  member	  

of	  this	  protein	  family,	  was	  first	  discovered	  in	  the	  context	  of	  a	  slight	  hypomorphic	  allele	  

which	  resulted	  in	  the	  formation	  of	  extra	  supraorbital	  bristles	  reminiscent	  of	  the	  bushy	  

eyebrows	  of	  Groucho	  Marx	  (Lindsley,	  1968).	  Subsequent	  research	  on	  Gro	  in	  Drosophila	  

has	  served	  to	  characterize	  this	  factor’s	  central	  importance	  to	  developmental	  gene	  

regulation	  in	  response	  to	  multiple	  developmental	  programs	  and	  signaling	  pathways.	  As	  

a	  corepressor,	  Groucho	  has	  no	  documented	  ability	  to	  bind	  DNA	  directly	  in	  a	  sequence-‐

specific	  manner,	  instead	  relying	  on	  recruitment	  to	  genomic	  loci	  through	  interactions	  

with	  a	  diverse	  array	  of	  transcriptional	  repressors	  (Mannervik,	  2014).	  Through	  its	  

interactions	  with	  these	  repressors,	  it	  is	  essential	  to	  nearly	  all	  aspects	  of	  embryonic	  and	  

imaginal	  Drosophila	  development	  (Paroush	  et	  al.,	  1994).	  In	  humans,	  Gro/TLE	  family	  

proteins	  are	  involved	  in	  such	  processes	  as	  organ	  development,	  adipogenesis,	  

neurogenesis,	  hematopoiesis,	  and	  osteogenesis	  (Bajoghli	  et	  al.,	  2005;	  Javed	  et	  al.,	  2000;	  

Metzger	  et	  al.,	  2012;	  Villanueva	  et	  al.,	  2011).	  



	   3	  

Groucho	  consists	  of	  five	  domains,	  two	  of	  which	  are	  highly	  conserved	  throughout	  

higher	  eukaryotes	  (Chen	  and	  Courey,	  2000;	  Turki-‐Judeh	  and	  Courey,	  2012a).	  A	  great	  

body	  of	  work	  has	  arisen	  documenting	  the	  contributions	  of	  each	  domain	  to	  the	  overall	  

function	  and	  regulation	  of	  Groucho.	  While	  much	  of	  this	  work	  has	  focused	  on	  the	  N-‐	  and	  

C-‐	  terminal	  domains,	  as	  they	  are	  more	  conserved	  and	  more	  sensitive	  to	  point	  

mutagenesis	  (Jennings	  et	  al.,	  2006;	  Jennings	  et	  al.,	  2007),	  the	  central	  domains	  of	  

Groucho	  have	  been	  investigated	  for	  their	  roles	  in	  Groucho	  activity	  through	  interaction	  

with	  a	  number	  of	  regulatory	  targets,	  including	  protein	  kinases,	  histones,	  and	  histone	  

modifying	  enzymes	  (Turki-‐Judeh	  and	  Courey,	  2012a).	  	  	  	  

Homologs	  of	  Groucho	  with	  similar	  roles	  in	  developmental	  decision	  making	  have	  

been	  identified	  throughout	  metazoans	  (Fig.	  1.1)	  (Paroush	  et	  al.,	  1994).	  Homologs	  have	  

been	  identified	  and	  characterized	  in	  rats	  (Schmidt	  and	  Sladek,	  1993),	  nematodes	  

(Pflugrad	  et	  al.,	  1997),	  frogs	  (Choudhury	  et	  al.,	  1997),	  zebrafish	  (Wulbeck,	  1997),	  mice	  

(Mallo	  et	  al.,	  1993),	  and	  humans	  (Stifani	  et	  al.,	  1992).	  While	  the	  Drosophila	  and	  C.	  

elegans	  genomes	  each	  encode	  single	  Gro	  family	  genes,	  the	  mouse,	  chick,	  and	  human	  

genomes	  each	  encode	  four	  members,	  while	  zebrafish	  and	  medaka	  each	  encode	  six	  

members	  (Li,	  2000).	  The	  full-‐length	  human	  Gro	  orthologs,	  termed	  transducin-‐like	  

Enhancer	  of	  Split	  1-‐4	  (TLE1-‐4)	  (Miyasaka	  et	  al.,	  1993),	  are	  expressed	  combinatorially	  

during	  cell	  differentiation	  and	  have	  non-‐redundant	  roles	  during	  development	  (Stifani	  et	  

al.,	  1992;	  Yao	  et	  al.,	  1998).	  	  

Mammalian	  genomes	  additionally	  encode	  two	  truncated	  Gro	  homologs,	  Amino	  

Enhancer	  of	  Splt	  (AES),	  which	  is	  homologous	  to	  the	  two	  N-‐terminal	  domains	  of	  Groucho	  
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(Gasperowicz	  and	  Otto,	  2005),	  and	  Tle6/Grg6,	  which	  possesses	  a	  poorly	  conserved	  N-‐

terminal	  region	  and	  a	  C-‐terminal	  WD-‐repeat	  domain	  (Dang	  et	  al.,	  2001).	  Both	  factors	  are	  

thought	  to	  antagonize	  the	  activity	  of	  full-‐length	  TLE	  family	  members.	  AES	  may	  function	  

by	  directly	  binding	  to	  TLE	  proteins	  through	  Q-‐domain	  interactions	  (Brantjes	  et	  al.,	  2001)	  

or	  by	  interacting	  with	  a	  subset	  of	  TLE-‐dependent	  repressors	  (Muhr	  et	  al.,	  2001).	  

Similarly,	  TLE6/Grg6	  has	  been	  shown	  to	  interact	  with	  repressors	  to	  block	  recruitment	  of	  

full-‐length	  TLE	  family	  proteins	  and	  thereby	  alleviate	  repression	  (Marcal	  et	  al.,	  2005).	  

More	  distantly	  related	  Gro	  homologs	  have	  been	  identified	  in	  yeast	  (Tup1)	  and	  plants	  

(TOPLESS)	  (Courey	  and	  Jia,	  2001;	  Lee	  and	  Golz,	  2012;	  Smith	  and	  Johnson,	  2000).	  	  	  	  

	  

The	  domain	  architecture	  of	  Groucho/TLE	  family	  proteins	  

The	  N-‐terminal	  Q	  (glutamine	  rich)	  domain	  is	  one	  of	  the	  two	  highly	  conserved	  

domains	  and	  is	  responsible	  for	  the	  formation	  of	  tetramers	  and	  potentially	  higher-‐order	  

oligomers	  of	  Gro	  (Chen	  et	  al.,	  1998).	  Additionally,	  the	  Q-‐domain	  mediates	  a	  subset	  of	  

interactions	  with	  transcriptional	  repressors,	  including	  the	  Tcf/Lef	  family	  of	  proteins	  

(Brantjes	  et	  al.,	  2001).	  The	  structure	  of	  the	  Q-‐domain	  of	  TLE1,	  a	  human	  homologue	  of	  

Gro,	  was	  recently	  solved,	  revealing	  that	  the	  domain	  forms	  a	  dimer	  of	  dimers	  consisting	  

of	  two	  coiled-‐coils	  interdigitated	  in	  a	  head-‐to-‐head	  complex	  (Chodaparambil	  et	  al.,	  

2014a).	  The	  resulting	  structure	  provides	  an	  elegant	  explanation	  of	  the	  mechanics	  of	  

tetramerization,	  and	  corroborates	  the	  large	  frictional	  coefficient	  measured	  in	  
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hydrodynamic	  studies	  of	  the	  purified	  Q-‐domain,	  as	  the	  predicted	  structure	  is	  thin	  and	  

rod-‐like	  (Kuo	  et	  al.,	  2011).	  

The	  ability	  of	  the	  Q	  domain	  to	  direct	  the	  formation	  of	  high-‐order	  oligomers	  has	  

been	  proposed	  to	  mediate	  the	  spreading	  of	  Gro	  along	  chromatin	  allowing	  for	  the	  

establishment	  of	  large	  transcriptionally	  silent	  domains.	  This	  might	  explain	  the	  

documented	  ability	  of	  Gro	  to	  direct	  long-‐range	  repression	  in	  which	  entire	  loci	  are	  

organized	  into	  transcriptionally	  silent	  states.	  	  In	  support	  of	  this	  idea,	  assays	  involving	  

Grg3,	  a	  mouse	  homolog	  of	  Gro,	  on	  in	  vitro	  chromatin	  arrays	  showed	  that	  

oligomerization	  mediated	  through	  the	  Q-‐domain	  is	  not	  required	  for	  recruitment	  of	  Gro	  

to	  chromatin	  but	  is	  required	  for	  subsequent	  aggregation	  of	  chromatinized	  fragments	  

into	  a	  form	  that	  was	  resistant	  to	  transcription	  (Sekiya	  and	  Zaret,	  2007).	  	  

Contrary	  to	  the	  idea	  that	  the	  Q	  domain	  could	  mediate	  spreading,	  chromatin	  

immunoprecipitation	  (ChIP)	  assays	  in	  cell	  culture	  revealed	  that	  oligomerization-‐deficient	  

mutants	  of	  Drosophila	  Gro	  exhibited	  similar	  median	  peak	  widths	  to	  wild-‐type	  Gro	  (Kaul	  

et	  al.,	  2014).	  The	  interpretation	  of	  this	  result	  is	  somewhat	  complicated	  by	  the	  fact	  that	  

binding	  data	  was	  generated	  from	  two	  Drosophila	  cell	  lines	  depleted	  of	  endogenous	  

Groucho	  via	  RNAi	  and	  overexpressing	  either	  GFP-‐tagged	  wild-‐type	  or	  oligomerization-‐

deficient	  Groucho.	  The	  authors	  showed	  a	  significant	  reduction	  of	  endogenous	  Gro	  that	  

nonetheless	  remained	  detectable	  by	  immunoblot.	  Thus,	  it	  remains	  a	  possibility	  that	  low	  

levels	  of	  endogenous	  Groucho	  were	  contributing	  to	  peak	  formation	  or	  spreading	  in	  both	  

contexts.	  
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Regardless	  of	  the	  role	  of	  oligomerization	  in	  the	  definition	  of	  the	  size	  of	  Groucho	  

binding	  domains,	  loss	  of	  oligomerization	  does	  result	  in	  significant	  differences	  in	  the	  

recruitment	  patterns	  of	  overexpressed	  wild-‐type	  and	  oligomerization-‐deficient	  mutants.	  

Of	  the	  approximately	  3000	  distinct	  Groucho	  binding	  sites	  identified	  in	  Kc167	  cells	  

expressing	  wild-‐type	  or	  oligomerization-‐deficient	  Gro,	  48%	  are	  unique	  to	  a	  single	  

condition	  (Kaul	  et	  al.,	  2014).	  Loss	  of	  oligomerization	  potential	  therefore,	  while	  

preserving	  some	  aspects	  of	  wild-‐type	  Gro	  binding	  patterns,	  does	  disrupt	  Groucho	  

association	  with	  chromatin	  in	  some	  contexts,	  the	  nature	  of	  which	  remains	  unexplained.	  

(Chodaparambil	  et	  al.,	  2014a)(Kuo	  et	  al.,	  2011)The	  WD-‐domain	  is	  the	  second	  

conserved	  domain	  of	  Gro	  and	  comprises	  the	  C-‐terminal	  329	  amino	  acids	  of	  the	  protein.	  

The	  WD-‐domain	  consists	  of	  a	  seven-‐bladed	  β-‐propeller	  domain	  and	  is	  responsible	  for	  

the	  majority	  of	  Groucho	  interactions	  with	  DNA-‐binding	  repressors	  (Table	  1-‐1)	  (Pickles	  et	  

al.,	  2002).	  The	  majority	  of	  these	  interactions	  are	  mediated	  through	  binding	  of	  the	  WD-‐

domain	  to	  short	  peptide	  motifs	  (Jennings	  et	  al.,	  2006),	  which	  are	  recognized	  by	  the	  

central	  pore	  of	  the	  propeller	  domain.	  Several	  such	  peptide	  motifs	  have	  been	  identified	  

in	  Groucho-‐interacting	  proteins.	  The	  majority	  of	  these	  peptide	  motifs	  fall	  into	  one	  of	  

two	  categories.	  C-‐terminal	  WRPW/Y	  recognition	  sequences	  have	  been	  found	  in	  

Hairy/Enhancer	  of	  split	  (HES)	  and	  Runt	  family	  transcription	  factors	  (Aronson	  et	  al.,	  1997;	  

Canon	  and	  Banerjee,	  2003;	  Fisher	  et	  al.,	  1996;	  Jimenez	  et	  al.,	  1997;	  Paroush	  et	  al.,	  

1994).	  And	  the	  engrailed	  homology	  domain-‐1	  (eh1)	  motif	  is	  an	  internal	  peptide	  motif	  

with	  the	  consensus	  sequence	  FxIxxIL	  that	  is	  found	  in	  Engrailed,	  Dorsal,	  Odd-‐skipped,	  and	  

Goosecoid,	  among	  others	  (Copley,	  2005;	  Dubnicoff	  et	  al.,	  1997;	  Jiménez	  et	  al.,	  1997;	  
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Jimenez	  et	  al.,	  1999;	  Smith	  and	  Jaynes,	  1996;	  Tolkunova	  et	  al.,	  1998).	  The	  WD	  domain	  

binds	  to	  these	  motifs	  with	  differing	  affinities.	  These	  differences	  in	  affinity	  are	  utilized	  to	  

control	  the	  recruitment	  of	  Groucho	  to	  specific	  factors.	  For	  example,	  the	  affinity	  of	  

Groucho	  for	  binding	  the	  eh1-‐like	  motif	  of	  Dorsal	  is	  relatively	  weak	  (Flores-‐Saaib	  and	  

Courey,	  2000),	  necessitating	  the	  assistance	  of	  additional	  factors	  in	  facilitating	  a	  stable	  

interaction	  between	  the	  two	  proteins.	  This	  weak	  affinity	  of	  the	  Dorsal/Groucho	  

interaction	  is	  crucial	  to	  allowing	  Dorsal	  to	  function	  as	  a	  bifunctional	  transcription	  factor,	  

as	  mutation	  of	  this	  motif	  to	  a	  higher-‐affinity	  sequence	  abolishes	  Dorsal’s	  ability	  to	  

activate	  genes	  in	  the	  embryo	  due	  to	  constitutive	  recruitment	  of	  Groucho	  (Ratnaparkhi	  

et	  al.,	  2006).	  

The	  WD-‐repeat	  domain	  may	  be	  involved	  in	  additional	  protein	  interactions.	  

Studies	  of	  Grg3,	  a	  mouse	  Gro/TLE	  family	  member,	  have	  shown	  that	  the	  WD	  domain	  is	  

critical	  for	  binding	  to	  histone	  arrays	  in	  vitro	  as	  well	  as	  condensation	  of	  these	  arrays	  

(Sekiya	  and	  Zaret,	  2007).	  The	  observation	  that	  the	  Q	  domain	  is	  also	  capable	  of	  strong	  

interaction	  with	  K20	  methylated	  H4	  tails	  suggests	  multiple	  levels	  of	  interaction	  between	  

Gro/TLE	  proteins	  and	  histones,	  and	  may	  contribute	  to	  the	  protein’s	  ability	  to	  associate	  

with	  histones	  both	  locally,	  at	  its	  recruitment	  site,	  and	  distantly,	  through	  association	  with	  

non-‐contiguous	  stretches	  of	  chromatin	  (Chodaparambil	  et	  al.,	  2014b).	  	  	  	  

The	  central	  region	  of	  Groucho	  is	  divided	  into	  three	  domains,	  the	  GP,	  CcN,	  and	  SP	  

domains.	  The	  GP	  domain	  binds	  to	  a	  histone	  deacetylase	  (HDAC1/Rpd3),	  which	  is	  

involved	  with	  some	  but	  not	  all	  Groucho-‐repressive	  activity	  (Chen	  et	  al.,	  1999).	  The	  CcN	  

domain	  is	  involved	  in	  Groucho	  regulation,	  containing	  multiple	  Ck2	  and	  Cdc2	  
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phosphorylation	  sites	  (Nuthall	  et	  al.,	  2002).	  The	  SP	  domain	  contains	  multiple	  sites	  

phosphorylated	  in	  response	  to	  MAPK	  signaling,	  resulting	  in	  down-‐regulation	  of	  Groucho	  

activity	  (Hasson	  et	  al.,	  2005).	  There	  is	  evidence	  that	  the	  central	  regions	  of	  Groucho	  are	  

intrinsically	  disordered	  (Turki-‐Judeh	  and	  Courey,	  2012b),	  which	  has	  emerged	  as	  a	  

common	  strategy	  among	  eukaryotic	  proteins	  to	  facilitate	  participation	  in	  diverse	  

protein-‐protein	  interactions,	  expose	  signaling	  motifs,	  and/or	  accept	  posttranslational	  

modifications	  (Dunker	  et	  al.,	  2008).	  

	  

Groucho	  integrates	  multiple	  signaling	  pathways	  to	  generate	  specific	  cellular	  responses	  

and	  fates	  	  

In	  Drosophila,	  Groucho’s	  roles	  in	  responses	  to	  signaling	  pathways	  are	  well	  

documented.	  The	  factor	  participates	  in	  Ras/MAPK,	  Notch,	  Decapentapletic	  (Dpp/BMP),	  

and	  Wingless/Wnt	  signaling,	  among	  others.	  Groucho	  activity	  is	  down-‐regulated	  via	  the	  

Ras/MAPK	  pathway	  in	  response	  to	  signals	  initiated	  at	  multiple	  receptor	  tyrosine	  kinases	  

(RTKs)	  such	  as	  EGFR,	  FGFR,	  and	  Torso	  (Cinnamon	  and	  Paroush,	  2008;	  Hasson	  et	  al.,	  

2005).	  The	  resulting	  relief	  of	  Groucho-‐mediated	  repression	  is	  critical	  to	  the	  cellular	  

response	  to	  RTK	  signaling	  and	  is	  thought	  to	  precipitate	  in	  cellular	  memory,	  whereby	  the	  

attenuation	  of	  Groucho	  activity	  persists	  after	  loss	  of	  signaling	  (Cinnamon	  and	  Paroush,	  

2008;	  Helman	  et	  al.,	  2011).	  

In	  the	  absence	  of	  Notch	  signaling,	  Groucho	  represses	  E(spl)	  complex	  genes	  

through	  interactions	  with	  Hairy,	  which	  is	  itself	  associated	  with	  Su(H),	  a	  sequence-‐
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specific	  transcription	  factor	  that	  targets	  Notch-‐responsive	  genes	  (Delidakis	  et	  al.,	  1991).	  

Recruitment	  of	  a	  Notch	  ligand	  to	  Notch	  transmembrane	  receptors	  activates	  the	  

pathway,	  leading	  to	  proteolytic	  cleavage	  of	  the	  receptor	  and	  subsequent	  release	  of	  the	  

Notch	  Intracellular	  Domain	  (Notch	  ICD).	  The	  Notch	  ICD	  rapidly	  enters	  the	  nucleus,	  

where	  it	  displaces	  Hairy	  binding	  at	  Su(H)	  sites,	  relieving	  Groucho	  repression	  and	  

initiating	  expression	  of	  E(spl)	  genes.	  Groucho	  then	  interacts	  with	  newly	  expressed	  E(spl)	  

family	  proteins	  to	  repress	  a	  number	  of	  proneural	  genes	  (Preiss	  et	  al.,	  1988;	  Wurmbach	  

et	  al.,	  1999).	  This	  repressive	  activity	  is	  alleviated	  by	  MAPK	  signaling,	  which	  results	  in	  the	  

phosphorylation	  of	  Gro,	  negatively	  affecting	  its	  ability	  to	  repress	  these	  proneural	  genes	  

in	  cooperation	  with	  E(spl)	  members	  (Andersson	  et	  al.,	  2011).	  	  The	  partial	  or	  complete	  

negation	  of	  Notch	  signaling	  through	  the	  activation	  of	  the	  MAPK	  pathway	  thus	  

represents	  a	  Groucho-‐mediated	  point	  of	  crosstalk	  between	  the	  two	  pathways	  (Hasson	  

et	  al.,	  2005).	  

Groucho	  is	  also	  critical	  to	  signaling	  via	  Decapentaplegic	  (dpp),	  a	  Drosophila	  TGF-‐β	  

homolog	  whose	  diffusion	  over	  long	  distances	  is	  essential	  to	  patterning	  during	  

embryogenesis	  and	  later	  during	  appendage	  development	  (Upadhyai	  and	  Campbell,	  

2013).	  The	  Dpp	  morphogen	  is	  expressed	  dorsally	  in	  the	  embryo	  and	  is	  required	  for	  the	  

definition	  of	  cell-‐fate	  along	  the	  dorsal-‐ventral	  axis	  (Ferguson	  and	  Anderson,	  1992).	  

Groucho,	  through	  interaction	  with	  Dorsal,	  represses	  ventral	  expression	  of	  dpp,	  meaning	  

that	  Gro	  is	  involved	  in	  both	  the	  spatiotemporal	  definition	  and	  interpretation	  of	  dpp	  

signaling	  (Schwyter	  et	  al.,	  1995).	  In	  the	  absence	  of	  Dpp	  signaling,	  Brinker	  (Brk)	  represses	  

a	  subset	  of	  dpp	  target	  genes	  through	  two	  independent	  repressive	  mechanisms,	  one	  
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involving	  dCtBP	  (a	  short-‐range	  corepressor),	  and	  the	  other	  involving	  Gro	  (Hasson	  et	  al.,	  

2001).	  Upon	  activation	  of	  Dpp	  signaling,	  Brinker	  becomes	  repressed	  by	  Schnurri	  in	  

dorsal	  regions	  of	  the	  embryo,	  while	  continuing	  to	  be	  expressed	  in	  ventrolateral	  regions	  

(Marty	  et	  al.,	  2000).	  

Finally,	  Groucho	  participates	  in	  Wingless/Wnt	  signaling,	  through	  interactions	  

with	  Tcf/Lef	  family	  proteins,	  to	  regulate	  cell-‐fate	  choice	  (Cavallo	  et	  al.,	  1998)(Roose	  and	  

Clevers,	  1999).	  In	  unstimulated	  cells,	  Groucho	  assists	  in	  repressing	  Tcf/Lef	  target	  genes	  

through	  interactions	  with	  the	  Q-‐domain	  (Clevers,	  2006).	  Upon	  Wnt	  activation,	  nuclear	  

beta-‐catenin	  (Armadillo)	  concentration	  increases,	  which	  binds	  to	  Tcf,	  releasing	  Groucho	  

and	  leading	  to	  gene	  activation.	  In	  this	  context,	  Groucho	  is	  essential	  in	  guarding	  against	  

spurious	  activation	  of	  Wnt	  target	  genes	  in	  unstimulated	  cells	  (Daniels	  and	  Weis,	  2005).	  

	   While	  there	  are	  hundreds	  of	  cell	  types	  in	  the	  adult	  fly,	  far	  fewer	  developmental	  

signaling	  pathways	  have	  been	  documented	  (Perrimon	  et	  al.,	  2012).	  To	  generate	  this	  

cellular	  complexity,	  informational	  content	  from	  multiple	  extracellular	  signals	  must	  be	  

interpreted	  within	  each	  cell’s	  specific	  spatial	  and	  temporal	  context	  (Hsueh	  et	  al.,	  2009).	  	  

Even	  with	  this	  ability	  to	  simultaneously	  respond	  to	  multiple	  signals,	  the	  high	  number	  of	  

discrete	  transcriptional	  states	  required	  during	  development	  necessitates	  that	  these	  

signals	  are	  integrated	  non-‐additively	  (Housden	  and	  Perrimon,	  2014).	  Factors	  that	  

participate	  in	  multiple	  signaling	  pathways,	  such	  as	  Groucho,	  are	  a	  necessary	  component	  

of	  a	  non-‐additive	  response.	  Groucho	  therefore	  presents	  a	  convenient	  node	  through	  

which	  a	  cell	  can	  process	  limited	  combinations	  of	  inputs	  to	  produce	  a	  larger	  number	  of	  

outcomes.	  
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Groucho	  is	  an	  essential	  component	  of	  the	  embryonic	  axial	  patterning	  network	  

It	  is	  primarily	  through	  the	  spatially	  and	  temporally	  controlled	  regulation	  of	  gene	  

transcription	  that	  Groucho	  becomes	  fundamental	  to	  embryonic	  patterning.	  Many	  early	  

embryonic	  patterning	  proteins	  can	  be	  divided	  into	  effectors	  of	  the	  dorsal-‐ventral	  and	  

anterior-‐posterior	  programs,	  though	  these	  processes	  are	  complex	  and	  highly	  

interconnected	  (Jaeger	  et	  al.,	  2012),	  requiring	  the	  coordinated	  regulation	  of	  dozens	  of	  

transcriptional	  activators,	  repressors,	  and	  co-‐regulators	  (Mannervik,	  2014).	  Definition	  of	  

the	  dorsal-‐ventral	  axis,	  which	  is	  critical	  to	  germ	  layer	  development,	  is	  carried	  out	  by	  the	  

maternally-‐contributed	  gradient	  of	  nuclear	  Dorsal	  along	  this	  axis	  (Roth	  et	  al.,	  1989).	  

Dorsal	  is	  a	  sequence-‐specific	  transcription	  factor,	  and	  the	  strength,	  spacing,	  and	  

grouping	  of	  Dorsal	  binding	  sites,	  along	  with	  the	  distribution	  of	  adjacent	  binding	  sites	  for	  

other	  interacting	  factors	  modulate	  Dorsal	  binding	  and	  cofactor	  recruitment	  in	  order	  to	  

correctly	  interpret	  the	  Dorsal	  gradient	  (Zeitlinger	  et	  al.,	  2007).	  	  

On	  the	  ventral	  side	  of	  the	  embryo,	  high	  concentrations	  of	  nuclear	  Dorsal	  initiate	  

transcriptional	  programs	  that	  determine	  the	  mesoderm	  (Gonzalez-‐Crespo	  and	  Levine,	  

1993).	  In	  ventrolateral	  regions,	  modest	  Dorsal	  concentrations	  help	  direct	  a	  

neuroectodermal	  fate	  (Ip	  et	  al.,	  1992).	  Dorsal	  also	  acts	  as	  a	  repressor	  of	  dorsal	  

ectodermal	  genes	  and,	  by	  keeping	  them	  off	  in	  ventral	  and	  ventrolateral	  region,	  it	  

restricts	  their	  expression	  to	  the	  dorsal	  ectodermal	  primordium	  Groucho	  is	  required	  for	  
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this	  repression	  and	  plays	  a	  critical	  role	  in	  switching	  Dorsal	  from	  an	  activator	  to	  a	  

repressor	  (Dubnicoff	  et	  al.,	  1997).	  

In	  addition	  to	  its	  roles	  in	  dorsal/ventral	  patterning,	  Groucho	  has	  multiple	  roles	  in	  

anterior/posterior	  pattern	  formation.	  For	  example,	  it	  is	  required	  for	  repression	  by	  

numerous	  segmentation	  gene	  products	  such	  as	  Hairy,	  Runt,	  and	  Engrailed	  (Levine,	  

2008).	  Groucho	  is	  also	  required	  for	  the	  patterning	  of	  the	  anterior	  and	  posterior	  terminal	  

domains	  by	  the	  Torso	  RTK	  through	  its	  interaction	  with	  Capicua	  (Ajuria	  et	  al.,	  2011),	  a	  

process	  regulated	  by	  Ras/MAPK	  signaling	  (Chen	  et	  al.,	  2009;	  Paroush	  et	  al.,	  1997).	  

Capicua	  recruits	  Gro	  to	  tailless	  and	  huckebein	  throughout	  the	  embryo	  maintaining	  these	  

genes	  in	  an	  off	  state.	  Torso	  RTK	  then	  activates	  Ras/MAPK	  signaling	  at	  the	  termini	  leading	  

to	  the	  phosphorylation	  and	  consequent	  inactivation	  of	  both	  Capicua	  and	  Gro	  at	  the	  

embryonic	  termini	  allowing	  the	  expression	  of	  tll	  and	  hkb	  as	  required	  for	  specification	  of	  

terminal	  fate	  (Winkler	  et	  al.,	  2010).	  

	  

Groucho	  is	  capable	  of	  both	  short-‐	  and	  long-‐range	  repression	  

	   Transcriptional	  repressors	  in	  Drosophila	  can	  be	  classified	  as	  acting	  as	  either	  

short-‐	  or	  long-‐range	  repressors	  dependent	  on	  their	  ability	  to	  counteract	  the	  regulatory	  

potential	  of	  local	  (within	  ~100	  bp)	  or	  distal	  (thousands	  of	  bp	  away	  or	  more)	  activating	  

elements	  or	  promoters	  (Gray	  and	  Levine,	  1996;	  Gray	  et	  al.,	  1994).	  	  Some	  repressors	  are	  

specific	  for	  one	  type	  of	  repression,	  while	  others	  can	  adopt	  a	  short-‐	  or	  long-‐range	  

repressive	  activity	  through	  association	  with	  multiple	  corepressors	  operating	  via	  distinct	  
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mechanisms	  of	  repression	  (Courey	  and	  Jia,	  2001).	  Groucho	  was	  originally	  considered	  a	  

long-‐range	  co-‐repressor	  recruited	  exclusively	  by	  long-‐range	  repressors	  such	  as	  Hairy	  and	  

Dorsal	  (Cai	  et	  al.,	  1996;	  Dubnicoff	  et	  al.,	  1997).	  CtBP,	  in	  contrast,	  is	  a	  well-‐studied	  

corepressor	  capable	  of	  short-‐range	  repression	  when	  recruited	  by	  such	  short-‐range	  

repressors	  as	  Kruppel,	  Giant,	  and	  Snail	  (Nibu	  and	  Levine,	  2001;	  Nibu	  et	  al.,	  1998).	  

Evidence	  that	  Groucho	  could	  oligomerize	  and	  potentially	  crosslink	  non-‐contiguous	  

regions	  of	  chromatin	  provides	  a	  mechanistic	  explanation	  for	  its	  ability	  to	  quench	  distant	  

regulatory	  elements.	  	  

More	  recently,	  it	  was	  found	  that	  in	  some	  contexts	  Groucho	  behaves	  as	  a	  short-‐

range	  corepressor.	  Groucho	  appears	  to	  be	  recruited	  by	  Knirps,	  a	  short-‐range	  repressor	  

capable	  of	  interacting	  with	  CtBP,	  to	  repress	  the	  expression	  of	  even-‐skipped	  

(Payankaulam	  and	  Arnosti,	  2009).	  Sloppy-‐paired	  1	  (Slp1),	  a	  Groucho-‐interacting	  

repressor,	  is	  involved	  in	  the	  short-‐range	  repression	  of	  regulatory	  elements	  controlling	  

the	  expression	  of	  multiple	  pair-‐rule	  genes	  (Andrioli	  et	  al.,	  2004).	  	  If	  Groucho	  is	  in	  fact	  

commonly	  utilized	  as	  both	  a	  short-‐	  and	  long-‐range	  repressor,	  this	  sheds	  light	  on	  the	  

observation	  that	  Groucho	  oligomerization	  is	  required	  in	  a	  context-‐dependent	  manner	  in	  

vivo	  (Jennings	  et	  al.,	  2007),	  suggesting	  a	  mechanism	  whereby	  Groucho	  oligomerization	  

is	  necessary	  for	  long-‐range	  repression	  but	  dispensable	  for	  short-‐range.	  Likely	  the	  

classification	  of	  repressors	  as	  short-‐	  and	  long-‐range	  actors,	  while	  a	  useful	  abstraction	  

when	  classifying	  repressors,	  masks	  much	  of	  the	  complexity	  of	  repressive	  activity	  that	  

would	  be	  provided	  by	  a	  thorough	  understanding	  of	  repressive	  mechanisms.	  
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The	  mechanism	  of	  Groucho-‐mediated	  repression	  

While	  a	  great	  deal	  is	  known	  about	  the	  developmental	  participation	  and	  

interactors	  of	  Gro,	  details	  of	  the	  mechanism	  by	  which	  Gro	  achieves	  repression	  have	  

remained	  elusive.	  Multiple	  models	  have	  been	  proposed	  to	  explain	  Groucho’s	  ability	  to	  

fully	  and	  reversibly	  initiate	  and	  maintain	  both	  short-‐	  and	  long-‐range	  repression,	  yet	  a	  

full	  picture,	  able	  to	  account	  for	  all	  observations	  of	  Groucho	  behavior,	  has	  yet	  to	  emerge.	  

Much	  of	  the	  speculation	  surrounding	  Groucho	  activity	  centers	  on	  the	  possibility	  

that	  oligomeric	  structures	  of	  Gro	  form	  in	  vivo,	  how	  these	  structures	  interact	  with	  

chromatin,	  and	  what	  relevance	  these	  structures	  have	  to	  repression.	  Early	  evidence	  

showed	  that	  Groucho	  tetramerizes	  in	  vitro	  via	  the	  Q-‐domain	  (Chen	  et	  al.,	  1998)(Song	  et	  

al.,	  2004).	  In	  another	  experiment,	  Groucho	  was	  found	  to	  be	  associated	  with	  chromatin	  

over	  2	  kb	  away	  from	  its	  recruitment	  site,	  leading	  to	  the	  hypothesis	  that	  Groucho	  

spreads	  from	  its	  recruitment	  site,	  analogous	  to	  the	  spreading	  activity	  of	  Sir	  family	  

corepressors	  (Pirrotta	  and	  Gross,	  2005).	  Experiments	  on	  a	  mouse	  Gro	  homolog	  showed	  

that	  while	  tetramerization	  is	  not	  required	  for	  recruitment	  to	  chromatin,	  it	  is	  necessary	  

for	  the	  aggregation	  of	  nucleosomal	  arrays	  in	  vitro	  (Sekiya	  and	  Zaret,	  2007).	  Monomeric	  

forms	  of	  the	  protein	  successfully	  bind	  to	  and	  increase	  the	  density	  of	  dinucleosomes	  in	  

vitro	  (Sekiya	  and	  Zaret,	  2007).	  	  In	  vivo,	  the	  loss	  of	  tetramerization	  is	  lethal	  but	  does	  not	  

entirely	  abolish	  Gro-‐mediated	  repression	  (Jennings	  et	  al.,	  2007).	  More	  recent	  evidence	  

in	  cell	  culture	  has	  shown	  that	  Gro	  binds	  in	  discrete	  peaks,	  though	  longer	  stretches	  of	  

binding	  do	  occur	  (Kaul	  et	  al.,	  2014).	  
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Gro	  preferentially	  associates	  with	  histone	  tails	  and	  can	  do	  so	  without	  the	  

involvement	  of	  additional	  DNA-‐binding	  interacting	  factors	  (Flores-‐Saaib	  and	  Courey,	  

2000;	  Sekiya	  and	  Zaret,	  2007).	  Additionally,	  Gro	  associates	  with	  a	  histone	  deacetylase,	  

HDAC1/Rpd3	  (Chen	  et	  al.,	  1999).	  This	  association	  accounts	  for	  some	  but	  not	  all	  of	  

Groucho’s	  repressive	  ability	  in	  vivo,	  where	  Groucho	  binding	  is	  associated	  with	  decreased	  

acetylation	  of	  the	  tails	  of	  histones	  H3	  and	  H4,	  as	  well	  as	  increased	  nucleosome	  density	  

(Winkler	  et	  al.,	  2010).	  Colocalization	  of	  Gro	  and	  Rpd3	  is	  prevalent	  in	  Kc167	  cells	  (a	  cell	  

line	  derived	  from	  Drosophila	  embryos),	  with	  over	  half	  of	  Groucho	  binding	  sites	  found	  to	  

overlap	  Rpd3	  binding	  (Kaul	  et	  al.,	  2014).	  	  

Given	  the	  many	  gaps	  in	  our	  knowledge	  regarding	  the	  mechanisms	  of	  Gro-‐

mediated	  repression,	  I	  carried	  out	  a	  genome-‐wide	  analysis	  of	  Gro	  function	  in	  hopes	  of	  

filling	  in	  some	  of	  these	  gaps.	  Experiments	  described	  in	  Chapter	  2,	  employing	  a	  

combination	  of	  Gro-‐ChIP-‐seq	  on	  staged	  wild-‐type	  embryos	  and	  RNA-‐seq	  on	  staged	  

embryos	  expressing	  different	  levels	  of	  Gro	  show	  that	  Groucho	  associates	  with	  

chromatin	  in	  discrete	  <	  1	  kilobase	  peaks,	  often	  clustered	  closely	  upstream	  or	  within	  

regulated	  genes.	  This	  data	  was	  used	  to	  generate	  a	  set	  of	  high-‐confidence	  Groucho	  

targets	  at	  multiple	  developmental	  stages.	  Experiments	  described	  in	  Chapter	  3,	  

employing	  nascent-‐seq	  on	  staged	  wild-‐type	  embryos	  show	  that	  Groucho-‐regulated	  

genes	  are	  enriched	  for	  promoter-‐proximal	  paused	  polymerase,	  suggesting	  a	  possible	  

role	  for	  PolII	  stalling	  in	  Groucho-‐mediated	  gene	  repression.	  Chapter	  4	  is	  a	  published	  

paper	  in	  which	  we	  identified	  the	  Gro	  interactome	  as	  a	  way	  of	  illuminating	  mechanisms	  

of	  Gro-‐mediated	  repression.	  
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Figure	  1-‐1.	  Groucho/TLE	  family	  proteins	  are	  partially	  conserved	  throughout	  

metazoans.	  The	  Gro/TLE	  family	  of	  corepressors	  are	  typified	  by	  five	  domains	  defined	  

based	  on	  function	  and	  sequence.	  Domain-‐wise	  homology	  to	  the	  D.	  melanogaster	  

Groucho	  is	  indicated	  by	  percentages,	  when	  significant.	  Two	  domains,	  the	  N-‐terminal	  Q	  

domain	  and	  the	  C-‐terminal	  WD-‐repeat	  domain	  are	  well	  conserved	  while	  the	  central	  

region,	  consisting	  of	  the	  GP,	  CcN,	  and	  SP	  domains	  shares	  little	  sequence	  homology	  

between	  species.	  The	  Q	  domain	  is	  involved	  in	  association	  with	  repressor	  and	  the	  

formation	  of	  homo-‐oligomeric	  Groucho	  complexes.	  The	  WD	  domain	  is	  additionally	  

involved	  in	  repressor	  association.	  The	  central	  region	  is	  predicted	  to	  be	  intrinsically	  

disordered	  and	  serves	  as	  a	  scaffold	  for	  a	  number	  of	  protein	  interactions,	  notably	  with	  

Rpd3,	  a	  histone	  deacetylase	  involved	  in	  some	  aspects	  of	  Groucho-‐mediated	  repression.	  

The	  central	  regions	  also	  serve	  as	  a	  regulatory	  region	  of	  Groucho	  via	  being	  target	  for	  

multiple	  post-‐translational	  modifications.	   	  
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Fig.	  1-‐1

	   	  

Q GP CcN SP WDGro
D.#melanogaster

Q GP CcN SP WDTLE104
H.#sapiens

Q GP CcN SP WDGrg104
M.#musculus

Q WDUNC037
C.#elegans

71% 89%

73% 89%

69% 58%
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Table	  1-‐1.	  Groucho-‐interacting	  transcription	  factors	  

	  

	  

	   	  

Interacting	  
Protein	   Biological	  Role	   Citation	  

Capicua	   RTK	  signaling;	  embryonic	  terminal	  gene	  expression	   (Jimenez	  et	  al.,	  2000)	  

Huckebein	   Embryonic	  terminal	  gene	  expression	   (Goldstein	  et	  al.,	  1999)	  

Hairy	   Segmentation/	  Anterior-‐posterior	  patterning	   (Paroush	  et	  al.,	  1994)	  

Runt	   Segmentation/	  Anterior-‐posterior	  patterning	   (Aronson	  et	  al.,	  1997)	  

Even-‐skipped	   Segmentation/	  Anterior-‐posterior	  patterning	   (Kobayashi	  et	  al.,	  2001)	  

Odd-‐skipped	   Segmentation/	  Anterior-‐posterior	  patterning	   (Goldstein	  et	  al.,	  2005)	  

Sloppy-‐paired	  1	   Segmentation/	  Anterior-‐posterior	  patterning	   (Andrioli	  et	  al.,	  2004)	  

Engrailed	   Segmentation/	  Anterior-‐posterior	  patterning	   (Jimenez	  et	  al.,	  1997)	  

Knirps	   Segmentation/	  Anterior-‐posterior	  patterning	  
(Payankaulam	  and	  
Arnosti,	  2009)	  

Goosecoid	   Segmentation/	  Anterior-‐posterior	  patterning	   (Jimenez	  et	  al.,	  1999)	  

Dorsal	   Dorsal-‐ventral	  patterning	   (Dubnicoff	  et	  al.,	  1997)	  

Brinker	   Dorsal-‐ventral	  patterning	   (Zhang	  et	  al.,	  2001)	  

Ind	   Dorsal-‐ventral	  patterning	   (Von	  Ohlen	  et	  al.,	  2007)	  

Vnd	   Dorsal-‐ventral	  patterning	  
(Cowden	  and	  Levine,	  
2003)	  

Su(H)	   Notch	  signaling	   (Barolo	  et	  al.,	  2002)	  
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Introduction	  

	   The	  corepressor	  Groucho	  (Gro)	  is	  a	  crucial	  regulator	  of	  gene	  expression	  

throughout	  development	  and	  is	  centrally	  involved	  in	  the	  establishment	  of	  embryonic	  

patterning	  in	  the	  early	  Drosophila	  embryo	  (Agarwal	  et	  al.,	  2015).	  Through	  interactions	  

with	  numerous	  sequence-‐specific	  transcription	  factors,	  Gro	  is	  crucial	  to	  the	  spatial	  and	  

temporal	  restriction	  of	  gene	  expression	  beginning	  very	  early	  in	  embryonic	  development	  

and	  continuing	  throughout	  larval	  and	  pupal	  development	  (Turki-‐Judeh	  and	  Courey,	  

2012a).	  As	  Gro	  mRNA	  is	  maternally	  deposited	  in	  the	  oocyte,	  high	  levels	  of	  the	  protein	  

are	  present	  from	  the	  onset	  of	  development,	  and	  as	  such	  Gro	  participates	  in	  many	  of	  the	  

earliest	  transcriptional	  decisions	  in	  the	  embryo	  (Paroush	  et	  al.,	  1994).	  Due	  to	  the	  highly-‐

connected	  position	  of	  Gro	  in	  the	  developmental	  regulatory	  network,	  changes	  in	  Gro	  

levels	  or	  function	  result	  in	  profound	  developmental	  abnormalities	  and	  disease	  

(Buscarlet	  and	  Stifani,	  2007).	  	  

In	  this	  study,	  we	  utilize	  high-‐throughput	  sequencing	  technologies	  to	  characterize	  

the	  dynamics	  of	  Groucho	  genomic	  binding	  and	  to	  identify	  Groucho	  repressive	  targets.	  

Global	  analysis	  of	  Groucho	  binding	  patterns	  via	  ChIP-‐seq	  allows	  us	  to	  gain	  insight	  into	  

the	  mechanisms	  of	  Groucho-‐mediated	  repression	  via	  characterization	  of	  Groucho	  

localization	  to	  numerous	  regulatory	  regions	  and	  analysis	  of	  how	  this	  localization	  

correlates	  with	  binding	  patterns	  of	  additional	  transcription	  factors,	  including	  those	  

known	  to	  interact	  with	  Gro.	  Analysis	  of	  the	  embryonic	  transcriptome	  under	  conditions	  

of	  perturbed	  Groucho	  dosage	  enables	  us	  to	  dissect	  Groucho’s	  role	  in	  multiple	  signaling	  
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pathways	  and,	  integrated	  with	  the	  ChIP-‐seq	  analysis,	  to	  identify	  these	  targets	  and	  Gro’s	  

participatory	  roles	  with	  high	  confidence.	  	  

Although	  Gro	  is	  ubiquitously	  expressed,	  it	  is	  not	  simply	  a	  passive	  component	  of	  

the	  transcriptional	  machinery.	  For	  example,	  its	  function	  can	  be	  actively	  regulated	  in	  

response	  to	  informational	  signals	  arising	  outside	  of	  the	  cell,	  through,	  for	  example,	  the	  

action	  of	  the	  Ras/MAPK	  pathway.	  In	  addition,	  although	  Gro	  does	  not	  bind	  to	  DNA	  

directly,	  it	  may	  participate	  via	  unknown	  mechanisms	  in	  target	  gene	  selection.	  This	  is	  

demonstrated	  by	  a	  Gro	  deletion	  analysis	  in	  which	  it	  was	  shown	  that	  deletion	  of	  a	  Gro	  

domain	  termed	  the	  SP	  domain	  results	  in	  promiscuous	  repression	  of	  genes	  not	  normally	  

targeted	  by	  Gro	  (Turki-‐Judeh	  and	  Courey,	  2012b).	  	  

Despite	  the	  extensively	  documented	  centrality	  of	  Gro	  in	  multiple	  developmental	  

processes,	  especially	  in	  the	  early	  embryo,	  no	  systematic	  genome-‐wide	  investigation	  has	  

been	  undertaken	  to	  position	  Gro	  in	  the	  fly	  developmental	  regulatory	  network.	  A	  more	  

thorough	  understanding	  of	  the	  recruitment	  patterns	  of	  Gro	  in	  the	  early	  embryo,	  and	  the	  

dynamics	  of	  such	  binding,	  will	  allow	  us	  to	  address	  multiple	  questions	  about	  the	  

mechanism	  of	  Gro-‐mediated	  repression	  and	  the	  position	  of	  Gro	  in	  the	  regulatory	  

hierarchy	  of	  pattern	  formation.	  	  

Gro	  tetramerizes	  and	  perhaps	  forms	  higher	  order	  oligomers	  in	  vitro.	  This	  

together	  with	  the	  observations	  that	  Gro	  is	  required	  for	  long-‐range	  repression	  and	  that	  it	  

binds	  core	  histones	  has	  led	  to	  the	  suggestion	  that	  Gro-‐mediated	  repression	  may	  involve	  

spreading	  along	  chromatin.	  Indeed,	  in	  some	  contexts	  Gro	  oligomerization	  is	  necessary	  
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for	  repression	  in	  vitro	  (Chen	  et	  al.,	  1998)	  and	  in	  vivo	  (Song	  et	  al.,	  2004).	  However,	  it	  does	  

not	  appear	  to	  be	  a	  universal	  requirement	  for	  repressive	  activity	  in	  all	  developmental	  

contexts	  (Jennings	  et	  al.,	  2007).	  Evidence	  from	  ChIP-‐PCR	  experiments	  suggests	  Gro	  

spreads	  over	  potentially	  long	  stretches	  of	  chromatin	  presumably	  through	  its	  ability	  to	  

self-‐associate	  (Martinez	  and	  Arnosti,	  2008;	  Winkler	  et	  al.,	  2010),	  although	  these	  studies	  

are	  limited	  by	  the	  resolution	  of	  the	  ChIP-‐PCR	  analysis.	  More	  recent	  Gro	  ChIP-‐seq	  data	  

obtained	  from	  two	  Drosophila	  cell	  lines	  (S2	  and	  Kc167)(Kaul	  et	  al.,	  2014)	  indicate	  that	  

binding	  is	  primarily	  localized	  to	  discrete	  peaks	  in	  those	  cell	  lines.	  However,	  it	  is	  unclear	  

to	  what	  degree	  that	  binding	  pattern	  extends	  to	  developing	  embryos.	  Genome-‐wide	  

analysis	  of	  binding	  patterns	  in	  embryos	  presented	  in	  this	  thesis	  has	  enabled	  us	  to	  

thoroughly	  investigate	  the	  requirement	  for	  spreading	  in	  Gro-‐mediated	  repression.	  We	  

find	  that	  while	  Groucho	  is	  capable	  of	  spreading	  over	  long	  regions	  of	  chromatin,	  this	  

spreading	  appears	  to	  be	  an	  uncommon	  feature	  of	  repression,	  with	  the	  majority	  of	  

Groucho	  binding	  occurring	  in	  discreet	  peaks	  characteristic	  of	  association	  with	  site-‐

specific	  transcription	  factors.	  However,	  these	  discrete	  peaks	  often	  cluster	  over	  longer	  

stretches	  of	  chromatin,	  potentially	  indicative	  of	  looped	  or	  a	  similar	  topological	  

rearrangement	  between	  distant	  regions	  of	  chromatin.	  	  

The	  accurate	  assignment	  of	  a	  regulatory	  region,	  or	  even	  an	  individual	  binding	  

region	  detected	  by	  ChIP-‐seq,	  to	  a	  specific	  regulatory	  target	  (or	  targets)	  is	  a	  long	  standing	  

problem	  in	  the	  useful	  interpretation	  of	  ChIP-‐seq	  studies	  (Sikora-‐Wohlfeld	  et	  al.,	  2013).	  

The	  inaccuracy	  of	  association	  becomes	  more	  significant	  the	  further	  a	  factor	  binds	  from	  

its	  regulatory	  target,	  as	  genomic	  complexity	  often	  makes	  assignment	  of	  enhancer-‐gene	  



	   30	  

interactions	  uncertain.	  A	  common	  methodology	  to	  address	  this	  challenge	  is	  to	  

incorporate	  genome-‐wide	  binding	  data	  with	  transcriptome	  measurements	  in	  systems	  

perturbed	  for	  said	  factor	  (Dolinski	  and	  Troyanskaya,	  2015).	  To	  this	  end,	  we	  have	  

employed	  RNA-‐seq	  to	  examine	  the	  effect	  of	  Gro-‐knockdown	  and	  Gro-‐overexpression	  on	  

the	  transcriptome	  measurements	  at	  timepoints	  matching	  those	  used	  in	  the	  ChIP-‐seq	  

analysis.	  When	  combined	  with	  the	  ChIP-‐seq	  binding	  profile	  data,	  this	  has	  allowed	  the	  

definition	  of	  a	  high-‐confidence	  set	  of	  Gro	  target	  genes	  across	  developmental	  stages,	  

thus	  enabling	  a	  more	  thorough	  characterization	  of	  the	  role	  of	  Gro	  during	  early	  

development	  and	  a	  significant	  refinement	  of	  the	  factor’s	  influence	  on	  the	  

developmentally-‐regulated	  gene	  network.	  The	  analysis	  to	  be	  presented	  here	  shows	  that	  

Groucho	  targets	  are	  enriched	  for	  numerous	  transcription	  factors,	  confirming	  its	  role	  as	  a	  

factor	  near	  the	  top	  of	  the	  regulatory	  hierarchy	  in	  the	  establishment	  of	  developmental	  

fate.	  
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Materials	  &	  Methods	  

Fly	  strains	  

Flies	  were	  maintained	  on	  standard	  medium	  at	  25˚C.	  UAS-‐Gro	  and	  UAS-‐GroΔGP	  

transgenic	  flies	  were	  described	  previously	  (Turki-‐Judeh	  and	  Courey,	  2012b).	  The	  UAS-‐

GroΔGP	  construct	  contains	  a	  deletion	  of	  amino	  acids	  134-‐194,	  encompassing	  the	  GP	  

domain.	  Embryos	  for	  overexpression	  studies	  were	  obtained	  from	  staged	  embryos	  

collected	  from	  crosses	  of	  UAS-‐Gro	  with	  a	  maternal	  driver,	  Mat-‐Gal4	  (Nie	  et	  al.,	  2009).	  

Control	  embryos	  for	  RNA-‐seq	  were	  obtained	  from	  crossing	  w1118	  flies	  with	  this	  Mat-‐Gal4	  

driver.	  Germ	  line	  clones	  of	  the	  gro	  mutant	  fly	  allele	  MB36	  (a	  null	  allele)	  were	  used	  for	  

Groucho	  loss-‐of-‐function	  studies	  (Jennings	  et	  al.,	  2007).	  	  These	  lines	  were	  generated	  

using	  the	  standard	  dominant	  female	  sterile	  FLP/FRT	  protocol	  (Chou	  and	  Perrimon,	  

1996).	  	  

	  

Groucho	  chromatin	  immunoprecipation	  (ChIP)	  and	  sequencing	  

ChIP	  was	  carried	  out	  as	  described	  previously	  (Bonn	  et	  al.,	  2012).	  Staged	  embryos	  

were	  collected	  from	  OregonR	  population	  cages	  and	  crosslinked	  with	  formaldehyde	  prior	  

to	  sonication	  (Diagenode	  Bioruptor).	  	  Immunoprecipitation	  was	  carried	  out	  using	  rabbit	  

polyclonal	  antibodies	  raised	  against	  the	  Gro-‐GP	  domain	  GST	  fusion	  protein	  that	  had	  

been	  affinity	  purified	  against	  the	  Halo-‐tagged	  GP	  domain.	  Libraries	  for	  multiplex	  

sequencing	  were	  prepared	  using	  the	  Nugen	  Ovatoin	  Ultralow	  System	  V2	  kit	  (catalog	  #	  

0344-‐32).	  	  
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Groucho	  ChIP-‐seq	  data	  analysis	  

Multiplexed	  libraries	  were	  sequenced	  on	  Illumina	  HiSeq	  2000	  sequencing	  platforms	  

(High	  Throughput	  Sequencing	  Facility,	  Broad	  Stem	  Cell	  Research	  Center,	  UCLA).	  Reads	  

were	  demultiplexed	  via	  custom	  scripts.	  Demultiplexed	  libraries	  were	  filtered	  for	  read	  

quality	  and	  PCR	  duplicates.	  Alignment	  was	  performed	  against	  the	  Drosophila	  

melanogaster	  genome	  (iGenomes	  BDGP	  5.25	  assembly)	  with	  Bowtie2	  (v2.2.5)	  using	  the	  

following	  parameters:	  -‐very-‐sensitive-‐local	  (Langmead	  and	  Salzberg,	  2012).	  	  Peak	  calling	  

was	  performed	  using	  MACS2	  (v2.1.0)	  with	  default	  parameters	  (Zhang	  et	  al.,	  2008).	  Peak	  

visualizations	  were	  generated	  with	  Integrated	  Genome	  Browser	  (v8.4.2)	  (Nicol	  et	  al.,	  

2009).	  Peaks	  present	  in	  both	  replicates	  were	  used	  for	  further	  analysis,	  unless	  otherwise	  

noted.	  Overlap	  with	  HOT	  regions,	  chromatin	  accessibility	  data,	  and	  additional	  

transcription	  factors	  was	  quantified	  as	  a	  minimum	  of	  1bp	  overlap	  between	  a	  Gro	  peak	  

and	  a	  feature.	  Motif	  enrichment	  analysis	  was	  performed	  with	  the	  MEME-‐chip	  software	  

suite	  (Ma	  et	  al.,	  2014).	  

	  

Embryonic	  RNA	  isolation	  and	  sequencing	  (RNA-‐seq)	  

Staged	  embryos	  were	  manually	  homogenized	  in	  TRIzol	  reagent	  (Invitrogen)	  and	  RNA	  

was	  extracted	  according	  to	  manufacturer	  protocols.	  Purified	  RNA	  quality	  was	  assessed	  

via	  Bioanalyzer	  2100	  (Agilent	  Technologies).	  Strand-‐specific	  polyA-‐selected	  libraries	  
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were	  generated	  with	  TruSeq	  Stranded	  mRNA	  Library	  Prep	  Kit	  (Illumina)	  and	  sequenced	  

on	  the	  Illumina	  HiSeq	  2000	  platform.	  

	  

Transcriptome	  (RNA-‐seq)	  data	  preparation	  and	  genomic	  alignment	  

Reads	  were	  demultiplexed	  via	  custom	  scripts.	  Low	  quality	  reads	  were	  trimmed	  and	  

remaining	  reads	  were	  aligned	  with	  TopHat2	  (v2.0.9)	  (Kim	  et	  al.,	  2013)	  against	  the	  

Drosophila	  melanogaster	  genome	  (iGenomes	  BDGP	  5.25	  assembly)	  with	  iGenomes	  gene	  

models	  as	  a	  guide.	  Gene	  assignment	  was	  performed	  with	  HTSeq	  (IAnders	  et	  al.,	  2015).	  	  

	  

Gene	  expression	  and	  Groucho	  target	  gene	  identification	  

Normalized	  gene	  expression	  values	  and	  differential	  expression	  analysis	  generated	  

with	  DESeq2	  (v1.8.0)	  (Love	  et	  al.,	  2014).	  Genes	  exhibiting	  a	  log2(fold-‐change)	  of	  

magnitude	  0.5	  or	  later	  with	  a	  multiple-‐testing	  corrected	  p-‐value	  of	  <	  0.05	  were	  called	  as	  

significantly	  differentially	  expressed.	  Genes	  exhibiting	  changes	  in	  expression	  in	  loss-‐	  and	  

gain-‐of-‐function	  embryos	  were	  identified.	  For	  each	  Gro	  peak,	  the	  nearest	  or	  overlapping	  

feature	  was	  identified	  as	  a	  potential	  regulatory	  target.	  These	  two	  sets	  were	  intersected	  

by	  timepoint	  to	  give	  the	  high-‐confidence	  gene	  set.	  

Gro	  occupancy	  scores	  were	  calculated	  using	  a	  modified	  scoring	  algorithm	  published	  

previously	  by	  Sandmann	  et	  al.,	  2007.	  For	  each	  gene,	  a	  Gro	  occupancy	  score	  was	  

calculated	  as	  the	  sum	  of	  the	  scores	  of	  Gro	  peaks.	  Scores	  for	  each	  peak	  were	  calculated	  
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on	  a	  per-‐base	  level	  and	  averaged.	  For	  each	  basepair	  overlapping	  the	  gene,	  a	  score	  of	  1	  

was	  assigned.	  For	  each	  non-‐overlapping	  basepair,	  the	  score	  was	  calculated	  by	  

1
1 +	  𝑒%.%%%'∗ )*+'

	  

where	  d	  is	  the	  distance	  between	  the	  basepair	  and	  the	  nearest	  end	  of	  the	  gene.	  
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Results	  
	  

Groucho	  is	  dynamically	  recruited	  to	  thousands	  of	  sites	  throughout	  embryonic	  

development	  

The	  time	  windows	  used	  for	  the	  analysis	  were	  chosen	  to	  overlap	  significant	  

events	  in	  embryonic	  development	  that	  have	  known	  Groucho	  interactions.	  The	  first	  

window	  (timepoint	  1:	  1.5	  –	  4	  hours	  post-‐fertilization)	  encompasses	  formation	  of	  the	  

syncytial	  blastoderm	  and	  subsequent	  cellularization.	  It	  is	  during	  this	  stage	  that	  the	  

expression	  patterns	  of	  the	  pair-‐rule	  and	  segment	  polarity	  genes	  (including	  engrailed,	  a	  

Groucho-‐interacting	  TF)	  are	  established,	  a	  defining	  step	  in	  anterior-‐posterior	  patterning.	  

Specification	  of	  presumptive	  germ	  layers	  along	  the	  dorsal-‐ventral	  axis	  occurs	  during	  this	  

stage,	  primarily	  guided	  by	  the	  activity	  of	  Dorsal	  in	  conjunction	  with	  Groucho.	  	  The	  

second	  window	  (timepoint	  2:	  4	  –	  6.5	  hours	  post-‐fertilization)	  encompasses	  the	  growth	  

and	  segmentation	  of	  the	  germ	  band,	  including	  the	  formation	  of	  neuroblasts,	  a	  crucial	  

early	  step	  in	  the	  onset	  of	  neurogenesis.	  The	  third	  window	  (timepoint	  3:	  6.5	  –	  9	  hours	  

post-‐fertilization)	  encompasses	  retraction	  of	  the	  germ	  band	  and	  fusion	  of	  the	  anterior	  

and	  posterior	  midgut.	  

ChIP-‐seq	  was	  performed	  in	  duplicate	  on	  fly	  embryos	  representing	  each	  time	  

point	  using	  an	  extensively	  validated	  affinity	  purified	  polyclonal	  antibody	  raised	  against	  

the	  Gro	  GP	  domain.	  Sequencing	  libraries	  were	  sequenced	  to	  a	  depth	  that	  provided	  at	  

minimum	  5	  million	  uniquely	  mappable	  reads,	  far	  in	  excess	  of	  the	  minimum	  

recommended	  by	  modENCODE	  ChIP-‐seq	  best-‐practices	  (Fig.	  2-‐1A)	  (Landt	  et	  al.,	  2012).	  
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Replicates	  exhibited	  high	  reproducibility	  in	  terms	  of	  both	  read	  density	  and	  resulting	  

peak	  model	  (Fig.	  2-‐1B,	  left	  and	  right,	  respectively).	  	  

The	  high	  degree	  of	  correlation	  between	  our	  ChIP-‐seq	  data	  sets	  and	  ChIP-‐chip	  

data	  sets	  obtained	  from	  0-‐12	  hour	  embryos	  (Negre	  et	  al.,	  2011)	  using	  completely	  

independent	  antibodies	  also	  validates	  our	  ChIP-‐seq	  data	  (Fig.	  2-‐2A).	  The	  modENCODE	  

Groucho	  peaks	  were	  generated	  from	  0	  –	  12	  hour	  embryos	  and	  so	  should	  represent	  a	  

time-‐averaged	  superset	  of	  our	  data.	  Collectively	  the	  ChIP-‐seq	  peaks	  from	  our	  three	  data	  

sets	  identified	  79%	  of	  the	  modENCODE	  ChIP-‐chip	  peaks.	  An	  additional	  81%	  of	  our	  

identified	  Gro	  binding	  sites	  are	  novel	  and	  are	  not	  represented	  in	  the	  data	  generated	  by	  

the	  modENCODE	  consortium.	  Comparison	  of	  our	  ChIP-‐seq	  data	  with	  modENCODE	  

Groucho	  ChIP-‐chip	  data	  generated	  from	  white	  pre-‐pupae	  also	  shows	  a	  significant	  

overlap	  (Fig.	  2-‐2B).	  A	  large	  fraction	  of	  embryonic	  and	  pre-‐pupal	  binding	  sites	  are	  unique	  

to	  each	  stage,	  consistent	  with	  the	  distinct	  roles	  of	  Groucho-‐mediated	  repression	  during	  

pupal	  development	  (de	  Celis	  and	  Ruiz-‐Gomez,	  1995).	  Approximately	  a	  third	  of	  

embryonic	  peaks	  are	  retained	  to	  some	  extent	  in	  this	  later	  stage,	  indicating	  Gro	  may	  be	  

utilized	  in	  the	  regulation	  of	  a	  subset	  of	  common	  genes	  throughout	  multiple	  

developmental	  stages.	  

Peak	  modeling	  identified	  widespread	  Groucho	  binding	  throughout	  the	  genome;	  

peaks	  with	  overlapping	  regions	  between	  replicates	  were	  chosen	  for	  further	  analysis,	  as	  

they	  represent	  a	  higher	  confidence	  subset	  of	  all	  identified	  peaks	  (Fig.	  2-‐3A),	  and	  peaks	  

overlapping	  input	  peaks	  were	  removed,	  as	  they	  are	  assumed	  to	  arise	  from	  erroneous	  
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read	  alignment	  due	  to	  abundant	  or	  repetitive	  sequences.	  Groucho	  recruitment	  sites	  are	  

most	  numerous	  during	  the	  central	  timepoint	  analyzed	  (5,246	  binding	  sites),	  compared	  

to	  the	  early	  (1,358)	  and	  late	  (4,232)	  stages.	  We	  detected	  5,829	  unique	  binding	  sites	  in	  

total,	  with	  535	  sites	  recruiting	  Groucho	  across	  all	  timepoints,	  and	  therefore	  potentially	  

participating	  in	  Grouch-‐mediated	  repression	  in	  at	  least	  one	  cell	  type	  or	  tissue	  

throughout	  the	  developmental	  timeframe	  analyzed	  (Fig	  2-‐3B).	  

	   Groucho	  occupancy	  is	  highly	  dynamic	  and	  reversible.	  Approximately	  75%	  of	  all	  

Groucho	  binding	  sites	  are	  unique	  to	  a	  single	  timepoint.	  The	  majority	  of	  the	  sites	  

established	  during	  time	  window	  1	  that	  persist	  into	  time	  window	  2	  continue	  to	  persist	  

into	  timepoint	  3,	  indicating	  that	  some	  Groucho	  binding	  sites	  are	  utilized	  throughout	  

early	  development.	  Interestingly,	  few	  sites	  are	  occupied	  in	  only	  the	  first	  and	  third	  

timepoints,	  indicating	  that	  Groucho	  occupied	  sites	  during	  the	  first	  timepoint	  tend	  to	  

either	  be	  utilized	  at	  all	  timepoints,	  or	  are	  only	  utilized	  very	  early	  in	  development	  and	  not	  

utilized	  again	  in	  the	  windows	  analyzed.	  

Genome-‐wide	  analyses	  of	  transcription	  factor	  binding	  in	  the	  Drosophila	  embryo	  

has	  revealed	  thousands	  of	  HOT	  (Highly	  Occupied	  Target)	  regions	  to	  which	  large	  numbers	  

of	  unrelated	  factors	  bind	  concurrently	  (Consortium	  et	  al.,	  2010).	  While	  the	  cause	  and	  

regulatory	  ramifications	  of	  these	  highly-‐occupied	  regions	  remain	  to	  be	  fully	  explored,	  

they	  appear	  to	  be	  widespread	  in	  eukaryotes,	  persistent	  between	  cell	  types	  and	  

developmental	  stages,	  and	  are	  often	  located	  in	  areas	  of	  active	  transcription	  (Moorman	  

et	  al.,	  2006).	  Some	  factors	  can	  be	  recruited	  to	  HOT	  regions	  independently	  from	  their	  
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abilities	  to	  bind	  and	  recognize	  DNA	  sequence	  (Li	  et	  al.,	  2008).	  Owing	  to	  this	  and	  the	  

large	  number	  of	  Groucho-‐interacting	  proteins	  that	  either	  bind	  DNA	  directly	  or	  are	  

otherwise	  recruited	  to	  chromatin,	  we	  expected	  that	  a	  significant	  fraction	  of	  Groucho	  

binding	  sites	  would	  localize	  to	  these	  areas	  (Fig.	  2-‐4).	  We	  observe	  that	  while	  the	  total	  

percentage	  of	  Gro	  regions	  that	  overlap	  a	  HOT	  zone	  is	  largely	  invariant	  between	  time	  

points,	  Gro	  in	  the	  1.5	  –	  4	  hr	  embryo	  preferentially	  localizes	  to	  regions	  with	  a	  higher	  

HOTness	  (i.e.	  greater	  numbers	  of	  occupying	  factors),	  while	  6.5	  –	  9	  hr	  Groucho	  binding	  is	  

enriched	  for	  overlap	  with	  lower	  HOTness	  regions.	  	  

The	  clearest	  theory	  on	  the	  function	  of	  the	  origin	  of	  these	  HOT	  regions,	  supported	  

by	  in	  vivo	  and	  computational	  studies,	  is	  that	  many	  transcription	  factors	  are	  maintained	  

at	  sufficiently	  high	  nuclear	  concentrations	  such	  that	  these	  factors	  saturate	  high-‐affinity	  

binding	  sites,	  and	  as	  a	  result	  also	  bind	  to	  low	  and	  intermediate	  affinity	  sites	  in	  areas	  of	  

high	  DNA	  accessibility	  (Kaplan	  et	  al.,	  2011;	  Li	  et	  al.,	  2008).	  DNA	  accessibility	  has	  been	  

mapped	  across	  multiple	  developmental	  stages	  (Li	  et	  al.,	  2011),	  and	  Groucho	  binding	  is	  

significantly	  enriched	  for	  these	  regions	  (Fig.	  2-‐5).	  As	  Groucho	  is	  known	  to	  increase	  

nucleosome	  density	  and	  reduce	  DNA	  accessibility	  (Sekiya	  and	  Zaret,	  2007;	  Winkler	  et	  al.,	  

2010),	  widespread	  recruitment	  to	  these	  sites	  indicates	  that	  association	  with	  chromatin	  

may	  not	  be	  in	  itself	  sufficient	  to	  initiate	  Gro-‐mediated	  chromatin	  condensation,	  as	  this	  

process	  possibly	  requires	  additional	  undocumented	  inputs.	  

	  	  

Groucho	  tends	  to	  bind	  in	  spatially-‐restricted	  clusters	  at	  promoters	  and	  inside	  genes	  
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Choosing	  the	  nearest	  or	  overlapping	  gene	  as	  a	  potential	  Groucho-‐regulated	  

target,	  we	  see	  that	  there	  are	  significantly	  fewer	  Groucho-‐associated	  genes	  than	  there	  

are	  Groucho	  binding	  regions	  (Fig.	  2-‐6A),	  due	  to	  the	  tendency	  of	  Groucho	  to	  localize	  to	  

multiple	  discrete	  regions	  around	  its	  potential	  targets.	  Half	  of	  all	  Groucho-‐associated	  

genes	  predicted	  in	  this	  fashion	  have	  two	  or	  more	  Groucho	  peaks	  in	  relative	  proximity	  

(Fig.	  2-‐6B),	  with	  an	  average	  of	  2.5	  binding	  sites	  per	  associated	  gene	  (compared	  to	  an	  

expected	  value	  of	  1.5	  binding	  sites	  per	  gene,	  p	  <	  10-‐10	  via	  Monte-‐Carlo	  simulation).	  

These	  peaks	  have	  median	  widths	  in	  the	  500	  –	  700	  bp	  range,	  indicative	  of	  point	  source	  

peaks,	  as	  commonly	  seen	  for	  sequence-‐specific	  transcription	  factors	  (Ho	  et	  al.,	  2011),	  

rather	  than	  the	  broad	  peaks	  typical	  of	  either	  highly	  polymeric	  factors	  or	  histone	  marks	  

(Fig.	  2-‐7).	  Interestingly,	  in	  vitro	  studies	  have	  shown	  that	  Grg3/repressor	  complexes	  bind	  

to	  and	  protect	  DNA	  from	  nuclease	  activity	  over	  the	  span	  of	  3	  to	  4	  nucleosomes	  (Sekiya	  

and	  Zaret,	  2007),	  corresponding	  to	  600	  –	  800	  basepairs	  of	  protection,	  consistent	  with	  

our	  observed	  mean	  peak	  width.	  	  	  

At	  all	  three	  timepoints,	  the	  distribution	  of	  peak	  widths	  exhibits	  a	  prominent	  tail	  

of	  much	  wider	  peaks	  in	  the	  1.5	  to	  2.5	  kb	  range.	  This	  indicates	  that,	  consistent	  with	  

previously	  proposed	  models,	  Groucho	  may	  be	  capable	  of	  spreading	  over	  relatively	  large	  

regions	  of	  the	  genome.	  However,	  this	  does	  not	  appear	  to	  be	  a	  widespread	  mode	  of	  

chromatin	  association.	  Average	  Groucho	  peak	  widths	  increase	  slightly	  at	  later	  

timepoints,	  though	  whether	  this	  is	  indicative	  of	  a	  time-‐dependent	  change	  in	  the	  way	  

Groucho	  interacts	  with	  chromatin	  or	  slight	  differences	  in	  library	  composition	  is	  unclear.	  
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Groucho	  binding	  is	  enriched	  close	  to	  transcription	  start	  sites	  (Fig.	  2-‐8A).	  The	  

preference	  for	  start	  sites	  is	  somewhat	  unexpected	  given	  extensive	  evidence	  that	  

Groucho	  is	  a	  long-‐range	  repressor	  (Barolo	  and	  Levine,	  1997;	  Dubnicoff	  et	  al.,	  1997).	  

Groucho	  sites	  exhibit	  a	  strong	  preference	  for	  binding	  within	  genes,	  with	  approximately	  

50%	  of	  peaks	  occurring	  within	  gene	  bodies	  across	  all	  timepoints	  (Fig.	  2-‐8B).	  	  

Within	  gene	  bodies,	  Groucho	  exhibits	  a	  strong	  preference	  for	  binding	  within	  

introns	  and	  UTRs,	  and	  is	  depleted	  for	  exon	  binding	  when	  compared	  to	  input	  (Fig.	  2-‐9).	  

Between	  60	  and	  80%	  of	  all	  binding	  within	  genes	  occurs	  within	  introns,	  dependent	  on	  

timepoint.	  Of	  all	  Groucho	  intronic	  binding	  sites,	  40%	  fall	  within	  the	  first	  intron.	  This	  

represents	  a	  more	  than	  2-‐fold	  enrichment	  of	  binding	  preference	  for	  these	  introns,	  and	  is	  

consistent	  with	  the	  observation	  that	  the	  first	  introns	  of	  Drosophila	  genes	  tend	  to	  be	  

longer,	  more	  conserved,	  and	  more	  sensitive	  to	  mutation	  than	  subsequent	  introns,	  and	  

are	  therefore	  predicted	  to	  be	  enriched	  for	  regulatory	  elements	  (Bradnam	  and	  Korf,	  

2008).	  	  

Motif	  analysis	  of	  Groucho	  recruitment	  sites	  identifies	  a	  small	  number	  of	  

transcription	  factor	  binding	  motifs	  enriched	  at	  each	  timepoint,	  including	  several	  factors	  

known	  to	  interact	  with	  Groucho,	  including	  Ventral	  nervous	  syndrome	  defective	  (vnd),	  

Sloppy	  paired	  1	  (slp1),	  Hairy	  (h),	  Huckebein	  (hkb),	  and	  Brinker	  (brk)	  (Fig.	  2-‐10).	  

Enrichment	  of	  motifs	  varies	  by	  timepoint	  as	  well	  as	  by	  the	  location	  of	  the	  Groucho	  

binding	  site.	  The	  majority	  of	  factors	  analyzed	  exhibit	  stronger	  enrichment	  for	  Groucho	  

sites	  within	  genes,	  which	  can	  be	  explained	  by	  a	  smaller	  group	  of	  regulators	  being	  
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responsible	  for	  Groucho	  recruitment	  within	  genes,	  or	  fewer	  low-‐affinity	  binding	  sites	  

recruiting	  Groucho	  in	  these	  regions.	  

	  

Groucho	  is	  recruited	  to	  VRRs	  in	  Dorsal-‐repressed	  genes,	  but	  extensive	  spreading	  does	  not	  

occur	  

	   In	  the	  early	  embryo,	  delineation	  of	  the	  dorsal-‐ventral	  axis	  is	  accomplished	  

through	  transcriptional	  changes	  arising	  from	  a	  maternally-‐defined	  gradient	  of	  nuclear	  

Dorsal	  (DL)	  along	  this	  axis	  (Roth	  et	  al.,	  1989).	  In	  ventral	  and	  ventrolateral	  regions	  of	  the	  

embryo,	  Dorsal	  facilitates	  the	  repression	  of	  numerous	  genes,	  including	  zerknullt	  (zen),	  

decapentaplegic	  (dpp)	  and	  tolloid	  (tld)	  through	  its	  interaction	  with	  Groucho,	  a	  critical	  

step	  in	  delineating	  presumptive	  mesodermal	  and	  neuroectodermal	  regions	  (Dubnicoff	  

et	  al.,	  1997;	  Kirov	  et	  al.,	  1994)	  .	  As	  a	  way	  of	  assessing	  the	  simple	  model	  that	  Gro	  

recruitment	  by	  Dorsal	  leads	  to	  ventral	  repression,	  I	  examined	  the	  patterns	  of	  Gro	  

binding	  to	  these	  three	  ventrally	  repressed	  targets.	  Since	  ventral	  repression	  is	  an	  early	  

event,	  I	  focused	  primarily	  on	  my	  earliest	  developmental	  time	  point	  (1.5-‐4	  hours).	  

Ventral	  repression	  of	  zen	  is	  established	  through	  Dorsal	  recruitment	  to	  a	  well-‐

characterized	  ventral	  repression	  region	  (VRR)	  between	  1.1	  to	  1.4	  kb	  upstream	  of	  the	  

transcription	  start	  site.	  This	  region	  contains	  four	  Dorsal	  binding	  sites,	  as	  well	  as	  AT-‐rich	  

regions	  responsible	  for	  the	  recruitment	  of	  Cut	  (ct)	  and	  Dead	  ringer	  (dri,	  also	  known	  as	  

Retained,	  retn)	  (Valentine	  et	  al.,	  1998).	  Through	  the	  cooperative	  action	  of	  these	  factors,	  

Groucho	  is	  thought	  to	  be	  recruited	  to	  establish	  repression.	  ChIP-‐seq	  data	  confirms	  that	  
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Gro	  localizes	  to	  regions	  surrounding	  the	  VRR.	  Surprisingly,	  Gro	  density	  is	  comparatively	  

weak	  within	  the	  VRR	  region	  itself	  and	  is	  instead	  primarily	  observed	  both	  upstream	  and	  

downstream	  of	  the	  VRR	  (Fig.	  2-‐11A).	  This	  suggests	  the	  possibility	  of	  limited	  spreading	  

away	  from	  the	  site	  of	  Dorsal-‐mediated	  recruitment.	  At	  later	  timepoints,	  binding	  to	  the	  

regions	  surrounding	  the	  VRR	  is	  lost,	  although	  zen	  remains	  transcriptionally	  repressed	  

throughout	  most	  of	  the	  embryo.	  

	   Dorsal	  is	  additionally	  responsible	  for	  ventral	  repression	  of	  decapentaplegic	  (dpp)	  

in	  early	  embryos	  (1.5	  –	  2	  hours	  post	  fertilization)	  through	  the	  recruitment	  of	  Gro,	  and	  

loss	  of	  Gro	  activity	  at	  this	  stage	  results	  in	  complete	  derepression	  of	  dpp	  in	  ventral	  

regions	  of	  the	  embryo	  (Dubnicoff	  et	  al.,	  1997).	  Dorsal	  binding	  sites	  necessary	  for	  

restriction	  of	  dpp	  expression	  map	  to	  a	  VRR	  in	  the	  gene’s	  second	  intron	  (Huang	  et	  al.,	  

1993).	  Our	  ChIP-‐seq	  data	  confirms	  extensive	  Gro	  recruitment	  to	  this	  site	  (Fig.	  2-‐11B)	  in	  

the	  early	  embryo.	  Similarly	  to	  what	  is	  observed	  with	  zen,	  Gro	  disappears	  from	  the	  VRR	  

at	  later	  timepoints.	  	  

	   Three	  Dorsal	  binding	  sites	  identified	  upstream	  of	  the	  tolloid	  gene	  are	  responsible	  

for	  the	  Dorsal-‐mediated	  repression	  of	  tolloid	  in	  ventral	  regions	  of	  the	  early	  embryo.	  A	  

region	  containing	  two	  of	  these	  sites	  functions	  as	  a	  VRR	  (Kirov	  et	  al.,	  1994).	  Groucho	  

ChIP-‐seq	  data	  indicates	  that	  Groucho	  associates	  strongly	  in	  an	  asymmetric	  peak	  

centered	  on	  the	  central	  Dorsal	  binding	  site,	  approximately	  400	  bp	  upstream	  of	  the	  

tolloid	  TSS	  (Fig.	  2-‐11C).	  While	  the	  peak	  persists	  through	  all	  three	  time	  windows,	  its	  

intensity	  continuously	  decreases	  with	  time.	  	  
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	   Thus,	  while	  the	  details	  vary,	  Groucho	  associates	  with	  the	  VRRs	  in	  all	  three	  genes	  

during	  the	  developmental	  time	  frame	  when	  the	  gene	  is	  being	  actively	  repressed,	  

supporting	  a	  model	  whereby	  Groucho	  is	  recruited	  specifically	  to	  genes	  by	  Dorsal	  to	  

spatially	  restrict	  expression.	  These	  findings	  are	  not,	  however,	  consistent	  with	  a	  model	  

involving	  extensive	  Gro	  spreading.	  This	  is	  especially	  apparent	  in	  the	  case	  of	  dpp,	  where	  I	  

observe	  binding	  of	  Gro	  in	  a	  relatively	  discrete	  peak	  over	  the	  intronic	  VRR	  and	  a	  weaker	  

Gro	  peak	  overlapping	  the	  transcriptional	  start	  site,	  perhaps	  indicative	  of	  looping.	  

	  

Groucho	  localizes	  extensively	  to	  the	  Dorsal-‐binding	  sites	  of	  both	  Dorsal-‐activated	  and	  –

repressed	  genes	  

	   In	  addition	  to	  repressing	  multiple	  genes	  in	  the	  ventral	  portion	  of	  the	  embryo,	  

Dorsal	  can	  activate	  genes	  in	  both	  ventral	  and	  ventrolateral	  regions	  of	  the	  embryo	  in	  a	  

context-‐dependent	  manner.	  The	  transition	  of	  Dorsal	  from	  an	  activator	  to	  a	  repressor	  

has	  been	  ascribed	  to	  the	  presence	  of	  adjacent	  binding	  sites	  for	  additional	  factors,	  such	  

as	  Deadringer	  and	  Cut,	  that	  could	  facilitate	  the	  association	  of	  Groucho	  with	  Dorsal,	  

resulting	  in	  Groucho-‐mediated	  long-‐range	  repression	  (Valentine	  et	  al.,	  1998).	  The	  

necessity	  of	  these	  factors	  in	  generating	  a	  stable	  Dorsal/Groucho	  interaction	  is	  thought	  

to	  arise	  from	  the	  relatively	  low	  binding	  affinity	  of	  Groucho	  for	  Dorsal,	  when	  compared	  

to	  factors	  to	  which	  Groucho	  binds	  without	  requiring	  assistance,	  such	  as	  Engrailed	  or	  

Brinker	  (Ratnaparkhi	  et	  al.,	  2006).	  Due	  to	  the	  inherent	  weakness	  of	  the	  Dorsal/Groucho	  

interaction,	  it	  is	  not	  suspected	  that	  Groucho	  would	  ubiquitously	  colocalize	  with	  Dorsal,	  
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and	  would	  instead	  only	  associate	  at	  those	  loci	  at	  which	  Dorsal	  functions	  as	  a	  repressor.	  

Our	  Groucho	  ChIP-‐seq	  data,	  however,	  shows	  that	  that	  is	  not	  strictly	  the	  case.	  	  

	   In	  ventral	  regions	  of	  the	  embryo,	  Dorsal	  serves	  to	  activate	  several	  genes,	  the	  two	  

most	  well-‐studied	  being	  twist	  and	  snail,	  two	  transcription	  factors	  essential	  to	  the	  

specification	  of	  the	  presumptive	  mesoderm	  (Ip	  et	  al.,	  1992;	  Thisse	  et	  al.,	  1987).	  Dorsal	  

activates	  both	  twist	  and	  snail	  by	  binding	  to	  Ventral	  Activation	  Regions	  (VARs)	  in	  the	  5’	  

flanking	  regions	  of	  these	  genes	  (Ip	  et	  al.,	  1992).	  No	  role	  for	  Groucho	  has	  been	  identified	  

in	  the	  regulation	  of	  either	  gene.	  Surprisingly,	  however	  Gro	  binds	  the	  VARs	  of	  both	  genes	  

in	  early	  embryos.	  We	  observe	  extensive	  Gro	  binding	  to	  both	  the	  primary	  and	  “shadow”	  

VARs	  in	  snail	  (Figure	  2-‐12A),	  and	  weaker	  binding	  to	  a	  VAR	  in	  the	  5’	  flanking	  region	  of	  

twist	  (Figure	  2-‐12B).	  Thus,	  Gro	  recruitment	  may	  not	  be	  the	  critical	  step	  in	  converting	  

Dorsal	  from	  an	  activator	  to	  a	  repressor.	  

	   To	  explore	  this	  question	  further,	  we	  looked	  more	  broadly	  at	  localization	  of	  Gro	  

to	  Dorsal	  binding	  sites.	  These	  sites	  can	  be	  subdivided	  into	  three	  classes	  dependent	  on	  

the	  resulting	  expression	  pattern	  of	  the	  regulated	  gene	  (Biemar	  et	  al.,	  2006;	  Zeitlinger	  et	  

al.,	  2007).	  Class	  I	  sites,	  which	  are	  low	  affinity	  sites,	  result	  in	  gene	  expression	  in	  the	  most	  

ventral	  regions	  of	  the	  embryo	  (presumptive	  mesoderm),	  where	  Dorsal	  concentrations	  

are	  highest.	  Class	  II	  sites	  are	  generally	  of	  higher	  affinity	  than	  class	  I	  sites	  and	  are	  

frequently	  found	  adjacent	  to	  binding	  sites	  for	  other	  factors	  (such	  as	  bHLH	  factors)	  that	  

enable	  Dorsal	  to	  activate	  transcription	  at	  lower	  concentrations.	  As	  a	  result,	  these	  sites	  

are	  active	  in	  in	  ventrolateral	  regions	  (neuroectoderm),	  an	  area	  with	  intermediate	  levels	  
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of	  nuclear	  Dorsal.	  Class	  III	  sites	  are	  associated	  with	  genes	  that	  are	  repressed	  by	  Dorsal	  

and	  whose	  expression	  is	  thereby	  restricted	  to	  the	  dorsal	  ectoderm.	  	  In	  accord	  with	  what	  

we	  observed	  at	  snail	  and	  twist	  VARs,	  Groucho	  is	  not	  restricted	  to	  the	  class	  III	  sites	  but	  is	  

found	  at	  all	  three	  types	  of	  sites	  (Fig.	  2-‐14A).	  No	  single	  class	  of	  Dorsal	  site	  is	  significantly	  

enriched	  over	  the	  others,	  indicating	  that	  Groucho	  binds	  to	  Dorsal	  more	  frequently	  than	  

previously	  surmised,	  even	  at	  sites	  where	  Dorsal	  is	  activating	  transcription.	  

As	  Groucho	  requires	  additional	  factors	  to	  facilitate	  interaction	  with	  Dorsal,	  we	  

calculated	  the	  combinatorial	  overlap	  of	  each	  Groucho	  binding	  segment	  with	  the	  binding	  

patterns	  of	  25	  transcription	  factors	  derived	  from	  2	  –	  4	  hr	  embryos	  (MacArthur	  et	  al.,	  

2009).	  A	  factor	  heatmap	  of	  the	  hierarchically	  clustered	  Groucho	  binding	  regions	  reveals	  

two	  major	  classes	  of	  Groucho	  binding	  sites.	  The	  first	  class	  is	  characterized	  by	  extensive	  

overlap	  with	  six	  factors:	  Dorsal,	  Dichaete,	  Medea,	  Twist,	  Daughterless,	  and	  Kruppel,	  and	  

a	  lesser	  degrees	  of	  overlap	  with	  additional	  assayed	  factors	  (Fig.	  2-‐15).	  While	  Dorsal	  is	  a	  

well-‐studied	  Groucho-‐interacting	  protein,	  the	  degree	  to	  which	  Groucho	  colocalizes	  with	  

Dorsal	  is	  surprising,	  given	  that	  there	  are	  at	  minimum	  thirteen	  other	  factors	  capable	  of	  

recruiting	  Groucho	  in	  processes	  thought	  to	  be	  Dorsal-‐independent	  (Mannervik,	  2014).	  

The	  second	  major	  class	  of	  Groucho	  binding	  site,	  comprising	  ~25%	  of	  Groucho	  sites	  in	  the	  

early	  embryo,	  lacks	  overlap	  with	  any	  of	  the	  assayed	  transcription	  factors.	  This	  apparent	  

high-‐level	  segregation	  of	  Groucho	  recruitment	  sites	  has	  multiple	  interpretations.	  Given	  

that	  overlap	  was	  only	  calculated	  against	  25	  of	  the	  estimated	  ~700	  transcription	  factors	  

contained	  in	  the	  Drosophila	  genome	  (Adams	  et	  al.,	  2000),	  there	  could	  exist	  factors,	  or	  

entire	  classes	  of	  factors,	  to	  which	  Groucho	  is	  being	  recruited	  that	  have	  yet	  to	  be	  
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identified	  or	  assayed	  in	  the	  early	  embryo.	  It’s	  also	  possible	  that	  some	  of	  these	  sites	  

represent	  recruitment	  of	  Groucho	  to	  chromatin	  in	  a	  manner	  not	  dependent	  on	  

additional	  factors,	  for	  example	  through	  interaction	  with	  histones,	  perhaps	  after	  delivery	  

to	  a	  site	  by	  DNA	  looping.	  

	  

Identification	  of	  Groucho	  Targets	  by	  Developmental	  Stage	  

To	  incorporate	  our	  picture	  of	  Groucho	  binding	  into	  a	  framework	  of	  Groucho-‐

mediated	  repression,	  we	  analyzed	  the	  transcriptomes	  of	  staged	  embryos	  expressing	  

multiple	  dosages	  of	  Groucho.	  These	  included	  fly	  lines	  maternally	  overexpressing	  

Groucho	  at	  two	  levels,	  approximately	  two-‐fold	  and	  four-‐fold	  higher	  than	  endogenous,	  as	  

well	  as	  a	  line	  overexpressing	  a	  Groucho	  deletion	  mutant	  lacking	  the	  central	  SP	  domain	  

(Gro∆SP)(Turki-‐Judeh	  and	  Courey,	  2012b).	  Overexpression	  of	  a	  deletion	  variant	  of	  

Groucho	  lacking	  the	  SP	  domain	  was	  found	  to	  result	  in	  faulty	  targeting	  and	  ectopic	  

repression	  of	  multiple	  non-‐Groucho	  target	  genes	  t(Turki-‐Judeh	  and	  Courey,	  2012b),	  a	  

trend	  that	  we	  sought	  to	  investigate	  on	  a	  genome-‐wide	  scale	  (Turki-‐Judeh	  and	  Courey,	  

2012b).	  Additionally,	  we	  analyzed	  the	  transcriptome	  of	  embryos	  lacking	  maternally-‐

contributed	  functional	  Groucho.	  These	  embryos	  are	  derived	  from	  maternal	  germline	  

clones	  homozygous	  for	  groMB36,	  a	  lethal	  allele	  that	  introduces	  an	  ectopic	  splice	  site	  near	  

the	  5’	  end	  of	  gro	  (Jennings	  et	  al.,	  2007).	  The	  resulting	  transcript	  codes	  the	  initial	  12	  

amino	  acids	  of	  Groucho	  followed	  by	  ~100	  amino	  acids	  derived	  from	  frameshifted	  

sequence.	  The	  allele	  produces	  no	  detectable	  Groucho	  protein,	  and	  results	  in	  severely	  
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decreased	  levels	  of	  transcript,	  presumably	  due	  to	  nonsense-‐mediated	  mRNA	  decay.	  

Analysis	  of	  Gro	  transcript	  levels	  across	  samples	  at	  each	  timepoint	  confirms	  

overexpressing	  lines	  accumulated	  increased	  transcript	  levels,	  with	  the	  effect	  being	  

greatest	  at	  the	  first	  timepoint	  (Fig.	  2-‐17A).	  	  This	  excess	  transcript	  is	  partially	  cleared	  

from	  the	  embryo	  by	  later	  timepoints,	  but	  does	  not	  fully	  return	  to	  wild-‐type	  levels	  over	  

the	  time	  span	  analyzed.	  Groucho	  loss-‐of-‐function	  embryos	  failed	  to	  accumulate	  Gro	  

transcripts	  to	  any	  significant	  degree	  across	  all	  timepoints.	  Wild-‐type	  embryos	  exhibit	  the	  

expected	  pattern	  of	  initially	  high	  levels	  of	  maternally-‐deposited	  transcript,	  which	  are	  

gradually	  reduced	  as	  development	  proceeds	  (Fig.	  2-‐17B).	  

Clustering	  of	  RNA-‐seq	  profiles	  by	  similarity	  reveals	  the	  transcriptomes	  cluster	  

first	  by	  timepoint,	  then	  by	  Groucho	  dosage	  (Fig	  2-‐18).	  Groucho	  loss-‐of-‐function	  samples	  

segregate	  well	  from	  wild-‐type	  and	  overexpression	  samples,	  while	  cluster	  discrimination	  

between	  wild-‐type	  and	  overexpression	  is	  relatively	  weak,	  indicating	  that	  loss-‐of-‐function	  

embryos	  exhibit	  a	  greater	  degree	  of	  transcriptome	  deviation	  from	  all	  other	  samples.	  

Groucho	  loss-‐of-‐function	  samples	  from	  the	  second	  and	  third	  timepoints	  cluster	  

independently	  from	  all	  other	  samples	  at	  those	  two	  timepoints,	  indicative	  that	  

accumulated	  differences	  in	  gene	  expression	  have	  put	  these	  embryos	  on	  a	  highly	  

divergent	  and	  non-‐viable	  developmental	  trajectory	  (Fig.	  2-‐18,	  red	  box).	  

Principal	  component	  analysis	  (PCA)	  allows	  a	  more	  detailed	  dissection	  of	  

transcriptome	  profile	  changes	  between	  Groucho	  dosages,	  and	  how	  those	  changes	  

evolve	  over	  time	  (Fig.	  2-‐19).	  PCA	  is	  a	  common	  technique	  used	  to	  visualize	  high-‐
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dimensionality	  data	  in	  two	  dimensions;	  linear	  distance	  between	  two	  points	  is	  directly	  

proportional	  to	  the	  dissimilarity	  between	  those	  samples.	  PCA	  analysis	  reveals	  two	  

sources	  of	  variance	  between	  samples:	  developmental	  stage	  on	  the	  x-‐axis,	  and	  Gro	  

dosage	  on	  the	  y-‐axis,	  fitting	  with	  the	  major	  determinants	  of	  hierarchical	  clustering	  seen	  

in	  the	  previous	  correlation	  heatmap.	  Comparison	  of	  the	  overexpression	  lines	  with	  the	  

wild-‐type	  embryos	  shows	  that	  while	  these	  samples	  exhibit	  overall	  high	  similarity	  at	  early	  

timepoints	  (upper-‐left	  cluster),	  overexpression	  samples	  grow	  increasingly	  distinct	  from	  

wild-‐type	  over	  time,	  as	  can	  be	  seen	  by	  the	  divergence	  of	  these	  points	  from	  the	  wild-‐type	  

sample	  (in	  red),	  despite	  the	  diminished	  difference	  of	  Gro	  transcript	  levels	  at	  later	  time	  

points.	  	  

Perturbation	  of	  Groucho	  levels	  results	  in	  the	  misregulation	  of	  a	  significant	  

proportion	  of	  the	  Drosophila	  genome	  over	  each	  timespan	  (Fig	  2-‐20A).	  The	  Groucho	  loss-‐

of-‐function	  phenotype	  was	  more	  severe	  than	  that	  obtained	  from	  overexpression,	  with	  

over	  10%	  of	  expressed	  genes	  exhibiting	  significant	  changes	  in	  expression	  level	  at	  each	  

timepoint,	  with	  the	  greatest	  effect	  seen	  in	  the	  second,	  4	  to	  6.5	  hour	  stage	  (Fig.	  2-‐20B).	  

Overexpression	  samples	  exhibit	  a	  smaller	  yet	  still	  significant	  proportion	  of	  differentially	  

expressed	  genes,	  with	  between	  2	  and	  16%	  of	  the	  expressed	  genome	  undergoing	  

differential	  expression,	  with	  the	  strongest	  effect	  seen	  at	  the	  final,	  6.5	  to	  9	  hour	  stage.	  

Comparison	  of	  differentially	  expressed	  genes	  in	  the	  three	  Gro	  overexpression	  lines	  

reveals	  significant	  correlation	  between	  activation	  or	  repression	  of	  genes	  regardless	  of	  

Groucho	  dosage,	  with	  this	  effect	  holding	  across	  all	  timepoints	  (Fig.	  2-‐21).	  
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As	  Groucho	  is	  known	  to	  restrict	  the	  expression	  patterns	  of	  many	  developmental	  

regulators	  including	  transcription	  factors,	  splicing	  factors,	  and	  signaling	  molecules	  (e.g.,	  

tailless,	  huckebein,	  zen,	  Sxl,	  dpp,	  etc.),	  it	  is	  suspected	  that	  many	  of	  these	  potential	  

Groucho	  targets	  are	  secondary	  targets	  of	  Groucho	  and	  are	  not	  regulated	  by	  direct	  

Groucho	  occupancy	  of	  their	  regulatory	  regions.	  In	  order	  to	  reduce	  the	  inclusion	  of	  these	  

secondary	  effects	  in	  our	  determination	  of	  Gro	  targets,	  we	  refined	  the	  list	  of	  potential	  

Groucho	  targets	  using	  two	  methodologies.	  	  

The	  first	  method	  sought	  to	  identify	  genes	  both	  sensitive	  to	  multiple	  levels	  of	  

Groucho	  dosage	  and	  bound	  by	  Gro	  internally	  or	  in	  adjacent	  intergenic	  space.	  Both	  

sources	  of	  data	  are	  noisy	  by	  nature,	  as	  secondary	  effects	  could	  account	  for	  the	  dosage	  

response	  and	  Groucho	  can	  regulate	  genes	  from	  regulatory	  regions	  many	  kilobases	  away.	  	  

First,	  we	  focused	  on	  genes	  that	  exhibit	  a	  response	  of	  an	  opposite	  sign	  in	  the	  loss-‐of-‐

function	  and	  one	  or	  both	  Gro	  overexpression	  lines	  (i.e.	  up-‐regulated	  under	  conditions	  of	  

lowered	  Gro	  dosage	  and	  down-‐regulated	  under	  increased	  dosage,	  or	  vice-‐versa).	  This	  

results	  in	  a	  significant	  restriction	  of	  the	  effected	  gene	  list	  at	  each	  timepoint	  (Fig.	  2-‐22).	  

Secondly,	  we	  narrowed	  this	  list	  to	  only	  those	  genes	  associated	  with	  adjacent	  or	  

overlapping	  Groucho	  binding,	  as	  determined	  by	  ChIP-‐seq.	  The	  resulting	  gene	  list	  is	  

significantly	  reduced,	  consisting	  of	  248	  genes,	  of	  which	  151	  are	  identified	  by	  

comparisons	  of	  both	  full-‐length	  Gro	  overexpression	  lines	  to	  the	  loss-‐of-‐function	  line	  (Fig	  

2-‐23	  &	  Appendix	  A).	  	  
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The	  requirement	  that	  genes	  exhibit	  differential	  expression	  under	  multiple	  

Groucho	  dosages	  may	  be	  an	  overly	  stringent	  criterion,	  as	  it	  would	  only	  capture	  the	  set	  

of	  genes	  expressed	  at	  nominal	  levels	  in	  wild-‐type	  embryos	  and	  therefore	  capable	  of	  

being	  both	  up-‐	  and	  down-‐regulated.	  Therefore,	  we	  utilized	  an	  additional	  method	  to	  

explore	  the	  relationship	  of	  Groucho	  occupancy	  and	  regulation.	  This	  method	  involves	  the	  

use	  of	  a	  scoring	  algorithm	  to	  quantify	  the	  predictive	  power	  of	  Groucho	  binding	  on	  

changes	  in	  expression.	  A	  similar	  procedure	  has	  been	  successfully	  utilized	  to	  predict	  the	  

targets	  of	  CBP,	  a	  coactivator	  that	  cooperates	  with	  Dorsal	  to	  activate	  gene	  expression	  in	  

the	  early	  embryo,	  by	  incorporating	  CBP	  ChIP-‐seq	  data	  and	  a	  measurement	  of	  a	  mutant	  

CBP	  transcriptome	  (Holmqvist	  et	  al.,	  2012).	  Similar	  methodologies	  have	  been	  utilized	  to	  

integrate	  transcription	  factor	  binding	  and	  expression	  data	  in	  other	  contexts	  (Wang	  et	  al.,	  

2013).	  	  We	  modified	  this	  method	  to	  allow	  for	  greater	  contribution	  of	  more	  distant	  

binding	  to	  a	  gene’s	  score.	  On	  a	  per-‐gene	  basis,	  a	  “Groucho	  occupancy	  score”	  was	  

calculated	  taking	  into	  account	  the	  number,	  size,	  and	  positioning	  of	  any	  Groucho	  peaks.	  

Operating	  under	  a	  progressively	  relaxing	  score	  cutoff,	  the	  number	  of	  genes	  captured	  

with	  scores	  above	  said	  cutoff	  that	  are	  up-‐	  or	  down-‐regulated	  upon	  Groucho	  level	  

perturbation	  were	  counted	  (Fig.	  2-‐24).	  The	  inflection	  point	  of	  the	  resulting	  response	  

curves	  can	  than	  be	  used	  as	  an	  empirically-‐derived	  threshold	  for	  classifying	  Groucho	  

target	  genes.	  

We	  find	  that	  the	  changes	  in	  gene	  expression	  resulting	  from	  Groucho	  

overexpression	  are	  significantly	  more	  predictive	  of	  regulation	  than	  changes	  resulting	  

from	  loss	  of	  Groucho	  activity	  (Fig.	  2-‐24B/C).	  Very	  few	  up-‐regulated	  genes	  are	  captured	  



	   51	  

by	  the	  response	  curve	  in	  overexpressing	  lines,	  especially	  at	  early	  timepoints.	  In	  groMB36	  

embryos,	  a	  slight	  enrichment	  of	  derepressed	  genes	  is	  evident	  during	  the	  first	  two	  time	  

spans	  with	  clear	  inflection	  points	  (Fig.	  2-‐24A).	  	  

Though	  the	  Groucho/TLE	  family	  of	  proteins	  have	  traditionally	  been	  thought	  of	  as	  

obligate	  repressors,	  TLE3,	  a	  human	  Groucho	  ortholog,	  was	  recently	  shown	  to	  primarily	  

serve	  as	  an	  activator,	  though	  the	  mechanism	  remains	  unknown	  (Villanueva	  et	  al.,	  2011).	  

Additionally,	  CtBP,	  a	  canonical,	  short-‐range	  Drosophila	  corepressor,	  was	  shown	  to	  serve	  

as	  a	  co-‐activator	  of	  certain	  Wnt-‐regulated	  genes,	  this	  switch	  in	  behavior	  being	  

controlled	  by	  the	  protein’s	  oligomeric	  state	  (Bhambhani	  et	  al.,	  2011).	  However,	  the	  

observed	  asymmetry	  in	  the	  distribution	  of	  up-‐	  and	  down-‐regulated	  genes	  between	  the	  

loss-‐of-‐function	  and	  overexpression	  lines	  can	  be	  taken	  as	  evidence	  against	  Groucho	  

behaving	  as	  an	  activator.	  Very	  few	  high-‐scoring	  genes	  were	  up-‐regulated	  in	  either	  

overexpression	  line	  compared	  to	  repressed	  genes.	  Additionally,	  no	  clear	  inflection	  point	  

is	  present	  in	  these	  up-‐regulated	  gene	  response	  curves,	  indicating	  that	  high	  Groucho	  

occupancy	  is	  only	  loosely	  predictive	  of	  gene	  activation.	  	  Though	  we	  cannot	  rule	  out	  the	  

possibility	  that	  Groucho	  can	  serve	  as	  an	  activator	  under	  limited	  and	  thus	  far	  undetected	  

circumstances,	  we	  take	  these	  two	  observations	  as	  evidence	  against	  a	  widespread	  role	  of	  

Groucho	  as	  a	  coactivator.	  	  

Through	  this	  scoring	  methodology,	  we	  identified	  351	  potential	  Groucho	  target	  

genes	  across	  all	  timepoints.	  Of	  these,	  90	  were	  also	  identified	  by	  the	  Groucho	  dosage-‐

sensitivity	  analysis.	  While	  this	  overlap	  is	  highly	  significant	  (p-‐value	  <10-‐10,	  
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hypergeometric	  test),	  the	  two	  results	  do	  differ	  substantially.	  Lacking	  compelling	  a	  priori	  

justification	  to	  favor	  one	  method	  over	  the	  other,	  we	  investigated	  aspects	  of	  each	  data	  

set	  individually.	  

	   Genes	  in	  both	  sets	  are	  enriched	  for	  transcription	  factors	  and	  factors	  involved	  in	  

fly	  development	  (Fig.	  2-‐26).	  In	  both	  sets,	  transcription	  factors	  are	  the	  most	  heavily	  

enriched	  ontology.	  To	  identify	  potentially	  undocumented	  processes	  and	  regulatory	  

networks	  in	  which	  Groucho	  may	  be	  involved,	  we	  annotated	  each	  set	  of	  potential	  target	  

genes	  with	  genetic	  and	  physical	  interactions	  curated	  by	  FlyMine	  (Lyne	  et	  al.,	  2007)	  and	  

integrated	  these	  results	  into	  a	  network	  to	  search	  for	  overrepresented	  groups	  of	  co-‐

regulated	  genes	  (Fig	  2-‐27).	  Both	  networks	  exhibit	  a	  large	  core	  network	  comprising	  

multiple	  interconnected	  hubs	  corresponding	  to	  components	  of	  signaling	  pathways.	  Both	  

networks	  contain	  multiple	  E(spl)-‐family	  proteins,	  which	  Groucho	  is	  known	  to	  repress	  in	  

the	  embryo.	  Delta	  (Dl)	  is	  a	  transmembrane	  ligand	  of	  the	  Notch	  (N)	  signaling	  pathway,	  

and	  complete	  activation	  of	  this	  pathway	  requires	  both	  Groucho	  and	  E(spl)-‐family	  

proteins	  (Heitzler	  et	  al.,	  1996).	  Atonal	  (ato)	  and	  Sprouty	  (sty)	  are	  factors	  with	  known	  

functions	  in	  respiratory	  and	  eye	  development,	  respectively	  (Hacohen	  et	  al.,	  1998;	  

Jarman	  et	  al.,	  1994),	  in	  which	  Groucho’s	  potential	  roles	  have	  not	  been	  investigated.	  

	   The	  core	  regulatory	  network	  of	  targets	  identified	  by	  Groucho	  occupancy	  score	  is	  

somewhat	  larger	  and	  encompasses	  additional	  regulatory	  hubs	  (Fig.	  2-‐27B).	  These	  hubs	  

primarily	  correspond	  to	  components	  of	  multiple	  signaling	  pathways,	  including	  

Decapentaplegic	  (dpp),	  Wingless	  (wg),	  and	  Ras/MAPK	  (Egfr	  and	  aop).	  Pannier	  (pnr)	  is	  a	  
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transcription	  factor	  activated	  by	  Dpp	  signaling	  and	  involved	  in	  dorsoventral	  patterning	  

and	  cardiogenesis	  (Herranz	  and	  Morata,	  2001).	  Groucho	  is	  recruited	  to	  Tinman,	  a	  

Pannier-‐interacting	  protein,	  to	  regulate	  cardiac	  gene	  expression	  (Choi	  et	  al.,	  1999).	  The	  

association	  and	  regulation	  of	  multiple	  Pannier	  target	  genes	  by	  Groucho	  may	  represent	  a	  

significant	  contribution	  by	  Groucho	  to	  the	  regulation	  of	  cardiac	  development.	  
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Discussion	  

	  

Temporal	  and	  spatial	  patterns	  of	  Groucho	  binding	  

In	  our	  current	  study,	  we	  have	  identified	  thousands	  of	  novel	  Groucho-‐recruitment	  

sites	  throughout	  the	  Drosophila	  genome.	  The	  majority	  of	  these	  sites	  are	  detected	  in	  a	  

single	  developmental	  window,	  indicating	  that	  Gro	  is	  often	  transiently	  recruited	  to	  

facilitate	  repression.	  This	  effect	  is	  stronger	  at	  the	  earliest	  stages	  of	  development,	  in	  

which	  only	  a	  small	  percentage	  of	  Gro	  binding	  sites	  are	  preserved	  between	  the	  1.5	  –	  4	  

and	  4	  –	  6.5	  hr	  stages.	  These	  widespread	  changes	  in	  Gro	  occupancy	  are	  indicative	  of	  the	  

changing	  roles	  of	  Gro	  throughout	  development,	  as	  the	  shifting	  availability	  of	  sequence-‐

specific	  transcription	  factors	  modulates	  Gro	  recruitment	  to	  chromatin.	  	  

We	  observe	  that	  Gro	  is	  recruited	  to	  the	  Dorsal-‐binding	  regulatory	  modules	  of	  

three	  ventrally-‐repressed	  genes,	  consistent	  with	  Dorsal-‐mediated	  recruitment	  and	  

repression.	  Gro	  occupies	  multiple	  distinct	  regions	  within	  and	  surrounding	  two	  of	  these	  

genes,	  as	  well	  as	  at	  the	  transcription	  start	  sites	  of	  all	  three.	  We	  find	  this	  trend	  extends	  

globally	  to	  Groucho-‐associated	  genes,	  with	  the	  majority	  of	  Gro	  binding	  in	  clusters	  of	  

multiple	  localized	  peaks	  less	  than	  1	  kb	  in	  width.	  As	  Gro	  tetramers	  can	  crosslink	  

chromatin	  arrays	  in	  vitro	  (Sekiya	  and	  Zaret,	  2007),	  the	  presence	  of	  these	  peak	  clusters	  

may	  represent	  the	  extension	  of	  this	  function	  to	  in	  vivo	  contexts.	  

Many	  Gro	  binding	  sites	  correspond	  to	  regions	  of	  high	  chromatin	  accessibility	  

and/or	  HOT	  regions	  occupied	  by	  several	  additional	  transcription	  factors.	  These	  highly-‐

accessible	  sites	  are	  thought	  to	  result	  from	  low-‐affinity	  interactions	  between	  
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transcription	  factors	  and	  DNA	  and	  generally	  lack	  regulatory	  potential	  (Fisher	  et	  al.,	  

2012).	  Some	  factors	  bound	  at	  these	  are	  biochemically	  activate,	  however,	  as	  a	  recent	  

study	  found	  Hairy	  binds	  extensively	  to	  these	  presumably	  inert	  regions,	  resulting	  in	  

widespread	  but	  largely	  non-‐regulatory	  H3	  and	  H4	  deacetylation,	  likely	  through	  

association	  with	  Groucho	  (Kok	  et	  al.,	  2015).	  Extensive	  localization	  of	  Gro	  to	  these	  sites	  

provides	  additional	  evidence	  that	  these	  deacetylation	  events	  are	  Gro-‐mediated,	  and	  

that	  Gro-‐mediated	  chromatin	  modification	  is	  not	  always	  in	  itself	  sufficient	  to	  modulate	  

gene	  repression.	  

	  

Enrichment	  of	  Gro	  binding	  within	  genes	  

Global	  analysis	  of	  Groucho	  occupancy	  additionally	  reveals	  that	  Groucho	  binding	  

is	  strongly	  enriched	  for	  binding	  within	  genes,	  specifically	  within	  introns,	  with	  the	  highest	  

enrichment	  exhibited	  in	  the	  5’	  intron	  of	  genes.	  Overexpression	  of	  Groucho	  resulted	  in	  

10	  to	  32%	  of	  genes	  bound	  in	  this	  manner	  by	  Gro	  to	  become	  repressed,	  dependent	  on	  

timepoint,	  reinforcing	  that	  Groucho	  binding	  within	  genes	  is	  a	  common	  strategy	  of	  

Groucho	  regulation.	  Multiple	  factors,	  including	  Kruppel	  and	  Twist	  have	  been	  shown	  to	  

commonly	  localize	  to	  intronic	  regions	  (Matyash	  et	  al.,	  2004;	  Sandmann	  et	  al.,	  2007;	  

Zeitlinger	  et	  al.,	  2007).	  The	  regulatory	  logic	  behind	  intronic	  cis-‐regulatory	  modules	  is	  a	  

matter	  of	  some	  debate,	  as	  there	  are	  significant	  energetic	  costs	  associated	  with	  intron	  

maintenance	  during	  replication,	  transcription,	  and	  splicing,	  as	  well	  as	  a	  regulatory	  cost	  

in	  terms	  of	  a	  longer	  lag-‐time	  between	  transcriptional	  activation	  and	  mature	  mRNA	  
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formation	  (Yenerall	  et	  al.,	  2011).	  Consistent	  with	  this	  hypothesis,	  genes	  poised	  for	  rapid	  

activation	  during	  development	  have	  significantly	  higher	  frequencies	  of	  intron	  loss	  (Jiang	  

et	  al.,	  2014).	  One	  explanation	  of	  the	  regulatory	  rational	  behind	  intronic	  repressor	  

binding	  comes	  from	  the	  observation	  of	  a	  significant	  lag	  between	  Snail	  binding	  to	  

silencing	  elements	  and	  complete	  repression	  of	  target	  genes.	  This	  is	  due	  to	  the	  inability	  

of	  the	  repressor	  to	  affect	  active	  polymerases	  downstream	  from	  the	  promoter	  region	  

(Bothma	  et	  al.,	  2011).	  	  Due	  to	  the	  relatively	  slow	  rate	  of	  progression	  of	  PolII	  (~	  1.1	  to	  1.5	  

kb	  per	  min	  in	  Drosophila),	  this	  lag	  time	  can	  become	  significant,	  especially	  under	  

developmental	  contexts	  in	  which	  precise	  temporal	  control	  of	  gene	  expression	  is	  

required	  (Ardehali	  and	  Lis,	  2009;	  Biemar	  et	  al.,	  2005).	  Studies	  have	  shown	  that	  changes	  

in	  chromatin	  structure	  propagate	  across	  gene	  lengths	  at	  rates	  considerably	  faster	  than	  

the	  rate	  of	  PolII	  processivity	  (Petesch	  and	  Lis,	  2008).	  As	  Gro	  recruitment	  has	  been	  shown	  

to	  spread	  chromatin	  marks	  throughout	  extended	  regions	  of	  target	  genes	  (Li	  and	  Arnosti,	  

2011),	  direct	  association	  of	  Gro	  with	  sites	  within	  genes	  may	  represent	  a	  common	  motif	  

enabling	  more	  rapid	  gene	  inactivation	  as	  opposed	  to	  recruitment	  to	  distant	  regulatory	  

elements.	  

	  

The	  mechanism	  of	  Groucho-‐mediated	  repression	  

Gro	  interacts	  with	  the	  histone	  deacetylase	  HDAC1/Rpd3,	  leading	  to	  localized	  

deacetylation	  of	  histones	  and	  a	  consequent	  increase	  in	  nucleosome	  density	  and	  

repression	  (Winkler	  et	  al.,	  2010).	  Gro	  recruitment	  can	  result	  in	  deacetylation	  of	  H3	  and	  
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H4	  histone	  tails	  distantly	  from	  the	  site	  of	  recruitment,	  an	  observation	  that	  led	  to	  the	  

hypothesis	  that	  Gro	  itself	  spreads	  throughout	  chromatin	  (Kok	  et	  al.,	  2015;	  Martinez	  and	  

Arnosti,	  2008).	  As	  data	  presented	  here	  suggests	  Gro	  does	  not	  appear	  to	  bind	  continuous	  

stretches	  of	  chromatin	  in	  the	  embryo,	  we	  propose	  that	  crosslinking	  could	  function	  as	  a	  

mechanism	  to	  transfer	  these	  histone	  marks	  onto	  sites	  distant	  from	  Gro	  recruitment.	  

This	  crosslinking	  is	  potentially	  mediated	  by	  Gro	  self-‐association	  through	  interactions	  of	  

the	  Q-‐domain.	  Mutations	  to	  this	  domain	  which	  disrupt	  self-‐association	  result	  in	  

misregulation	  of	  a	  subset	  of	  Gro	  targets	  (Kaul	  et	  al.,	  2014).	  This	  differential	  requirement	  

for	  oligomerization	  can	  be	  explained	  by	  our	  observation	  that	  Gro	  frequently	  localizes	  

within	  genes	  and	  near	  transcription	  start	  sites	  in	  the	  embryo,	  where	  the	  dependence	  on	  

efficient	  oligomerization-‐mediated	  transfer	  of	  histone	  modification	  would	  be	  reduced	  in	  

comparison	  with	  recruitment	  to	  distant	  silencing	  regions.	  Work	  presented	  in	  the	  next	  

chapter	  will	  provide	  evidence	  that	  Gro-‐mediated	  repression	  positively	  correlates	  with	  

stalled	  RNA	  PolII	  in	  the	  embryo,	  which	  may	  represent	  another	  method	  of	  transcriptional	  

silencing.	  	  	  

	  

Groucho	  and	  Dorsal	  

Gro	  is	  essential	  for	  correct	  determination	  of	  cell	  fates	  along	  the	  dorsal-‐ventral	  

axis	  through	  cooperation	  with	  Dorsal	  and	  other	  DNA-‐binding	  factors.	  Dorsal	  functions	  as	  

either	  an	  activator	  or	  repressor	  through	  interactions	  with	  multiple	  coregulators	  

(Dubnicoff	  et	  al.,	  1997).	  Dorsal	  is	  thought	  to	  recruit	  Gro	  only	  with	  the	  cooperation	  of	  
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additional	  transcription	  factors,	  such	  as	  Deadringer	  (Dri)	  and	  Cut	  (ct),	  to	  silence	  a	  subset	  

of	  all	  Dorsal	  targets	  in	  ventral	  portions	  of	  the	  embryo	  (Valentine	  et	  al.,	  1998).	  We	  find	  

that	  Gro	  is	  ubiquitously	  associated	  with	  Dorsal	  regulatory	  elements,	  regardless	  of	  

whether	  Dorsal	  is	  serving	  as	  an	  activator	  or	  repressor.	  Factors	  thought	  to	  assist	  in	  

strengthening	  the	  Dorsal/Gro	  interaction	  may	  instead	  serve	  as	  positive	  regulators	  of	  Gro	  

activity	  though	  an	  alternate,	  unknown	  mechanism.	  Dorsal	  contains	  an	  eh1-‐like	  motif	  

that	  is	  thought	  to	  weakly	  associate	  with	  Gro	  (Flores-‐Saaib	  et	  al.,	  2001),	  and	  mutation	  of	  

this	  sequence	  to	  a	  WRPW	  motif	  converts	  Dorsal	  to	  a	  constitutive	  repressor	  (Ratnaparkhi	  

et	  al.,	  2006).	  Recent	  studies	  have	  indicated	  that	  these	  recruitment	  motifs,	  in	  addition	  to	  

having	  differing	  affinities	  for	  Gro	  binding,	  may	  cause	  Gro	  to	  adopt	  different	  

conformations	  with	  different	  regulatory	  potentials,	  in	  some	  cases	  possibly	  resulting	  in	  

the	  conversion	  of	  Gro	  from	  a	  long-‐range	  to	  a	  short-‐range	  repressor	  (Payankaulam	  and	  

Arnosti,	  2009).	  This	  is	  supported	  by	  crystal	  structures	  of	  the	  TLE	  WD	  domain	  in	  complex	  

with	  WRPW	  and	  eh-‐1	  motifs,	  which	  bind	  to	  the	  domain	  in	  distinct	  conformations	  which	  

may	  result	  in	  more	  significant	  conformational	  changes	  of	  Gro	  (Jennings	  et	  al.,	  2006).	  	  

	  

The	  Groucho	  regulatory	  network	  

Perturbation	  of	  Groucho	  activity	  has	  severe	  consequences	  on	  the	  embryonic	  

developmental	  program.	  We	  observe	  hundreds	  of	  misregulated	  genes	  at	  each	  

developmental	  stage,	  confirming	  that	  Gro	  is	  thoroughly	  integrated	  into	  the	  gene	  

regulatory	  network.	  This	  network	  is	  highly	  sensitive	  to	  increased	  Gro	  dosage,	  indicating	  
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that	  endogenous	  Gro	  is	  not	  expressed	  at	  levels	  that	  result	  in	  saturated	  interaction	  with	  

DNA-‐bound	  repressors.	  These	  potential	  Gro	  targets	  were	  filtered	  using	  combinations	  of	  

RNA-‐seq	  and	  ChIP-‐seq	  data	  to	  obtain	  lists	  enriched	  for	  direct	  targets	  of	  Gro	  repression.	  

This	  list	  contains	  509	  genes	  regulated	  by	  Gro	  at	  one	  or	  more	  stage	  in	  the	  embryo.	  Gro	  

targets	  are	  enriched	  for	  transcription	  factors	  controlling	  multiple	  aspects	  of	  gene	  

expression,	  explaining	  how	  altering	  Gro	  levels	  can	  generate	  widespread	  changes	  in	  gene	  

expression.	  The	  Gro	  regulatory	  targets	  identified	  here	  confirm	  that	  Gro	  regulates	  both	  

upstream	  and	  downstream	  elements	  of	  a	  highly-‐interconnected	  network	  of	  signaling	  

pathways.	  We	  identified	  multiple	  pathways	  with	  known	  Gro	  involvement,	  including	  Dpp,	  

Wingless,	  and	  EGFR	  signaling,	  as	  well	  as	  novel	  involvement	  with	  downstream	  effectors	  

of	  these	  pathways,	  such	  as	  Pannier,	  Atonal,	  and	  Patched.	  
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Figure	  2-‐1.	  Groucho	  ChIP-‐seq	  experiments	  show	  high	  reproducibility	  in	  read	  

mapping	  and	  peak	  calling	  (A)	  ChIP-‐seq	  libraries	  were	  sequenced	  to	  a	  depth	  of	  ~20M	  

reads,	  twice	  the	  recommended	  library	  sizes	  for	  ChIP-‐seq	  experiments	  proposed	  by	  the	  

modENCODE	  consortium	  (Landt	  et	  al.,	  2012).	  (B)	  (left)	  Overall	  mapping	  profiles	  of	  ChIP-‐

seq	  sequenced	  reads	  cluster	  by	  timepoint.	  Timepoint	  2	  and	  3	  samples	  cluster	  more	  

closely	  together	  than	  timepoint	  1,	  which	  diverges	  significantly	  from	  both	  other	  

timepoints.	  Dark	  green	  indicates	  a	  higher	  correlation	  by	  Spearman's	  rank	  correlation	  

coefficient	  (a	  value	  of	  1	  indicates	  perfect	  correspondence).	  (right)	  Peak	  calling	  was	  

performed	  with	  MACS2	  and	  called	  peaks	  were	  clustered	  by	  similarity.	  (C)	  Replicate	  

similarity	  was	  confirmed	  using	  principal	  component	  analysis	  
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Fig	  2-‐1
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Figure	  2-‐2.	  The	  Groucho	  binding	  pattern	  exhibits	  significant	  overlap	  with	  Groucho	  

ChIP-‐chip	  determined	  peaks	  utilizing	  an	  independently-‐derived	  antibody.	  Significant	  

Groucho	  peaks	  were	  compared	  to	  two	  sets	  of	  publicly-‐available	  Groucho	  ChIP-‐chip	  data	  

performed	  on	  0	  -‐	  12	  hour	  embryos	  generated	  using	  a	  polyclonal	  antibody	  raised	  against	  

a	  portion	  of	  the	  Groucho	  Q	  domain.	  The	  modENCODE	  data	  encompasses	  a	  timespan	  

beginning	  1.5	  hours	  prior	  to	  our	  timepoints,	  and	  ending	  3	  hours	  afterwards.	  The	  degree	  

of	  overlap	  is	  strongest	  at	  later	  timepoints,	  with	  the	  6.5	  -‐	  9	  hour	  data	  overlapping	  68%	  of	  

all	  modENCODE	  binding	  regions.	  Comparison	  of	  embryonic	  Groucho	  binding	  with	  

modENCODE	  Groucho	  ChIP-‐seq	  data	  generated	  from	  white	  pre-‐pupae	  reveals	  that	  a	  

small	  subset	  of	  embryonic	  Groucho-‐bound	  regions	  are	  bound	  during	  later	  development.	  

The	  majority	  of	  Gro	  bound	  regulatory	  regions	  are	  unique	  to	  each	  developmental	  stage.	  

The	  role	  of	  Gro	  in	  regulating	  gene	  expression	  during	  pupal	  stages,	  especially	  in	  tissue	  

differentiation	  originating	  from	  imaginal	  discs	  is	  well	  documented,	  specifically	  the	  

intepretation	  of	  a	  Brinker	  gradient	  arising	  across	  the	  anterior-‐posterior	  axis	  of	  the	  wing	  

disc	  (Hasson	  et	  al.,	  2001).	  
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Fig.	  2-‐2
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Figure	  2-‐3.	  A	  large	  number	  of	  Groucho	  binding	  regions	  are	  preserved	  throughout	  all	  

stages	  analyzed.	  (A)	  Peaks	  present	  in	  both	  replicates	  were	  obtained	  from	  each	  

timepoint	  and	  used	  for	  further	  analysis.	  Overlapping	  peaks	  were	  identified	  as	  

those	  having	  at	  least	  1	  basepair	  overlap	  with	  a	  peak	  between	  replicates.	  Samples	  

exhibited	  a	  replicate	  overlap	  rate	  of	  approximately	  35%	  of	  all	  peaks,	  for	  the	  first	  

and	  third	  timepoint,	  and	  61%	  for	  the	  middle	  timepoint.	  (B)	  While	  a	  large	  fraction	  

of	  Groucho	  binding	  sites	  is	  unique	  to	  each	  of	  the	  three	  timepoints	  analyzed,	  are	  

preserved	  across	  two	  or	  more	  timepoints.	  No	  detected	  Groucho	  peak	  was	  

present	  in	  only	  early	  and	  late	  timepoints,	  indicated	  that	  during	  the	  timepoints	  

analyzed	  removeal	  of	  Groucho	  binding	  from	  a	  locus	  was	  a	  permanent	  regulatory	  

decision.	  Additionally,	  while	  the	  middle	  and	  late	  timepoints	  have	  a	  significant	  

fraction	  of	  binding	  sites	  in	  common,	  the	  early	  and	  middle	  timepoints	  have	  very	  

few	  in	  common.	  This	  is	  indicative	  of	  Groucho	  genomic	  localization	  being	  

relatively	  dynamic	  during	  early	  timepoints	  when	  compared	  to	  later	  times.	  



	   65	  

Fig.	  2-‐3
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Figure	  2-‐4.	  Over	  half	  of	  Groucho	  localizes	  to	  highly-‐occupied	  target	  (HOT)	  regions	  at	  all	  

time	  windows	  assayed.	  At	  earlier	  timepoints,	  Groucho	  peaks	  prefer	  to	  localize	  to	  HOT	  

regions	  with	  higher	  average	  scores,	  indicative	  of	  more	  colocalizing	  transcription	  factors.	  

As	  development	  proceeds,	  Groucho	  becomes	  increasingly	  associated	  with	  less-‐occupied	  

HOT	  regions.	  This	  could	  represent	  an	  expansion	  of	  the	  regulatory	  program	  of	  Groucho	  

as	  the	  proliferation	  of	  cell	  and	  tissue	  types	  brings	  Groucho	  to	  more	  specialized	  

regulatory	  targets.	   	  



	   67	  

Fig.	  2-‐4
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Figure	  2-‐5.	  Groucho	  frequently	  localizes	  to	  regions	  of	  high	  chromatin	  accessibility.	  

Previously	  published	  developmental	  stage-‐specific	  chromatin	  accessibility	  data	  (from	  Li.	  

et	  al.,	  2011)	  was	  intersected	  with	  Groucho	  ChIP-‐seq	  data	  across	  all	  timepoints.	  The	  

percentage	  of	  Groucho	  binding	  sites	  that	  are	  found	  within	  high-‐accessibility	  regions	  was	  

calculated	  for	  each	  pair	  of	  data	  sets	  (white:	  low	  %	  overlap,	  purple:	  high	  %	  overlap).	  The	  

correspondence	  between	  Groucho	  ChIP-‐seq	  samples	  and	  stages	  of	  development	  is	  

represented	  by	  grey	  boxes	  (bottom).	  A	  pattern	  of	  strong	  enrichment	  of	  Groucho	  binding	  

within	  these	  regions	  is	  observed	  in	  all	  three	  assayed	  developmental	  stages.	   	  
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Fig.	  2-‐5
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Figure	  2-‐6.	  Most	  Groucho	  bound	  genes	  are	  associated	  with	  two	  or	  more	  distinct	  Gro	  

peaks.	  (A)	  Overlap	  of	  Groucho-‐associated	  genes	  reveals	  Groucho	  binds	  adjacent	  to	  or	  

overlapping	  hundreds	  of	  genes	  at	  each	  timepoint,	  with	  a	  significant	  number	  (457)	  being	  

bound	  throughout	  the	  developmental	  stages	  assayed.	  (B)	  Over	  half	  of	  all	  Groucho	  

bound	  genes	  exhibit	  two	  or	  more	  distinct	  Groucho	  peaks.	  These	  situations	  represent	  

Groucho	  being	  recruited	  to	  multiple	  sequence-‐specific	  transcription	  factors	  or	  

topological	  rearrangements	  which	  bring	  Gro	  in	  contact	  with	  multiple	  genomic	  loci.	  
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Fig.	  2-‐6
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Figure	  2-‐7.	  Average	  Groucho	  peak	  widths	  suggest	  spreading	  is	  a	  limited	  phenomenon.	  

Groucho	  binding	  regions	  have	  a	  median	  width	  of	  between	  500	  and	  700	  bp.	  This	  binding	  

pattern	  is	  more	  consistent	  with	  a	  transcription	  factor	  localizing	  to	  a	  small	  area	  of	  

chromatin	  than	  with	  the	  spreading	  model	  that	  has	  been	  theorized	  to	  explain	  the	  

association	  of	  Groucho	  with	  chromatin.	  However,	  at	  all	  three	  timepoints,	  there	  are	  a	  

significant	  number	  of	  outlier	  Groucho	  peaks	  exhibiting	  wider	  binding.	  
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Fig.	  2-‐7
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Figure	  2-‐8.	  Groucho	  is	  preferentially	  recruited	  to	  gene	  bodies	  at	  all	  timepoints.	  (A)	  

Groucho	  peaks	  are	  enriched	  within	  5’	  UTRs,	  introns,	  and	  immediate	  upstream	  regions	  of	  

genes.	  (B)	  Mapping	  the	  location	  of	  Groucho	  binding	  peaks	  versus	  each	  peak's	  nearest	  

feature	  reveals	  that	  Groucho	  preferentially	  binds	  within	  gene	  bodies,	  with	  over	  half	  of	  

all	  Groucho	  binding	  at	  the	  middle	  and	  late	  timepoints	  occurring	  within	  gene	  bodies.	  

Groucho	  binding	  outside	  of	  genes	  is	  approximately	  evenly	  split	  between	  binding	  

upstream	  and	  downstream	  of	  its	  nearest	  feature.	  
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Fig.	  2-‐8	  

	   	  

A

B

500%to%650
2,000%to%500

20,000%to%2,000
5’%UTR
3’%UTR
Intron
CDS

Transcript

Upstream
(bp)



	   76	  

Figure	  2-‐9.	  The	  majority	  of	  Groucho	  binding	  within	  gene	  bodies	  is	  within	  introns.	  (A)	  

The	  majority	  of	  Groucho	  binding	  within	  gene	  bodies	  is	  localized	  to	  introns.	  Binding	  

within	  exons	  is	  depleted	  in	  comparison	  with	  reads	  arising	  from	  input	  DNA.	  Binding	  is	  

also	  enriched	  in	  5'	  and	  3'	  UTR	  sequences.	  (B)	  The	  first	  intron	  is	  particularly	  enriched	  for	  

Groucho	  binding.	  While	  initial	  introns	  account	  for	  18%	  of	  protein-‐coding	  gene	  length	  in	  

Drosophila,	  they	  account	  for	  30%	  of	  Groucho	  binding	  within	  gene	  bodies.	  Later	  introns	  

account	  for	  45%	  of	  gene	  sequence	  and	  account	  for	  52%	  of	  Groucho	  binding.	  
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Fig.	  2-‐9
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Figure	  2-‐10.	  Motif	  analysis	  of	  Groucho	  peaks	  in	  intergenic	  and	  genic	  regions	  reveals	  

differential	  enrichment	  of	  coregulators	  by	  developmental	  stage.	  Binding	  motifs	  for	  

several	  known	  Groucho-‐interacting	  proteins	  are	  represented,	  including	  hairy	  (h),	  

huckebein	  (hkb),	  sloppy-‐paired	  1	  (slp1),	  brinker	  (brk),	  and	  ventral	  nervous	  system	  

defective	  (vnd).	  Two	  factors,	  serpent	  (srp)	  and	  ultraspiracle	  (usp),	  are	  only	  enriched	  in	  

Groucho	  binding	  regions	  arising	  inside	  genes.	  
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Fig.	  2-‐10
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Figure	  2-‐11.	  Groucho	  binds	  to	  early	  dorsoventral	  patterning	  genes	  with	  distinct	  

patterns.	  (A)	  The	  region	  1.1	  to	  1.4	  kb	  upstream	  of	  zen	  is	  known	  as	  the	  zen	  ventral	  

repression	  region	  (VRR)	  and	  contains	  four	  Dorsal	  sites	  that	  function,	  cooperatively	  with	  

Deadringer/Retained	  and	  Cut,	  to	  recruit	  Gro	  to	  repress	  zen	  ventrally	  in	  the	  early	  embryo	  

(Valentine	  et	  al.,	  1998).	  Groucho	  binds	  within	  the	  VRR	  during	  the	  1.5	  -‐	  4	  hr	  timepoint,	  

consistent	  with	  Groucho-‐mediated	  repression	  at	  this	  stage.	  However,	  the	  majority	  of	  

binding	  is	  outside	  of	  the	  VRR,	  both	  immediately	  upstream	  of	  the	  VRR	  and	  downstream.	  

The	  downstream	  region	  overlaps	  the	  transcriptional	  start	  site	  of	  zen	  and	  continues	  700	  

bp	  upstream.	  Groucho	  binding	  shifts	  during	  the	  next	  timepoint,	  and	  is	  lost	  entirely	  by	  

the	  third	  timepoint	  analyzed.	  (B)	  Groucho	  binds	  downstream	  and	  inside	  intronic	  regions	  

of	  dpp,	  which	  similarly	  to	  zen	  is	  represssed	  ventrally	  by	  Groucho	  and	  Dorsal	  activity	  

(Dubnicoff	  et	  al.,	  1997)	  in	  the	  early	  (0	  -‐	  2	  hr)	  embryo.	  At	  later	  developmental	  stages,	  dpp	  

repression	  is	  mediated	  through	  a	  3'	  cis-‐regulatory	  region	  containing	  multiple	  

pangolin/TCF	  and	  brinker	  binding	  sites.	  
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Fig.	  2-‐11
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Figure	  2-‐12.	  	  Groucho	  associates	  with	  a	  subset	  of	  Dorsal-‐activated	  genes	  in	  the	  

presumptive	  mesoderm.	  (A)	  Two	  cis-‐regulatory	  regions	  have	  been	  identified	  upstream	  

of	  snail,	  either	  of	  which	  is	  sufficient	  for	  Dorsal-‐mediated	  activation	  of	  the	  gene	  in	  ventral	  

regions	  of	  the	  early	  (2	  –	  3	  hr)	  embryo,	  leading	  to	  the	  hypothesis	  that	  the	  shadow	  

enhancer	  is	  involved	  in	  fine-‐tuning	  snail	  expression,	  or	  potentially	  making	  expression	  

more	  robust	  to	  stochastic	  fluctuations	  in	  transcription	  factor	  availability.	  However,	  

Groucho	  recruitment	  patterns	  are	  asymmetric	  over	  time	  between	  these	  two	  regions,	  

indicating	  potentially	  divergent	  roles	  in	  control	  of	  snail	  expression	  later	  in	  development.	  

(B)	  In	  contrast,	  recruitment	  of	  Groucho	  to	  the	  twist	  locus	  is	  relatively	  weak.	  Dorsal	  binds	  

within	  the	  ventral	  activation	  region	  (VAR)	  directly	  upstream	  of	  twist,	  where	  it	  serves	  to	  

activate	  gene	  expression	  via	  the	  cooperation	  of	  the	  co-‐activator	  dCBP.	  A	  small	  yet	  

significant	  Gro	  peak	  is	  present	  within	  this	  region	  during	  the	  first	  time	  window,	  but	  

disappears	  by	  later	  stages.	  	  While	  Groucho	  may	  be	  involved	  in	  repressing	  snail,	  in	  dorsal	  

and	  dorsolateral	  regions	  of	  the	  embryo,	  it	  appears	  twist	  repression	  is	  initiated	  or	  

maintained	  by	  another,	  unknown,	  mechanism.	   	  
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Fig.	  2-‐12
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Figure	  2-‐13.	  Groucho	  is	  recruited	  to	  Dorsal-‐activated	  genes	  in	  early	  embryos.	  

Rhomboid	  (rho),	  Single-‐minded	  (sim),	  and	  Short	  gastrulation	  (sog)	  are	  activated	  through	  

Dorsal	  activity	  in	  ventrolateral	  regions	  of	  the	  early	  embryo	  (1.5	  -‐	  2	  hours	  post	  

fertilization).	  Loss	  of	  Gro	  activity	  results	  in	  decreased	  expression	  of	  these	  genes,	  but	  

does	  not	  change	  their	  expression	  patterns	  along	  the	  dorsoventral	  axis,	  and	  so	  Groucho	  

is	  hypothesized	  to	  not	  play	  a	  role	  in	  their	  Dorsal-‐mediated	  activation	  (Dubnicoff	  et	  al.,	  

1997).	  (A)	  However,	  Groucho	  is	  recruited	  both	  upstream	  of	  rho	  within	  known	  two	  

known	  CRMs	  at	  early	  timepoints	  and	  overlapping	  its	  TSS,	  suggesting	  a	  previously	  

unidentified	  role	  of	  Gro	  in	  regulating	  rho	  expression.	  (B)	  and	  (C)	  Additionally,	  Gro	  binds	  

within	  the	  intronic	  regions	  of	  sim	  and	  sog	  at	  all	  timepoints.	  
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Fig.	  2-‐13
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Figure	  2-‐14.	  Groucho	  is	  recruited	  to	  large	  subsets	  of	  known	  Dorsal/Twist/Snail-‐binding	  

regulatory	  regions.	  (A)	  Dorsal	  binding	  sites	  can	  be	  subdivided	  into	  three	  classes,	  

dependent	  on	  the	  degree	  these	  sites	  respond	  to	  the	  nuclear	  Dorsal	  gradient	  formed	  

along	  the	  embryo’s	  dorsoventral	  axis.	  Class	  I	  (mesodermal)	  sites	  active	  gene	  expression	  

in	  regions	  of	  high	  nuclear	  Dorsal;	  Class	  II	  (neuroectodermal)	  sites	  activate	  expression	  in	  

regions	  of	  intermediate	  Dorsal	  levels;	  and	  Class	  III	  sites	  bind	  Dorsal	  to	  repress	  

transcription,	  resulting	  in	  restricted	  expression	  in	  areas	  of	  low	  Dorsal	  concentration.	  

Groucho	  overlaps	  all	  three	  types	  of	  Dorsal	  binding	  site,	  showing	  no	  preference	  for	  

repressive	  (Class	  III)	  sites.	  (B)	  Dorsal	  regulates	  the	  dorsoventral	  patterning	  of	  multiple	  

determinants	  of	  anteroposterior	  patterning,	  here	  subdivided	  into	  determinants	  of	  

embryonic	  segmentation	  (gap,	  pair-‐rule,	  and	  segment	  polarity	  genes)	  and	  body	  plan	  

specification	  (homeotic	  genes).	  Unlike	  dorsoventral	  patterning	  targets,	  Groucho/Dorsal	  

association	  with	  these	  genes	  tends	  to	  occur	  earlier	  in	  development,	  potentially	  

indicating	  a	  novel	  regulatory	  pathway	  in	  which	  Groucho	  can	  participate	  in	  

anteroposterior	  patterning.	   	  
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Fig.	  2-‐14
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Fig.	  2-‐	  15.	  The	  majority	  of	  Groucho	  recruitment	  sites	  in	  the	  early	  embryo	  additionally	  

bind	  Dorsal,	  Dichaete,	  and,	  less	  frequently,	  multiple	  additional	  factors.	  A	  clustered	  

heatmap	  of	  the	  factors	  that	  each	  Groucho	  binding	  site	  overlaps	  in	  the	  developing	  

embryo	  reveals	  multiple	  strategies	  of	  Groucho	  recruitment.	  Each	  column	  represents	  a	  

single	  Groucho	  binding	  site,	  with	  blue	  representing	  overlap	  with	  the	  factor	  given	  on	  the	  

y-‐axis.	  	   	  
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Fig.	  2-‐15
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Figure	  2-‐17.	  Confirmation	  of	  changes	  in	  Groucho	  transcript	  concentration	  across	  

timepoints.	  (A)	  Analysis	  of	  Groucho	  transcript	  levels	  reveals	  initially	  high	  levels	  of	  

Groucho	  transcript	  in	  early	  embryos,	  which	  steadily	  declines	  in	  Gro	  wild-‐type	  and	  

overexpression	  embryos.	  Gro	  loss-‐of-‐function	  embryos	  exhibit	  barely	  detectable	  levels	  

of	  transcript	  throughout	  all	  three	  developmental	  stages.	  (B)	  Our	  Gro	  wild-‐type	  

expresssion	  pattern	  is	  consistent	  with	  modENCODE	  developmental	  timecourse	  

transcriptome	  data	  (Graveley	  et	  al.,	  2011),	  which	  shows	  a	  peak	  of	  Groucho	  transcript	  

level	  during	  2	  to	  4	  hours	  post-‐fertilization,	  followed	  by	  a	  steady	  decrease	  through	  the	  

remainder	  of	  embryonic	  development.	  
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Fig.	  2-‐17
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Figure	  2-‐18.	  Clustering	  of	  embryonic	  transcriptomes	  across	  Gro	  levels	  and	  timepoints	  

and	  between	  replicates.	  Pair-‐wise	  Spearman	  correlation	  coefficients	  were	  used	  to	  

cluster	  transcriptome	  profiles	  by	  overall	  similarity.	  Transcriptomes	  tend	  to	  cluster	  by	  

timepoint,	  then	  by	  Gro	  expression	  level.	  The	  notable	  exception	  are	  the	  later	  Gro	  loss-‐of-‐

function	  samples,	  which	  cluster	  together	  (red	  square),	  independently	  from	  other	  4	  -‐	  6.5	  

or	  6.5	  -‐	  9	  hour	  aged	  embryos.	  This	  is	  consistent	  with	  the	  significant	  departure	  from	  a	  

viable	  developmental	  progression	  these	  embryos	  have	  taken	  by	  this	  point,	  which	  has	  

resulted	  in	  significant	  changes	  in	  gene	  expression.	  
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Fig.	  2-‐18
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Figure	  2-‐19.	  Principal	  component	  analysis	  reveals	  overexpression	  lines	  have	  high	  inter-‐

group	  similarity.	  	  Principal	  component	  analysis	  was	  performed	  on	  transcriptome	  

profiles	  from	  wild-‐type,	  Gro	  loss-‐of-‐function,	  and	  three	  Gro	  overexpression	  embryos	  at	  

three	  timepoints.	  Principal	  component	  analysis	  is	  a	  widely-‐used	  technique	  to	  visualize	  

relatedness	  of	  high-‐dimensionality	  data	  such	  as	  transcriptomes,	  in	  which	  the	  expression	  

level	  of	  each	  gene	  constitutes	  a	  dimension.	  	  Relatedness	  of	  two	  transcriptomes	  then	  

becomes	  a	  function	  of	  the	  linear	  distance	  between	  two	  points	  (closer	  distances	  equate	  

to	  higher	  similarity).	  While	  the	  axes	  have	  no	  predetermined	  physical	  meaning,	  they	  

often	  capture	  distinct	  sources	  of	  variance	  between	  samples.	  In	  our	  case,	  the	  x-‐axis	  

appears	  to	  correspond	  to	  developmental	  time	  point,	  while	  the	  y-‐axis	  captures	  Groucho	  

transcript	  dosage.	  Wild-‐type	  and	  Gro	  loss-‐of-‐function	  samples	  show	  significant	  deviation	  

from	  overexpression	  lines.	  Overexpression	  lines	  share	  a	  significant	  degree	  of	  overlap	  

across	  the	  y-‐axis,	  indicative	  of	  a	  high	  degree	  of	  common	  features.	  Replicates	  are	  joined	  

by	  lines.	  
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Fig.	  2-‐19
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Figure	  2-‐20.	  Perturbation	  of	  Groucho	  expression	  levels	  results	  in	  the	  mis-‐regulation	  of	  

thousands	  of	  genes.	  Maternal	  deficiency	  of	  Gro	  activity	  results	  in	  a	  large	  proportion	  

(>10%)	  of	  expressed	  genes	  to	  become	  misregulated	  in	  the	  Drosophila	  embryo	  across	  all	  

timepoints.	  The	  fraction	  of	  misregulated	  genes	  is	  approximately	  evenly	  split	  between	  

up-‐	  and	  down-‐regulation.	  Overexpression	  of	  wild-‐type	  Gro	  at	  two	  levels	  (approx.	  2x	  and	  

4x	  endogenous),	  or	  a	  Gro	  mutant	  lacking	  the	  SP	  domain	  (GrodSP),	  results	  in	  a	  smaller,	  

but	  still	  significant	  alteration	  of	  the	  embryonic	  transcription	  profile.	  
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Fig.	  2-‐20
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Figure	  2-‐21.	  The	  three	  Groucho	  overexpression	  lines	  show	  similar	  patterns	  of	  altered	  

gene	  expression,	  though	  significant	  differences	  in	  the	  magnitude	  of	  gene	  expression	  

changes	  are	  evident.	  Paired	  scatterplots	  of	  log2(fold-‐changes)	  in	  expression	  level	  of	  

each	  differentially	  expressed	  gene	  (in	  comparison	  to	  wild-‐type	  embryos)	  across	  all	  

timepoints	  reveals	  that	  overexpression	  of	  Groucho	  results	  in	  similar	  changes	  in	  

expression	  of	  the	  majority	  of	  genes,	  indicating	  that	  not	  all	  genes	  exhibit	  a	  strong-‐dosage	  

response,	  though	  some	  significant	  differences	  are	  evident.	  (A)	  At	  the	  earliest	  timepoint,	  

the	  majority	  of	  effected	  genes	  exhibit	  decreased	  expression,	  consistent	  with	  increased	  

repression	  via	  Gro.	  This	  effect	  becomes	  less	  pronounced	  at	  later	  timepoints.	  (B	  &	  C).	  
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Fig.	  2-‐21
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Fig.	  2-‐21	  (cont)	  
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Figure	  2-‐22.	  A	  subset	  of	  genes	  is	  differentially	  expressed	  under	  both	  loss	  and	  gain	  of	  

Groucho	  dosage.	  The	  log2	  fold-‐change	  of	  gene	  expression	  of	  each	  gene	  was	  calculated	  

by	  comparing	  expression	  levels	  in	  Groucho	  mutant	  embryos	  versus	  wild-‐type.	  A	  subset	  

of	  the	  total	  Groucho-‐effected	  genes	  was	  identified	  as	  being	  misregulated	  under	  both	  

loss	  and	  gain	  of	  Groucho	  function.	  A	  portion	  of	  these	  genes	  show	  changes	  in	  expression	  

of	  the	  opposite	  sign	  under	  both	  conditions	  (i.e.	  increased	  expression	  under	  Gro	  loss-‐of-‐

function	  and	  decreased	  expression	  under	  Gro	  overexpression,	  or	  vice-‐versa).	  We	  

hypothesize	  that	  this	  set	  of	  genes	  is	  further	  enriched	  for	  direct	  targets	  of	  Groucho-‐

mediated	  repression.	  
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Fig.	  2-‐22
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Figure	  2-‐23.	  The	  majority	  of	  high-‐confidence	  Groucho	  targets	  are	  differentially	  

expressed	  in	  both	  Gro	  overexpression	  lines.	  Limiting	  the	  list	  of	  Groucho	  regulated	  

genes	  by	  ChIP-‐seq	  and	  RNA-‐seq	  data	  resulted	  in	  a	  total	  of	  248	  target	  genes.	  Of	  these	  

genes,	  61%	  are	  repressed	  in	  both	  the	  2x	  and	  4x	  Gro	  overexpression	  embryos.	  
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Fig.	  2-‐23
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Figure	  2-‐24.	  High-‐confidence	  Groucho	  targets	  were	  identified	  through	  a	  scoring	  

algorithm	  integrating	  binding	  data	  (ChIP-‐seq)	  with	  expression	  data	  measured	  under	  

multiple	  Groucho	  dosages	  (RNA-‐seq).	  A	  score	  corresponding	  to	  the	  distribution	  of	  

Groucho	  occupancy	  within	  and	  in	  adjacent	  areas	  of	  a	  gene	  was	  calculated	  using	  a	  

previously	  published	  algorithm	  (Sandmann	  et	  al.,	  2007).	  The	  algorithm	  was	  adjusted	  to	  

allow	  for	  increased	  score	  contribution	  from	  regions	  binding	  more	  distantly	  from	  the	  

target	  gene.	  Plotted	  are	  the	  number	  of	  genes	  differentially	  expressed	  under	  the	  

indicated	  Groucho	  dosage	  out	  of	  the	  total	  number	  of	  genes	  meeting	  a	  score	  cutoff	  of	  

decreasing	  stringency.	  	  Where	  a	  change	  in	  slope	  is	  clearly	  evident,	  the	  score	  cutoff	  

selected	  for	  the	  high-‐confidence	  set	  of	  Groucho	  targets	  is	  indicated.	  
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Fig.	  2-‐24
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Figure	  2-‐25.	  Potential	  Groucho	  targets	  identified	  by	  the	  Gro-‐dosage	  responsive	  and	  

occupancy	  scoring	  methods.	  A	  total	  of	  248	  genes	  were	  identified	  as	  being	  responsive	  to	  

multiple	  levels	  of	  Groucho	  dosage	  and	  associated	  with	  Groucho	  peaks	  (dark-‐blue).	  The	  

alternative	  method,	  of	  choosing	  genes	  sensitive	  to	  Groucho	  level	  under	  a	  single	  

condition	  and	  exhibiting	  a	  level	  of	  Groucho	  occupancy	  above	  an	  empirically-‐derived	  

score	  threshold,	  identified	  351	  genes.	  Ninety	  genes	  were	  identified	  by	  both	  methods.	  

The	  resulting	  target	  gene	  sets	  therefore	  differ	  significantly,	  though	  the	  overlap	  is	  

statistically	  significant	  (p	  <	  10-‐10,	  hypergeometric	  test).	   	  
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Fig.	  2-‐25
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Figure	  2-‐26.	  Groucho-‐regulated	  genes	  are	  enriched	  for	  developmentally-‐regulated	  

transcription	  factors.	  The	  most	  significantly	  enriched	  gene	  ontology	  groups	  of	  high-‐

confidence	  Groucho	  target	  genes	  are	  uniformly	  related	  to	  developmental	  regulation,	  

confirming	  Groucho’s	  role	  as	  a	  high-‐level	  regulatory	  node	  in	  the	  establishment	  of	  tissue	  

fate	  during	  development.	  
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Fig.	  2-‐26
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Figure	  2.27.	  Groucho	  target	  genes	  form	  a	  highly-‐interconnected	  network	  with	  multiple	  

hubs.	  Potential	  Groucho-‐target	  genes	  identified	  by	  the	  two	  methods	  outlined	  above	  

were	  integrated	  into	  a	  network	  analysis	  to	  visualize	  genetic	  and	  physical	  interactions	  of	  

these	  target	  genes.	  Genetic	  (blue	  edges)	  and	  physical	  (orange	  edges)	  interactions	  were	  

obtained	  from	  a	  curated	  set	  maintained	  by	  FlyMine	  (Lyne	  et	  al.,	  2007).	  Both	  gene	  sets	  

result	  in	  highly-‐connected	  networks	  with	  multiple	  hubs	  (8	  or	  more	  edges,	  yellow	  nodes)	  

interconnected	  by	  multiple	  genetic	  interactions.	  (A)	  The	  Groucho	  dosage	  responsive	  

gene	  list	  identifies	  a	  large	  network	  containing	  multiple	  E(spl)-‐family	  proteins,	  as	  well	  as	  

Delta	  (Dl),	  Sprouty	  (sty),	  Atonal	  (ato),	  and	  Patched	  (ptc)	  hubs.	  (B)	  The	  Gro-‐targets	  

identified	  by	  Groucho	  occupancy	  score	  reveals	  a	  similar,	  but	  larger,	  network.	  Hubs	  

representing	  genes	  regulated	  by	  the	  Decapentapletic	  (Dpp),	  Wingless	  (wg),	  and	  

Ras/MAPK	  (EGFR	  and	  anterior-‐open;aop)	  pathways.	  Additional	  regulatory	  hubs	  include	  

Thickveins	  (tkv),	  Pannier	  (pnr),	  Patched	  (ptc),	  and	  Cyclin	  G	  (CycG).	  
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Fig.	  2-‐27
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Fig.	  2-‐27	  (cont’d)
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Chapter	  3	  

	  

Investigating	  the	  dynamics	  of	  the	  embryonic	  transcriptome	  
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Abstract	  

	  

	   In	  dynamic	  systems	  such	  as	  the	  Drosophila	  embryo,	  the	  transcription	  rates	  of	  

genes	  can	  rapidly	  fluctuate	  in	  response	  to	  regulatory	  events.	  The	  levels	  of	  processed	  

mRNA,	  as	  measured	  by	  transcriptome	  assays	  such	  as	  RNA-‐seq,	  therefore	  are	  less	  

accurate	  as	  measurements	  of	  such	  transcription	  rates,	  as	  mRNA	  levels	  are	  not	  at	  a	  

steady-‐state.	  Nascent-‐seq	  is	  one	  method	  developed	  to	  assay	  the	  transcription	  rate	  of	  

genes	  directly	  in	  these	  dynamic	  systems,	  bypassing	  the	  effect	  of	  differential	  rates	  of	  

transcript	  synthesis,	  processing,	  and	  degradation	  on	  mRNA	  accumulation.	  It	  

accomplishes	  this	  by	  isolating	  and	  sequencing	  only	  those	  transcripts	  bound	  within	  

ternary	  elongation	  complex	  and	  therefore	  in	  the	  process	  of	  synthesis.	  

	   In	  this	  study,	  we	  apply	  Nascent-‐seq	  to	  embryos	  at	  multiple	  stages	  of	  

development	  to	  measure	  these	  transcription	  rates.	  From	  this	  data,	  we	  obtain	  

information	  about	  the	  developmental	  stage-‐specific	  expression	  of	  each	  gene,	  as	  well	  as	  

the	  distribution	  of	  nascent	  transcript	  lengths	  for	  each	  gene.	  The	  latter	  serves	  as	  a	  

readout	  for	  patterns	  of	  accumulated	  positioning	  of	  RNA	  Polymerase	  II	  within	  gene	  

bodies	  indicative	  of	  promoter-‐proximal	  pausing.	  We	  observe	  that	  Groucho-‐regulated	  

genes	  at	  each	  stage	  of	  development	  are	  enriched	  for	  promoter-‐proximal	  paused	  

polymerase.	  This	  holds	  true	  of	  both	  genes	  with	  internal	  or	  adjacent	  Gro	  binding,	  and	  

genes	  up-‐regulated,	  but	  not	  down-‐regulated	  in	  Gro	  loss-‐of-‐function	  embryos.	  	  
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Introduction	  

	   	  

Drosophila	  development	  involves	  the	  coordinated	  expression	  of	  a	  vast	  number	  

of	  genes	  under	  strict	  temporal	  and	  spatial	  control	  (Brown	  et	  al.,	  2014).	  Transcript	  levels	  

in	  the	  embryo	  are	  therefore	  highly	  dynamic,	  undergoing	  rapid	  shifts	  in	  level	  dependent	  

on	  altered	  rates	  of	  accumulation,	  processing,	  and	  degradation.	  In	  excess	  of	  ~7,000	  

unique	  transcripts,	  arising	  from	  at	  least	  3,000	  distinct	  genes	  are	  expressed	  from	  the	  

earliest	  onset	  of	  zygotic	  transcription	  (De	  Renzis	  et	  al.,	  2007;	  Graveley	  et	  al.,	  2011)	  .	  Of	  

these,	  at	  least	  1,000	  are	  expressed	  in	  a	  spatially	  restricted	  manner	  (Tomancak	  et	  al.,	  

2002).	  Regulatory	  systems	  go	  to	  great	  lengths	  to	  minimize	  even	  relatively	  slight	  

stochastic	  changes	  in	  expression,	  which	  can	  nevertheless	  have	  a	  negative	  effect	  on	  

viability	  (Perry	  et	  al.,	  2010).	  Additional	  processes	  influencing	  mRNA	  abundance	  are	  also	  

tightly	  controlled,	  with	  regulated	  degradation	  pathways	  resulting	  in	  significant	  and	  

transcript-‐specific	  differences	  in	  the	  kinetics	  of	  mRNA	  decay	  in	  the	  embryo	  (Thomsen	  et	  

al.,	  2010).	  	  Ideally,	  accurate	  and	  quantitative	  measurements	  of	  protein	  abundance	  could	  

be	  utilized	  to	  investigate	  the	  mechanics	  of	  development,	  but	  lacking	  such	  a	  technique,	  

mRNA	  abundance	  is	  often	  substituted	  as	  a	  measurement	  providing	  a	  strong	  correlation	  

with	  protein	  abundance	  (Fu	  et	  al.,	  2009).	  	  

	   A	  complicating	  factor	  in	  the	  interpretation	  of	  transcriptome	  data	  from	  the	  early	  

Drosophila	  embryo	  arises	  from	  the	  significant	  effects	  of	  maternally-‐contributed	  mRNAs	  

and	  the	  timeline	  of	  activation	  of	  the	  zygotic	  genome.	  This	  latter	  process,	  the	  maternal-‐

to-‐zygotic	  transition	  (MZT)	  is	  a	  common	  feature	  of	  animal	  development	  and	  
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encompasses	  a	  cascade	  of	  processes	  whereby	  widespread	  alterations	  to	  the	  chromatin	  

landscape	  are	  engendered	  by	  the	  activity	  of	  pioneering	  transcription	  factors	  (Li	  et	  al.,	  

2014;	  Tadros	  and	  Lipshitz,	  2009)	  .	  In	  Drosophila,	  the	  zinc-‐finger	  transcription	  factor	  

Zelda	  is	  a	  well-‐studied	  example	  of	  such	  a	  pioneering	  factor	  (Harrison	  et	  al.,	  2011;	  Liang	  

et	  al.,	  2008)	  	  (Xu	  et	  al.,	  2014).	  In	  most	  animals,	  the	  MZT	  process	  consists	  of	  two	  distinct	  

stages.	  An	  initial	  “minor	  wave”	  of	  activation	  becomes	  significant	  at	  ~1.5	  hours	  post-‐

fertilization	  in	  Drosophila,	  followed	  by	  a	  more	  rapid	  and	  synchronous	  “major	  wave”	  at	  

~2.5	  hours	  (Pritchard	  and	  Schubiger,	  1996).	  During	  this	  time	  the	  majority	  of	  the	  

maternally-‐contributed	  transcriptome	  is	  destabilized	  and	  undergoes	  coordinated	  

degradation	  (Benoit	  et	  al.,	  2009;	  Tadros	  et	  al.,	  2007).	  

	   As	  mRNA	  abundance	  is	  a	  complex	  process,	  determined	  by	  the	  integrative	  inputs	  

of	  the	  rates	  of	  transcription,	  processing,	  and	  degradation,	  measuring	  the	  rates	  of	  

transcription	  in	  a	  temporally-‐discriminate	  manner	  becomes	  challenging	  in	  an	  evolving	  

system	  such	  as	  the	  embryo.	  A	  number	  of	  techniques	  have	  been	  proposed	  to	  address	  

this	  question,	  one	  popular	  technique	  being	  the	  direct	  sequencing	  of	  RNA	  populations	  

enriched	  for	  nascent	  and	  chromatin-‐associated	  RNAs	  (nascent-‐seq).	  Nascent	  RNA-‐seq,	  

or	  nascent-‐seq,	  has	  been	  shown	  to	  be	  an	  effective	  strategy	  for	  identifying	  the	  actively	  

transcribed	  genes	  in	  a	  cell	  or	  tissue,	  as	  well	  as	  quantitating	  the	  relative	  transcriptional	  

rate	  of	  these	  genes.	  This	  is	  accomplished	  through	  the	  use	  of	  existing	  deep-‐sequencing	  

platforms	  to	  specifically	  sequence	  the	  fraction	  of	  RNA	  that	  is	  chromatin-‐associated,	  and	  

therefore	  enriched	  for	  transcripts	  undergoing	  active	  elongation.	  By	  using	  this	  method	  in	  

Drosophila	  melanogaster	  embryos,	  we	  seek	  to	  obtain	  a	  timeline	  of	  transcriptional	  
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activation	  and	  repression	  to	  a	  high	  degree	  of	  temporal	  accuracy,	  which	  will	  aid	  us	  in	  

identifying	  genes	  regulated	  by	  Groucho	  as	  well	  as	  the	  timeframes	  over	  which	  this	  

regulatory	  ability	  is	  exercised.	  	  

	   Nascent-‐seq	  has	  been	  successfully	  applied	  to	  track	  the	  transcriptional	  changes	  in	  

a	  number	  of	  biological	  contexts,	  including	  macrophages	  (Bhatt	  et	  al.,	  2012),	  where	  it	  

was	  utilized	  to	  obtain	  a	  timeline	  of	  transcriptional	  changes	  following	  induction	  of	  an	  

immune	  response,	  adult	  D.	  melanogaster	  tissues	  to	  analyze	  the	  prevalence	  of	  

cotranscriptional	  splicing	  (Khodor	  et	  al.,	  2011),	  and	  circadian	  transcript	  cycling	  

(Rodriguez	  et	  al.,	  2013),	  in	  which	  the	  authors	  saw	  significant	  differences	  in	  total	  mRNA	  

and	  nascent	  mRNA	  levels	  between	  consecutive	  ninety	  minute	  embryo	  collections.	  	  We	  

have	  adopted	  the	  method	  to	  developing	  embryos,	  using	  an	  established	  protocol	  for	  

embryo	  nuclei	  isolation	  (Nechaev	  et	  al.,	  2010)	  followed	  by	  isolation	  of	  a	  chromatin-‐

associated	  fraction	  from	  these	  nuclei.	  Purification	  of	  RNA	  from	  the	  chromatin	  fraction	  

yields	  a	  RNA	  pool	  significantly	  enriched	  for	  nascent	  RNA.	  

	   Integrating	  this	  data	  with	  whole	  RNA-‐seq	  data	  will	  additionally	  aid	  in	  eliminating	  

false-‐positives	  from	  our	  derived	  list	  of	  Groucho-‐regulated	  genes.	  As	  Groucho’s	  ability	  to	  

repress	  transcription	  is	  regulated	  both	  spatially	  and	  temporally	  throughout	  

development,	  discreet	  measurements	  of	  transcription	  over	  time	  will	  allow	  us	  to	  more	  

accurately	  describe	  and	  understand	  Groucho’s	  roles	  in	  fly	  development.	  
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Materials	  &	  Methods	  

	  

Chromatin-‐associated	  RNA	  isolation	  in	  embryos	  

Wild-‐type	  (OregonR)	  fly	  embryos	  were	  collected	  in	  three	  2.5	  hour	  cohorts	  

beginning	  1.5	  hours	  post-‐deposition.	  Between	  3	  to	  5	  grams	  of	  embryos	  were	  utilized	  for	  

each	  fractionation.	  The	  chromatin-‐associated	  RNA	  isolation	  protocol	  was	  adapted	  from	  

Nechaev	  et	  al.	  (2010)	  and	  Khodor	  et	  al.	  (2011).	  Embryos	  were	  dechorionated	  in	  50%	  

bleach	  for	  90	  sec	  and	  transferred	  to	  a	  chilled	  Dounce	  homogenizer.	  Embryos	  were	  then	  

rinsed	  three	  times	  with	  25	  ml	  of	  homogenization	  buffer	  (15	  mM	  HEPES-‐KOH	  pH	  7.6;	  10	  

mM	  KCl;	  3	  mM	  CaCl2;	  2	  mM	  MgCl2;	  0.1%	  Triton	  X-‐100;	  1	  mM	  DTT;	  0.1	  mM	  PMSF;	  0.1x	  

RNAase	  inhibitor).	  Embryos	  were	  then	  suspended	  in	  	  homogenization	  buffer	  containing	  

0.3	  M	  (15	  ml)	  sucrose	  and	  dounced	  five	  times	  each	  with	  loose	  and	  tight	  pestles.	  Embryo	  

lysate	  was	  filtered	  through	  50-‐micron	  nylon	  cell	  strainer.	  Clarified	  lysate	  was	  layered	  

over	  a	  sucrose	  cushion	  consisting	  of	  a	  layer	  of	  1.7	  M	  sucrose	  (15	  ml)	  underneath	  a	  layer	  

of	  3	  M	  sucrose	  (15	  ml)	  in	  homogenization	  buffer..	  The	  samples	  were	  centrifuged	  at	  

15,000	  RCF	  for	  10	  min	  at	  4˚C.	  Pelleted	  nuclei	  were	  resuspended	  in	  250	  µl	  of	  nuclear	  lysis	  

buffer	  (10	  mM	  HEPES-‐KOH	  pH	  7.6;	  100	  mM	  KCl;	  0.1	  mM	  EDTA;	  10%	  glycerol;	  0.15	  mM	  

spermine;	  0.5	  mM	  spermidine;	  0.1	  mM	  NaF;	  0.1	  mM	  Na3VO4;	  0.1	  mM	  ZnCl2;	  1	  mM	  DTT;	  

0.1	  mM	  PMSF;	  1x	  RNAase	  inhibitor).	  While	  gently	  vortexing,	  an	  equal	  volume	  of	  NUN	  

buffer	  (25	  mM	  HEPES-‐KOH	  pH	  7.6;	  300	  mM	  NaCl;	  1M	  urea;	  1%	  NP-‐40;	  1	  mM	  DTT;	  0.1	  

mM	  PMSF)	  was	  added	  drop-‐by-‐drop	  over	  a	  period	  5	  minutes.	  Condensed	  chromatin	  

became	  visible	  as	  a	  fluffy	  white	  precipitate.	  The	  solution	  was	  then	  incubated	  for	  20	  min	  
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on	  ice	  and	  centrifuged	  at	  14,000	  rpm	  for	  30	  min	  at	  4˚C.	  The	  supernatant	  (primarily	  

nucleoplasm)	  was	  discarded	  and	  the	  pellet	  was	  resuspended	  in	  Trizol	  reagent	  (Qiagen).	  

RNA	  was	  then	  purified	  following	  the	  manufacturer’s	  protocol.	  

	  

rRNA	  removal	  

RNA	  samples	  were	  depleted	  of	  ribosomal,	  poly(A)+,	  and	  additional	  RNA	  

contaminants	  through	  an	  affinity	  depletion	  procedure	  adopted	  from	  Khodor	  et	  a.	  

(2011).	  An	  equimolar	  mixture	  of	  biotinylated	  affinity	  oligomers	  (Table	  3-‐1;	  Eurofins	  

MWG	  Operon)	  was	  added	  to	  6	  µg	  of	  purified	  RNA	  in	  annealing	  buffer	  (10	  mM	  EDTA;	  

0.5x	  SSC)	  in	  a	  volume	  of	  100	  µl.	  RNA	  was	  denatured	  at	  75˚C	  for	  5	  min	  and	  annealed	  at	  

37˚C	  for	  30	  min.	  Annealed	  mixture	  was	  added	  to	  1ml	  streptavidin	  paramagnetic	  beads	  

(Promega)	  and	  incubated	  at	  25˚C	  for	  15	  min,	  followed	  by	  2	  hours	  at	  4˚C	  with	  gentle	  

rocking,	  and	  the	  supernatant	  retained	  for	  library	  preparation.	  This	  procedure	  was	  

performed	  twice	  per	  sample.	  	  

	  

RNA-‐seq	  library	  construction	  and	  sequencing	  

rRNA-‐depleted	  RNA	  was	  concentrated	  via	  ethanol	  precipitation.	  Size	  distribution	  

of	  samples	  was	  determined	  via	  Agilent	  2100	  Bioanalyzer	  (Agilent	  Technologies).	  Indexed	  

RNA-‐seq	  libraries	  were	  generated	  with	  the	  ScriptSeq	  v2	  RNA-‐seq	  Library	  Preparation	  Kit	  

(Epicentre).	  Sequencing	  was	  performed	  on	  Illumia	  HiSeq	  2000	  sequencing	  platform	  
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(High	  Throughput	  Sequencing	  Core	  Facility,	  Broad	  Stem	  Cell	  Research	  Center,	  UCLA).	  

Reads	  were	  demultiplex	  via	  custom	  scripts	  and	  mapped	  to	  the	  BDGP5/dm3	  D.	  

melanogaster	  genome	  with	  Tophat2	  (v2.1.0)	  (Kim	  et	  al.,	  2013)	  using	  the	  following	  

parameters:	  -‐g	  1	  –solexa1.3-‐quals.	  A	  gene	  model	  annotation	  (iGenomes	  UCSC	  dm3)	  was	  

provided	  as	  a	  mapping	  guide.	  Assignment	  of	  mapped	  reads	  to	  transcripts	  was	  

performed	  with	  HTSeq	  (IAnders	  et	  al.,	  2015).	  

Data	  analysis	  

Mean	  normalized	  transcript	  expression	  levels	  (FPKM)	  were	  generated	  with	  

DESeq2	  (v1.10.0)	  (Love	  et	  al.,	  2014).	  Significant	  changes	  in	  transcript	  abundance	  were	  

quantified	  with	  the	  same	  software	  by	  comparison	  with	  poly(A)+	  RNA-‐seq	  from	  wild-‐type	  

embryo	  data	  described	  in	  Chapter	  2	  of	  this	  thesis.	  RNA-‐seq	  read	  mapping	  density	  

analysis	  was	  performed	  using	  PicardTools	  (http://broadinstitute.github.io/picard/).	  

Additional	  metagene	  analysis	  was	  performed	  using	  the	  ‘metagene’	  package	  of	  

R/Bioconductor	  (Beauparlant,	  2014).	  	  
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Results	  

RNA	  from	  fractionated	  embryos	  exhibits	  multiple	  characteristics	  of	  nascent	  pre-‐mRNA	  	  

	   Total	  RNA	  was	  extracted	  from	  chromatin	  isolated	  from	  D.	  melanogaster	  embryos	  

collected	  over	  three	  time	  spans	  in	  early	  development	  and	  subjected	  to	  high-‐throughput	  

sequencing.	  This	  chromatin-‐associated	  RNA	  is	  expected	  to	  be	  enriched	  for	  nascent	  

transcripts,	  as	  well	  as	  additional	  RNA	  species	  associated	  with	  chromatin	  in	  structural,	  

catalytic,	  or	  regulatory	  capacities	  (Cernilogar	  et	  al.,	  2011).	  Isolated	  RNA	  was	  affinity-‐

depleted	  for	  polyadenylated	  RNA	  in	  order	  to	  further	  minimize	  the	  contribution	  of	  

mature	  mRNA	  from	  analysis.	  The	  level	  of	  enrichment	  for	  nascent	  transcript	  was	  

validated	  and	  quantified	  through	  various	  measures.	  The	  efficiency	  of	  chromatin	  

isolation	  was	  confirmed	  through	  analysis	  of	  protein	  compartmental	  markers	  (Fig.	  3-‐

1A/B),	  confirming	  that	  the	  sequenced	  RNA	  was	  derived	  from	  a	  embryonic	  fraction	  

enriched	  for	  histones	  and	  deficient	  for	  a	  cytoplasmic	  marker.	  Sequencing	  reads	  obtained	  

from	  mature	  transcripts	  ideally	  map	  uniformly	  across	  genes,	  though	  this	  is	  dependent	  

on	  the	  quality	  of	  the	  RNA	  utilized	  for	  library	  generation.	  Non-‐uniformity	  in	  poly(A)+	  

libraries	  generally	  manifests	  as	  a	  3’	  bias	  in	  mappable	  reads	  as	  a	  result	  of	  partially	  

fragmented	  mRNA	  being	  purified	  by	  affinity	  selection	  to	  polyA	  sequence	  (Roberts	  et	  al.,	  

2011).	  Chromatin-‐associated	  RNA	  exhibits	  a	  significant	  5’	  bias	  at	  each	  developmental	  

stage,	  and	  is	  partially	  depleted	  at	  the	  3’	  end	  (Fig.	  3-‐2).	  The	  large	  enrichment	  of	  reads	  

arising	  from	  the	  initial	  15%	  of	  gene	  bodies	  may	  be	  indicative	  of	  promoter-‐proximal	  

paused	  polymerase.	  The	  sharp	  decrease	  in	  read	  occupancy	  near	  the	  3’	  terminus	  may	  
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result	  from	  frequent	  polymerase	  pausing	  in	  terminal	  exons	  (Carrillo	  Oesterreich	  et	  al.,	  

2010).	  Pausing	  in	  terminal	  exons	  is	  thought	  to	  promote	  recognition	  of	  polyadenylation	  

sites	  and	  transcriptional	  termination	  (Gromak	  et	  al.,	  2006).	  

	   	  Chromatin-‐associated	  RNA	  is	  enriched	  for	  intronic	  sequence	  when	  compared	  to	  

poly(A)+	  libraries	  prepared	  from	  the	  same	  developmental	  stages	  (Fig.	  3-‐3).	  Our	  data	  

indicates	  that	  on	  average,	  13%	  of	  poly(A)+	  RNA-‐seq	  reads	  map	  to	  constitutive	  introns	  

compared	  to	  35%	  of	  chromatin-‐associated	  RNA	  reads.	  While	  60-‐70%	  of	  gene	  sequence	  

in	  D.	  melanogaster	  is	  annotated	  as	  intronic,	  the	  large	  majority	  of	  introns	  are	  believed	  to	  

be	  cotranscriptionally	  spliced,	  with	  only	  16%	  of	  introns	  exhibiting	  little	  or	  no	  splicing	  

(Khodor	  et	  al.,	  2011;	  Wuarin	  and	  Schibler,	  1994)	  .	  Therefore,	  an	  intronic	  content	  of	  

between	  13	  and	  60%	  should	  be	  expected	  for	  a	  library	  enriched	  for	  pre-‐mRNA.	  

	   	  

The	  levels	  of	  many	  nascent	  transcripts	  differ	  significantly	  from	  levels	  of	  mature	  mRNA	  

	   Analysis	  of	  nascent	  pre-‐mRNA	  levels	  in	  multiple	  contexts	  has	  shown	  that	  the	  rate	  

of	  accumulation	  of	  a	  particular	  transcript	  can	  be	  strongly	  uncoupled	  from	  the	  rate	  of	  

transcript	  synthesis,	  owing	  to	  differential	  rates	  of	  accumulation,	  processing,	  and	  

degradation	  (Khodor	  et	  al.,	  2011;	  Rodriguez	  et	  al.,	  2013)	  .	  In	  developmental	  contexts,	  a	  

significant	  proportion	  of	  the	  transcriptome	  is	  far	  from	  steady-‐state.	  Comparison	  of	  

chromatin-‐associated	  RNA	  transcript	  profiles	  with	  mRNA	  profiles	  obtained	  from	  the	  

same	  timepoints	  by	  principal	  component	  analysis	  indicates	  significant	  differences,	  with	  

the	  majority	  of	  expressed	  genes	  exhibiting	  some	  deviance	  in	  expression	  rate	  and	  
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accumulation	  level	  (Fig.	  3-‐4).	  Samples	  continue	  to	  cluster	  by	  developmental	  time	  stage,	  

but	  segregate	  first	  by	  degree	  of	  “nascentness.”	  Comparison	  of	  the	  normalized	  

expression	  levels	  of	  each	  gene	  indicates	  that	  many	  genes	  exhibit	  comparable	  levels	  of	  

expression	  in	  poly(A)+	  and	  nascent	  samples	  (Fig	  3-‐5).	  A	  small	  number	  of	  genes	  are	  

significantly	  enriched	  in	  the	  nascent	  population,	  however,	  while	  showing	  very	  little	  

accumulation	  in	  the	  poly(A)+	  RNA-‐seq	  data.	  A	  large	  fraction	  of	  these	  correspond	  to	  non-‐

polyadenylated	  RNAs,	  including	  histones,	  snRNAs,	  and	  snoRNAs.	  These	  non-‐

polyadenylated	  RNA	  species	  were	  removed	  from	  further	  analysis.	  

	   Of	  the	  remaining	  transcripts,	  a	  significant	  number	  were	  found	  to	  be	  under-‐	  or	  

over-‐represented	  in	  the	  nascent	  mRNA	  pool	  in	  comparison	  to	  mature	  mRNA,	  comprising	  

between	  40	  and	  50%	  of	  all	  expressed	  genes	  across	  timepoints	  (Fig.	  3.6A).	  Analysis	  of	  

these	  genes	  in	  the	  1.5	  –	  4	  hr	  developmental	  window	  reveals	  differences	  in	  the	  

expression	  patterns	  enriched	  in	  the	  over-‐	  and	  under-‐represented	  gene	  sets.	  Genes	  with	  

lower	  abundance	  in	  nascent	  RNA	  are	  enriched	  for	  maternally	  deposited	  genes,	  

consistent	  with	  these	  genes	  being	  transcribed	  before	  nascent	  RNA	  was	  isolated	  and	  less	  

frequently	  zygotically	  transcribed.	  Over-‐represented	  nascent	  transcripts	  are	  enriched	  for	  

spatially	  constricted	  expression	  within	  portions	  of	  the	  embryo,	  and	  are	  therefore	  

enriched	  for	  genes	  being	  actively	  transcribed.	  

	  

Groucho-‐regulated	  genes	  are	  enriched	  for	  stalled	  RNA	  polymerase	  
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Promoter-‐proximal	  pausing	  of	  RNA	  Polymerase	  II	  has	  been	  identified	  as	  a	  crucial	  

step	  in	  gene	  regulation.	  Pausing	  was	  originally	  characterized	  in	  Drosophila	  at	  multiple	  

heat-‐shock	  genes,	  presumably	  to	  facilitate	  rapid	  induction	  of	  gene	  expression	  upon	  

receipt	  of	  an	  appropriate	  regulatory	  signal	  (Lis	  and	  Wu,	  1993).	  Since	  this	  discovery,	  

polymerase	  stalling	  has	  been	  found	  to	  be	  a	  ubiquitous	  regulatory	  mechanism	  in	  higher	  

eukaryotes	  (Conaway	  et	  al.,	  2000),	  with	  strong	  peaks	  of	  PolII	  present	  in	  the	  promoter	  

regions	  of	  a	  diverse	  array	  of	  genes	  throughout	  the	  Drosophila	  genome.	  Expression	  of	  

the	  majority	  of	  protein-‐coding	  genes	  in	  humans	  is	  regulated	  to	  some	  degree	  after	  the	  

initiation	  of	  transcription	  (Guenther	  et	  al.,	  2007),	  as	  is	  a	  large	  fraction	  of	  the	  Drosophila	  

developmental	  genome	  (Zeitlinger	  et	  al.,	  2007).	  	  	  	  

To	  explore	  whether	  Groucho	  regulation	  potentially	  promotes	  the	  stalling	  of	  

polymerase	  in	  vivo,	  we	  undertook	  to	  compare	  Groucho-‐regulated	  genes	  with	  publically	  

available	  genome-‐wide	  PolII	  localization	  data	  (Zeitlinger	  et	  al.,	  2007).	  In	  this	  data	  set,	  

the	  authors	  classified	  each	  gene	  into	  one	  of	  several	  states	  including	  the	  lack	  of	  detected	  

PolII,	  active	  (elongation	  phase)	  PolII,	  or	  stalled	  PolII.	  Genes	  found	  to	  bind	  Gro	  internally	  

or	  in	  adjacent	  intergenic	  regions	  were	  found	  to	  be	  significantly	  enriched	  for	  stalled	  PolII	  

at	  each	  timepoint	  (Fig.	  3-‐7A).	  We	  observe	  a	  significant	  correlation	  between	  PolII	  pausing	  

within	  genes	  and	  those	  genes	  becoming	  up-‐regulated	  in	  Gro	  loss-‐of-‐function	  embryos	  (p	  

<	  10-‐10),	  while	  no	  significant	  correlation	  is	  observed	  between	  PolII	  pausing	  and	  down-‐

regulation	  in	  Gro	  loss-‐of-‐function	  embryos	  (p	  >	  0.05)	  (Fig.	  2-‐7B).	  Conversely,	  down-‐

regulated	  genes	  are	  enriched	  for	  active	  PolII	  (p	  <	  10-‐10),	  while	  Gro	  repressed	  genes	  are	  

not.	  Together,	  this	  provides	  evidence	  that,	  at	  least	  at	  early	  developmental	  timepoints,	  a	  
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significant	  fraction	  of	  Groucho-‐associated	  genes	  exhibit	  characteristics	  of	  PolII	  pausing,	  

suggesting	  that	  retention	  or	  prevention	  of	  PolII	  from	  transitioning	  to	  an	  active	  

elongation	  complex	  is	  a	  potential	  mechanism	  of	  Groucho-‐dependent	  repression.	  

	  

Groucho	  target	  genes	  are	  enriched	  for	  promoter-‐proximal	  read	  density	  indicative	  of	  

polymerase	  pausing	  

	   	  	  Evidence	  presented	  in	  the	  previous	  section	  hypothesized	  that	  many	  Groucho-‐

repressed	  genes	  possess	  significant	  levels	  of	  promoter-‐proximal	  stalled	  polymerase.	  

Much	  of	  this	  was	  established	  using	  previously-‐published	  data	  from	  the	  2	  -‐4	  hour	  Toll10B	  

mutant	  embryos	  (Zeitlinger	  et	  al.,	  2007).	  These	  embryos	  generate	  a	  more	  homogenous	  

population	  of	  cells,	  as	  all	  portions	  of	  the	  embryo	  adopt	  a	  cell	  type	  representative	  of	  the	  

presumptive	  mesoderm	  (Schneider	  et	  al.,	  1991),	  and	  so	  simplified	  the	  embryo-‐wide	  

classification	  of	  PolII	  pausing	  state.	  Our	  data	  allows	  us	  to	  quantify	  the	  accumulation	  of	  

promoter-‐proximal	  nascent	  transcript	  at	  later	  stages	  of	  development,	  albeit	  in	  a	  more	  

heterogeneous	  population	  of	  cell	  types.	  This	  heterogeneity	  limits	  the	  interpretation	  of	  

Groucho’s	  involvement	  with	  promoter-‐proximal	  stalled	  polymerase,	  as	  we	  can	  

determine	  whether	  a	  gene	  is	  regulated	  by	  Groucho	  and	  possesses	  stalled	  PolII	  at	  each	  

developmental	  time	  span,	  but	  we	  cannot	  make	  definite	  conclusions	  as	  to	  whether	  those	  

events	  are	  occurring	  in	  identical	  populations	  of	  cells.	  A	  correlation	  is	  still	  informative,	  as	  

association	  of	  the	  two	  states	  potentially	  represents	  a	  program	  of	  regulation	  whereby	  
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Groucho	  either	  promotes	  stalling	  itself,	  or	  is	  recruited	  to	  repress	  genes	  that	  undergo	  

stalling	  at	  the	  same	  developmental	  stage	  but	  in	  different	  tissues.	  

	   Focusing	  on	  genes	  that	  are	  responsive	  to	  increasing	  levels	  of	  maternal	  Groucho	  

overexpression,	  we	  see	  that	  at	  all	  three	  timepoints	  genes	  negatively	  regulated	  by	  

increased	  Groucho	  dosage	  are	  enriched	  for	  promoter-‐proximal	  accumulation	  of	  

transcript	  when	  compared	  both	  to	  genes	  up-‐regulated	  in	  this	  genetic	  background	  as	  

well	  as	  unresponsive	  genes	  (Fig.	  3-‐8).	  
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Discussion	  

	   Quantification	  of	  chromatin-‐associated	  pre-‐mRNA	  is	  a	  useful	  metric	  for	  the	  

exploration	  of	  dynamic	  transcriptional	  systems	  such	  as	  the	  Drosophila	  embryo.	  The	  

relatively	  high	  stability	  of	  the	  RNA	  Polymerase	  II	  ternary	  elongation	  complex	  facilitates	  

the	  purification	  of	  nascent	  transcripts	  in	  a	  highly	  specific	  manner,	  thereby	  enabling	  us	  to	  

more	  thoroughly	  characterize	  the	  dynamics	  of	  this	  transcriptional	  system	  and	  relate	  

aspects	  of	  gene	  expression	  to	  the	  activity	  of	  Groucho.	  We	  find	  that	  chromatin-‐

associated	  RNA	  is	  enriched	  for	  nascent	  transcripts,	  as	  evidenced	  by	  the	  increase	  in	  

unspliced	  intronic	  content,	  a	  5’	  bias	  in	  read	  density,	  and	  enrichment	  for	  actively	  

transcribed	  genes	  in	  early	  stages	  of	  development.	  	  In	  addition	  to	  a	  modest	  5’	  bias	  

throughout	  the	  gene	  body,	  nascent	  RNA	  exhibits	  a	  significant	  spike	  in	  transcript	  density	  

at	  the	  5’	  transcription	  start	  site,	  likely	  corresponding	  to	  nascent	  transcripts	  locked	  in	  

stalled	  or	  slowed	  ternary	  PolII	  complexes.	  Investigations	  of	  stalled	  PolII	  in	  the	  embryo	  

have	  previously	  shown	  that	  in	  2-‐4	  hour	  embryos,	  12%	  of	  all	  protein-‐coding	  genes	  have	  

stalled	  promoter-‐proximal	  PolII	  (Zeitlinger	  et	  al.,	  2007).	  Additionally,	  purification	  of	  

chromatin-‐associated	  RNA	  from	  Drosophila	  S2	  cells	  predicted	  that	  30%	  of	  protein-‐

coding	  genes	  experienced	  some	  degree	  of	  PolII	  pausing,	  characterized	  by	  an	  enrichment	  

of	  5’	  transcripts	  (Nechaev	  et	  al.,	  2010).	  	  

	   The	  manner	  in	  which	  PolII	  pausing	  is	  utilized	  to	  regulate	  transcription	  remains	  

poorly	  understood,	  though	  multiple	  non-‐exclusive	  mechanisms	  have	  been	  proposed,	  

(Adelman	  and	  Lis,	  2012).	  One	  of	  these	  mechanisms	  posits	  that	  sustained	  or	  transient	  

pausing	  facilitates	  the	  participation	  of	  additional	  regulatory	  elements	  in	  the	  
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determination	  of	  transcriptional	  activity	  (Nechaev	  and	  Adelman,	  2008).	  This	  allows	  the	  

expression	  level	  of	  a	  gene	  to	  be	  regulated	  through	  multiple,	  independent	  pathways,	  

potentially	  at	  the	  behest	  of	  independent	  signaling	  pathways	  (Blau	  et	  al.,	  1996).	  

Combinatorial	  control	  of	  gene	  expression	  is	  a	  common	  regulatory	  motif	  in	  eukaryotes,	  

so	  it	  is	  feasible	  that	  the	  capability	  to	  exert	  influence	  over	  expression	  both	  before	  the	  

assembly	  of	  the	  PolII	  complex	  as	  well	  as	  after	  transcription	  has	  began	  would	  be	  useful	  in	  

such	  scenarios.	  Members	  of	  the	  Rel	  family	  of	  transcription	  factors,	  of	  which	  the	  

Groucho-‐interactor	  Dorsal	  is	  a	  member,	  have	  been	  found	  to	  promote	  both	  PolII	  pausing	  

and	  release	  in	  mammals	  (Barboric	  et	  al.,	  2001).	  

	   We	  find	  that	  Groucho-‐regulated	  genes	  are	  enriched	  for	  paused	  PolII	  in	  the	  early	  

embryo,	  and	  that	  this	  correlation	  applies	  to	  both	  genes	  bound	  by	  Gro	  at	  each	  time	  

window,	  as	  well	  as	  genes	  differentially	  expressed	  in	  Gro	  loss-‐of-‐function	  and	  gain-‐of-‐

function	  embryos.	  In	  Gro	  loss-‐of-‐function	  embryos,	  up-‐regulated	  genes	  are	  enriched	  for	  

stalled	  PolII,	  while	  down-‐regulated	  genes	  are	  enriched	  for	  active	  PolII.	  The	  converse	  is	  

true	  in	  embryos	  overexpressing	  Gro.	  PolII	  stalling	  in	  embryos	  has	  been	  hypothesized	  to	  

enable	  the	  rapid,	  synchronous	  activation	  of	  genes	  across	  the	  embryo,	  as	  opposed	  to	  

stochastic	  activation	  observed	  from	  genes	  lacking	  poised	  PolII	  (Boettiger	  and	  Levine,	  

2009).	  Given	  that	  genes	  possessing	  stalled	  PolII	  often	  continue	  to	  be	  expressed	  at	  high	  

levels	  (Nechaev	  and	  Adelman,	  2008;	  Rougvie	  and	  Lis,	  1990),	  PolII	  stalling	  in	  Gro-‐

regulated	  genes	  may	  not	  be	  a	  primary	  mechanism	  of	  repression,	  but	  instead	  indicate	  

that	  these	  genes	  are	  primed	  for	  rapid	  activation	  once	  Gro-‐mediated	  repression	  is	  
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relieved.	  The	  ability	  of	  Gro-‐mediated	  repression	  to	  be	  rapidly	  reversible	  may	  be	  an	  

important	  aspect	  of	  its	  activity	  in	  the	  embryo.	  
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Figure	  3-‐1.	  RNA	  enriched	  for	  nascent	  transcripts	  was	  isolated	  from	  the	  chromatin	  

fraction	  of	  fractionated	  embryos.	  (A)	  A	  typical	  fractionation	  resulted	  in	  a	  chromatin	  

fraction	  enriched	  for	  proteins	  consistent	  with	  Drosophila	  histone	  cores.	  (B)	  

Fractionation	  was	  confirmed	  via	  immunoblot.	  Chromatin	  fractions	  were	  enriched	  for	  the	  

histone	  H3	  (green)	  and	  depleted	  for	  tubulin,	  which	  is	  predominately	  cytoplasmic	  (red).	  	  	  	  
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Fig.	  3-‐1
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Figure	  3-‐2.	  Nascent	  RNA	  is	  enriched	  for	  reads	  originating	  from	  the	  5’	  end	  of	  transcripts	  

and	  depleted	  for	  3’	  transcript	  reads.	  The	  distribution	  of	  mappable	  sequencing	  reads	  

generated	  via	  RNA-‐seq	  of	  chromatin-‐associated	  RNA	  was	  calculated	  for	  each	  expressed	  

gene.	  Gene	  distributions	  were	  then	  normalized	  for	  total	  gene	  length	  and	  expression	  

level.	  The	  resulting	  metagene	  distribution	  shows	  a	  strong	  increase	  in	  read	  density	  

arising	  from	  5’	  portions	  of	  expressed	  genes,	  consistent	  with	  the	  isolation	  of	  

incompletely	  transcribed	  transcripts.	  
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Fig.	  3-‐2
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Figure	  3-‐3.	  Chromatin-‐associated	  RNAs	  are	  enriched	  for	  unspliced	  introns.	  

Cotranscriptional	  splicing	  is	  widespread	  in	  Drosophila,	  with	  the	  majority	  of	  introns	  being	  

cotranscriptionally	  processed;	  some	  introns	  are	  known	  to	  be	  spliced	  post-‐

transcriptionally	  (Khodor	  et	  al.,	  2011).	  Chromatin-‐associated	  RNA	  remains	  enriched	  for	  

intronic	  content	  compared	  to	  poly(A)-‐selected	  mRNA	  obtained	  at	  the	  same	  embryonic	  

stages.	  Over	  twice	  as	  much	  chromatin-‐associated	  RNA	  maps	  to	  intronic	  sequences	  as	  

compared	  to	  poly(A)-‐selected	  (35%	  vs.	  13%),	  indicating	  that	  these	  samples	  are	  enriched	  

for	  nascent	  transcripts.	  	  
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Fig.	  3-‐3
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Figure	  3-‐4.	  Chromatin-‐associated	  RNA	  samples	  present	  a	  significantly	  different	  

transcriptional	  profile	  in	  comparison	  to	  poly(A)-‐selected	  RNA.	  Principal	  component	  

analysis	  was	  performed	  to	  compare	  nascent-‐seq	  transcriptome	  profiles	  to	  the	  wild-‐type	  

and	  Gro	  mutant	  embryos	  presented	  in	  Chapter	  II.	  This	  technique	  allows	  the	  visualization	  

of	  global	  correlation	  of	  largely	  multidimensional	  data	  in	  two	  dimensions.	  Each	  point	  

represents	  a	  transcriptome	  profile	  (normalized	  expression	  level	  across	  all	  expressed	  

genes).	  The	  distance	  between	  two	  points	  is	  inversely	  proportional	  to	  the	  overall	  

similarity	  of	  those	  two	  points	  (closer	  =	  more	  similar).	  The	  procedure	  defines	  the	  two	  

axes	  to	  encompass	  the	  largest	  variance	  between	  samples.	  This	  analysis	  indicates	  that	  

nascent-‐seq	  samples	  differ	  significantly	  from	  poly(A)+	  RNA-‐seq	  samples,	  with	  the	  x-‐axis	  

discriminating	  the	  two	  types	  of	  RNA.	  The	  y-‐axis	  encompasses	  the	  second	  largest	  

contributor	  of	  variance	  between	  samples,	  in	  this	  case	  the	  developmental	  stage	  of	  the	  

transcriptome	  being	  profiled.	  
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Fig.	  3-‐4
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Figure	  3-‐5.	  A	  small	  number	  of	  transcripts	  are	  significantly	  over-‐represented	  in	  

chromatin-‐associated	  RNA.	  The	  nascent-‐seq	  and	  poly(A)+	  RNA-‐seq	  expression	  levels	  of	  

all	  annotated	  genes	  in	  wild-‐type	  embryos	  were	  normalized	  via	  the	  FPKM	  method.	  This	  

normalization	  method	  accounts	  both	  for	  differences	  in	  library	  size,	  as	  well	  as	  the	  length	  

of	  each	  gene,	  such	  that	  the	  expression	  levels	  of	  different	  genes	  in	  different	  samples	  are	  

meaningfully	  comparable.	  Each	  point	  corresponds	  to	  a	  gene	  expressed	  in	  both	  samples,	  

with	  the	  color	  gradient	  representing	  the	  squared	  ratio	  of	  nascent-‐seq	  FPKM	  to	  poly(A)+	  

FPKM;	  blue	  indicating	  a	  larger	  disparity	  in	  expression	  value.	  Many	  genes	  exhibit	  

significant	  changes	  in	  transcript	  level,	  with	  a	  small	  number	  of	  genes	  (dark	  blue)	  

corresponding	  to	  several	  RNA	  species	  highly	  overrepresented	  in	  the	  nascent-‐seq	  

transcriptomes.	  	  
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Fig.	  3-‐5
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Figure	  3.6.	  Nascent	  transcript	  abundance	  differs	  broadly	  from	  mature	  polyadenylated	  

transcripts.	  (A)	  Comparison	  of	  normalized	  transcript	  abundance	  between	  nascent	  and	  

poly(A)+	  RNA	  reveals	  40-‐50%	  of	  transcripts	  are	  either	  over-‐	  or	  under-‐represented	  in	  

nascent	  samples	  compared	  to	  mature	  mRNA	  across	  all	  timepoints.	  (B)	  Over-‐	  and	  under-‐

represented	  transcripts	  from	  the	  first	  timepoint	  were	  analyzed	  for	  enrichment	  of	  spatial	  

expression	  categories	  (ImaGo	  Database,	  Berkeley	  Drosophila	  Genome	  Project).	  Over	  half	  

of	  under-‐represented	  transcripts	  are	  classified	  as	  being	  primarily	  maternally	  deposited.	  

These	  transcripts	  are	  already	  present	  in	  the	  embryo	  and	  are	  often	  not	  significantly	  

zygotically	  transcribed,	  and	  so	  should	  be	  under-‐represented	  in	  nascent	  RNA.	  Transcripts	  

over-‐represented	  in	  nascent	  RNA	  are	  enriched	  for	  categories	  of	  spatially-‐restricted	  

expression	  within	  the	  embryo,	  many	  of	  which	  should	  be	  actively	  transcribed	  during	  

early	  embryogenesis.	   	  
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Fig.	  3-‐6
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Figure	  3-‐7.	  Groucho	  regulated	  genes	  are	  enriched	  for	  stalled	  PolII.	  Published	  data	  

classifying	  all	  Drosophila	  genes	  into	  four	  categories	  of	  PolII	  enrichment	  or	  depletion	  in	  2	  

-‐	  4	  hour	  embryos	  was	  used	  to	  classify	  all	  Groucho-‐regulated	  genes	  at	  each	  timepoint	  

(Zeitlinger	  et	  al.,	  2007).	  (A)	  Between	  18	  and	  22%	  of	  all	  genes	  with	  internal	  or	  adjacent	  

Gro	  binding	  were	  found	  to	  contain	  stalled	  PolII.	  Stalled	  PolII	  genes	  were	  the	  only	  

category	  to	  exhibit	  significant	  enrichment	  among	  Groucho-‐associated	  genes	  (p-‐value	  <	  

10-‐20,	  Fisher’s	  Exact	  Test).	  (B)	  Genes	  differentially	  expressed	  in	  Gro	  loss-‐of-‐function	  

embryos	  are	  enriched	  for	  classes	  of	  PolII	  stalling	  dependent	  on	  their	  response	  to	  loss	  of	  

Gro.	  Genes	  up-‐regulated	  in	  loss-‐of-‐function	  embryos	  (potential	  Gro-‐repressed	  genes)	  

are	  enriched	  for	  stalled	  PolII,	  while	  down-‐regulated	  genes	  are	  enriched	  for	  active	  PolII.	  

This	  latter	  result	  likely	  arises	  from	  the	  fact	  that	  these	  genes	  are	  at	  least	  moderately	  

expressed	  in	  wild-‐type	  embryos	  and	  so	  enriched	  for	  active	  PolII.	  These	  genes	  become	  

repressed	  by	  ectopic	  expression	  of	  a	  secondary	  repressor	  that	  becomes	  derepressed	  in	  

Gro	  loss-‐of-‐function	  embryos.	  
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Fig.	  3-‐7
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Figure	  3-‐8.	  Genes	  responsive	  to	  changes	  in	  Groucho	  level	  exhibit	  increased	  

accumulation	  of	  promoter-‐proximal	  transcript.	  Transcript	  density	  across	  all	  expressed	  

genes	  was	  calculated	  independently	  for	  genes	  exhibiting	  diferent	  responses	  to	  Groucho	  

overexpression	  in	  three	  time	  stages.	  At	  each	  time	  window,	  genes	  that	  decrease	  in	  

expression	  under	  the	  influence	  of	  increased	  Groucho	  dosage	  are	  enriched	  for	  5’	  

proximal	  transcript	  density	  (green),	  indicating	  these	  genes	  are	  potentially	  enriched	  for	  

stalled	  polymerase	  when	  compared	  to	  both	  unresponsive	  (red)	  and	  up-‐regulated	  (blue)	  

genes.	  Transparent	  ribbons	  represent	  a	  95%	  confidence	  interval	  for	  each	  position.	  
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Fig.	  3-‐8
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Table	  3-‐1.	  Primers	  for	  rRNA	  depletion	  of	  embryonic	  total-‐RNA.	  
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Table	  3-‐1

	  	  

	  

Target Sequence
2s CTTACAACCCTCAACCATATGTAGTCCAAGCAGC
18s CAATAATGATCCTTCCGCAGGTTC
5.8s CAGCATGGACTGCGATATGCGTTC
28s+alpha ATTTTCGCTTTCGCCTTGAAC
28s+Beta TCGAATCATCAAGCAAAGGATAAGC
28s GTGTTAATTAGCTATAAATAGCTAAAAAACTAATC
28s CAGGTTACGGAATTGGAACCGTATTCCCTTTCGTT
28s CAATCTTCAGAGCCAATCCTTATCCCGAAGTTACG
28s GCCCGTTCCCTTGGCTGTGGTTTCGCTAG
18s GAACAGAGGTCTTATTTCATTATCCCATGCACAGA
18s CGGTACAAGACCATACGATCTGCATGTTATCTAGA
18s TTTAATTGCATGTATTAGCTCTAGAATTACCACAG
5s AAGTTGTGGACGAGGCCAACAACACGCGGTGTTCCC
5'_end_of_rRNA TATTCCTATTATCCGCGGAG
5'_end_of_rRNA CCATTCGAATACGGCCATTT
nodavirus+RNA1 ACCTCCGCCCTTTCGGGCTAGAAC
nodavirus+RNA2 ACCTTAGTCGGCTGACTTAAACTGTC
totivirus+SWA2009a CGACTATATCTTCTGCGTTATCCAGC
oligo+dT TTTTTTTTTTTTTTT
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In	  this	  chapter	  I	  present	  data	  from	  a	  publication	  that	  identified	  multiple	  

Groucho-‐interacting	  proteins.	  The	  influence	  of	  these	  proteins	  on	  Gro-‐mediated	  

repression	  was	  investigated	  through	  a	  reporter	  assay	  and	  transcriptome	  analyses	  of	  

RNAi-‐treated	  cells.	  I	  carried	  out	  the	  bioinformatic	  analyses	  of	  the	  RNA-‐seq	  data	  

presented	  in	  figures	  4	  and	  6.	  

This	  research	  was	  originally	  published	  in	  the	  Journal	  of	  Biological	  Chemistry.	  

Kwong,	  P.W.,	  Chambers,	  M.,	  Vashisht,	  A.A.,	  Turki-‐Judeh,	  W.,	  Wolschlegel,	  J.A.,	  and	  

Courey,	  A.J.	  “The	  central	  region	  of	  the	  Drosophila	  co-‐repressor	  Groucho	  as	  a	  regulatory	  

hub.”	  J	  Biol	  Chem.	  Published	  online	  ahead	  of	  print	  October	  19,	  2015.	  ©	  the	  American	  

Society	  for	  Biochemistry	  and	  Molecular	  Biology.
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Background: The co-repressor Groucho has an 
essential, but disordered, central region. 
Results: We identified over 160 central region-
binding proteins, many of which, including 
components of the spliceosome, modulate 
Groucho-mediated repression. 
Conclusion: Groucho regulates transcription by 
multiple mechanisms and may link the 
transcriptional and splicing machineries. 
Significance: Its central region may serve as the 
hub of a regulatory network. 
 
ABSTRACT 
Groucho (Gro) is a Drosophila co-repressor that 
regulates the expression of a large number of 
genes, many of which are involved in 
developmental control. Previous studies have 
shown that its central region is essential for 
function, even though its three domains are poorly 
conserved and intrinsically disordered. Using these 
disordered domains as affinity reagents, we have 
now identified multiple embryonic Gro-interacting 
proteins. The interactors include protein 
complexes involved in chromosome organization, 
mRNA processing, and signaling. Further 

investigation of the interacting proteins using a 
reporter assay showed that many of them modulate 
Gro-mediated repression either positively or 
negatively. The positive regulators include 
components of the spliceosomal subcomplex U1 
small nuclear ribonucleoprotein (U1 snRNP). A 
co-immunoprecipitation experiment confirms this 
finding and suggests that a sizable fraction of 
nuclear U1 snRNP is associated with Gro. The use 
of RNA-seq to analyze the gene expression profile 
of cells subjected to knockdown of Gro or snRNP-
U1-C (a component of U1 snRNP) showed a 
significant overlap between genes regulated by 
these two factors. Furthermore, comparison of our 
RNA-seq data to Gro and Pol II ChIP data led to a 
number of insights including the finding that Gro-
repressed genes are enriched for promoter 
proximal Pol II. We conclude that the Gro central 
domains mediate multiple interactions required for 
repression thus functioning as a regulatory hub. 
Furthermore, interactions with the spliceosome 
may contribute to repression by Gro. 
 

Groucho (Gro) is a conserved metazoan 
co-repressor that may be particularly critical for 

 http://www.jbc.org/cgi/doi/10.1074/jbc.M115.681171The latest version is at 
JBC Papers in Press. Published on October 19, 2015 as Manuscript M115.681171
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long-range repression, whereby repressors are able 
to establish large transcriptionally silent domains 
that can spread over many thousands of basepairs 
(1-3). Gro is essential in many developmental 
processes, including sex determination, 
neurogenesis, and pattern formation in Drosophila, 
as well as myogenesis and hematopoiesis in 
vertebrates (2,4,5). Gro also has roles in multiple 
signal transduction pathways, including the Ras 
and Notch pathways (6-8). Furthermore, increased 
Gro activity correlates with the appearance of 
certain forms of cancer, such as lung cancer (9,10). 
Thus, understanding the mechanism of Gro-
mediated repression should contribute to our 
understanding of long-range repression and its role 
in development, signaling, and disease. 

Sequence comparison of Gro family 
proteins reveals five domains (2,10). The C-
terminal WD-repeat domain forms a β-propeller 
that interacts with the WRPW and eh1 motifs 
found in many Gro-dependent DNA-binding 
repressors (11). The N-terminal Q domain folds 
into a coiled-coil structure that forms tetramers 
and perhaps higher order oligomers, and this self-
association is required for robust repression (12-
15). The central GP, CcN, and SP domains are 
believed to have essential functions even though 
their primary sequences are not well conserved. 
The GP domain interacts with the histone 
deacetylase Rpd3/HDAC1 (16,17). Histone 
deacetylation is broadly associated with gene 
silencing, and treatment of flies with histone 
deacetylase inhibitors attenuates Gro-mediated 
repression (18). In addition, the GP domain is 
essential for nuclear localization, since deletion of 
this domain prevents Gro nuclear uptake (19). The 
SP domain regulates Gro function negatively, as 
its deletion leads to promiscuous repression and 
developmental defects (19). Phosphorylation of 
the SP domain by Ras/MAPK signaling was 
shown to attenuate repression, providing a 
mechanism for regulating repression in response to 
environmental cues (20). Finally, the CcN domain 
is also targeted for phosphorylation by protein 

kinases and is required for repression by Gro 
(19,21). 

Sequence analysis of the Gro central 
domains strongly suggests that they are 
intrinsically disordered (19). Intrinsically 
disordered regions in proteins lack rigid three-
dimensional structures under native conditions and 
can serve as hubs of large regulatory networks by 
mediating a wide array of highly specific protein 
interactions (22,23). Increasing evidence suggests 
that intrinsically disordered domains have critical 
functions in transcriptional regulation (24,25). 

In this study, we set out to illuminate the 
mechanisms of Gro mediated repression by 
identifying proteins that interact with the N-
terminal Q domain and the three central domains. 
A proteomic screen revealed over 160 interacting 
proteins, many of which are components of protein 
complexes in a variety of functional categories 
such as chromatin remodeling and RNA 
processing. Perhaps most notably, the interactors 
included multiple components of the spliceosome, 
and a co-immunoprecipitation experiment suggests 
that a sizable fraction of U1 snRNP (a subcomplex 
of the spliceosome) is associated with Gro in 
embryonic nuclei.  

As a means of systematically validating 
the functional significance of these interactions, 
we carried out a novel reporter assay employing 
three different luciferase reporters that could be 
monitored simultaneously. These assays showed 
that many of the interacting proteins, including the 
protein components of U1 snRNP, are required for 
optimal Gro mediated repression. Lastly, we 
compared the effects on gene expression profile of 
Gro and U1 snRNP knockdown, finding a 
significant overlap in the regulated genes. Our 
results indicate that the central domains of Gro 
mediate multiple interactions required for 
repression, and reveal a possible mechanism of 
Gro mediated repression through an interaction 
with the spliceosome complex or subcomplexes. 
This reinforces previous studies suggesting that 
the spliceosome has roles in transcriptional 
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regulation in addition to its roles in RNA 
processing (26-30). 

 
EXPERIMENTAL PROCEDURES 

Plasmids–To generate plasmids for 
expression of GST fusion proteins, sequences 
encoding the Gro domains were amplified by PCR 
and inserted between the BamHI and XhoI sites of 
pGEX4T (GE Healthcare Life Sciences). The Q 
domain included Gro amino acids 1-133; the GP 
domain included amino acids 134-194, the CcN 
domain included amino acids 195-257, and the SP 
domain included amino acids 258-390. Sequences 
of PCR primers are provided in Table 1.  

Plasmids used in the reporter assay were 
generated as follows. The red luciferase plasmid, 
G5DE5-pCBR, was generated by inserting the G5 
DE5 enhancer region (14) into pCBR-basic vector 
(Promega Cat.# E1411) between the KpnI and 
XhoI sites. The green luciferase plasmid, DE5G5-
pCBG68, was generated by inserting the luciferase 
gene using NcoI and SalI from pCBG68-basic 
vector (Promega Cat.# E1431) into the DE5 G5 
vector, which has UAS elements downstream of 
the reporter (unpublished data). Actin promoter 
driven Dorsal (pPac Dl), Twist (pPac Twi) and 
Gal4-Gro (pAct Gal4-Gro) plasmids have been 
previously described (14). The RpIII128 promoter 
driven Renilla luciferase plasmid, RpIII128-Rluc, 
was obtained from Addgene (ID #37380) (31). 

Affinity purification and identification of 
Gro interacting proteins–Plasmids encoding the 
recombinant domains fused to GST or GST alone 
were transformed into BL21 cells. 250 ml of mid-
log cells were induced with 0.25 mM IPTG for an 
hour. Cells were pelleted at 4000 x g, resuspended 
in 25 mL of Salty TE (0.15 M NaCl, 10 mM Tris 
pH8, 1 mM EDTA) with protease inhibitor (Life 
Technologies, Cat.# 88266), and incubated on ice 
for 30 min. Samples were incubated at 4˚ for 15 
min after DTT and Triton X-100 were added to 
final concentrations of 5 mM and 1%, respectively. 
Cells were then disrupted through a microfluidizer 
(Microfluidics M110L) using standard conditions. 

The lysate was collected and centrifuged at 14000 
x g for 10 min at 4˚. Supernatant was collected, 
and 1 ml of glutathione agarose resin (50% slurry) 
was added. After overnight incubation, the resin 
was washed with cold PBS three times and stored 
at 4˚. 

Drosophila embryo nuclear extracts were 
prepared as previously described (32). To isolate 
Gro-interacting proteins, 20 µg of glutathione 
bead-immobilized recombinant domains were 
mixed with nuclear extract containing 30 mg of 
protein (20 mg/ml) in 8 ml of HEMNK buffer  (40 
mM HEPES pH 7.5, 5 mM MgCl2, 0.2 mM 
EDTA, 1 mM DTT, 0.5% NP-40, 0.1 M KCl) at 4˚ 
overnight. Samples were washed six times for 15 
minutes with 5 ml of HEMNK buffer. Proteins 
were first eluted with 5 ml of 2 M NaCl in 
HEMNK buffer and then with 2.5 ml of 2 M NaCl 
in HEMNK buffer for 20 min each. Eluted 
proteins were subjected to TCA precipitation prior 
to MudPIT analysis. MudPIT analysis was 
performed as previously described (33). Peptide 
identifications were filtered using a false discovery 
rate (FDR) cutoff of 0.05 as determined by the 
decoy database approach. Protein-level false 
positive rates were less than 0.03 for all individual 
runs.  

Table S1C includes all the mass 
spectroscopy data for the two independent 
replicate screens carried out with each GST fusion 
protein and GST alone, while Tables S1A and B 
include selective data for 159 proteins that were 
detected in both replicates, as well as three 
proteins (Histone H3, Caf1, and bic) that were 
only detected in one replicate, but for which other 
data confirm the significance of the interaction 
(see notes 2 and 3 to Table S1B). Ribosomal 
proteins were excluded from the lists in Tables 
S1A and B. 

Gro immunoprecipitation and reverse 
transcriptase qPCR (RT-qPCR) analysis of U1 
snRNA–500 µg of nuclear extract was incubated 
with 1.875 µg of affinity purified rabbit antibody 
against the Gro GP domain or rabbit IgG in a final 
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volume of 250 µl HEMNK buffer overnight at 4˚. 
225 µg of Protein A Dynabeads (Invitrogen Cat.# 
10001D) were incubated with the samples at 4˚for 
1 hour. Samples were then washed with HEMNK 
buffer three times for 10 minutes each. For RT-
qPCR, RNA was eluted in 10 µl water by heating 
to 80˚ for 2 minutes. Samples were treated with 
DNase I according to the manufacturer’s protocol 
(Promega Cat.# M6101). Reverse transcription 
was performed with 300 ng of random primer 
(Invitrogen Cat.# 48190-011), and qPCR was 
performed using primers amplifying U1 snRNA 
(Table 2). Threshold cycle values were converted 
to percent input values by comparison to a 
standard curve generated from multiple serial 
dilutions of RNA isolated by Trizol extraction 
(Life Technologies, Cat.# 10296010) from the 
input nuclear extract. Primer specificity was 
validated by melting curve analysis of the 
amplification products (data now shown).  

For immunoblotting, samples were eluted 
in SDS-PAGE loading buffer. Proteins were 
detected with a mixture of mouse anti-Gro 
(Developmental Studies Hybridoma Bank, 1:650 
dilution) and affinity purified rabbit anti-GP 
domain (1:100 dilution) antibodies. Immunoblots 
were subsequently probed with goat anti-mouse 
680 and goat anti-rabbit 800 IR-dye coupled 
secondary antibodies (Li-Cor) and imaged with a 
Li-Cor Odyssey imager.  

Three-reporter luciferase assay–To guard 
against off-target effects, each candidate gene was 
knocked down with three non-overlapping 
dsRNAs when possible (the complete list of 
dsRNAs used is available upon request). Each 
dsRNA was tested in triplicate. dsRNA was 
synthesized by the Drosophila RNAi Screening 
Center and re-aliquoted into white flat bottom 96 
well plates (USA scientific Cat.# CC7682-7968) 
with 150 ng/well in 10 µl of water using a 
Beckman Coulter BioMek FX Workstation. 

Transfections were carried out with 
Effectene reagent (Qiagen Cat.# 301425). 6 µg 
each of G5DE5-pCBR and DE5G5-pCBG68, 0.6 
µg of RpIII128-Rluc, 1 µg of pPac Dl, 0.3 µg of 
pPac Twi, and 1.2 µg of the pAct Gal4-Gro were 

suspended in 600 µl buffer EC. 33 µl of this 
mixture was added to 25 µl of enhancer. After 2-3 
minutes, 7.5 µl Effectene was added and mixed by 
pipetting up and down. 6 µl of this mixture was 
immediately added into each well of a 96-well 
plate containing 150 ng of dsRNA. 4-8 minutes 
later, 100 µl of S2 cells (diluted to 1 x 106 cell/ml) 
was added to each well. Cells were incubated at 
24˚ for 2 days before assaying. 

The luminescence signal was measured 
with a Molecular Devices LJL Analyst HT 
microplate reader using emission filters 
ET510/80m and E610LP (Chroma Cat.#S-022658 
and #138951). 50 µl of D-luciferin (Chroma-Glo 
system, Promega Cat.# E2980) was added to each 
well. Five minutes later the reaction was stopped 
by the addition of 50 µl of stop buffer containing 
coelenterazine (Dual-Luciferase system, Promega 
Cat.# E1960). The luminescence signal was 
measured immediately without applying a filter. 

To address the issue of signal overlap, raw 
signals were subjected to filter correction. The 
corrected red luminescence signal R’ and green 
luminescence signal G’ were calculated according 
to the following equations: 

!! =
!"# − !"#× !"#

!"#
!"#
! − (!"#! )×(!"#!"#)

 

!! =
!"# − !′×(!"#! )

(!"#! )
 

Parameters were determined by expressing 
the individual luciferases and recording the 
luminescence signals with red and green filters, 
and without filter (data not shown). The ratio of 
green signal passed through the red filter, Grf/Ggf, 
was determined to be 0.0975; the ratio of red 
signal passed through the red filter, Rrf/R, was 
determined to be 0.42; the ratio of red signal 
passed through the green filter, Rgf/R, was 
determined to be 0; the ratio of green signal passed 
through the green filter, Ggf/G, was determined to 
be 0.47. Lrf and Lgf are luminescence signals in 
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which cells are co-transfected with both red and 
green luciferases. Lrf is the signal recorded with 
red filter, and Lgf is the signal recorded with green 
filter. 

The signal from untransfected cells was 
then subtracted from the corrected data to 
eliminate background. Processed data were then 
normalized to the internal control Renilla 
luciferase. Finally, data were compared to the 
signal from cells in the same plate that were 
treated with control GFP dsRNA. A change in 
long or short-range repression was considered 
significant if p < 0.1. If multiple dsRNAs were 
tested for a given gene (as was true in most cases, 
Table S2), then a change is only listed if p<0.1 for 
at least two separate dsRNAs. 

RNA-seq library preparation–Gro dsRNA 
was generated by PCR amplification of the first 
800 nucleotides of the coding sequence using 
primers containing T7 promoters followed by in 
vitro transcription with T7 RNA polymerase. 
snRNP-U1-C dsRNA was generated by PCR and 
in vitro transcription of the snRNP-U1-C coding 
sequencing with primers 5’-
taatacgactcactatagggtactCAAAGTACTATTGCG
ACTACTGC and 5’-
taatacgactcactatagggtactCTTGGGTCCGTTCATG
ATTCC. Transfection was carried out as 
previously described (34). RT-qPCR was used to 
determine the knockdown efficiency prior to 
RNA-seq library preparation. RT-qPCR primers 
targeted the 3’ UTRs of Gro and snRNP-U1-C. 
Rpl32 was used as a reference gene. The 
specificity of all primers was validated by melting 
curve analysis of the amplification products (data 
not shown). Sequences of the qPCR primers are 
listed in Table 2. 

Total RNA was extracted with Trizol 
according to the manufacturer’s protocol (Life 
Technologies, Cat.# 10296010). RNA integrity 
was determined with an Agilent 2100 Bioanalyzer 
using the RNA 6000 Nano Kit (Agilent Cat.# 
5067-1511). Isolation of mRNA was carried out as 
follows. Streptavidin magnetic beads (Promega 

Cat.# Z5481) were prepared in aliquots of 120 µl 
and 60 µl in 0.5X SSC with 10 mM EDTA. 15 µg 
of total RNA was mixed with 1.5 µM of 
biotinylated 15-mer poly(T) oligonucleotide in 
0.5X SSC with 10 mM EDTA. Samples were first 
incubated at 75˚ for 5 minutes, followed by 15˚ for 
10 minutes and 10˚ for 10 minutes. Samples were 
then incubated with 120 µl of magnetic beads at 4˚ 
for 2 hours, followed by 60 µl of magnetic beads 
at 4˚ for 30 min. The two aliquots of beads were 
combined and washed four times with 300 µl of 
ice cold 0.1X SSC containing 10 mM EDTA. 
mRNA was first eluted with 100 µl of water 
followed by 150 µl of water at 37˚ for 10 min each. 
Samples were precipitated with ethanol and stored 
at -80˚. Pulldown efficiency of mRNA and 
depletion efficiency of 18S rRNA were 
determined by RT-qPCR (data not shown). 

The RNA-seq library was prepared 
according to the manufacturer’s protocol 
(Epicentre, Cat.# SSV21124 and Cat.# 
RSBC10948). The concentration of the library was 
determined with Pico Green (Life Technologies, 
Cat.# Q32851) according to the manufacturer’s 
directions. Fluorescence signal was measured 
using a TECAN M1000 fluorescent plate reader. 

Bioinformatics–Alignment of paired-end 
reads to the D. melanogaster genome (assembly 
BDGP 5/dm3) was performed with Tophat2 
(v2.0.9) (35) using default parameters. DESeq2 
(v1.6.3) (36) was used for gene expression-level 
normalization and differential expression 
significance testing. Histone modification and 
motif enrichment analysis was carried with i-
cisTarget (37) using default parameters. Enriched 
gene ontology analysis was done with Flymine 
(v31.0) (38) using default parameters. 
 
RESULTS 

Identification of Gro interacting proteins–
A previous study showed that deletion of the GP 
or CcN domains in the Gro central region led to a 
loss of Gro-mediated repression and to lethality, 
while deletion of the SP domain led to reduced 
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specificity of Gro-mediated repression and to 
reduced viability (19). To identify possible 
regulatory partners of these domains, we used 
them as affinity reagents to purify interacting 
proteins, which were then identified by mass 
spectrometry. The three central domains of Gro 
were expressed as glutathione-S-transferase 
(GST)-tagged proteins and purified from E. coli 
lysates (Figure 1A, B). We also constructed a 
similarly tagged form of the N-terminal Q domain 
since previous studies suggested that, in addition 
to mediating Gro oligomerization, the Q domain 
engages in interactions with regulatory targets 
(39,40).  

The glutathione bead-immoblized GST-
fused domains (or, as a negative control, 
immobilized unfused GST) were incubated with a 
Drosophila embryo nuclear extract. After 
extensive washing, interacting proteins were 
eluted with 2 M salt and analyzed by multi-
dimensional protein identification technology 
(MudPIT) (33) (Table S1C). Duplicate extract 
preparations and affinity purifications were carried 
out and analyzed on separate dates and there was a 
high degree of overlap between the sets of proteins 
identified in these duplicate experiments (Figure 
1C). With three exceptions (see Experimental 
Procedures), only proteins that appeared in both 
replicates were included in our list of Gro 
interacting proteins (Figure 1C, Table S1A, B.) 
Gene ontology analysis of this list of 162 proteins 
revealed a variety of functions including 
regulation of gene expression, RNA processing, 
and developmental processes (Table 3).  

89 the 162 Gro-interacting proteins  
associated uniquely with one domain (in all but 
one case, the SP domain), while 32 interacted with 
two domains. In the case of 23 of the 32 proteins 
that interacted with two domains, one of these 
domains was the Q domain (Table S1A). This is 
consistent with the known role of the Q domain in 
homo-oligomerization (12-15). In accord with this 
role, chromatography using GST-Q as the affinity 
reagent resulted in the purification of some full-

length endogenous Gro (Table S1C and data not 
shown). This could lead to the co-purification of 
Gro-interacting proteins that bind to regions 
outside the Q domain. Thus, 112 (89 plus 23) of 
the 162 detected interacting proteins can, in 
principal, be accounted for by the binding of Gro 
to a single central domain. However, at least 50 
proteins (162 minus 112) are able to bind 
independently to two or three central domains. The 
ability to interact with multiple Gro domains could 
allow tighter binding or more versatile control of 
binding.  

The list of interacting proteins (Table 4, 
Table S1A, B) contains multiple components of 
known multisubunit protein complexes. For 
example, we identified the α and β subunits of 
casein kinase II (CKII), a previously identified 
regulator of Gro activity (21). We also detected 
protein complexes involved in chromosome 
organization, including both components of the 
ATP-dependent chromatin remodeling and 
assembly factor (ACF), Acf1 and Iswi (41). Our 
proteomic screens also identified all the core 
protein components of the nucleosome (the core 
histones) as well as histone variant H2Av, 
consistent with previous studies demonstrating 
functional interactions between Gro and 
nucleosomes (42-44).  

Perhaps most surprisingly, we discovered 
a number of components of the spliceosome 
among the group of Gro-interacting proteins, 
including all three proteins unique to U1 snRNP, 
components of U4/U6 snRNP, U2 snRNP, and the 
Sm complex (45,46). To validate the interaction 
between Gro and U1 snRNP, Drosophila embryo 
nuclear extracts were subjected to 
immunoprecipitation using an affinity purified 
antibody against the Gro GP domain or, as a 
negative control, rabbit IgG. An anti-Gro 
immunoblot of the immunopreciptated material 
demonstrates the efficiency of the 
immunoprecipitation (Figure 2A). RNA was 
extracted from the immunoprecipitates and 
analyzed by RT-qPCR with primers specific for 
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U1 snRNA (a component of U1 snRNP). The 
results show that ~13% of the U1 snRNA in the 
nuclei of 0-12 hour embryos is associated with 
Gro (Figure 2B). 

Functional analysis of Gro interacting 
proteins–We next carried out functional assays to 
determine if the interacting proteins are required 
for regulation of a Gro-responsive reporter gene. 
Previous studies established a reliable reporter 
assay for Gro function employing a luciferase 
reporter containing Gal4 binding sites (UAS 
elements), as well as an artificial enhancer 
containing binding sites for the Dorsal and Twist 
activators (14,16,18,47). Dorsal/Twist activated 
transcription of this reporter is strongly repressed 
upon introduction of a Gal4-Gro fusion protein. 
By altering the position of UAS elements relative 
to the artificial enhancer, we were able to examine 
both short-range and long-range Gro-mediated 
repression simultaneously (Figure 3A, B). The 
reporter system relied on two variants of click 
beetle luciferase that use D-luciferin as a substrate 
and emit either red or green light (48). In addition, 
a plasmid encoding Renilla luciferase, which uses 
coelenterazine as a substrate, was used as an 
internal control for transfection efficiency, cell 
viability, and general effects on transcription and 
translation. We validated the three-reporter system 
using dsRNA against Dorsal, Gro, and Rpd3 
(which is partially required for Gro-mediated 
repression (18)) (Figure 3C). As predicted, Dorsal 
knockdown resulted in a complete loss of 
activation, Gro knockdown resulted in a complete 
loss of repression, and Rpd3 knockdown resulted 
in a partial loss of repression. 

Each of the candidates from the screen for 
Gro-interacting proteins was knocked down by 
RNAi using up to three dsRNAs per gene to guard 
against off-target effects. We excluded the 
histones from this analysis under the assumption 
that knockdown of these essential chromatin 
components would have pleiotropic deleterious 
effects on cell metabolism, and because each 
histone is encoded by multiple genes making 

efficient knockdown problematic. We therefore 
tested 157 genes in this S2 cell luciferase assay, in 
most cases with multiple dsRNAs per gene (three 
if available), and each dsRNA was tested in 
triplicate. In total, we carried out approximately 
1300 assays (including controls) in a 96 well plate 
format using a partially automated approach (see 
Experimental Procedures).  

A candidate was scored as a regulator of 
Gro-mediated repression if knockdown 
reproducibly resulted in either an increase or a 
decrease in the level of repression (see 
Experimental Procedures for explanation of the 
statistical test of significance). Forty-four 
candidates met these criteria, of which 28 
interfered with optimal repression (i.e., repression 
increased upon knockdown; these were termed 
“negative regulators of Gro”) and 16 were 
required for optimal repression (i.e., repression 
decreased upon knockdown; these were termed 
“positive regulators of Gro”). We provide 
representative data for one negative regulator (vir), 
one positive regulator (snRNP-U1-C, and one 
protein that is neither a positive nor a negative 
regulator (Figure 3D); a list of all the positive and 
negative regulators (Table 5); and a separate list 
showing the quantitative effect of RNAi 
knockdown of each of the 44 regulators on 
repression by Gal4-Gro (Table S2). Of particular 
interest, four spliceosomal proteins, including two 
components of U1 snRNP, act as positive 
regulators of Gro, confirming the functional 
significance of the interaction between Gro and 
U1 snRNP. A few other noteworthy examples 
among the Gro regulators (Tables 5 and S2) 
include both components of the CKII complex 
(CKIIα, CKIIβ), which act as negative regulators, 
and the chromatin remodeling factor Acf1, which 
acts as a positive regulator (see discussion)  

Expression profiling of Gro and snRNP-U1-
C knockdown cells–snRNP-U1-C is one of the 
components of the U1 snRNP complex, which is 
responsible for 5’ splice site recognition (46). In 
addition to its role in RNA processing, it has been 
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shown to repress transcription of EWS/FLI-
transactivated genes (30). Since our data indicated 
that snRNP-U1-C may also modulate Gro function, 
we examined the genome-wide role of snRNP-U1-
C in Gro mediated repression. Using RNA-seq, we 
compared the effects of snRNP-U1-C knockdown 
to that of Gro knockdown on the gene expression 
profile in S2 cells. Cells were treated with Gro or 
snRNP-U1-C dsRNA for four days, leading to 
four-fold or greater knockdown of the Gro and 
snRNP-U1-C mRNA (Figure 4A). The 
transcriptomes in wild-type and Gro knockdown 
S2 cells were quantitatively similar to those 
published previously (49,50) (Figure 4B, C). We 
note that the genes differentially expressed in the 
snRNP-U1-C knockdown are enriched for genes 
containing introns as would be expected given the 
role of U1 snRNP in splicing. However, this set of 
genes also contains a number of intron-less genes 
consistent with the idea that snRNP-U1-C has 
roles in gene regulation apart from its role in 
splicing (Figure 4D). We note that changes in the 
expression of an intron-less gene could also reflect 
a requirement for the product of an intron-
containing gene in the expression of the intron-less 
gene. 

98 genes were differentially expressed in 
both Gro and snRNP-U1-C knockdown cells 
(Figure 4E), of which 36 were upregulated in 
either case. These coordinately upregulated targets 
included genes in various signaling pathways, 
such as the Wnt, Notch, and Toll pathways (Table 
6). Comparison with publically available ChIP-seq 
data on histone modification and transcription 
factor binding revealed that these coordinately 
regulated genes were most enriched for histone 
H3K36 methylation and the H3K36 
methyltransferase ASH1 (Figure 4F). 

To determine if the regulatory effects of 
knocking down Gro are likely to be direct, we 
compared our RNA-seq data from Gro knockdown 
S2 cells to available S2 cell Gro ChIP data (49). 
Gro appears to bind many genes that it does not 
repress (Figure 5A). This is consistent with 

observations made with numerous regulatory 
factors (51,52) and suggests that binding, while 
required, is not sufficient for regulation. We 
observe an enrichment of Suppressor of Hairless 
(Su(H)) and Brinker (Brk) binding motifs within 
Gro ChIP-seq peaks in the differentially expressed 
genes but not in the non-differentially expressed 
genes (Figure 5B). Comparison of our RNA-seq 
data from Gro knockdown cells to available Pol II 
ChIP-chip data (53) also reveals an enrichment in 
Pol II pausing near the transcriptional start site in 
genes that are up-regulated upon Gro knockdown 
(i.e., genes that are repressed by Gro; Figure 6).  
 
DISCUSSION 

Previous studies showed that the 
disordered Gro central domains are essential for 
properly regulated transcriptional repression (2,19). 
To shed light on the mechanism by which these 
domains function, we used them as affinity 
reagents to purify interacting proteins in 
Drosophila embryo nuclear extracts, which were 
then identified by MuDPIT. We identified over 
160 interacting polypeptides, many of which 
associate with one another in a variety of multi-
protein complexes. Several of these interacting 
proteins (e.g., the core histones, CKII) were 
previously characterized as Gro interactors thus 
partially validating the screen. In addition, we 
validated the interaction between Gro and U1 
snRNP by demonstrating the presence of U1 
snRNA in an anti-Gro immunoprecipitate of 
embryonic nuclear extracts. 

As a means of systematically validating 
interactions, we employed a functional assay in 
Drosophila cells, in which 157 of the interactors 
were each knocked down by RNAi to determine 
their requirement for Gal4-Gro-mediated 
repression of a luciferase reporter. In this way, we 
obtained evidence that 44 of the interactors have 
functional roles in Gro mediated repression. 28 of 
these are required for repression while 16 of them 
antagonize repression. The number 44 is probably 
an underestimate of the true number of functional 
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interactors due to the artificiality of the reporter 
assay. For example, because we artificially recruit 
Gro to the reporter by tethering it to the Gal4 DNA 
binding domain, any interactions that work to help 
recruit Gro to the template will not be required. In 
addition, the reporters are introduced by transient 
transfection, and certain chromatin structures or 
modifications that contribute to Gro-mediated 
repression may not be reproduced in this context.  

Gro-interactors include chromatin 
remodelers, protein kinases, and protein 
complexes involved in RNA processing–Gro-
mediated repression may be associated with 
changes in chromatin structure including histone 
deacetylation and possibly increased nucleosome 
density (3,18,54). Consistent with this possibility, 
our proteomic screen identified a number of 
histone modifiers and ATP-dependent chromatin 
remodelers, including subunits of the ACF 
chromatin remodeling complexes (Acf1 and Iswi), 
the histone chaperone NAP1, and the histone 
kinases JIL-1 and Ball. Consistent with the idea 
that chromatin remodelers may be required for 
Gro-mediated repression by catalyzing changes in 
nucleosome density or higher order chromatin 
structure, our reporter assay showed that Acf1 is 
required for optimal repression by Gro.  

CKII is a heterotetrameric complex 
consisting of two copies of a catalytic subunit 
(CKIIα) and two copies of a regulatory subunit 
(CKIIβ) (55,56). A previous study showed that 
CKII phosphorylates Gro at multiple sites 
including serines 239 and 253 to promote 
repression (21). We identified both the α and β 
subunits of CKII and the CKII negative regulator 
Nopp140 in our proteomic screen; but our findings 
are inconsistent with the view that CKII is a 
positive regulator of Gro and that Nopp140 acts by 
inhibiting CKII. This is because our reporter 
assays show that CKIIα, CKIIβ, and Nopp140 are 
all negative regulators of Gro. However, our 
results are consistent with other findings showing 
that Gro phosphorylation can block repression (2). 
Furthermore, the effect we observe due to 

Nopp140 knockdown could reflect the role of this 
factor in processes other than CKII regulation (57). 

In addition to several expected protein 
complexes, we have also isolated many novel Gro 
interacting proteins, one of which is the RNA 
helicase Rm62 (also known as p68). Rm62 is a 
DEAD box RNA helicase that has multiple 
functions including roles in RNA processing, 
RNAi, and transcriptional regulation (58). 
Previous studies have shown a dual role for Rm62 
in transcriptional regulation – its interaction with 
coactivator CBP/p300 may lead to gene activation 
(59), while its interaction with HDAC1 may lead 
to repression (60,61). Our reporter assay confirms 
its function as a positive regulator of Gro-
mediated repression, as knocking down Rm62 
resulted in attenuated Gro activity. Interestingly, 
Rm62 was also shown to be an essential splicing 
component through its action on the U1 snRNP 
(62,63). The possible significance of the 
spliceosome in Gro mediated repression is 
discussed below.  

An unanticipated role for the spliceosome 
in Gro mediated repression–One of the most 
surprising findings from our proteomic screen was 
the purification of a significant portion of the 
spliceosome complex, which suggests a potential 
role for the spliceosome in transcriptional 
regulation. 

Pre-mRNA processing frequently occurs 
co-transcriptionally (64-66). Splicing factors are 
often recruited to nascent transcripts by the C-
terminal domain (CTD) of the RNA Pol II large 
subunit and elongation factors (67,68). In addition, 
there is evidence that co-activators are able to 
interact with splicing factors (27). The interaction 
between the transcriptional and splicing machinery 
may be functionally relevant since different 
promoters can yield transcripts that are subject to 
differential alternative splicing (69,70). While 
many studies have focused on the effect of 
transcription factors in splicing, there is also 
increasing evidence that promoter proximal 
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splicing elements can influence transcription 
(26,28,71). 

U1 snRNP, a part of the spliceosome, 
consists of U1 snRNA, three U1 snRNP specific 
proteins, and the seven subunit Sm complex (46). 
Our list of 162 Gro-interacting proteins (Tables 
S1B and C) includes all three U1 snRNP specific 
proteins (snRNP-U1C, snRNP-U1-70K, and 
snRNP-U1-A), as well as two subunits of the Sm 
complex (Sm-D2 and Sm-D3). We note that we 
also detected at least four other Sm complex 
subunits in one of the two replicate screens (Sm-B, 
Sm-F, Sm-D1, and Sm-G) (Table S1C). 
Additionally, we showed by co-
immunoprecipitation that approximately 13% of 
U1 snRNA, the RNA component of the U1 snRNP, 
is associated with Gro in embryonic nuclei. Thus, 
we have detected essentially the entire U1 snRNP 
in our proteomic screens for Gro-interacting 
proteins.  

Data from our reporter assay suggests that 
the U1 snRNP complex is required for optimal 
Gro mediated repression, as snRNP-U1-C and 
snRNP-U1-70K knockdown attenuated repression. 
Consistent with our finding, it has been shown that 
snRNP-U1-C overexpression can decrease 
EWS/FLI-activated transcription (30). It is worth 
noting that the U1 snRNA is known to associate 
with TFIIH and promote transcriptional initiation 
in vitro (29). Thus, the effect of the U1 snRNP 
complex in transcription regulation may be context 
dependent. 

Gro recruitment is insufficient for 
repression–The available S2 cell Gro ChIP-seq 
data (49) reveals 1242 Gro binding sites in the S2 
cell genome associated with 748 genes, while our 
RNA-seq analysis revealed that only 46 of these 
748 genes are differentially expressed in Gro 
knockdown S2 cells implying that Gro binds to 
many genes that it does not regulate. The apparent 
contradiction could be explained by the absence of 
a required transcriptional activator in S2 cells to 
activate these genes upon Gro depletion. 
Regardless of the reason for the finding that Gro 

binds to many more genes than it regulates, this is 
a phenomenon that is common to many (perhaps 
most) eukaryotic gene-specific transcriptional 
regulators (51,52). Gro ChIP-seq peaks associated 
with genes differentially expressed upon Gro 
knockdown are enriched for Su(H) and Brk 
binding motifs. This is in agreement with the 
known roles of Su(H) and Brk in the recruit of Gro 
to target genes in the Notch and Dpp signaling 
pathways, respectively (72-74).  

Genes that are up-regulated in Gro 
knockdown cells (and which are therefore 
candidate Gro repression targets) exhibit 
enrichment in Pol II pausing near the 
transcriptional start site. This finding is in 
agreement with the hypothesis that Pol II pausing 
is one mechanism to repress gene expression 
(75,76). We note that our proteomic screen 
revealed the Pol II C-terminal domain (CTD) 
kinase Cdk12 as a Gro-interacting protein (Table 
S1). By phosphorylating the CTD on Ser 2, Cdk12 
may function to allow release of paused Pol II (77). 
Consistent with this idea, our reporter assay shows 
that Cdk12 functions to alleviate Gro-mediated 
repression (Tables 5 and S2).  

Genes that are differentially expressed in 
Gro and snRNP-U1-C knockdown cells are 
enriched for H3K36me1 as well as the H3K36 
methyltransferase ASH1. While H3K36me is 
involved in multiple functions including 
transcriptional regulation, splicing, and DNA 
repair (78,79), these findings suggest a previously 
unknown role for this histone mark in Gro 
mediated repression. 

The Gro central region as a regulatory 
hub of repression activity–In conclusion, our 
findings reinforce the idea of that the Gro central 
domains, which are intrinsically disordered, are 
indispensable for repression (19). Previous studies 
from our lab and other labs show that the GP 
domain interacts with the histone deacetylase 
Rpd3/HDAC1, which may promote local histone 
deacetylation and alter nucleosome density (16,18). 
The identification of the ACF chromatin 
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remodeling complexes as a central region 
interacting protein complex, and our 
demonstration that knockdown of this protein 
attenuates Gro-mediated repression, provides 
further support for the idea that regulation of 
chromatin structure is a critical aspect of Gro 
mediated repression. On the other hand, 
modulation of chromatin structure is likely not the 
only mechanism of Gro mediated repression as 
histone deacetylase inhibitors and Rpd3 

knockdown reduce, but do not abolish Gro-
mediated repression (16,18) (Figure 3C). Through 
a combination of proteomic screening, reporter 
assays, and genome-wide expression profiling, our 
results suggest a possible new mechanism of Gro 
mediated repression involving the action of the 
spliceosome. Future experiments will focus on 
elucidating the underlying mechanisms by which 
these interacting partners act in Gro-mediated 
repression. 
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TABLES 
 
Table 1: PCR primers used in construction of plasmids encoding GST fusion proteins 

Domain Sequence 
Q ATTATTAGGATCCATGGATTACAAGGACGATGACGATAATATCCCTCACCGGTGCGCCACCCC 

ATTATTACTCGAGTCACTGCTGGGCGTGGATCTGTTGCCCA 
GP ATTATTAGGATCCATGGATTACAAGGACGATGACGATAAGTGCCAGGTGGACCACCTCAGCCGA 

ATTATTACTCGAGTCACGAATTGAGCAATCGCTCCTCGGC 
CcN ATTATTAGGATCCATGGATTACAAGGACGATGACGATAAGTTTCGCCGGCCGATCGTGAGAAGT 

ATTATTACTCGAGTCACATAGACACGTGCTCGCCGTTGGGA 
SP ATTATTAGGATCCATGGATTACAAGGACGATGACGATAAGAGGTGCGCGATCGGGAAAGCTTGA 

ATTATTACTCGAGTCAACCCGTTAGGGCCGAGGGATGTGGA 
 

Table 2: RT-qPCR primers 

Gene Sequence 
Gro TTTATTACAACATGTTCGAAATCATGC 

TTCGCTTTTTGATGCGTTGCTAC 
snRNP-U1-C CTCAGGAACGGCATCAACGTT 

TATAATTAATTGTTTTCGCTATCGGG 
Rpl32 CCCAAGGGTATCGACAACAGA 

CGATCTCGCCGCAGTAAAC 
U1 snRNA ATACTTACCTGGCGTAGAGGTTAACC 

AACGCCATTCCCGGCTA 
 

Table 3. Enriched gene ontology groups of Gro-interacting proteins1 

Enriched gene ontology # of genes 

Gene expression 83 

Chromosome organization 21 

Chromatin modification 11 

mRNA processing  53 

Cell cycle 30 

Cell differentiation 66 

Developmental process 76 

Neurogenesis 57 

Anatomical structure development 74 
1p<0.05 
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Table 4. Representative Gro-interacting proteins1 

Chromosome organization 
Acf1 
Iswi 
Caf1 
Nap1 
Ball 
JIL-1 
Top1 
Top2 

ACF chromatin remodeling complex 
ACF chromatin remodeling complex 
dNuRD chromatin remodeling complex 
Histone chaperone 
H2A Thr 119 kinase 
H3 Ser 10 kinase 
Topoisomerase 
Topoisomerase 

Developmental process 
CKIIα 
CKIIβ 
Nopp140 
Nito 
Rm62 
Fmr1 
vir 
Snama 
nonA 

CKII complex 
CKII complex 
Negative regulator of CKII 
Positive regulator of Wnt signaling pathway 
DEAD box helicase 
Fragile X protein; Interacting partner of Rm62 
Involvement in sex determination 
Involvement in eye morphogenesis 
Involvement in visual perception 

mRNA processing 
snRNP-U1-A 
snRNP-U1-C 
snRNP-U1-70K 
U4-U6-60K 
CG7028 
Prp31 
Prp8 
U2af38 
U2af50 
SF2 
SmD2 
SmD3 
Nop60B 
NHP2 

U1 snRNP complex 
U1 snRNP complex 
U1 snRNP complex 
U4/U6 snRNP complex 
U4/U6 snRNP complex 
U4/U6 snRNP complex 
U5 snRNP complex 
U2 snRNP complex 
U2 snRNP complex 
U2 snRNP complex 
Sm complex 
Sm complex 
H/ACA ribonucleoprotein complex subunit 
H/ACA ribonucleoprotein complex subunit 

1For the complete list, full gene/protein names, and UniProt identifiers, see Table S1. 
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Table 5. Positive and negative Gro-regulators1 

Potential negative regulators of Gro2 Potential positive regulators of Gro3 

CKIIα, CKIIβ, Nopp140, fl(2)d, l(2)35Df, 
l(3)72Ab, vir, nonA, nito, x16, Nap1, JIL-1, 
nop5, NHP2, FK506-bp1, CG3605, Prp31, 
Fmr1, Cdk12, CG6418, CG7372, CG7946, 
Srp68, Srp72, Ssrp, Pitslre, Pep, Nab2 

snRNP-U1-C, snRNP-U1-70K, U2af50,  
U4-U6-60K, Rm62, Orc2, smid, Acn, Acf1, 
snama, CG1622, ZCHC8, CG4709, CG4806, 
lat, Srp19 

1See Table S2 for quantitative information on positive and negative regulation by these factors. See 
Experimental Procedures for an explanation of the test of statistical significance that genes had to pass to 
be included in this list. 
2Negative regulators are defined as the products of those genes the knock down of which led to increased 
repression by Gal4-Gro in the reporter assay.  
3Positive regulators are defined as the products of those genes the knock down of which led to decreased 
repression by Gal4-Gro in the reporter assay.  

 

Table 6. Genes up regulated upon knockdown of either Gro or snRNP-U1-C 

Name Function 

Secreted Wg-interacting molecule 
Wnt oncogene analog 5 
E(spl)m2-BFM 
spatzle 
SH2 ankyrin repeat kinase 
Dawdle 
CG33275 
Epac 
Boundary element-associated factor of 32kD 
Syncrip 
Fasciclin 1 
axotactin 
Muscle-specific protein 300 kDa 
cheerio 

Wnt signaling pathway 
Wnt signaling pathway 
Notch signaling 
Toll signaling pathway 
JNK cascade 
SMAD protein signal transduction 
Rho protein signal transduction 
Rap protein signal transduction 
H3K9 methylation 
Dorsal/ventral axis specification 
Neuron recognition 
Transmission of nerve impulse 
Skeletal muscle tissue development 
Lamellocyte differentiation 

 

Table S1: Gro interacting proteins 

See Excel spreadsheet 

Table S2: Gro-interacting proteins that have significant effects on repression by Gal4-Gro 

See Excel spreadsheet 
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FIGURE LEGENDS 
 
Figure 1. Purification of Gro-interacting proteins. (A) Schematic representation of Gro. The Q, GP, CcN, 
and SP domains were tagged with GST. (B) The GST-tagged domains were expressed in E. coli and 
purified with glutathione agarose beads. They were then resolved by 10% SDS PAGE and visualized by 
Coomassie Blue staining. These proteins were then used as affinity reagents in the purification of Gro-
interacting proteins from embryonic nuclear extracts, which were subsequently identified by MuDPIT 
(see Tables 4 and S1). (C) Venn diagram showing overlap between the non-ribosomal proteins identified 
in two replicate sets of affinity purification experiments. Fisher’s exact test indicates that the overlap 
between the two sets is highly significant (p < 2.2x10-16).  
 
Figure 2. Validation of the interaction between Gro and U1 snRNP. (A) 0-12 hour Drosophila embryo 
nuclear extracts were subjected to immunoprecipitation using an affinity purified polyclonal antibody 
directed against the Gro GP domain, or, as a control, rabbit IgG. To assess immunoprecipitation 
efficiency and specificity, immunoprecipitates were subjected to SDS-PAGE and immunoblotting. The 
blot was probed with a mixture of the rabbit anti-GP domain antibody and a mouse monoclonal anti-Gro 
antibody, and IR-dye labeled secondary antibodies. The signal from the rabbit antibody was detected in 
the green channel of the IR imager, while the signal from the mouse antibody was detected in the red 
channel. Rabbit IgG heavy chain (IgG) and Gro bands are indicated with arrows on the right. The orange-
yellow color of the Gro band is indicative of the overlap between the red and green signals. Lane 1) 
Markers labeled in kD; Lane 2) 10% input; Lane 3) Anti-Gro immunoprecipitate; Lane 4) Rabbit IgG 
immunoprecipitate, Lane 5) Mock anti-Gro immunoprecipitate from which input nuclear extract was 
omitted. (B) RNA was extracted from immunoprecipitates prepared as described in A. The RNA from the 
immunoprecipitates as well as the RNA extracted from the input nuclear extracts was analyzed by RT-
qPCR as described in Experimental Procedures to determine U1 snRNA levels. Error bars based on two 
independent biological replicates indicate standard deviation. A two-tailed t-test gives p = 0.016. 
 
Figure 3: The three-reporter high throughput luciferase assay. (A) Schematic representation of the three 
reporters. Constructs are not drawn to scale. In the red luciferase reporter, the Gal4 binding sites (UAS 
elements) are immediately upstream of the enhancer, while in the green luciferase reporter, the UAS 
elements are about 2 kb downstream of the transcriptional start site. Expression is induced by the Dorsal 
and Twist activators and repressed by Gal4-Gro. The Renilla luciferase reporter was used as an internal 
control for transfection efficiency and cell viability. (B) Flow chart of the reporter assay. (C) Validation 
of the reporter assay. Co-transfection with Dorsal and Twist (Dl/Twi) encoding plasmids activated both 
the red and green reporters, while addition of a plasmid encoding the Gal4-Gro fusion resulted in 
repression of the reporters. Dorsal, Gro (including Gal4-Gro), and the histone deactylase Rpd3, which is 
partially required for Gro-mediated repression (18), were knocked down by RNAi.. Data are normalized 
to the red and green signals from the Gro dsRNA sample. Error bars based on triplicate transfection 
assays represent standard deviation. (D) Representative results of the reporter assay. The luciferase 
reporter assay was carried out using three non-overlapping dsRNAs from the genes encoding vir, snRNP-
U1-C, and SRPK. The result of transfection with each dsRNA was compared to that of transfection with 
GFP dsRNA. Error bars based on triplicate transfection assays represent standard deviation.  
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Figure 4: Genome-wide expression profiling reveals co-regulation of genes by Gro and snRNP-U1-C. 
(A) Expression of Gro and snRNP-U1-C mRNA after dsRNA treatment. RT-qPCR was performed after 
extraction of total RNA. Data was normalized to reference gene Rpl32. (B) Comparison of transcriptomes 
from our wild-type S2 cell RNA-seq data and the modENCODE S2 cell RNA-seq data. (C) Comparison 
of transcriptomes from our Gro knockdown RNA-seq data and previously published Gro knockdown 
RNA-seq data (49). The transcripts that were detected at significant levels in only the previously 
published Gro knockdown study (represented by the points in contact with the vertical axis) correspond 
primarily to non-polyadenylated transcripts. In B and C, the scale on both axes is log2(CPM) where CPM 
is counts per million sequence reads. (D) Based on RNA-seq analysis of wild-type and snRNP-U1-C 
knockdown cells, genes were categorized as non-differentially expressed upon knockdown (non-DE, 
12,028 genes), up-regulated upon knockdown (1,431 genes), and down-regulated upon knockdown 
(1,691genes). Percent of genes in each category with no introns is shown. Some Drosophila genes lack 
annotated transcripts and thus it was not possible to determine their intron count. This results in a small 
numerical discrepancy between the number of differentially expressed genes included in this analysis and 
the number of snRNP-U1C differentially expressed genes shown in part E of this figure. (E) Venn 
diagram showing numbers of differentially expressed genes in Gro and snRNP-U1-C knockdown cells 
and the overlap between these sets. Fisher’s exact test indicates that the overlap is highly significant 
(p < 2.2 X 10-16). (F) Enrichment of Gro/snRNP co-regulated genes for various features. Normalized 
enrichment scores are calculated using cumulative recovery curves (37). Scores above 2.5 are considered 
significant.  
 
Figure 5. Gro binding regions in differentially expressed genes. (A) S2 cell ChIP-seq data (49) identified 
1242 Gro binding sites, which map to 748 genes, 46 of which were differentially expressed when we 
knocked-down Gro. Of the 46 differentially expressed genes, 39 were up regulated and 7 were down 
regulated in response to Gro knock-down. (B) Gro binding regions in the 46 differentially expressed 
genes are significantly enriched for Su(H) and Brk binding sites. 
 
Figure 6. Gro-repressed genes are enriched for promoter proximal Pol II. Percent of non-differentially 
expressed genes, and genes that are either up-regulated or down regulated in Gro knockdown cells 
containing no Pol II bound, Pol II bound, or enriched for promoter proximal Pol II as ascertained by Pol II 
ChIP-chip analysis (53).  
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FlyBase(ID

Gro(
occupancy(

score
Gro(dosage(
reponse Entrez(ID Common(Name

FBgn0000014 TRUE TRUE 42037 abdominal(A
FBgn0000061 TRUE TRUE 33208 aristaless
FBgn0000179 TRUE TRUE 31379 bifid
FBgn0000395 TRUE TRUE 45280 crossveinless(2
FBgn0000448 TRUE TRUE 36073 Hormone(receptorMlike(in(46
FBgn0000492 TRUE TRUE 45285 Drop
FBgn0000568 TRUE TRUE 39999 EcdysoneMinduced(protein(75B
FBgn0000636 TRUE TRUE 35097 Fasciclin(3
FBgn0001098 TRUE TRUE 42832 Glutamate(dehydrogenase
FBgn0001138 TRUE TRUE 40962 grain
FBgn0001147 TRUE TRUE 38004 gooseberryMneuro
FBgn0001296 TRUE TRUE 45883 karmoisin
FBgn0002573 TRUE TRUE 45328 senseless
FBgn0002633 TRUE TRUE 43160 Enhancer(of(split(m7,(helixMloopMhelix
FBgn0002733 TRUE TRUE 43152 Enhancer(of(split(mbeta,(helixMloopMhelix
FBgn0003129 TRUE TRUE 40990 Pox(meso
FBgn0003137 TRUE TRUE 43872 Papilin
FBgn0003189 TRUE TRUE 32640 rudimentary
FBgn0003285 TRUE TRUE 31290 roughest
FBgn0003308 TRUE TRUE 41605 rosy
FBgn0003460 TRUE TRUE 35662 sine(oculis
FBgn0003463 TRUE TRUE 32498 short(gastrulation
FBgn0003513 TRUE TRUE 41988 spineless
FBgn0003888 TRUE TRUE 37888 betaMTubulin(at(60D
FBgn0003892 TRUE TRUE 35851 patched
FBgn0003896 TRUE TRUE 35147 tailup
FBgn0003900 TRUE TRUE 37655 twist
FBgn0003975 TRUE TRUE 36421 vestigial
FBgn0004102 TRUE TRUE 31802 ocelliless
FBgn0004197 TRUE TRUE 43275 Serrate
FBgn0010247 TRUE TRUE 3355109 PolyM(ADPMribose)(polymerase
FBgn0010379 TRUE TRUE 41957 CG4006(gene(product(from(transcript(CG4006MRE
FBgn0010433 TRUE TRUE 40975 atonal
FBgn0011286 TRUE TRUE 49090 Ryanodine(receptor
FBgn0011591 TRUE TRUE 40314 fringe
FBgn0013984 TRUE TRUE 42549 InsulinMlike(receptor
FBgn0014143 TRUE TRUE 40374 crocodile
FBgn0014343 TRUE TRUE 39441 mirror
FBgn0015396 TRUE TRUE 41265 jumeau
FBgn0015513 TRUE TRUE 42817 myoblast(city
FBgn0015903 TRUE TRUE 37734 apontic
FBgn0016930 TRUE TRUE 34831 DualMspecificity(tyrosine(phosphorylationMregulated(kinase(2
FBgn0019809 TRUE TRUE 34280 CG3858(gene(product(from(transcript(CG3858MRA
FBgn0020257 TRUE TRUE 37602 partner(of(paired
FBgn0020307 TRUE TRUE 37546 defective(proventriculus
FBgn0020493 TRUE TRUE 42059 Daughters(against(dpp
FBgn0022959 TRUE TRUE 39377 ypsilon(schachtel
FBgn0024189 TRUE TRUE 44097 sticks(and(stones
FBgn0024288 TRUE TRUE 45039 CG15552(gene(product(from(transcript(CG15552MRA
FBgn0026059 TRUE TRUE 41955 Myosin(heavy(chainMlike

Groucho(target(as(
determined(by
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FlyBase(ID

Gro(
occupancy(

score
Gro(dosage(
reponse Entrez(ID Common(Name

Groucho(target(as(
determined(by

FBgn0026239 TRUE TRUE 53563 GUKMholder
FBgn0026403 TRUE TRUE 36089 Nidogen/entactin
FBgn0026411 TRUE TRUE 31813 CG11354(gene(product(from(transcript(CG11354MRB
FBgn0027601 TRUE TRUE 32426 pudgy
FBgn0028420 TRUE TRUE NA NA
FBgn0031745 TRUE TRUE 33814 CG8965(gene(product(from(transcript(CG8965MRA
FBgn0031902 TRUE TRUE 34010 Wnt(oncogene(analog(6
FBgn0032167 TRUE TRUE 34322 CG5853(gene(product(from(transcript(CG5853MRC
FBgn0032330 TRUE TRUE 34530 SAMMmotif(ubiquitously(expressed(punctatedly(localized(protein
FBgn0032683 TRUE TRUE 35104 konMtiki
FBgn0033483 TRUE TRUE 36054 eiger
FBgn0034800 TRUE TRUE 37644 CG3788(gene(product(from(transcript(CG3788MRB
FBgn0035625 TRUE TRUE 38638 CG5249(gene(product(from(transcript(CG5249MRF
FBgn0036433 TRUE TRUE 39593 CG9628(gene(product(from(transcript(CG9628MRA
FBgn0036463 TRUE TRUE 39629 ReversionMinducingMcysteineMrich(protein(with(kazal(motifs
FBgn0036725 TRUE TRUE 39947 CG18265(gene(product(from(transcript(CG18265MRB
FBgn0038498 TRUE TRUE 42086 beaten(path(IIa
FBgn0039178 TRUE TRUE 42893 CG6356(gene(product(from(transcript(CG6356MRA
FBgn0039523 TRUE TRUE 43308 CG12885(gene(product(from(transcript(CG12885MRB
FBgn0039590 TRUE TRUE 43387 CG10011(gene(product(from(transcript(CG10011MRA
FBgn0039852 TRUE TRUE 43716 nyobe
FBgn0041087 TRUE TRUE 53558 wunenM2
FBgn0042106 TRUE TRUE 59145 CG18754(gene(product(from(transcript(CG18754MRB
FBgn0045852 TRUE TRUE 35135 hamlet
FBgn0053993 TRUE TRUE 3885637 CG33993(gene(product(from(transcript(CG33993MRA
FBgn0082585 TRUE TRUE 246397 sprite
FBgn0085397 TRUE TRUE 5740472 FishMlips
FBgn0085400 TRUE TRUE 37679 CG34371(gene(product(from(transcript(CG34371MRA
FBgn0085765 TRUE TRUE 5740367 ribosomal(RNA
FBgn0085813 TRUE TRUE 5740420 ribosomal(RNA
FBgn0086655 TRUE TRUE 35555 CG9397(gene(product(from(transcript(CG9397MRI
FBgn0086677 TRUE TRUE 36295 jelly(belly
FBgn0086711 TRUE TRUE 34872 moladietz
FBgn0250816 TRUE TRUE 3355150 Argonaute(3
FBgn0260960 TRUE TRUE 39860 CG3971(gene(product(from(transcript(CG3971MRA
FBgn0261509 TRUE TRUE 33339 hattifattener
FBgn0261559 TRUE TRUE NA NA
FBgn0263416 TRUE TRUE NA NA
FBgn0263511 TRUE TRUE 31470 Visual(system(homeobox(1(ortholog
FBgn0264600 TRUE TRUE 19834725 ncRNA
FBgn0000017 TRUE FALSE 45821 Abl(tyrosine(kinase
FBgn0000097 TRUE FALSE 33392 anterior(open
FBgn0000116 TRUE FALSE 39041 Arginine(kinase
FBgn0000250 TRUE FALSE 34969 cactus
FBgn0000256 TRUE FALSE 33611 cappuccino
FBgn0000317 TRUE FALSE 34882 crinkled
FBgn0000405 TRUE FALSE 37618 Cyclin(B
FBgn0000464 TRUE FALSE 35259 LeukocyteMantigenMrelatedMlike
FBgn0000490 TRUE FALSE 33432 decapentaplegic
FBgn0000547 TRUE FALSE 33619 echinoid



	   189	  

	  

	   	  

FlyBase(ID

Gro(

occupancy(

score

Gro(dosage(

reponse Entrez(ID Common(Name

Groucho(target(as(

determined(by

FBgn0000577 TRUE FALSE 36240 engrailed

FBgn0000659 TRUE FALSE 43383 fork(head

FBgn0000721 TRUE FALSE 44817 foraging

FBgn0001078 TRUE FALSE 40045 ftz(transcription(factor(1

FBgn0001085 TRUE FALSE 45307 frizzled

FBgn0002023 TRUE FALSE 35184 CG10699(gene(product(from(transcript(CG10699MRF

FBgn0002121 TRUE FALSE 33156 lethal((2)(giant(larvae

FBgn0002566 TRUE FALSE 3355130 light

FBgn0002567 TRUE FALSE 35940 lightoid

FBgn0002732 TRUE FALSE 43153 Enhancer(of(split(malpha,(Bearded(family(member

FBgn0002735 TRUE FALSE 43151 Enhancer(of(split(mgamma,(helixMloopMhelix

FBgn0003016 TRUE FALSE 34850 outspread

FBgn0003090 TRUE FALSE 45343 prickle

FBgn0003117 TRUE FALSE 44849 pannier

FBgn0003138 TRUE FALSE 38160 Protein(tyrosine(phosphatase(61F

FBgn0003165 TRUE FALSE 41094 pumilio

FBgn0003254 TRUE FALSE 44855 ribbon

FBgn0003396 TRUE FALSE 36171 schnurri

FBgn0003475 TRUE FALSE 45931 spire

FBgn0003507 TRUE FALSE 41944 serpent

FBgn0003575 TRUE FALSE 31012 suppressor(of(sable

FBgn0003651 TRUE FALSE 41491 seven(up

FBgn0003716 TRUE FALSE 33753 thickveins

FBgn0003719 TRUE FALSE 42945 tolloid

FBgn0003731 TRUE FALSE 37455 Epidermal(growth(factor(receptor

FBgn0003870 TRUE FALSE 48317 tramtrack

FBgn0003963 TRUE FALSE 33225 uMshaped

FBgn0004009 TRUE FALSE 34009 wingless

FBgn0004049 TRUE FALSE 41656 yurt

FBgn0004179 TRUE FALSE 40459 Cysteine(string(protein

FBgn0004198 TRUE FALSE 44540 cut

FBgn0004373 TRUE FALSE 45374 four(wheel(drive

FBgn0004394 TRUE FALSE 34673 POU(domain(protein(2

FBgn0004449 TRUE FALSE 40464 Tenascin(major

FBgn0004462 TRUE FALSE 45970 Protein(kinaseMlike(17E

FBgn0004595 TRUE FALSE 41363 prospero

FBgn0004606 TRUE FALSE 43650 Zn(finger(homeodomain(1

FBgn0004795 TRUE FALSE 45976 retained

FBgn0004839 TRUE FALSE 36283 offMtrack

FBgn0004863 TRUE FALSE 42544 CG7937(gene(product(from(transcript(CG7937MRA

FBgn0004865 TRUE FALSE 40345 EcdysoneMinduced(protein(78C

FBgn0004885 TRUE FALSE 42944 tolkin

FBgn0004907 TRUE FALSE 36059 CG17870(gene(product(from(transcript(CG17870MRE

FBgn0005624 TRUE FALSE 36431 Posterior(sex(combs

FBgn0005775 TRUE FALSE 38590 Connectin

FBgn0008651 TRUE FALSE 42541 ladybird(late

FBgn0010113 TRUE FALSE 43604 headcase

FBgn0010280 TRUE FALSE 39765 TBPMassociated(factor(4

FBgn0010316 TRUE FALSE 36001 dacapo

FBgn0010323 TRUE FALSE 33240 Goosecoid
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FBgn0010352 TRUE FALSE 39899 Neural(conserved(at(73EF
FBgn0010453 TRUE FALSE 34007 Wnt(oncogene(analog(4
FBgn0010548 TRUE FALSE 45398 Aldehyde(dehydrogenase(type(III
FBgn0010575 TRUE FALSE 44027 scribbler
FBgn0010786 TRUE FALSE 46140 lethal((3)(02640
FBgn0010877 TRUE FALSE 47260 lethal((3)(05822
FBgn0010905 TRUE FALSE 46194 Spinophilin
FBgn0010909 TRUE FALSE 44030 misshapen
FBgn0011204 TRUE FALSE 38174 cueball
FBgn0011224 TRUE FALSE 48571 hephaestus
FBgn0011241 TRUE FALSE 47272 crossbronx
FBgn0011704 TRUE FALSE 36280 Ribonucleoside(diphosphate(reductase(small(subunit
FBgn0011706 TRUE FALSE 40015 reaper
FBgn0013995 TRUE FALSE 42481 Na/CaMexchange(protein
FBgn0013997 TRUE FALSE 39387 Neurexin(IV
FBgn0014135 TRUE FALSE 42356 branchless
FBgn0015519 TRUE FALSE 31767 nicotinic(Acetylcholine(Receptor(alpha3
FBgn0015524 TRUE FALSE 37364 orthopedia
FBgn0015542 TRUE FALSE NA NA
FBgn0015773 TRUE FALSE 32398 NetrinMA
FBgn0015806 TRUE FALSE 38654 RPS6Mp70Mprotein(kinase
FBgn0015904 TRUE FALSE 39439 araucan
FBgn0015919 TRUE FALSE 39440 caupolican
FBgn0016061 TRUE FALSE 43300 sidestep
FBgn0016081 TRUE FALSE 39122 furry
FBgn0016694 TRUE FALSE 45588 PARMdomain(protein(1
FBgn0016917 TRUE FALSE 42428 SignalMtransducer(and(activator(of(transcription(protein(at(92E
FBgn0016977 TRUE FALSE 44205 split(ends
FBgn0017558 TRUE FALSE 35970 Pyruvate(dehydrogenase(kinase
FBgn0019990 TRUE FALSE 43709 CG1609(gene(product(from(transcript(CG1609MRA
FBgn0020278 TRUE FALSE 42672 locomotion(defects
FBgn0020299 TRUE FALSE 41770 CG31317(gene(product(from(transcript(CG31317MRC
FBgn0020378 TRUE FALSE 31913 CG1343(gene(product(from(transcript(CG1343MRE
FBgn0020379 TRUE FALSE 41266 CG6312(gene(product(from(transcript(CG6312MRC
FBgn0020617 TRUE FALSE 37367 Retinal(Homeobox
FBgn0020912 TRUE FALSE 43664 CG1447(gene(product(from(transcript(CG1447MRC
FBgn0022029 TRUE FALSE 36953 lethal((2)(k01209
FBgn0022740 TRUE FALSE 37027 CG5005(gene(product(from(transcript(CG5005MRA
FBgn0023095 TRUE FALSE 39493 capricious
FBgn0023407 TRUE FALSE 34767 CG9239(gene(product(from(transcript(CG9239MRC
FBgn0023528 TRUE FALSE 31214 CG2924(gene(product(from(transcript(CG2924MRE
FBgn0024244 TRUE FALSE 49638 drumstick
FBgn0024321 TRUE FALSE 41747 CG8524(gene(product(from(transcript(CG8524MRC
FBgn0024555 TRUE FALSE 41675 falafel
FBgn0024804 TRUE FALSE 3354919 Dead(box(protein(80
FBgn0025525 TRUE FALSE 44254 bric(a(brac(2
FBgn0025681 TRUE FALSE 48421 CG3558(gene(product(from(transcript(CG3558MRD
FBgn0025885 TRUE FALSE 35671 CG11143(gene(product(from(transcript(CG11143MRA
FBgn0026376 TRUE FALSE 44115 Ral(guanine(nucleotide(dissociation(stimulatorMlike(ortholog((M.(musculus)
FBgn0026575 TRUE FALSE 32613 hangover
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FBgn0026616 TRUE FALSE 41913 CG4606(gene(product(from(transcript(CG4606MRA
FBgn0027287 TRUE FALSE 32483 Golgi(microtubuleMassociated(protein
FBgn0027610 TRUE FALSE 41640 Dicarboxylate(carrier(1
FBgn0027660 TRUE FALSE 39939 bloated(tubules
FBgn0028369 TRUE FALSE 31292 kin(of(irre
FBgn0028645 TRUE FALSE 34939 beaten(path(Ib
FBgn0028953 TRUE FALSE 36964 CG14478(gene(product(from(transcript(CG14478MRD
FBgn0028999 TRUE FALSE 44786 nervous(fingers(1
FBgn0029082 TRUE FALSE 44129 hibris
FBgn0029092 TRUE FALSE 35971 CG11804(gene(product(from(transcript(CG11804MRD
FBgn0029830 TRUE FALSE 50391 Glutamate(receptor(binding(protein
FBgn0029939 TRUE FALSE 31660 CG9650(gene(product(from(transcript(CG9650MRG
FBgn0029941 TRUE FALSE 31662 CG1677(gene(product(from(transcript(CG1677MRB
FBgn0029943 TRUE FALSE 31666 AutophagyMspecific(gene(5
FBgn0029944 TRUE FALSE 31667 Downstream(of(kinase
FBgn0030049 TRUE FALSE 31795 CG11265(gene(product(from(transcript(CG11265MRE
FBgn0030766 TRUE FALSE 32637 methuselahMlike(1
FBgn0030890 TRUE FALSE 32786 CG7536(gene(product(from(transcript(CG7536MRC
FBgn0031374 TRUE FALSE 33367 CG7337(gene(product(from(transcript(CG7337MRA
FBgn0031375 TRUE FALSE 326152 earmuff
FBgn0031474 TRUE FALSE 33488 CG2991(gene(product(from(transcript(CG2991MRA
FBgn0031759 TRUE FALSE 33837 little(imaginal(discs
FBgn0031816 TRUE FALSE 33901 CG16947(gene(product(from(transcript(CG16947MRA
FBgn0031990 TRUE FALSE 34109 CG8552(gene(product(from(transcript(CG8552MRD
FBgn0032120 TRUE FALSE 2768929 CG33298(gene(product(from(transcript(CG33298MRB
FBgn0032130 TRUE FALSE 34275 CG3838(gene(product(from(transcript(CG3838MRA
FBgn0032297 TRUE FALSE 34485 CG17124(gene(product(from(transcript(CG17124MRB
FBgn0032587 TRUE FALSE 34985 CG5953(gene(product(from(transcript(CG5953MRD
FBgn0032688 TRUE FALSE 35109 CG15160(gene(product(from(transcript(CG15160MRA
FBgn0032723 TRUE FALSE 35149 short(spindle(3
FBgn0032730 TRUE FALSE 35157 CG10431(gene(product(from(transcript(CG10431MRA
FBgn0032782 TRUE FALSE 35221 CG9994(gene(product(from(transcript(CG9994MRA
FBgn0032886 TRUE FALSE 35344 CG9328(gene(product(from(transcript(CG9328MRB
FBgn0033095 TRUE FALSE 35578 CG3409(gene(product(from(transcript(CG3409MRB
FBgn0033212 TRUE FALSE 35715 CG1399(gene(product(from(transcript(CG1399MRF
FBgn0033504 TRUE FALSE 36084 CG18408(gene(product(from(transcript(CG18408MRI
FBgn0033744 TRUE FALSE 36368 Diuretic(hormone(44(receptor(2
FBgn0033913 TRUE FALSE 36577 CG8468(gene(product(from(transcript(CG8468MRB
FBgn0034087 TRUE FALSE 36793 clueless
FBgn0034110 TRUE FALSE 36821 AutophagyMspecific(gene(9
FBgn0034158 TRUE FALSE 36881 CG5522(gene(product(from(transcript(CG5522MRE
FBgn0034253 TRUE FALSE 37000 CG10936(gene(product(from(transcript(CG10936MRA
FBgn0034570 TRUE FALSE 37379 CG10543(gene(product(from(transcript(CG10543MRF
FBgn0034603 TRUE FALSE NA NA
FBgn0035338 TRUE FALSE NA NA
FBgn0035397 TRUE FALSE 38369 CG11486(gene(product(from(transcript(CG11486MRM
FBgn0035499 TRUE FALSE 38490 CG14996(gene(product(from(transcript(CG14996MRB
FBgn0035574 TRUE FALSE 38578 Rho(guanine(nucleotide(exchange(factor(at(64C
FBgn0035626 TRUE FALSE 38639 CG17334(gene(product(from(transcript(CG17334MRA
FBgn0035699 TRUE FALSE 38730 CG13300(gene(product(from(transcript(CG13300MRA
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FBgn0036150 TRUE FALSE 39269 Ionotropic(receptor(68a
FBgn0036428 TRUE FALSE 39588 CG9238(gene(product(from(transcript(CG9238MRC
FBgn0036511 TRUE FALSE 39686 CG6498(gene(product(from(transcript(CG6498MRB
FBgn0036746 TRUE FALSE 39970 CREBMregulated(transcription(coactivator
FBgn0036752 TRUE FALSE 39976 Adenosine(deaminaseMrelated(growth(factor(A
FBgn0036773 TRUE FALSE 40000 CG13698(gene(product(from(transcript(CG13698MRB
FBgn0036816 TRUE FALSE 40049 I'm(not(dead(yet
FBgn0036899 TRUE FALSE 40146 teyrhaMmeyrha
FBgn0037057 TRUE FALSE 40339 CG10512(gene(product(from(transcript(CG10512MRA
FBgn0037623 TRUE FALSE 41044 CG9801(gene(product(from(transcript(CG9801MRC
FBgn0037636 TRUE FALSE 41058 CG9821(gene(product(from(transcript(CG9821MRC
FBgn0037788 TRUE FALSE 41238 CG3940(gene(product(from(transcript(CG3940MRB
FBgn0037963 TRUE FALSE 41441 Cadherin(87A
FBgn0038293 TRUE FALSE NA NA
FBgn0038391 TRUE FALSE 41945 CG10278(gene(product(from(transcript(CG10278MRB
FBgn0038735 TRUE FALSE 42357 CG4662(gene(product(from(transcript(CG4662MRB
FBgn0038755 TRUE FALSE 42380 Heparan(sulfate(6MOMsulfotransferase
FBgn0039026 TRUE FALSE 42703 CG7029(gene(product(from(transcript(CG7029MRC
FBgn0039257 TRUE FALSE 42990 tenectin
FBgn0039288 TRUE FALSE 43025 CG13653(gene(product(from(transcript(CG13653MRA
FBgn0039492 TRUE FALSE 43271 CG6051(gene(product(from(transcript(CG6051MRD
FBgn0039683 TRUE FALSE 43495 doublesexMMab(related(99B
FBgn0039705 TRUE FALSE 326115 AutophagyMspecific(gene(16
FBgn0039858 TRUE FALSE 43724 Cyclin(G
FBgn0040397 TRUE FALSE 31056 CG3655(gene(product(from(transcript(CG3655MRB
FBgn0040752 TRUE FALSE 50225 CG30483(gene(product(from(transcript(CG30483MRD
FBgn0040823 TRUE FALSE 50296 CG14162(gene(product(from(transcript(CG14162MRE
FBgn0041111 TRUE FALSE 33496 lilliputian
FBgn0041604 TRUE FALSE 39596 dallyMlike
FBgn0042630 TRUE FALSE 39569 CG32139(gene(product(from(transcript(CG32139MRA
FBgn0043025 TRUE FALSE 64879 MaleMspecific(insect(derived(growth(factor
FBgn0044028 TRUE FALSE 39751 CG13076(gene(product(from(transcript(CG13076MRA
FBgn0044823 TRUE FALSE 3772539 CG14672(gene(product(from(transcript(CG14672MRA
FBgn0046692 TRUE FALSE 3355135 Ste20Mlike(kinase
FBgn0050115 TRUE FALSE 37134 Guanine(nucleotide(exchange(factor(in(mesoderm
FBgn0050460 TRUE FALSE 36924 CG30460(gene(product(from(transcript(CG30460MRE
FBgn0050497 TRUE FALSE 246653 CG30497(gene(product(from(transcript(CG30497MRD
FBgn0051038 TRUE FALSE 43535 CG31038(gene(product(from(transcript(CG31038MRA
FBgn0051092 TRUE FALSE 43105 Lipophorin(receptor(2
FBgn0051163 TRUE FALSE 42601 Shal(K[+](channel(interacting(protein
FBgn0051361 TRUE FALSE 41470 CG31361(gene(product(from(transcript(CG31361MRA
FBgn0051481 TRUE FALSE 40826 proboscipedia
FBgn0051720 TRUE FALSE 318914 methuselahMlike(15
FBgn0051999 TRUE FALSE 43777 CG31999(gene(product(from(transcript(CG31999MRC
FBgn0052043 TRUE FALSE NA NA
FBgn0052062 TRUE FALSE 39198 AtaxinM2(binding(protein(1
FBgn0052372 TRUE FALSE 38845 larval(translucida
FBgn0052479 TRUE FALSE 38103 CG32479(gene(product(from(transcript(CG32479MRA
FBgn0052816 TRUE FALSE 318225 CG32816(gene(product(from(transcript(CG32816MRC
FBgn0053182 TRUE FALSE 318918 Histone(demethylase(4B
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FBgn0053207 TRUE FALSE 41899 CG33207(gene(product(from(transcript(CG33207MRC
FBgn0053558 TRUE FALSE 2768716 missingMinMmetastasis
FBgn0083919 TRUE FALSE NA NA
FBgn0085384 TRUE FALSE 42820 CG34355(gene(product(from(transcript(CG34355MRF
FBgn0085387 TRUE FALSE 33062 shaking(B
FBgn0085409 TRUE FALSE 5740323 CG34380(gene(product(from(transcript(CG34380MRD
FBgn0085421 TRUE FALSE 35588 Exchange(protein(directly(activated(by(cAMP(ortholog((H.(sapiens)
FBgn0086347 TRUE FALSE 34445 Myosin(31DF
FBgn0086613 TRUE FALSE 42314 CG31212(gene(product(from(transcript(CG31212MRA
FBgn0086899 TRUE FALSE 318206 TousledMlike(kinase
FBgn0250823 TRUE FALSE 49701 gilgamesh
FBgn0250876 TRUE FALSE 37066 SemaphorinM5c
FBgn0259212 TRUE FALSE 40620 canoe
FBgn0259236 TRUE FALSE 39696 CG42334(gene(product(from(transcript(CG42334MRC
FBgn0259685 TRUE FALSE 42896 crumbs
FBgn0259745 TRUE FALSE 44653 CG42396(gene(product(from(transcript(CG42396MRC
FBgn0260003 TRUE FALSE 42327 Dystrophin
FBgn0260442 TRUE FALSE 38978 CG6831(gene(product(from(transcript(CG6831MRB
FBgn0260748 TRUE FALSE 32698 CG5004(gene(product(from(transcript(CG5004MRA
FBgn0260934 TRUE FALSE 2768852 CG8201(gene(product(from(transcript(CG8201MRV
FBgn0261244 TRUE FALSE 32343 inactivation(no(afterpotential(E
FBgn0261461 TRUE FALSE 32898 Rho(GTPase(activating(protein(at(18B
FBgn0261545 TRUE FALSE 36403 CG42663(gene(product(from(transcript(CG42663MRB
FBgn0261548 TRUE FALSE 31136 CG42666(gene(product(from(transcript(CG42666MRG
FBgn0261549 TRUE FALSE 31826 retinal(degeneration(A
FBgn0261642 TRUE FALSE NA NA
FBgn0261793 TRUE FALSE 31773 TATA(box(binding(proteinMrelated(factor(2
FBgn0261830 TRUE FALSE 10178795 CG42762(gene(product(from(transcript(CG42762MRA
FBgn0261859 TRUE FALSE 41817 CG42788(gene(product(from(transcript(CG42788MRC
FBgn0261862 TRUE FALSE 36109 withered
FBgn0261988 TRUE FALSE 49045 G(proteinMcoupled(receptor(kinase(2
FBgn0262127 TRUE FALSE 41783 kibra(ortholog
FBgn0262579 TRUE FALSE 38895 EctodermMexpressed(4
FBgn0262617 TRUE FALSE 41256 CG43143(gene(product(from(transcript(CG43143MRI
FBgn0262720 TRUE FALSE 3772015 CG43164(gene(product(from(transcript(CG43164MRC
FBgn0262733 TRUE FALSE 48973 Src(oncogene(at(64B
FBgn0262742 TRUE FALSE 42025 Fasciclin(1
FBgn0263109 TRUE FALSE 35519 CG43366(gene(product(from(transcript(CG43366MRB
FBgn0263132 TRUE FALSE 31935 CG43374(gene(product(from(transcript(CG43374MRK
FBgn0263239 TRUE FALSE 38436 dendritic(arbor(reduction(1
FBgn0263256 TRUE FALSE 318843 CG43394(gene(product(from(transcript(CG43394MRC
FBgn0263289 TRUE FALSE 44448 scribbled
FBgn0263414 TRUE FALSE 12797900 ncRNA
FBgn0263865 TRUE FALSE NA NA
FBgn0263929 TRUE FALSE 41788 javelinMlike
FBgn0264001 TRUE FALSE 39527 brunoM3
FBgn0264357 TRUE FALSE 42515 SNF4/AMPMactivated(protein(kinase(gamma(subunit
FBgn0264384 TRUE FALSE 14462390 ncRNA
FBgn0264449 TRUE FALSE 31031 CG43867(gene(product(from(transcript(CG43867MRA
FBgn0264495 TRUE FALSE 40793 grappa
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FBgn0264693 TRUE FALSE 38491 ensconsin

FBgn0000173 FALSE TRUE 32358 bendless

FBgn0000233 FALSE TRUE 31912 buttonhead

FBgn0000411 FALSE TRUE 39570 Dichaete

FBgn0000463 FALSE TRUE 42313 Delta

FBgn0000477 FALSE TRUE 48228 Deoxyribonuclease(II

FBgn0000591 FALSE TRUE 43161 Enhancer(of(split(m8,(helixMloopMhelix

FBgn0001090 FALSE TRUE 32872 bangles(and(beads

FBgn0001148 FALSE TRUE 38005 gooseberry

FBgn0001170 FALSE TRUE 33841 Homeodomain(protein(2.0

FBgn0001235 FALSE TRUE 41273 homothorax

FBgn0001269 FALSE TRUE 36239 invected

FBgn0001325 FALSE TRUE 38012 Kruppel

FBgn0001332 FALSE TRUE 44831 Lobe

FBgn0001967 FALSE TRUE 48772 Nimrod(C3

FBgn0001981 FALSE TRUE 34903 escargot

FBgn0002561 FALSE TRUE 30983 lethal(of(scute

FBgn0002609 FALSE TRUE 43156 Enhancer(of(split(m3,(helixMloopMhelix

FBgn0002629 FALSE TRUE 43157 Enhancer(of(split(m4,(Bearded(family(member

FBgn0002631 FALSE TRUE 43158 Enhancer(of(split(m5,(helixMloopMhelix

FBgn0002941 FALSE TRUE 42547 slouch

FBgn0002985 FALSE TRUE 33583 odd(skipped

FBgn0003053 FALSE TRUE 31391 pebbled

FBgn0003130 FALSE TRUE 36741 Pox(neuro

FBgn0003312 FALSE TRUE 44858 shadow

FBgn0003326 FALSE TRUE 36411 scabrous

FBgn0003328 FALSE TRUE 36692 scab

FBgn0003339 FALSE TRUE 40833 Sex(combs(reduced

FBgn0003388 FALSE TRUE 39592 shade

FBgn0003411 FALSE TRUE 32068 sisterless(A

FBgn0003430 FALSE TRUE 33607 sloppy(paired(1

FBgn0003499 FALSE TRUE 42162 stripe

FBgn0003525 FALSE TRUE 43466 string

FBgn0004512 FALSE TRUE 36428 Multi(drug(resistance(49

FBgn0004629 FALSE TRUE 41767 CystatinMlike

FBgn0004635 FALSE TRUE 38168 rhomboid

FBgn0004666 FALSE TRUE 41612 singleMminded

FBgn0004860 FALSE TRUE 44889 polyhomeotic(distal

FBgn0004878 FALSE TRUE 44018 castor

FBgn0004895 FALSE TRUE 38471 forkhead(domain(64A

FBgn0004896 FALSE TRUE 37631 forkhead(domain(59A

FBgn0005658 FALSE TRUE 38700 Ets(at(65A

FBgn0005672 FALSE TRUE 35253 spitz

FBgn0005677 FALSE TRUE 34982 dachshund

FBgn0008654 FALSE TRUE NA NA

FBgn0010470 FALSE TRUE 37449 FK506Mbinding(protein(14(ortholog

FBgn0010473 FALSE TRUE 46015 turtle

FBgn0010651 FALSE TRUE 46085 lethal((2)(08717

FBgn0011701 FALSE TRUE 47285 reversed(polarity

FBgn0011829 FALSE TRUE 43875 Ret(oncogene
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FBgn0012036 FALSE TRUE 34256 Aldehyde(dehydrogenase
FBgn0012037 FALSE TRUE 34805 Angiotensin(converting(enzyme
FBgn0013469 FALSE TRUE 39228 klumpfuss
FBgn0014011 FALSE TRUE 38831 CG8556(gene(product(from(transcript(CG8556MRB
FBgn0014179 FALSE TRUE 34277 glial(cells(missing
FBgn0014388 FALSE TRUE 38424 sprouty
FBgn0015316 FALSE TRUE 34226 Trypsin(29F
FBgn0015663 FALSE TRUE 44058 Dorothy
FBgn0016076 FALSE TRUE 33759 vrille
FBgn0017590 FALSE TRUE 42707 klingon
FBgn0020647 FALSE TRUE 42843 Krueppel(target(at(95D
FBgn0020908 FALSE TRUE 3355102 Sarcoplasmic(calciumMbinding(protein(1
FBgn0023076 FALSE TRUE 38872 Clock
FBgn0023129 FALSE TRUE 39085 astray
FBgn0023174 FALSE TRUE 39628 Proteasome(beta2(subunit
FBgn0023214 FALSE TRUE 37149 ETSMdomain(lacking
FBgn0024184 FALSE TRUE 32757 CG6269(gene(product(from(transcript(CG6269MRC
FBgn0024249 FALSE TRUE 36813 cousin(of(atonal
FBgn0024836 FALSE TRUE 36125 starry(night
FBgn0024912 FALSE TRUE 40816 OM6MalkylguanineMDNA(alkyltransferase
FBgn0025390 FALSE TRUE 31111 Mucin(related(2B
FBgn0025631 FALSE TRUE 31168 CG4322(gene(product(from(transcript(CG4322MRD
FBgn0027596 FALSE TRUE 36668 CG10249(gene(product(from(transcript(CG10249MRG
FBgn0028991 FALSE TRUE 3772396 sequoia
FBgn0029003 FALSE TRUE 44127 CG4746(gene(product(from(transcript(CG4746MRA
FBgn0029123 FALSE TRUE 44275 SoxNeuro
FBgn0029514 FALSE TRUE 38161 CG9166(gene(product(from(transcript(CG9166MRA
FBgn0029940 FALSE TRUE 31661 CG1958(gene(product(from(transcript(CG1958MRA
FBgn0029942 FALSE TRUE 31663 CG2059(gene(product(from(transcript(CG2059MRB
FBgn0029970 FALSE TRUE 31696 CG17256(gene(product(from(transcript(CG17256MRA
FBgn0030054 FALSE TRUE 31801 CG12109(gene(product(from(transcript(CG12109MRB
FBgn0030159 FALSE TRUE 31922 CG9689(gene(product(from(transcript(CG9689MRA
FBgn0030900 FALSE TRUE 32801 Holes(in(muscle
FBgn0030941 FALSE TRUE 32849 wengen
FBgn0031126 FALSE TRUE 33056 CG1829(gene(product(from(transcript(CG1829MRB
FBgn0031850 FALSE TRUE 33941 Thrombospondin
FBgn0031896 FALSE TRUE 34002 CG4502(gene(product(from(transcript(CG4502MRA
FBgn0032490 FALSE TRUE 34724 CG16813(gene(product(from(transcript(CG16813MRB
FBgn0032651 FALSE TRUE 35066 Olig(family
FBgn0032684 FALSE TRUE 35105 CG10178(gene(product(from(transcript(CG10178MRB
FBgn0032889 FALSE TRUE 35347 CG9331(gene(product(from(transcript(CG9331MRK
FBgn0033310 FALSE TRUE 35843 regular
FBgn0033845 FALSE TRUE 36498 CG17064(gene(product(from(transcript(CG17064MRD
FBgn0033987 FALSE TRUE 36673 caskin
FBgn0034046 FALSE TRUE 36743 tungus
FBgn0034083 FALSE TRUE 36788 lambik
FBgn0034438 FALSE TRUE 37223 CG9416(gene(product(from(transcript(CG9416MRB
FBgn0034736 FALSE TRUE 37572 CG6018(gene(product(from(transcript(CG6018MRA
FBgn0035237 FALSE TRUE 38186 CG13917(gene(product(from(transcript(CG13917MRC
FBgn0035260 FALSE TRUE 38214 CG7991(gene(product(from(transcript(CG7991MRB
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FBgn0035558 FALSE TRUE 38561 CG11357(gene(product(from(transcript(CG11357MRD
FBgn0035640 FALSE TRUE 38656 CG17498(gene(product(from(transcript(CG17498MRA
FBgn0035641 FALSE TRUE 38658 CG5568(gene(product(from(transcript(CG5568MRA
FBgn0035968 FALSE TRUE 39055 Slc45(ortholog(1
FBgn0036279 FALSE TRUE 39410 sodium(chloride(cotransporter(69
FBgn0036285 FALSE TRUE 39418 twin(of(eyg
FBgn0036493 FALSE TRUE 39662 CG7255(gene(product(from(transcript(CG7255MRE
FBgn0036814 FALSE TRUE 40046 CG14073(gene(product(from(transcript(CG14073MRC
FBgn0037238 FALSE TRUE 40551 CG1090(gene(product(from(transcript(CG1090MRI
FBgn0037612 FALSE TRUE 41033 CG8112(gene(product(from(transcript(CG8112MRD
FBgn0037684 FALSE TRUE 41117 CG8129(gene(product(from(transcript(CG8129MRB
FBgn0037956 FALSE TRUE 41434 CG6959(gene(product(from(transcript(CG6959MRA
FBgn0038028 FALSE TRUE 41511 CG10035(gene(product(from(transcript(CG10035MRB
FBgn0038252 FALSE TRUE 41780 Histone(H1(variant(BigH1
FBgn0038257 FALSE TRUE 41786 Senescence(marker(proteinM30
FBgn0038402 FALSE TRUE 41961 48(related(2
FBgn0038542 FALSE TRUE 42136 Tyramine(receptor
FBgn0038603 FALSE TRUE 42203 Protein(Kinase(D
FBgn0038852 FALSE TRUE 42495 HHEX(ortholog((H.(sapiens)
FBgn0038881 FALSE TRUE 42531 CG16791(gene(product(from(transcript(CG16791MRD
FBgn0039883 FALSE TRUE 43758 Rho(GTPase(activating(protein(at(100F
FBgn0039886 FALSE TRUE 43761 CG2003(gene(product(from(transcript(CG2003MRA
FBgn0039955 FALSE TRUE 3355072 CG41099(gene(product(from(transcript(CG41099MRD
FBgn0040237 FALSE TRUE 53565 belphegor
FBgn0040385 FALSE TRUE 31226 CG12496(gene(product(from(transcript(CG12496MRA
FBgn0040398 FALSE TRUE 31055 CG14629(gene(product(from(transcript(CG14629MRA
FBgn0043362 FALSE TRUE 33819 blue(cheese
FBgn0044047 FALSE TRUE 31220 InsulinMlike(peptide(6
FBgn0046776 FALSE TRUE 10178827 pseudo
FBgn0047199 FALSE TRUE 251711 CG31517(gene(product(from(transcript(CG31517MRB
FBgn0050015 FALSE TRUE 36147 CG30015(gene(product(from(transcript(CG30015MRA
FBgn0050421 FALSE TRUE 37954 CG30421(gene(product(from(transcript(CG30421MRA
FBgn0051462 FALSE TRUE NA NA
FBgn0051721 FALSE TRUE 34453 CG31721(gene(product(from(transcript(CG31721MRB
FBgn0052053 FALSE TRUE 39178 CG32053(gene(product(from(transcript(CG32053MRA
FBgn0052150 FALSE TRUE 39727 CG32150(gene(product(from(transcript(CG32150MRA
FBgn0052182 FALSE TRUE 317898 CG32182(gene(product(from(transcript(CG32182MRA
FBgn0052822 FALSE TRUE NA NA
FBgn0058160 FALSE TRUE 3354965 CG40160(gene(product(from(transcript(CG40160MRH
FBgn0058469 FALSE TRUE 5740321 ncRNA
FBgn0085424 FALSE TRUE 34669 nubbin
FBgn0086680 FALSE TRUE 38752 ventral(veins(lacking
FBgn0259112 FALSE TRUE 36644 CG42254(gene(product(from(transcript(CG42254MRD
FBgn0259211 FALSE TRUE 37038 grainy(head
FBgn0260400 FALSE TRUE 31000 embryonic(lethal(abnormal(vision
FBgn0260642 FALSE TRUE 40835 Antennapedia
FBgn0261570 FALSE TRUE 32754 CG42684(gene(product(from(transcript(CG42684MRB
FBgn0261574 FALSE TRUE 40191 kugelei
FBgn0261613 FALSE TRUE 36609 O/EMassociated(zinc(finger(protein
FBgn0261788 FALSE TRUE 38863 Ankyrin(2
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FBgn0261800 FALSE TRUE 34068 CG7123(gene(product(from(transcript(CG7123MRA
FBgn0261963 FALSE TRUE 33770 midline
FBgn0262582 FALSE TRUE 53560 capicua
FBgn0262897 FALSE TRUE 19835097 ncRNA
FBgn0263093 FALSE TRUE 12798289 pseudo
FBgn0263934 FALSE TRUE 53557 espinas
FBgn0264005 FALSE TRUE 42110 H6MlikeMhomeobox
FBgn0264324 FALSE TRUE 43404 sponge
FBgn0264562 FALSE TRUE 31162 CG43934(gene(product(from(transcript(CG43934MRK




