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   Neurons	
  are	
  born	
  from	
  stem	
  cells,	
  migrate	
  to	
  their	
  final	
  location,	
  form	
  

synaptic	
  connections,	
  and	
  terminally	
  differentiate	
  by	
  a	
  process	
  known	
  as	
  

neurogenesis.	
  Although	
  this	
  phenomenon	
  is	
  observed	
  in	
  adult	
  organisms	
  across	
  

metazoans,	
  most	
  animals	
  lack	
  the	
  ability	
  to	
  repair	
  catastrophic	
  damages	
  to	
  the	
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central	
  nervous	
  system	
  (CNS)	
  caused	
  by	
  injury,	
  disease	
  or	
  aging.	
  By	
  contrast,	
  

planarians	
  have	
  the	
  amazing	
  ability	
  to	
  regenerate	
  all	
  tissue	
  types	
  (including	
  the	
  

CNS)	
  from	
  a	
  population	
  of	
  pluripotent	
  adult	
  stem	
  cells	
  they	
  maintain	
  throughout	
  

their	
  life,	
  making	
  these	
  animals	
  a	
  powerful	
  system	
  to	
  research	
  stem	
  cell-­‐based	
  

regeneration	
  in	
  vivo.	
  To	
  investigate	
  how	
  adult	
  stem	
  cells	
  are	
  directed	
  to	
  generate	
  

new	
  neurons	
  during	
  CNS	
  regeneration,	
  we	
  examined	
  the	
  basic	
  helix-­‐loop-­‐helix	
  

(bHLH)	
  transcription	
  factor	
  family	
  in	
  planarians.	
  Many	
  bHLH	
  family	
  members	
  

regulate	
  neurogenesis	
  during	
  development	
  and	
  are	
  associated	
  with	
  nervous	
  system	
  

diseases,	
  yet	
  their	
  functions	
  in	
  adult	
  stem	
  cells	
  and	
  mature	
  neurons	
  remain	
  unclear.	
  

We	
  identified	
  44	
  planarian	
  bHLH	
  homologs,	
  determined	
  their	
  tissue-­‐specific	
  

expression	
  in	
  the	
  adult	
  animal,	
  and	
  examined	
  their	
  function	
  using	
  RNA	
  interference.	
  

These	
  analyses	
  identified	
  nine	
  bHLHs	
  expressed	
  in	
  stem	
  cells	
  and	
  neurons	
  that	
  were	
  

required	
  for	
  CNS	
  regeneration,	
  including	
  homologs	
  of	
  Collier/Olfactory-­‐1/Early	
  B-­‐

cell	
  factor	
  (coe),	
  Single-­‐minded	
  (sim),	
  and	
  Hairy	
  enhancer	
  of	
  split	
  (hesl-­‐3).	
  

Furthermore,	
  we	
  demonstrated	
  that	
  coe,	
  sim	
  and	
  hesl-­‐3	
  mRNA	
  were	
  detected	
  in	
  

lineage-­‐committed	
  progenitors.	
  Our	
  functional	
  screen	
  revealed	
  that	
  gene	
  silencing	
  

of	
  coe	
  results	
  in	
  CNS	
  regeneration	
  defects.	
  COE	
  genes	
  play	
  conserved	
  roles	
  in	
  

nervous	
  system	
  development	
  and	
  are	
  associated	
  with	
  CNS	
  diseases;	
  however,	
  the	
  

genetic	
  programs	
  downstream	
  of	
  these	
  genes	
  remain	
  largely	
  unknown.	
  By	
  

comparing	
  the	
  transcriptome	
  profiles	
  of	
  control	
  and	
  coe-­‐deficient	
  animals,	
  we	
  

identified	
  over	
  900	
  differentially	
  expressed	
  genes,	
  including	
  397	
  downregulated	
  

genes	
  enriched	
  for	
  CNS	
  functions.	
  We	
  examined	
  downregulated	
  genes	
  and	
  identified	
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new	
  targets	
  of	
  COE	
  in	
  mature	
  neurons,	
  some	
  of	
  which	
  were	
  required	
  for	
  CNS	
  

regeneration.	
  Furthermore,	
  we	
  found	
  novel	
  genes	
  expressed	
  in	
  stem	
  cell	
  progeny	
  

that	
  function	
  downstream	
  of	
  COE	
  and	
  were	
  critical	
  for	
  stem	
  cell	
  homeostasis.	
  These	
  

findings	
  demonstrate	
  that	
  COE	
  regulates	
  genetic	
  programs	
  essential	
  for	
  CNS	
  

homeostasis	
  and	
  regeneration,	
  providing	
  insights	
  into	
  how	
  COE	
  proteins	
  function	
  in	
  

the	
  adult	
  nervous	
  system.
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  DISSERTATION	
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ADULT	
  NEUROGENESIS	
  AND	
  CENTRAL	
  NERVOUS	
  SYSTEM	
  REGENERATION	
  

	
  
	
   Neurogenesis	
  is	
  the	
  process	
  by	
  which	
  new	
  neurons	
  are	
  born	
  from	
  stem	
  cells,	
  

migrate	
  to	
  their	
  correct	
  location,	
  form	
  appropriate	
  synaptic	
  connections,	
  and	
  

terminally	
  differentiate.	
  Once	
  thought	
  to	
  only	
  occur	
  during	
  development	
  [1],	
  adult	
  

neurogenesis	
  has	
  been	
  observed	
  throughout	
  the	
  animal	
  kingdom,	
  including	
  humans	
  

[2,	
  3].	
  These	
  observations	
  overturned	
  the	
  long	
  held	
  dogma	
  that	
  the	
  central	
  nervous	
  

system	
  (CNS)	
  is	
  a	
  static	
  organ	
  post	
  embryogenesis	
  and	
  has	
  revolutionized	
  the	
  way	
  

we	
  view	
  nervous	
  system	
  maintenance	
  and	
  repair	
  [4].	
  

	
   Mammalian	
  adult	
  neurogenesis	
  is	
  observed	
  in	
  two	
  neurogenic	
  zones	
  in	
  the	
  

brain,	
  the	
  dentate	
  gyrus	
  (DG)	
  and	
  subventricular	
  zone	
  (SVZ),	
  and	
  is	
  essential	
  to	
  

maintain	
  functional	
  plasticity	
  of	
  neural	
  circuitry	
  in	
  the	
  adult	
  CNS	
  [3].	
  Neural	
  stem	
  

cells	
  in	
  the	
  DG	
  generate	
  neural	
  precursors	
  that	
  differentiate	
  into	
  hippocampal	
  

neurons,	
  which	
  function	
  in	
  learning	
  and	
  memory	
  [5].	
  Remarkably,	
  humans	
  generate	
  

approximately	
  700	
  hippocampal	
  neurons	
  per	
  day,	
  suggesting	
  that	
  hippocampal	
  

neurogenesis	
  is	
  essential	
  for	
  normal	
  brain	
  function	
  [6].	
  The	
  connection	
  between	
  

adult	
  neurogenesis	
  and	
  learning	
  and	
  memory	
  is	
  not	
  only	
  observed	
  in	
  mammals,	
  but	
  

is	
  also	
  documented	
  in	
  diverse	
  species	
  including	
  crickets	
  [7]	
  and	
  song	
  birds	
  [8].	
  In	
  

the	
  SVZ,	
  newly	
  generated	
  neuronal	
  precursors	
  migrate	
  to	
  the	
  olfactory	
  bulb	
  via	
  the	
  

rostral	
  migratory	
  stream,	
  where	
  they	
  differentiate	
  into	
  GABAergic	
  and	
  

glutaminergic	
  interneurons	
  and	
  integrate	
  with	
  the	
  existing	
  neural	
  architecture	
  [9].	
  

New	
  neuron	
  formation	
  in	
  the	
  olfactory	
  bulb	
  is	
  important	
  for	
  the	
  spatial	
  and	
  

temporal	
  detection	
  of	
  odors	
  [10].	
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Despite	
  the	
  ability	
  to	
  create	
  new	
  neurons	
  under	
  normal	
  physiological	
  

conditions,	
  most	
  animals	
  (including	
  humans)	
  fail	
  to	
  repair	
  major	
  damage	
  to	
  the	
  CNS	
  

caused	
  by	
  injury,	
  disease	
  or	
  aging	
  [11,	
  12].	
  However,	
  the	
  creation	
  of	
  new	
  neurons	
  

throughout	
  adulthood	
  holds	
  promise	
  to	
  the	
  idea	
  that	
  stem	
  cell-­‐based	
  therapies	
  

could	
  be	
  developed	
  to	
  repair	
  injury	
  to	
  the	
  CNS	
  and	
  reestablish	
  normal	
  nervous	
  

system	
  function.	
  Thus,	
  a	
  major	
  focus	
  of	
  the	
  field	
  of	
  regenerative	
  medicine	
  is	
  to	
  

elucidate	
  how	
  stem	
  cells	
  can	
  be	
  directed	
  to	
  generate	
  specific	
  neuronal	
  subtypes	
  that	
  

functionally	
  integrate	
  with	
  existing	
  neuronal	
  structures.	
  	
  

In	
  vitro	
  analyses	
  of	
  stem	
  cell	
  function	
  have	
  revealed	
  mechanisms	
  that	
  drive	
  

neuronal	
  differentiation	
  and	
  demonstrated	
  that	
  cell	
  fate	
  plasticity	
  is	
  much	
  greater	
  

than	
  previously	
  expected.	
  	
  Neural	
  stem	
  cells	
  can	
  be	
  isolated	
  from	
  adult	
  brains,	
  

cultured	
  in	
  vitro,	
  and	
  differentiated	
  into	
  a	
  wide	
  variety	
  of	
  neurons	
  [13].	
  Embryonic	
  

stem	
  (ES)	
  cells	
  from	
  the	
  inner	
  cell	
  mass	
  of	
  embryos	
  can	
  be	
  isolated	
  to	
  generate	
  

neural	
  precursors	
  by	
  co-­‐culturing	
  cells	
  with	
  stromal	
  cells	
  or	
  astrocytes	
  [14,	
  15]	
  or	
  

by	
  treating	
  cells	
  with	
  sequential	
  growth	
  factors	
  [16,	
  17]	
  or	
  signaling	
  molecules	
  [18,	
  

19].	
  	
  Remarkably,	
  fibroblasts	
  can	
  be	
  converted	
  into	
  induced	
  pluripotent	
  stem	
  (iPS)	
  

cells	
  by	
  ectopically	
  expressing	
  specific	
  transcription	
  factors	
  [20-­‐22].	
  The	
  generation	
  

of	
  iPS	
  cells	
  from	
  fibroblasts	
  sidesteps	
  many	
  of	
  the	
  ethical	
  implications	
  associated	
  

with	
  ES	
  cells,	
  which	
  are	
  harvested	
  from	
  discarded	
  embryos	
  obtained	
  from	
  in	
  vitro	
  

fertilization	
  clinics.	
  Furthermore,	
  this	
  tool	
  allows	
  investigators	
  to	
  generate	
  neurons	
  

from	
  patients	
  with	
  CNS-­‐specific	
  disease	
  pathologies	
  such	
  as	
  Parkinson’s	
  or	
  

Alzheimer’s	
  disease	
  and	
  examine	
  how	
  these	
  “disease	
  state”	
  neurons	
  respond	
  to	
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genetic	
  manipulations	
  or	
  pharmacological	
  treatments	
  [23].	
  More	
  recently,	
  

fibroblasts	
  were	
  directly	
  converted	
  into	
  induced	
  neurons	
  (iN)	
  by	
  ectopic	
  activation	
  

of	
  the	
  transcription	
  factors	
  ascl1,	
  pou3f2,	
  and	
  Myt1l	
  [24,	
  25].	
  The	
  ability	
  to	
  

dramatically	
  alter	
  developmental	
  potential	
  and	
  cell	
  fate	
  demonstrates	
  that	
  cellular	
  

identity	
  is	
  highly	
  plastic	
  and	
  can	
  be	
  directed	
  toward	
  alternative	
  states	
  via	
  genetic	
  or	
  

pharmacological	
  intervention.	
  In	
  addition,	
  these	
  studies	
  provide	
  the	
  methodology	
  to	
  

generate	
  a	
  large	
  number	
  of	
  neural	
  precursors	
  that	
  could	
  be	
  used	
  for	
  stem	
  cell-­‐based	
  

therapeutic	
  applications.	
  	
  

Although	
  cell	
  culture	
  research	
  has	
  vastly	
  improved	
  our	
  understanding	
  of	
  

stem	
  cell	
  biology,	
  there	
  are	
  major	
  limitations	
  and	
  considerations	
  when	
  using	
  

cultured	
  stem	
  cells	
  for	
  regenerative	
  applications.	
  First,	
  there	
  is	
  the	
  major	
  risk	
  of	
  

injected	
  ES	
  or	
  iPS	
  cells	
  to	
  generate	
  tumors	
  [27].	
  Therefore,	
  great	
  care	
  must	
  be	
  taken	
  

when	
  designing	
  stem	
  cell-­‐based	
  therapies	
  and	
  determining	
  their	
  safety	
  in	
  humans.	
  

Second,	
  culturing	
  stem	
  cells	
  in	
  vitro	
  is	
  highly	
  artificial	
  and	
  poorly	
  reflects	
  the	
  

environment	
  in	
  which	
  these	
  cells	
  will	
  finally	
  be	
  placed.	
  	
  Stem	
  cell	
  behavior	
  and	
  

differentiation	
  is	
  greatly	
  influenced	
  by	
  their	
  niche	
  or	
  microenvironment,	
  which	
  

includes	
  a	
  diverse	
  concoction	
  of	
  secreted	
  factors	
  (such	
  as	
  growth	
  factors,	
  cytokines	
  

and	
  hormones)	
  that	
  regulate	
  cell	
  proliferation,	
  migration,	
  differentiation,	
  and	
  

survival	
  [28].	
  Consequently,	
  injection	
  of	
  stem	
  cells	
  into	
  a	
  local	
  environment	
  that	
  is	
  

not	
  permissive	
  for	
  neurogenesis	
  will	
  fail	
  to	
  induce	
  neural	
  differentiation	
  and	
  

survival	
  [29].	
  In	
  mammals,	
  CNS	
  injury	
  induces	
  a	
  strong	
  immune	
  response	
  that	
  

causes	
  scar	
  formation,	
  which	
  ultimately	
  leads	
  to	
  additional	
  neuronal	
  death,	
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degeneration	
  of	
  damaged	
  axons,	
  a	
  physical	
  barrier	
  that	
  inhibits	
  new	
  axon	
  

projections	
  across	
  the	
  injury	
  site,	
  and	
  a	
  “hostile”	
  local	
  environment	
  that	
  is	
  not	
  

conducive	
  to	
  neurogenesis	
  [30].	
  Thus,	
  understanding	
  what	
  mechanisms	
  control	
  

stem	
  cell	
  differentiation	
  in	
  a	
  dish	
  is	
  only	
  half	
  of	
  the	
  puzzle;	
  we	
  must	
  also	
  investigate	
  

adult	
  stem	
  cell	
  function	
  in	
  vivo	
  to	
  resolve	
  how	
  stem	
  cells	
  interact	
  with	
  their	
  

microenvironment	
  and	
  how	
  these	
  interactions	
  modulate	
  their	
  proliferation,	
  

differentiation	
  potential,	
  maturation,	
  and	
  survival.	
  	
  

Unlike	
  mammals,	
  some	
  animals,	
  including	
  hydra	
  [31],	
  planaria	
  [32],	
  zebrafish	
  

[33],	
  and	
  axolotl	
  [34]	
  can	
  repair	
  severed	
  axons	
  and/or	
  regenerate	
  new	
  neurons	
  

following	
  injury	
  that	
  integrate	
  with	
  existing	
  neural	
  architecture	
  and	
  contribute	
  to	
  

functional	
  recovery.	
  These	
  animals	
  provide	
  a	
  unique	
  opportunity	
  to	
  ask	
  important	
  

unanswered	
  questions	
  in	
  regeneration	
  biology	
  that	
  cannot	
  be	
  easily	
  addressed	
  in	
  

mammalian	
  animal	
  models.	
  For	
  example:	
  What	
  regulatory	
  factors	
  function	
  to	
  

promote	
  or	
  inhibit	
  adult	
  neurogenesis?	
  Is	
  neurogenesis	
  differentially	
  regulated	
  in	
  

developing	
  and	
  adult	
  tissues?	
  Are	
  there	
  basic	
  mechanisms	
  that	
  underlie	
  nervous	
  

system	
  regeneration	
  in	
  all	
  animals?	
  Comparative	
  studies	
  using	
  animal	
  models	
  of	
  

CNS	
  regeneration	
  will	
  be	
  essential	
  to	
  elucidate	
  how	
  adult	
  stem	
  cells	
  respond	
  to	
  CNS	
  

injury	
  and	
  contribute	
  to	
  its	
  recovery.	
  

In	
  the	
  following	
  sections	
  I	
  will	
  discuss	
  neurogenesis	
  regulation	
  during	
  

development	
  and	
  focus	
  on	
  the	
  roles	
  of	
  the	
  basic	
  helix-­‐loop-­‐helix	
  (bHLH)	
  

transcription	
  factor	
  gene	
  family	
  in	
  controlling	
  this	
  process.	
  Next,	
  I	
  will	
  introduce	
  the	
  

amazing	
  ability	
  of	
  planarians	
  to	
  regenerate	
  and	
  discuss	
  how	
  these	
  animals	
  provide	
  a	
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tractable	
  system	
  to	
  investigate	
  adult	
  stem	
  cell	
  function	
  during	
  CNS	
  maintenance	
  and	
  

regeneration	
  in	
  vivo.	
  Finally,	
  I	
  will	
  introduce	
  my	
  thesis	
  project,	
  which	
  identified	
  

transcription	
  factors	
  important	
  for	
  adult	
  neurogenesis	
  during	
  CNS	
  regeneration	
  

using	
  the	
  planarian	
  Schmidtea	
  mediterranea	
  as	
  an	
  animal	
  model.	
  	
  

	
  

THE	
  ROLE	
  OF	
  BASIC	
  HELIX	
  LOOP	
  HELIX	
  TRANSCRIPTION	
  FACTORS	
  IN	
  

NEUROGENESIS	
  REGULATION	
  

Highly	
  conserved	
  gene	
  families	
  regulate	
  different	
  stages	
  of	
  neural	
  fate	
  

determination	
  during	
  development	
  [35].	
  The	
  phenotypic	
  progression	
  of	
  

neurogenesis	
  (summarized	
  in	
  Figure	
  1)	
  is	
  initiated	
  when	
  stem	
  cells	
  receive	
  signaling	
  

cues	
  (such	
  as	
  FGF,	
  Wnt	
  or	
  Hedgehog),	
  which	
  activate	
  patterning	
  transcription	
  

factors	
  (homeodomain	
  genes)	
  [36].	
  In	
  vertebrates,	
  Otx,	
  Gb	
  and	
  Hox	
  gene	
  families	
  

function	
  to	
  establish	
  anteroventral	
  positioning,	
  whereas	
  genes	
  from	
  the	
  Pax,	
  Nkx	
  

and	
  Irx	
  families	
  provide	
  positional	
  cell	
  fate	
  information	
  along	
  the	
  dorsoventral	
  axis	
  

[35].	
  Next,	
  patterning	
  genes	
  activate	
  proneural	
  factors	
  of	
  the	
  basic	
  helix-­‐loop-­‐helix	
  

(bHLH)	
  gene	
  family,	
  which	
  function	
  to	
  establish	
  cells	
  as	
  neural	
  progenitors	
  by	
  

promoting	
  early	
  events	
  in	
  differentiation	
  such	
  as	
  cell	
  cycle	
  exit	
  and	
  neural	
  

specification	
  [37].	
  Although	
  most	
  bHLH	
  genes	
  activate	
  neurogenesis,	
  some	
  bHLH	
  

genes,	
  such	
  as	
  Olig2	
  and	
  hes1,	
  restrict	
  neural	
  differentiation	
  by	
  inhibiting	
  the	
  

function	
  of	
  other	
  bHLH	
  proteins	
  and	
  repressing	
  proneural	
  gene	
  expression	
  [38,	
  39].	
  

Within	
  a	
  differentiating	
  neuron,	
  patterning	
  and	
  proneural	
  protein	
  combinations	
  are	
  

integrated	
  to	
  deploy	
  specific	
  genetic	
  programs	
  (differentiation	
  genes)	
  that	
  dictate	
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subtype	
  specification	
  [35,	
  40,	
  41].	
  Neurogenesis	
  is	
  completed	
  as	
  differentiation	
  

genes	
  direct	
  migration	
  of	
  neurons	
  to	
  their	
  final	
  location	
  and	
  guide	
  formation	
  of	
  

synaptic	
  connections,	
  thus	
  facilitating	
  maturation	
  and	
  terminal	
  differentiation.	
  

Recent	
  studies	
  demonstrate	
  that	
  some	
  transcription	
  factors	
  important	
  for	
  subtype	
  

specification	
  continue	
  to	
  be	
  expressed	
  in	
  mature	
  neurons	
  and	
  are	
  required	
  to	
  

maintain	
  neuronal	
  identity	
  and	
  function;	
  these	
  factors	
  are	
  referred	
  to	
  as	
  	
  “terminal	
  

selector”	
  genes	
  [42,	
  43].	
  

The	
  bHLH	
  superfamily	
  consists	
  of	
  six	
  monophyletic	
  groups	
  (Groups	
  A	
  –	
  F)	
  

based	
  on	
  the	
  presence	
  or	
  absence	
  of	
  various	
  protein	
  domains	
  [44].	
  Group	
  A	
  (e.g.	
  

achaete-­‐scute,	
  tal,	
  and	
  neuroD)	
  contain	
  a	
  single	
  HLH	
  motif	
  and	
  play	
  major	
  roles	
  in	
  

ectoderm	
  and	
  mesoderm	
  differentiation;	
  group	
  B	
  genes	
  (e.g.	
  myc	
  and	
  max)	
  also	
  

contain	
  a	
  leucine	
  zipper	
  domain	
  and	
  primarily	
  function	
  in	
  cell	
  proliferation	
  and	
  

differentiation	
  [37];	
  group	
  C	
  (e.g.	
  sim	
  and	
  arnt)	
  contain	
  PAS	
  domain(s)	
  and	
  regulate	
  

midline	
  patterning,	
  metabolism,	
  and	
  CNS	
  development	
  [45];	
  group	
  D	
  (e.g.	
  id	
  and	
  

emc)	
  lack	
  a	
  basic	
  domain	
  and	
  act	
  to	
  antagonize	
  genes	
  from	
  group	
  A	
  [37];	
  group	
  E	
  

(e.g.	
  hes	
  and	
  hey)	
  also	
  contain	
  an	
  Orange	
  and	
  WRPW	
  domain	
  and	
  act	
  to	
  repress	
  

neural	
  differentiation	
  [46];	
  group	
  F	
  (e.g.	
  collier	
  and	
  EBF)	
  contain	
  a	
  COE	
  domain	
  and	
  

regulate	
  differentiation	
  in	
  a	
  wide	
  variety	
  of	
  cell	
  types	
  including	
  neurons,	
  myocytes,	
  

and	
  B-­‐cells	
  [47,	
  48].	
  COE	
  homologs	
  also	
  function	
  as	
  terminal	
  selectors	
  for	
  

cholinergic	
  identity	
  in	
  Drosophila	
  melanogaster	
  and	
  Caenorhabditis	
  elegans	
  [49,	
  50].	
  

Although	
  some	
  bHLHs	
  continue	
  to	
  be	
  expressed	
  in	
  adult	
  tissues	
  and	
  are	
  

associated	
  with	
  various	
  human	
  diseases	
  including	
  cancer	
  [51-­‐53],	
  the	
  role	
  of	
  these	
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genes	
  outside	
  of	
  embryonic	
  development	
  are	
  poorly	
  understood.	
  Furthermore,	
  it	
  is	
  

unknown	
  whether	
  these	
  genes	
  are	
  redeployed	
  following	
  injury	
  to	
  regulate	
  tissue	
  

morphogenesis	
  or	
  cell	
  specification	
  during	
  CNS	
  regeneration.	
  	
  

	
  

SCHMIDTEA	
  MEDITERRANEA	
  AS	
  A	
  MODEL	
  OF	
  STEM	
  CELL-­‐BASED	
  TISSUE	
  

REGENERATION	
  

Planarians	
  are	
  non-­‐parasitic	
  flatworms	
  from	
  the	
  phylum	
  Platyhelminthes,	
  an	
  

understudied	
  group	
  of	
  animals	
  within	
  the	
  superphylum	
  Lophotrochozoa	
  [54].	
  These	
  

animals	
  are	
  among	
  the	
  simplest	
  organisms	
  to	
  possess	
  all	
  three	
  germ	
  layers	
  and	
  

bilateral	
  symmetry	
  [54].	
  Remarkably,	
  planarians	
  can	
  regenerate	
  entire	
  animals	
  from	
  

small	
  body	
  fragments	
  due	
  to	
  a	
  population	
  of	
  pluripotent	
  adult	
  stem	
  cells	
  (called	
  

neoblasts)	
  they	
  maintain	
  throughout	
  their	
  lives	
  [54-­‐57].	
  Following	
  amputation	
  or	
  

injury,	
  the	
  stem	
  cells	
  proliferate,	
  migrate	
  to	
  the	
  wound	
  site	
  and	
  form	
  a	
  regeneration	
  

blastema,	
  where	
  they	
  differentiate	
  to	
  replace	
  lost	
  or	
  damaged	
  tissues	
  [54].	
  

Planarians	
  also	
  exhibit	
  an	
  extraordinary	
  ability	
  to	
  alter	
  the	
  scale	
  and	
  proportion	
  of	
  

tissues	
  in	
  response	
  to	
  metabolic	
  needs,	
  further	
  demonstrating	
  a	
  remarkable	
  amount	
  

of	
  tissue	
  plasticity	
  even	
  in	
  uninjured	
  animals	
  [58].	
  The	
  recent	
  development	
  of	
  

molecular	
  tools	
  for	
  the	
  planarian	
  Schmidtea	
  mediterranea	
  have	
  made	
  this	
  animal	
  a	
  

powerful	
  system	
  to	
  investigate	
  the	
  basic	
  molecular	
  mechanisms	
  that	
  underlie	
  stem	
  

cell-­‐based	
  tissue	
  regeneration	
  in	
  vivo.	
  Molecular	
  tools	
  available	
  for	
  S.	
  mediterranea	
  

include	
  a	
  sequenced	
  genome	
  [59],	
  transcriptome	
  profiles	
  of	
  stem	
  cell,	
  progeny	
  and	
  

differentiated	
  cell	
  populations	
  [60-­‐62],	
  whole	
  mount	
  in	
  situ	
  hybridization	
  (WISH)	
  to	
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examine	
  tissue-­‐specific	
  gene	
  expression	
  [63-­‐65],	
  and	
  RNA	
  interference	
  (RNAi)	
  to	
  

analyze	
  gene	
  function	
  [66-­‐69].	
  

The	
  planarian	
  stem	
  cell	
  pool	
  makes	
  up	
  approximately	
  15-­‐20%	
  of	
  all	
  cells	
  in	
  

the	
  animal	
  and	
  shares	
  conserved	
  features	
  with	
  human	
  embryonic	
  stem	
  cells	
  [60-­‐62].	
  

Remarkably,	
  implantation	
  of	
  a	
  single	
  stem	
  cell	
  into	
  a	
  lethally	
  irradiated	
  planarian	
  is	
  

sufficient	
  to	
  reconstitute	
  the	
  entire	
  stem	
  cell	
  pool,	
  demonstrating	
  that	
  a	
  fraction	
  of	
  

planarian	
  stem	
  cells	
  are	
  truly	
  pluripotent	
  [70].	
  However,	
  expression	
  analyses	
  of	
  

stem	
  cell-­‐specific	
  genes	
  have	
  demonstrated	
  that	
  the	
  planarian	
  stem	
  cell	
  pool	
  is	
  

heterogeneous	
  [32,	
  71,	
  72].	
  Based	
  on	
  the	
  transplantation	
  studies	
  described	
  above,	
  it	
  

is	
  estimated	
  that	
  less	
  than	
  5%	
  of	
  the	
  stem	
  cells	
  are	
  pluripotent,	
  suggesting	
  that	
  

planarians	
  must	
  also	
  maintain	
  a	
  large	
  population	
  of	
  lineage-­‐restricted	
  stem	
  cells	
  or	
  

progenitors	
  [32,	
  70,	
  72].	
  In	
  support	
  of	
  this	
  hypothesis	
  several	
  laboratories	
  have	
  

recently	
  identified	
  lineage-­‐specific	
  transcription	
  factors	
  expressed	
  in	
  subsets	
  of	
  the	
  

stem	
  cells,	
  which	
  function	
  to	
  generate	
  specific	
  tissue	
  types	
  such	
  as	
  photoreceptors	
  

[73,	
  74]	
  or	
  protonephridia	
  (the	
  planarian	
  excretory	
  system)	
  [75].	
  To	
  date,	
  the	
  

organization	
  and	
  complexity	
  of	
  the	
  planarian	
  stem	
  cell	
  hierarchy	
  remains	
  enigmatic.	
  

	
  

THE	
  MOLECULAR	
  BASIS	
  OF	
  CENTRAL	
  NERVOUS	
  SYSTEM	
  REGENERATION	
  IN	
  

PLANARIANS	
  

Planarians	
  are	
  among	
  the	
  simplest	
  metazoans	
  to	
  possess	
  a	
  CNS,	
  which	
  

consists	
  of	
  cephalic	
  ganglia	
  (the	
  brain)	
  and	
  ventral	
  nerve	
  cords	
  that	
  extend	
  along	
  the	
  

length	
  of	
  the	
  animal	
  [76].	
  Despite	
  having	
  a	
  relatively	
  basal	
  CNS	
  morphology,	
  the	
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planarian	
  nervous	
  system	
  exhibits	
  extensive	
  structural	
  complexity,	
  with	
  the	
  

presence	
  of	
  a	
  submuscular,	
  subepidermal	
  and	
  subgastrodermal	
  nerve	
  plexuses	
  [77].	
  

Expression	
  analyses	
  of	
  neural	
  specific	
  genes	
  have	
  also	
  revealed	
  a	
  considerable	
  

amount	
  of	
  molecular	
  diversity	
  [65,	
  78,	
  79].	
  Furthermore,	
  many	
  neural	
  subtypes	
  

have	
  been	
  identified	
  that	
  are	
  shared	
  with	
  higher	
  organisms,	
  such	
  as	
  dopaminergic,	
  

cholinergic	
  and	
  serotonergic	
  neurons	
  [80-­‐84].	
  All	
  neuronal	
  subtypes	
  are	
  replaced	
  

within	
  days	
  after	
  amputation.	
  Thus,	
  the	
  planarian	
  nervous	
  system	
  provides	
  a	
  unique	
  

paradigm	
  to	
  dissect	
  the	
  molecular	
  mechanisms	
  that	
  guide	
  the	
  generation	
  and	
  

differentiation	
  of	
  specific	
  neural	
  cell	
  types	
  during	
  physiological	
  turnover	
  and	
  

regeneration	
  of	
  the	
  adult	
  nervous	
  system.	
  	
  

In	
  planarians,	
  CNS	
  patterning	
  is	
  maintained	
  during	
  normal	
  physiological	
  

conditions	
  by	
  the	
  constitutive	
  expression	
  of	
  conserved	
  secreted	
  signaling	
  molecules	
  

[85].	
  Wnt	
  and	
  Hedgehog	
  signaling	
  coordinate	
  to	
  establish	
  anteroposterior	
  polarity	
  

[86,	
  87],	
  whereas	
  BMP	
  signaling	
  determines	
  the	
  dorsoventral	
  axis	
  [88].	
  While	
  these	
  

signaling	
  molecules	
  act	
  to	
  determine	
  animal	
  polarity,	
  studies	
  on	
  a	
  planarian	
  FGF	
  

receptor-­‐like	
  gene,	
  nou-­‐darake	
  (ndk,	
  Japanese	
  for	
  “brains	
  everywhere”),	
  showed	
  

that	
  FGF	
  signaling	
  plays	
  a	
  specific	
  role	
  in	
  neural	
  patterning	
  and	
  determination	
  [89].	
  

FGF	
  signaling	
  is	
  vital	
  for	
  various	
  stages	
  of	
  neural	
  development	
  and	
  is	
  conserved	
  

across	
  metazoans	
  [90].	
  This	
  signaling	
  pathway	
  is	
  activated	
  by	
  FGF	
  ligands	
  that	
  bind	
  

FGF	
  receptors	
  and	
  can	
  be	
  repressed	
  by	
  FGF-­‐like	
  receptors	
  (FGFLRs),	
  which	
  lack	
  a	
  

cytosolic	
  activation	
  domain	
  and	
  act	
  to	
  sequester	
  FGF	
  ligands	
  [91,	
  92].	
  Ndk	
  is	
  

predicted	
  to	
  encode	
  a	
  protein	
  that	
  is	
  similar	
  to	
  FGFLRs	
  and	
  is	
  expressed	
  in	
  discrete	
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cells	
  located	
  in	
  the	
  anterior	
  region	
  of	
  the	
  animal	
  [89].	
  Gene	
  knockdown	
  of	
  ndk	
  

induces	
  the	
  generation	
  of	
  ectopic	
  brain-­‐specific	
  neurons	
  and	
  photoreceptors	
  in	
  

more	
  posterior	
  regions	
  of	
  the	
  animal.	
  These	
  data	
  suggest	
  that	
  ndk	
  inhibits	
  FGF	
  

signaling	
  and	
  acts	
  to	
  restrict	
  the	
  generation	
  of	
  brain	
  specific	
  structures	
  to	
  the	
  head	
  

[89].	
  Thus,	
  signaling	
  molecules	
  such	
  as	
  Wnt,	
  Hedgehog,	
  and	
  BMP,	
  play	
  roles	
  in	
  

determining	
  polarity,	
  whereas	
  FGF	
  signaling	
  may	
  function	
  more	
  specifically	
  in	
  

neural	
  determination.	
  

In	
  planarians,	
  injury	
  activates	
  a	
  wound-­‐induced	
  program	
  that	
  functions	
  to	
  

reestablish	
  signaling	
  gradients	
  and	
  activate	
  genes	
  required	
  for	
  regeneration	
  [93].	
  

Over	
  one	
  thousand	
  genes	
  are	
  differentially	
  expressed	
  following	
  head	
  amputation	
  

[94].	
  Within	
  30	
  to	
  60	
  minutes	
  following	
  injury,	
  intermediate	
  early	
  genes	
  are	
  

activated	
  [93].	
  A	
  second	
  wave	
  of	
  genes	
  is	
  upregulated	
  between	
  six	
  to	
  twelve	
  hours	
  

following	
  amputation,	
  which	
  include	
  patterning	
  factors	
  such	
  as	
  Wnts	
  [93].	
  Injuries	
  

resulting	
  in	
  loss	
  of	
  tissue	
  (such	
  as	
  head	
  amputation),	
  induce	
  an	
  additional	
  set	
  of	
  

genes	
  including	
  follistatin,	
  which	
  is	
  essential	
  to	
  promote	
  stem	
  cell	
  proliferation	
  

required	
  for	
  regeneration	
  blastema	
  formation	
  [93,	
  95,	
  96].	
  Recently,	
  it	
  was	
  shown	
  

that	
  the	
  vast	
  majority	
  of	
  wound	
  control	
  genes	
  are	
  expressed	
  in	
  muscle	
  cells,	
  

demonstrating	
  that	
  planarian	
  musculature	
  plays	
  a	
  critical	
  role	
  in	
  sensing	
  injury	
  and	
  

promoting	
  appropriate	
  regeneration	
  responses	
  [97].	
  	
  

The	
  specific	
  molecules	
  or	
  pathways	
  activated	
  by	
  wound	
  control	
  genes	
  or	
  

signaling	
  molecules	
  remain	
  unknown.	
  However,	
  several	
  transcription	
  factors	
  have	
  

been	
  identified	
  that	
  are	
  required	
  for	
  the	
  generation	
  of	
  specific	
  neuronal	
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subpopulations	
  [73,	
  74,	
  98,	
  99].	
  For	
  example,	
  ovo	
  acts	
  as	
  a	
  master	
  regulator	
  of	
  both	
  

pigment	
  and	
  photosensitive	
  cells	
  of	
  the	
  photoreceptors	
  [74],	
  whereas	
  pitx	
  and	
  

lhx1/5-­‐1	
  are	
  required	
  for	
  specification	
  and	
  maintenance	
  of	
  serotonergic	
  neurons	
  

[98,	
  99].	
  Unlike	
  pitx	
  and	
  lhx1/5-­‐1,	
  which	
  are	
  only	
  detected	
  in	
  stem	
  cells	
  following	
  

amputation,	
  ovo	
  is	
  expressed	
  in	
  a	
  small	
  subpopulation	
  of	
  cycling	
  stem	
  cells	
  in	
  

uninjured	
  animals	
  located	
  just	
  posterior	
  to	
  the	
  photoreceptors	
  [74].	
  Thus,	
  ovo+	
  cells	
  

represent	
  the	
  first	
  identified	
  neural	
  progenitor	
  population	
  in	
  uninjured	
  planarians.	
  

Whether	
  or	
  not	
  ovo+	
  cells	
  have	
  the	
  capacity	
  to	
  self	
  renew	
  or	
  generate	
  cell	
  types	
  

outside	
  of	
  the	
  optic	
  system	
  remains	
  unclear.	
  	
  

The	
  major	
  goal	
  of	
  my	
  study	
  was	
  to	
  identify	
  regulatory	
  factors	
  that	
  control	
  

adult	
  neurogenesis	
  during	
  CNS	
  maintenance	
  and	
  regeneration.	
  I	
  chose	
  to	
  perform	
  

my	
  studies	
  in	
  the	
  planarian	
  S.	
  mediterranea	
  for	
  two	
  major	
  reasons:	
  1)	
  planarians	
  

quickly	
  and	
  efficiently	
  regenerate	
  CNS	
  structure	
  de	
  novo	
  following	
  injury,	
  and	
  2)	
  

unlike	
  hydra	
  or	
  zebrafish,	
  which	
  dedifferentiate	
  cells	
  near	
  the	
  wound	
  site	
  as	
  a	
  

source	
  of	
  cells	
  for	
  regeneration	
  blastema	
  formation	
  [100],	
  planarian	
  regeneration	
  is	
  

dependent	
  on	
  the	
  proliferation	
  and	
  differentiation	
  of	
  pluripotent	
  adult	
  stem	
  cells.	
  	
  

In	
  chapter	
  1	
  we	
  performed	
  a	
  genome-­‐wide	
  characterization	
  of	
  the	
  bHLH	
  gene	
  

family	
  in	
  the	
  planarian	
  S.	
  mediterranea.	
  Given	
  the	
  highly	
  conserved	
  roles	
  that	
  these	
  

factors	
  play	
  in	
  neural	
  stem	
  cells	
  and	
  progenitors	
  during	
  development,	
  we	
  

hypothesized	
  that	
  these	
  factors	
  would	
  also	
  regulate	
  neurogenesis	
  and	
  nervous	
  

system	
  function	
  in	
  adult	
  animals;	
  furthermore,	
  we	
  speculated	
  that	
  our	
  analyses	
  

might	
  further	
  reveal	
  heterogeneity	
  in	
  the	
  planarian	
  stem	
  cell	
  pool.	
  Consistent	
  with	
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our	
  hypotheses,	
  we	
  identified	
  nine	
  bHLHs	
  expressed	
  in	
  stem	
  cells	
  and	
  neurons	
  that	
  

were	
  required	
  for	
  CNS	
  regeneration,	
  including	
  homologs	
  to	
  Collier/Olfactory-­‐1/Early	
  

B-­‐cell	
  factor	
  (coe),	
  Single-­‐minded	
  (sim),	
  and	
  Hairy	
  enhancer	
  of	
  split	
  (hesl-­‐3).	
  We	
  

showed	
  that	
  coe,	
  sim	
  and	
  hesl-­‐3	
  label	
  neural	
  progenitor	
  populations	
  in	
  uninjured	
  

animals	
  and	
  found	
  that	
  coe+	
  and	
  sim+	
  progenitors	
  underlie	
  formation	
  of	
  the	
  

regeneration	
  blastema.	
  These	
  findings	
  demonstrate	
  that	
  bHLH	
  function	
  is	
  critical	
  for	
  

adult	
  neurogenesis	
  during	
  CNS	
  maintenance	
  and	
  regeneration	
  and	
  identify	
  several	
  

genes	
  that	
  label	
  novel	
  neural	
  progenitor	
  populations	
  in	
  planarians.	
  Our	
  data	
  further	
  

support	
  the	
  hypothesis	
  that	
  the	
  planarian	
  stem	
  cell	
  pool	
  is	
  comprised	
  of	
  a	
  diverse	
  

collection	
  of	
  lineage-­‐committed	
  progenitors	
  [72].	
  	
  

One	
  gene	
  of	
  interest	
  identified	
  from	
  our	
  screen	
  was	
  coe,	
  which	
  is	
  known	
  to	
  

play	
  highly	
  conserved	
  roles	
  in	
  neural	
  specification	
  and	
  maintenance	
  [47,	
  48,	
  50,	
  

101].	
  Interestingly,	
  COE	
  proteins	
  are	
  also	
  proposed	
  to	
  function	
  as	
  tumor	
  

suppressors	
  and	
  are	
  associated	
  with	
  several	
  cancers	
  of	
  the	
  CNS	
  such	
  as	
  glioblastoma	
  

[53,	
  102,	
  103];	
  however,	
  it	
  remains	
  unclear	
  how	
  defects	
  in	
  COE	
  contribute	
  to	
  CNS	
  

dysfunction.	
  In	
  chapter	
  2	
  we	
  compared	
  the	
  transcriptome	
  profiles	
  of	
  control	
  and	
  

coe-­‐deficient	
  animals,	
  identifying	
  novel	
  downstream	
  targets	
  of	
  COE	
  in	
  mature	
  

neurons	
  and	
  stem	
  cell	
  progeny.	
  Our	
  findings	
  revealed	
  a	
  genetic	
  program	
  

downstream	
  of	
  COE	
  that	
  is	
  essential	
  for	
  stem	
  cell	
  homeostasis	
  and	
  maintenance	
  of	
  

neuronal	
  identity	
  in	
  multiple	
  classes	
  of	
  adult	
  neurons.	
  This	
  study	
  provides	
  insights	
  

into	
  how	
  COE	
  proteins	
  function	
  in	
  the	
  adult	
  CNS	
  and	
  demonstrates	
  how	
  planarians	
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can	
  be	
  used	
  to	
  identify	
  and	
  characterize	
  regulatory	
  molecules	
  with	
  roles	
  in	
  CNS	
  

maintenance	
  and	
  repair.	
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FIGURES	
  

	
  

	
  

	
  

Figure	
  1.1:	
  Phenotypic	
  progression	
  of	
  neurogenesis	
  during	
  development.	
  
During	
  early	
  development,	
  signaling	
  molecules	
  activate	
  patterning	
  factors;	
  
patterning	
  proteins	
  then	
  activate	
  proneural	
  factors	
  from	
  the	
  bHLH	
  gene	
  family.	
  The	
  
combinatorial	
  effects	
  of	
  patterning	
  and	
  proneural	
  factors	
  activate	
  developmental	
  
programs	
  that	
  initiate	
  neural	
  subtype	
  specification	
  by	
  promoting	
  neural	
  
differentiation	
  and	
  maturation.	
  Terminal	
  selector	
  factors	
  function	
  to	
  maintain	
  
neuronal	
  identity	
  in	
  mature	
  neurons.	
  Arrows	
  and	
  barbed	
  ends	
  indicate	
  gene	
  
activation	
  and	
  repression,	
  respectively.	
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Chapter	
  1,	
  in	
  full,	
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  a	
  reprint	
  of	
  the	
  material	
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  appears	
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  Brown,	
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INTRODUCTION	
  

The	
  Collier/Olfactory-­‐1/Early	
  B-­‐cell	
  factor	
  (COE)	
  family	
  of	
  transcription	
  

factors	
  is	
  necessary	
  for	
  animal	
  development.	
  COE	
  proteins	
  possess	
  an	
  atypical	
  HLH	
  

domain	
  and	
  a	
  unique	
  zinc	
  finger	
  DNA	
  binding	
  domain	
  conserved	
  across	
  metazoans	
  

(1).	
  Invertebrates	
  encode	
  a	
  single	
  homolog	
  of	
  COE,	
  with	
  roles	
  in	
  mesoderm	
  and	
  

ectoderm	
  development	
  (2,	
  3),	
  whereas	
  vertebrates	
  have	
  four	
  COE	
  paralogs	
  with	
  

functions	
  in	
  diverse	
  cell	
  types	
  including	
  B-­‐cells	
  and	
  adipocytes	
  (4).	
  In	
  the	
  central	
  

nervous	
  system	
  (CNS),	
  COE	
  regulates	
  neuronal	
  differentiation,	
  migration,	
  axon	
  

guidance,	
  and	
  dendritogenesis	
  during	
  development	
  (2,	
  3,	
  5-­‐11)	
  and	
  maintains	
  

neuronal	
  identitity	
  throughout	
  adulthood	
  (12-­‐14).	
  COE	
  proteins	
  have	
  also	
  been	
  

proposed	
  to	
  function	
  as	
  tumor	
  suppressors	
  (15)	
  and	
  are	
  associated	
  with	
  cancers	
  

such	
  as	
  acute	
  lymphoblastic	
  leukemia	
  and	
  glioblastoma	
  (16-­‐19).	
  The	
  specific	
  

regulatory	
  programs	
  regulated	
  by	
  these	
  genes	
  in	
  adult	
  stem	
  cells	
  and	
  mature	
  

neurons	
  remain	
  poorly	
  understood;	
  therefore,	
  it	
  is	
  unclear	
  how	
  COE	
  dysfunction	
  

contributes	
  to	
  nervous	
  system	
  diseases.	
  	
  

Stem	
  cells	
  can	
  be	
  studied	
  to	
  determine	
  how	
  transcriptional	
  regulators	
  

orchestrate	
  developmental	
  processes	
  or	
  cause	
  disease	
  (20).	
  An	
  excellent	
  model	
  

organism	
  to	
  investigate	
  stem	
  cell	
  regulation	
  in	
  vivo	
  is	
  the	
  freshwater	
  planarian	
  

Schmidtea	
  mediterranea	
  (21).	
  S.	
  mediterranea	
  has	
  the	
  ability	
  to	
  regenerate	
  all	
  tissue	
  

types	
  from	
  a	
  population	
  of	
  adult	
  stem	
  cells	
  (called	
  neoblasts).	
  These	
  cells	
  constitute	
  

approximately	
  10-­‐20%	
  of	
  all	
  cells	
  in	
  the	
  animal	
  and	
  include	
  pluripotent	
  stem	
  cells	
  

(22)	
  and	
  lineage-­‐committed	
  progenitors	
  (23-­‐26).	
  The	
  planarian	
  CNS	
  is	
  composed	
  of	
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anterior	
  cephalic	
  ganglia	
  and	
  two	
  ventral	
  nerve	
  cords	
  that	
  run	
  along	
  the	
  length	
  of	
  

the	
  animal	
  composed	
  of	
  molecularly	
  diverse	
  neuronal	
  subtypes	
  that	
  are	
  generated	
  

within	
  days	
  after	
  injury	
  or	
  amputation	
  (27,	
  28).	
  Functional	
  analysis	
  of	
  transcription	
  

factors	
  in	
  planarians	
  using	
  RNA	
  interference	
  (RNAi)	
  has	
  begun	
  to	
  identify	
  regulatory	
  

molecules	
  required	
  for	
  the	
  generation	
  and	
  maintenance	
  of	
  specific	
  neuronal	
  

subtypes	
  in	
  the	
  CNS	
  such	
  as	
  serotonergic	
  and	
  cholinergic	
  neurons	
  (23-­‐26,	
  29-­‐31).	
  

Thus,	
  planarians	
  provide	
  a	
  powerful	
  system	
  for	
  studying	
  basic	
  mechanisms	
  that	
  

underlie	
  stem	
  cell-­‐based	
  maintenance,	
  repair,	
  and	
  regeneration	
  of	
  the	
  adult	
  CNS.	
  

We	
  previously	
  identified	
  a	
  planarian	
  coe	
  homolog	
  that	
  is	
  primarily	
  expressed	
  

in	
  neural	
  progenitors	
  and	
  neurons.	
  We	
  showed	
  that	
  coe	
  is	
  required	
  for	
  brain	
  

regeneration;	
  in	
  uninjured	
  animals	
  fed	
  dsRNA	
  designed	
  to	
  silence	
  coe	
  expression	
  

(coe(RNAi)	
  animals),	
  we	
  observed	
  a	
  strong	
  behavioral	
  defect	
  and	
  loss	
  of	
  expression	
  

of	
  neural	
  subtype-­‐specific	
  genes	
  (ChAT,	
  pc-­‐2,	
  and	
  cpp-­‐1)	
  [23].	
  In	
  this	
  study	
  we	
  

provide	
  evidence	
  that	
  COE	
  activates	
  genetic	
  programs	
  in	
  multiple	
  classes	
  of	
  neurons	
  

and	
  differentiating	
  stem	
  cells	
  to	
  ensure	
  CNS	
  maintenance	
  and	
  regeneration.	
  To	
  

determine	
  which	
  genes	
  are	
  regulated	
  by	
  COE,	
  we	
  compared	
  the	
  transcriptome	
  

profiles	
  of	
  control	
  and	
  coe(RNAi)	
  animals	
  and	
  identified	
  downregulated	
  genes	
  

involved	
  in	
  CNS	
  function.	
  We	
  validated	
  candidate	
  targets	
  by	
  testing	
  for	
  loss	
  of	
  

expression	
  after	
  coe	
  knockdown	
  and	
  visualizing	
  their	
  expression	
  in	
  coe+	
  cells.	
  To	
  

examine	
  how	
  defects	
  in	
  COE	
  contribute	
  to	
  CNS	
  dysfunction,	
  we	
  knocked	
  down	
  a	
  

subset	
  of	
  downregulated	
  transcripts	
  and	
  found	
  additional	
  genes	
  required	
  for	
  CNS	
  

regeneration	
  including	
  homologs	
  of	
  the	
  transcription	
  factors	
  NKX2	
  and	
  POU4.	
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Finally,	
  we	
  mined	
  our	
  RNA-­‐seq	
  dataset	
  for	
  candidate	
  COE	
  targets	
  expressed	
  in	
  stem	
  

cell	
  progeny	
  and	
  identified	
  novel	
  postmitotic	
  progeny	
  genes	
  required	
  for	
  stem	
  cell	
  

homeostasis.	
  Consistent	
  with	
  these	
  findings,	
  we	
  showed	
  that	
  coe	
  is	
  also	
  required	
  for	
  

stem	
  cell	
  homeostasis	
  and	
  cell	
  death.	
  Combined,	
  these	
  data	
  identify	
  new	
  targets	
  of	
  

COE	
  in	
  mature	
  neurons	
  and	
  differentating	
  stem	
  cells,	
  providing	
  novel	
  insights	
  into	
  

how	
  COE	
  regulates	
  nervous	
  system	
  form,	
  function,	
  and	
  regeneration.	
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METHODS	
  

Animal	
  husbandry	
  

Asexual	
  Schmidtea	
  mediterranea	
  (CIW4)	
  were	
  fed	
  homogenized	
  calf	
  liver	
  and	
  

maintained	
  in	
  Instant	
  Ocean	
  salts	
  (51).	
  Animals	
  2	
  -­‐5	
  mm	
  in	
  length	
  were	
  starved	
  for	
  

one	
  week	
  prior	
  to	
  experimentation.	
  

	
  

RNA	
  interference	
  

Animals	
  were	
  administered	
  six	
  feedings	
  of	
  bacterially	
  expressed	
  dsRNA	
  

complementary	
  to	
  the	
  indicated	
  gene	
  over	
  three	
  weeks	
  as	
  previously	
  described	
  

(52);	
  gfp	
  dsRNA	
  was	
  fed	
  as	
  a	
  control.	
  For	
  regeneration	
  experiments,	
  planarians	
  

were	
  amputated	
  pre-­‐	
  and	
  post-­‐pharyngeally	
  24	
  hours	
  following	
  the	
  final	
  dsRNA	
  

feeding.	
  	
  

	
  

Wholemount	
  in	
  situ	
  hybridization	
  and	
  immunostaining	
  

Animals	
  were	
  processed	
  for	
  in	
  situ	
  as	
  described	
  in	
  (32);	
  γ-­‐irradiation	
  

treatments	
  and	
  detection	
  of	
  fluorescent	
  in	
  situ	
  hybridization	
  experiments	
  were	
  

performed	
  as	
  described	
  in	
  (23).	
  Accession	
  numbers	
  for	
  the	
  sequences	
  used	
  in	
  this	
  

study	
  are	
  listed	
  in	
  Appendixes	
  1-­‐2.	
  For	
  immunostaining	
  with	
  anti-­‐PH3	
  (1:1000,	
  

D2C8,	
  Cell	
  Signaling),	
  anti-­‐SYNORF1	
  (1:400,	
  3C11,	
  DSHB),	
  or	
  anti-­‐VC-­‐1	
  (1:10,000;	
  

kindly	
  provided	
  by	
  Hidefumi	
  Orii)	
  animals	
  were	
  fixed	
  with	
  Carnoy’s	
  solution	
  (53);	
  

with	
  anti-­‐CRMP-­‐2	
  (1:50,	
  9393S,	
  Cell	
  Signaling)	
  or	
  anti-­‐β-­‐tubulin	
  (E7,	
  1:1000,	
  DSHB)	
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animals	
  were	
  fixed	
  with	
  formaldehyde,	
  processed,	
  and	
  labeled	
  using	
  TSA	
  (32)	
  

except	
  that	
  the	
  reduction	
  step	
  was	
  omitted.	
  

	
  

DAVID	
  Analysis	
  

We	
  determined	
  human	
  accession	
  numbers	
  for	
  differentially	
  expressed	
  

Schmidtea	
  mediterranea	
  transcripts	
  by	
  performing	
  BLASTX	
  against	
  the	
  human	
  

UniProt	
  database	
  (cutoff	
  <	
  1	
  X	
  10-­‐4).	
  Human	
  accession	
  numbers	
  were	
  used	
  to	
  

assigned	
  Gene	
  Ontology	
  terms	
  and	
  perform	
  clustering	
  analysis	
  using	
  DAVID	
  

software	
  (1,	
  2)	
  with	
  the	
  “Panther_BP_all”	
  and	
  “Panther_MF_all”	
  gene	
  annotation	
  

settings	
  and	
  Enrichment	
  Score	
  cutoff	
  >1.3.	
  

	
  

Quantitative	
  Real-­‐Time	
  Polymerase	
  Chain	
  Reaction	
  

RNA	
  was	
  extracted	
  with	
  Trizol	
  reagent	
  (Invitrogen),	
  DNAsed	
  using	
  Turbo	
  

DNA-­‐free	
  Kit	
  (Life	
  Technologies)	
  and	
  purified	
  using	
  RNeasy	
  MinElute	
  Cleanup	
  kit	
  

(Qiagen).	
  cDNA	
  was	
  synthesized	
  using	
  the	
  iScript	
  cDNA	
  Synthesis	
  Kit	
  (BioRad).	
  

qPCR	
  was	
  performed	
  on	
  a	
  Bio-­‐Rad	
  CFX	
  Connect	
  Real-­‐Time	
  System	
  using	
  

SsoAdvanced	
  SYBR	
  Green	
  Supermix	
  (Bio-­‐Rad)	
  with	
  a	
  two-­‐step	
  cycling	
  protocol	
  and	
  

annealing/extension	
  temperature	
  of	
  58.5°C.	
  Two	
  technical	
  replicate	
  PCRs	
  were	
  

performed	
  on	
  each	
  of	
  two	
  separate	
  control	
  and	
  RNAi	
  sample	
  sets.	
  The	
  relative	
  

amount	
  of	
  each	
  cDNA	
  target	
  was	
  normalized	
  to	
  that	
  of	
  Smed-­‐b-­‐tubulin	
  (accession	
  

no.	
  DN305397).	
  Two	
  or	
  three	
  biological	
  replicates	
  were	
  used	
  for	
  each	
  experiment.	
  

Primers	
  are	
  listed	
  in	
  Table	
  S6.	
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Flow	
  Cytometry	
  

One	
  week	
  following	
  the	
  last	
  RNAi	
  treatment,	
  animals	
  were	
  dissociated	
  using	
  

papain	
  and	
  stained	
  with	
  25	
  mg/ml	
  of	
  Hoescst	
  33342	
  (Life	
  Technologies)	
  as	
  

previously	
  described	
  (3).	
  Samples	
  were	
  analyzed	
  using	
  a	
  FACSAria	
  (BD	
  Biosciences)	
  

Cell	
  Sorter.	
  For	
  irradiation	
  samples,	
  control	
  animals	
  were	
  exposed	
  to	
  100	
  Gy	
  of	
  g-­‐

irradiation	
  6	
  days	
  prior	
  to	
  dissociation.	
  

	
  

Statistical	
  analysis	
  

Statistical	
  analysis	
  was	
  performed	
  using	
  Student’s	
  t-­‐test.	
  Error	
  bars	
  in	
  graphs	
  

are	
  standard	
  deviations.	
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RESULTS	
  AND	
  DISSCUSION	
  

coe	
  is	
  required	
  for	
  maintenance	
  of	
  nervous	
  system	
  structure.	
  

	
   Analysis	
  of	
  coe	
  using	
  an	
  optimized	
  wholemount	
  in	
  situ	
  hybridization	
  protocol	
  

(WISH)	
  (32)	
  confirmed	
  that	
  coe	
  mRNA	
  was	
  restricted	
  to	
  stem	
  cells	
  and	
  neurons	
  of	
  S.	
  

mediterranea	
  (Figure.	
  2.1A-­‐C).	
  We	
  investigated	
  the	
  role	
  of	
  coe	
  in	
  head	
  and	
  tail	
  

regeneration	
  by	
  amputating	
  coe(RNAi)	
  and	
  control	
  animals	
  pre-­‐	
  and	
  post-­‐

pharyngeally	
  and	
  analyzing	
  the	
  trunk	
  fragment.	
  The	
  brains	
  regenerated	
  by	
  

coe(RNAi)	
  animals	
  were	
  smaller	
  than	
  those	
  of	
  controls	
  and	
  failed	
  to	
  connect	
  at	
  the	
  

anterior	
  commissure	
  (Figure.	
  2.1D)	
  (23).	
  Additionally,	
  we	
  observed	
  ventral	
  nerve	
  

cord	
  (VNC)	
  defects	
  at	
  posterior	
  facing	
  wounds	
  (Figure	
  2.1E).	
  We	
  further	
  analyzed	
  

the	
  nervous	
  system	
  patterning	
  defects	
  using	
  anti-­‐VC-­‐1,	
  a	
  marker	
  of	
  the	
  

photoreceptor	
  neurons	
  and	
  their	
  axons,	
  and	
  found	
  that	
  the	
  optic	
  chiasm	
  also	
  failed	
  

to	
  form	
  in	
  coe(RNAi)	
  animals	
  (Figure	
  2.1F).	
  These	
  data	
  show	
  that	
  coe	
  is	
  required	
  for	
  

neuronal	
  regeneration	
  at	
  both	
  anterior	
  and	
  posterior	
  facing	
  wounds	
  and	
  suggest	
  

that	
  coe	
  regulates	
  genes	
  required	
  for	
  reestablishing	
  midline	
  patterning	
  following	
  

amputation.	
  

	
   Next,	
  we	
  investigated	
  the	
  role	
  of	
  coe	
  in	
  tissue	
  homeostasis	
  by	
  probing	
  for	
  

markers	
  that	
  label	
  the	
  CNS,	
  intestine,	
  and	
  muscle,	
  using	
  ChAT,	
  mat	
  (22),	
  and	
  collagen	
  

(33),	
  respectively.	
  We	
  found	
  a	
  systemic	
  loss	
  of	
  ChAT+	
  expression	
  in	
  coe(RNAi)	
  

animals	
  (Figure	
  2.2A)	
  (23).	
  By	
  contrast,	
  the	
  expression	
  of	
  markers	
  of	
  the	
  intestine	
  

and	
  muscle	
  were	
  similar	
  to	
  those	
  in	
  controls	
  (Figure	
  2.2B-­‐C).	
  To	
  determine	
  whether	
  

COE	
  function	
  is	
  required	
  for	
  maintenance	
  of	
  nervous	
  system	
  architecture,	
  we	
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labeled	
  neuronal	
  cell	
  bodies	
  and	
  their	
  projections	
  using	
  anti-­‐CRMP-­‐2	
  and	
  anti-­‐β-­‐

tubulin	
  (Figure	
  2.2D-­‐F).	
  In	
  coe(RNAi)	
  animals,	
  we	
  observed	
  a	
  striking	
  decrease	
  in	
  

nerve	
  bundles	
  labeled	
  by	
  anti-­‐CRMP-­‐2	
  and	
  anti-­‐β-­‐tubulin	
  relative	
  to	
  that	
  in	
  controls;	
  

however,	
  expression	
  of	
  CRMP-­‐2	
  was	
  retained	
  in	
  the	
  cell	
  bodies	
  (Figure	
  2.2F).	
  In	
  

addition,	
  when	
  we	
  labeled	
  sensory	
  neurons	
  using	
  cintillo	
  (34),	
  coe(RNAi)	
  animals	
  

exhibited	
  significantly	
  fewer	
  cintillo+	
  cells	
  (Figure	
  2.2G).	
  These	
  results	
  strongly	
  

suggest	
  that	
  nervous	
  system	
  architecture	
  is	
  severely	
  reduced	
  or	
  lost	
  in	
  the	
  absence	
  

of	
  coe.	
  

	
  

Identification	
  of	
  COE	
  targets	
  in	
  the	
  adult	
  nervous	
  system.	
  

	
  In	
  Drosophila	
  and	
  C.	
  elegans,	
  COE	
  homologs	
  are	
  required	
  to	
  maintain	
  

molecular	
  identity	
  in	
  a	
  subset	
  of	
  cholinergic	
  or	
  sensory	
  neurons	
  in	
  adult	
  animals	
  

(12-­‐14).	
  Although	
  COE	
  has	
  been	
  shown	
  to	
  drive	
  differentiation	
  of	
  multiple	
  classes	
  of	
  

neurons	
  during	
  development	
  (35),	
  the	
  role	
  of	
  COE	
  in	
  adult	
  nervous	
  system	
  function	
  

or	
  regeneration	
  remains	
  largely	
  unknown.	
  Thus,	
  we	
  took	
  advantage	
  of	
  the	
  

requirement	
  of	
  coe	
  for	
  planarian	
  CNS	
  homeostasis	
  to	
  investigate	
  downstream	
  

genetic	
  programs	
  controlled	
  by	
  this	
  transcription	
  factor.	
  By	
  comparing	
  RNA-­‐seq	
  

profiles	
  of	
  control	
  and	
  coe(RNAi)	
  animals,	
  we	
  identified	
  909	
  differentially	
  expressed	
  

genes;	
  397	
  were	
  downregulated	
  and	
  512	
  were	
  upregulated	
  (Appendix	
  3).	
  

Functional	
  annotation	
  using	
  DAVID	
  software	
  showed	
  that	
  the	
  set	
  of	
  downregulated	
  

genes	
  was	
  significantly	
  enriched	
  for	
  Gene	
  Ontology	
  (GO)	
  terms	
  associated	
  with	
  ‘ion	
  

channel’,	
  ‘neuronal	
  activities’,	
  ‘nerve-­‐nerve	
  synaptic	
  transmission’,	
  ‘voltage-­‐gated	
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ion	
  channel’,	
  and	
  ‘cell	
  adhesion	
  molecule’;	
  by	
  contrast,	
  the	
  upregulated	
  genes	
  were	
  

enriched	
  for	
  GO	
  terms	
  associated	
  with	
  ‘cytoskeletal	
  protein’	
  and	
  ‘muscle	
  

development’	
  (Table	
  2.1).	
  We	
  selected	
  66	
  downregulated	
  genes	
  associated	
  with	
  

neural	
  functions	
  or	
  annotated	
  as	
  transcription	
  factor	
  homologs	
  and	
  performed	
  

WISH	
  analysis	
  to	
  determine	
  their	
  tissue-­‐specific	
  pattern	
  of	
  expression	
  (Appendix	
  4).	
  

As	
  we	
  expected,	
  the	
  most	
  prominent	
  mRNA	
  expression	
  pattern	
  of	
  genes	
  

downregulated	
  following	
  coe	
  RNAi	
  was	
  in	
  the	
  nervous	
  system	
  (22/66	
  genes;	
  

Appendix	
  4)	
  such	
  as	
  ChAT	
  and	
  cpp-­‐1,	
  which	
  we	
  had	
  previously	
  found	
  to	
  be	
  putative	
  

downstream	
  targets	
  of	
  COE	
  (23).	
  In	
  addition,	
  we	
  observed	
  genes	
  that	
  were	
  

expressed	
  broadly	
  in	
  the	
  nervous	
  system	
  (such	
  as	
  neural	
  cell	
  adhesion	
  molecule-­‐2	
  

(ncam-­‐2),	
  vesicle-­‐associated	
  membrane	
  protein	
  like-­‐1	
  (vamp),	
  gamma-­‐aminobutyric	
  

acid	
  receptor	
  subunit	
  beta	
  like-­‐1	
  (gbrb-­‐1),	
  voltage-­‐gated	
  sodium	
  channel	
  alpha-­‐1	
  

(scna-­‐1))	
  or	
  in	
  discrete	
  neuronal	
  subpopulations	
  (such	
  as	
  secreted	
  peptide	
  

prohormone-­‐19,	
  -­‐18,	
  -­‐2	
  (spp-­‐19,	
  -­‐18,	
  -­‐2),	
  neuropeptide	
  like-­‐1	
  (npl-­‐1),	
  voltage-­‐gated	
  

sodium	
  channel	
  alpha-­‐2,	
  (scna-­‐2),	
  and	
  caveolin-­‐1	
  (cav-­‐1))	
  (Figure	
  2.3A-­‐J).	
  We	
  also	
  

identified	
  several	
  transcripts	
  that	
  labeled	
  subsets	
  of	
  neurons	
  in	
  the	
  brain,	
  including	
  

netrin-­‐1	
  (36)	
  and	
  the	
  transcription	
  factors	
  iroquios-­‐1	
  (irx-­‐1)	
  and	
  pou	
  class	
  4	
  

transcription	
  factor	
  4	
  like-­‐1	
  (pou4l-­‐1)	
  (Figure	
  2.3K-­‐M).	
  

Next,	
  based	
  on	
  strong	
  expression	
  in	
  discrete	
  cell	
  populations,	
  we	
  assessed	
  

34/66	
  genes	
  for	
  changes	
  in	
  expression	
  following	
  coe	
  RNAi	
  knockdown.	
  All	
  34	
  genes	
  

that	
  we	
  tested	
  agreed	
  with	
  our	
  RNA-­‐seq	
  dataset	
  (Figure	
  2.3A’-­‐L’	
  and	
  appendix	
  4).	
  

coe	
  knockdown	
  caused	
  a	
  systemic	
  loss	
  of	
  expression	
  of	
  all	
  genes	
  evaluated	
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throughout	
  the	
  animal,	
  with	
  the	
  exception	
  of	
  scna-­‐2	
  and	
  cav-­‐1,	
  which	
  were	
  

specifically	
  lost	
  in	
  cells	
  located	
  at	
  the	
  midline	
  (Figure	
  2.3A-­‐N).	
  These	
  results	
  suggest	
  

that	
  coe	
  function	
  is	
  involved	
  in	
  maintaining	
  brain	
  patterning	
  in	
  uninjured	
  animals.	
  

Because	
  many	
  of	
  the	
  transcription	
  factors	
  were	
  weakly	
  expressed	
  and	
  difficult	
  to	
  

detect	
  by	
  WISH	
  (Figure	
  2.4A),	
  we	
  investigated	
  expression	
  changes	
  in	
  coe(RNAi)	
  

animals	
  using	
  quantitative	
  real-­‐time	
  PCR	
  (qPCR).	
  The	
  changes	
  in	
  gene	
  expression	
  

detected	
  by	
  qPCR	
  were	
  in	
  concordance	
  with	
  our	
  RNA-­‐seq	
  dataset	
  (Figure	
  2.4B).	
  All	
  

of	
  the	
  genes	
  identified	
  above	
  were	
  detected	
  in	
  coe+	
  cells	
  with	
  the	
  exception	
  of	
  scna-­‐

2,	
  cav-­‐1,	
  irx-­‐1,	
  pou4l-­‐1,	
  and	
  scna-­‐2,	
  which	
  we	
  were	
  unable	
  to	
  detect	
  reliably	
  by	
  FISH	
  

(Figure	
  2.5).	
  These	
  experiments	
  identified	
  10	
  previously	
  unknown	
  targets	
  of	
  coe	
  in	
  

the	
  nervous	
  system,	
  including	
  genes	
  important	
  for	
  maintaining	
  neuronal	
  subtype	
  

identity	
  (e.g.,	
  ion	
  channels	
  and	
  neuropeptides).	
  The	
  results	
  obtained	
  from	
  RNA-­‐seq	
  

experiments	
  also	
  raised	
  the	
  possibility	
  that	
  coe	
  might	
  negatively	
  regulate	
  mesoderm	
  

specification	
  (Table	
  2.1),	
  which	
  is	
  required	
  for	
  muscle	
  development	
  (3,	
  37).	
  

However,	
  coe	
  mRNAs	
  were	
  not	
  detected	
  in	
  a	
  muscle	
  pattern	
  (Figure	
  2.1)	
  (23)	
  nor	
  

did	
  we	
  detect	
  obvious	
  phenotypes	
  associated	
  with	
  muscle	
  differentiation	
  (Figure	
  

2.2).	
  Although	
  our	
  experiments	
  do	
  not	
  rule	
  in	
  or	
  out	
  a	
  function	
  of	
  COE	
  in	
  

mesodermal	
  differentiation	
  or	
  maintenance,	
  our	
  data	
  do	
  clearly	
  indicate	
  that	
  coe	
  is	
  

required	
  for	
  expression	
  of	
  nervous	
  system-­‐specific	
  genes	
  in	
  adult	
  planarians.	
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nkx2l-­‐1	
  and	
  pou4l-­‐1	
  expression	
  is	
  required	
  for	
  CNS	
  regeneration.	
  

To	
  gain	
  insights	
  into	
  how	
  the	
  loss	
  of	
  COE	
  function	
  affects	
  nervous	
  system	
  

regeneration,	
  we	
  analyzed	
  the	
  role	
  of	
  nine	
  downregulated	
  genes	
  that	
  were	
  

expressed	
  in	
  neurons	
  or	
  predicted	
  to	
  encode	
  transcription	
  factors.	
  Following	
  RNAi,	
  

animals	
  amputated	
  pre-­‐	
  and	
  post-­‐pharyngeally	
  were	
  stained	
  with	
  anti-­‐SYNAPSIN	
  

after	
  10	
  days	
  of	
  regeneration	
  to	
  screen	
  for	
  defects	
  in	
  CNS	
  architecture	
  (Table	
  2.2).	
  

The	
  efficiency	
  of	
  inhibition	
  of	
  expression	
  of	
  selected	
  genes	
  was	
  confirmed	
  using	
  

qPCR	
  (Figure	
  2.6A).	
  We	
  found	
  that	
  knockdown	
  of	
  scna-­‐2,	
  pou4l-­‐1,	
  and	
  nkx2l	
  caused	
  

defects	
  in	
  CNS	
  regeneration.	
  scna-­‐2(RNAi)	
  animals	
  had	
  little	
  eye	
  pigmentation	
  and	
  

rarely	
  developed	
  a	
  single	
  photoreceptor	
  (Figure	
  2.6B-­‐C).	
  These	
  observations	
  are	
  

consistent	
  with	
  the	
  idea	
  that	
  ion	
  channels	
  play	
  critical	
  roles	
  in	
  CNS	
  development	
  and	
  

regeneration	
  (38-­‐40).	
  nkx2l(RNAi)	
  animals	
  exhibited	
  photoreceptor	
  defects	
  and	
  had	
  

significantly	
  reduced	
  tail	
  blastemas	
  (Figure	
  2.6D	
  and	
  F),	
  whereas	
  pou4l-­‐1(RNAi)	
  

animals	
  had	
  less	
  photoreceptor	
  pigment	
  and	
  smaller	
  brains	
  than	
  controls	
  (Figure	
  

2.6E).	
  We	
  further	
  examined	
  the	
  function	
  of	
  nkx2l	
  and	
  pou4l-­‐1	
  by	
  staining	
  RNAi-­‐

treated	
  regenerates	
  for	
  coe	
  targets,	
  including	
  ChAT	
  and	
  npl;	
  ChAT+	
  brains	
  were	
  

smaller	
  in	
  nkx2l(RNAi)	
  and	
  pou4l-­‐1(RNAi)	
  animals	
  compared	
  to	
  controls	
  (Figure	
  

2.6G).	
  Interestingly,	
  despite	
  their	
  smaller	
  brains,	
  pou4l-­‐1(RNAi)	
  animals	
  regenerated	
  

22%	
  more	
  npl+	
  cells	
  than	
  controls	
  (Figure	
  2.6H),	
  suggesting	
  that	
  this	
  gene	
  plays	
  a	
  

role	
  in	
  controlling	
  neuronal	
  fate	
  specification.	
  	
  

It	
  is	
  noteworthy	
  that	
  several	
  transcription	
  factors	
  that	
  we	
  identified	
  in	
  our	
  

screen	
  are	
  putative	
  COE	
  targets	
  in	
  Xenopus	
  development,	
  including	
  irx-­‐1,	
  tal,	
  pou4l-­‐
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1,	
  and	
  nkx2l	
  (35).	
  Of	
  these	
  genes,	
  we	
  found	
  that	
  expression	
  of	
  pou4l-­‐1	
  and	
  nkx2l	
  was	
  

important	
  for	
  CNS	
  regeneration.	
  NKX	
  and	
  POU	
  orthologs	
  play	
  critical	
  roles	
  during	
  

CNS	
  development	
  of	
  invertebrate	
  and	
  vertebrate	
  organisms	
  (41-­‐43).	
  These	
  data	
  

demonstrate	
  that	
  the	
  regulatory	
  program	
  downstream	
  of	
  COE	
  is	
  conserved	
  

throughout	
  evolution	
  and	
  functions	
  to	
  control	
  adult	
  neurogenesis	
  and	
  CNS	
  

regeneration.	
  	
  

	
  

Novel	
  postmitotic	
  progeny	
  genes	
  are	
  required	
  for	
  planarian	
  stem	
  cell	
  

differentiation.	
  	
  

We	
  previously	
  observed	
  coe	
  expression	
  in	
  a	
  subset	
  of	
  stem	
  cells	
  and	
  their	
  

progeny	
  (23).	
  To	
  gain	
  insights	
  into	
  the	
  mechanisms	
  by	
  which	
  coe	
  may	
  regulate	
  

functions	
  of	
  adult	
  somatic	
  stem	
  cells,	
  we	
  compared	
  our	
  coe(RNAi)	
  transcriptome	
  

dataset	
  to	
  stem	
  cell	
  and	
  progenitor	
  transcriptomes	
  (44,	
  45)	
  and	
  identified	
  10	
  genes	
  

reported	
  to	
  be	
  highly	
  expressed	
  in	
  stem	
  cell	
  progeny:	
  six	
  genes	
  were	
  downregulated	
  

and	
  four	
  upregulated	
  in	
  coe(RNAi)	
  animals	
  compared	
  to	
  the	
  controls	
  (Figure	
  2.7A-­‐B	
  

and	
  Appendix	
  4).	
  None	
  of	
  these	
  10	
  genes	
  shared	
  significant	
  sequence	
  homology	
  with	
  

known	
  genes;	
  however,	
  analysis	
  of	
  the	
  predicted	
  protein	
  sequences	
  using	
  

InterProScan	
  (46)	
  revealed	
  that	
  all	
  had	
  N-­‐terminal	
  signal	
  peptide	
  sequences.	
  To	
  

confirm	
  that	
  these	
  genes	
  were	
  expressed	
  in	
  differentiating	
  cells,	
  we	
  exposed	
  animals	
  

to	
  γ-­‐irradiation,	
  a	
  treatment	
  that	
  ablates	
  stem	
  cells	
  and	
  progenitors	
  (47,	
  48),	
  and	
  

observed	
  a	
  dramatic	
  loss	
  of	
  expression	
  for	
  these	
  transcripts	
  (Figure	
  2.7C-­‐D).	
  The	
  

genes	
  identified	
  did	
  not	
  co-­‐label	
  with	
  h2b	
  (data	
  not	
  shown),	
  confirming	
  that	
  these	
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transcripts	
  are	
  primarily	
  expressed	
  in	
  differentiating	
  stem	
  cells.	
  We	
  termed	
  these	
  10	
  

genes	
  postmitotic	
  progeny	
  (pmp)	
  genes.	
  

We	
  next	
  asked	
  whether	
  pmp	
  genes	
  are	
  expressed	
  in	
  a	
  homogeneous	
  cell	
  

population	
  by	
  staining	
  animals	
  for	
  downregulated	
  (pmp-­‐3/pmp-­‐4	
  or	
  pmp-­‐4/pmp-­‐2)	
  

or	
  upregulated	
  (pmp-­‐7/pmp-­‐8	
  or	
  pmp-­‐9/pmp-­‐8)	
  candidates;	
  there	
  was	
  99%	
  and	
  

98%	
  overlap	
  of	
  expression,	
  respectively	
  (representative	
  results	
  shown	
  in	
  Figure	
  

2.7E-­‐F).	
  Similarly,	
  when	
  animals	
  were	
  co-­‐stained	
  with	
  pmp-­‐4	
  (downregulated)	
  and	
  

pmp-­‐8	
  (upregulated),	
  93%	
  of	
  pmp-­‐4+	
  cells	
  were	
  also	
  pmp-­‐8+	
  (Figure2.7G).	
  Similar	
  

proportions	
  of	
  pmp-­‐4+	
  and	
  pmp-­‐8+	
  cells	
  expressed	
  the	
  late	
  progeny	
  marker	
  agat-­‐1	
  

(90%)	
  (47),	
  coe	
  (11%),	
  and	
  ChAT	
  (13-­‐15%;	
  Figure	
  2.7H-­‐L).	
  We	
  rarely	
  detected	
  co-­‐

expression	
  of	
  pmp-­‐4	
  with	
  the	
  early	
  progeny	
  marker,	
  prog-­‐2	
  (data	
  not	
  shown)	
  (47).	
  

From	
  these	
  observations	
  we	
  conclude	
  that	
  pmp	
  genes	
  are	
  abundantly	
  expressed	
  in	
  

late	
  progenitors	
  and	
  that	
  their	
  expression	
  is	
  maintained	
  in	
  differentiating	
  neurons.	
  	
  

Expression	
  analysis	
  suggested	
  that	
  pmp	
  genes	
  might	
  be	
  required	
  to	
  maintain	
  

progenitor	
  identity	
  or	
  terminal	
  differentiation.	
  Planarian	
  regeneration	
  relies	
  on	
  the	
  

stem	
  cell	
  population	
  and	
  serves	
  as	
  an	
  excellent	
  readout	
  to	
  test	
  the	
  function	
  of	
  stem	
  

cell	
  regulatory	
  genes.	
  When	
  we	
  inhibited	
  expression	
  of	
  downregulated	
  pmp	
  genes	
  

using	
  RNAi,	
  we	
  noted	
  that	
  pmp-­‐1(RNAi)	
  and	
  pmp-­‐2(RNAi)	
  animals	
  had	
  significantly	
  

increased	
  numbers	
  of	
  PH3+	
  cells	
  in	
  trunk	
  fragments	
  (Figure	
  2.7M-­‐N).	
  We	
  also	
  

observed	
  animal	
  death	
  within	
  a	
  few	
  days	
  following	
  amputation	
  in	
  9/17	
  pmp-­‐

1(RNAi)	
  head	
  fragments,	
  indicating	
  the	
  stem	
  cells	
  failed	
  to	
  restore	
  lost	
  cell	
  types	
  

(Table	
  2.2).	
  By	
  contrast,	
  we	
  did	
  not	
  observe	
  a	
  significant	
  effect	
  on	
  the	
  mitotic	
  index	
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in	
  pmp-­‐5(RNAi)	
  animals;	
  however,	
  these	
  animals	
  had	
  delayed	
  photoreceptor	
  

regeneration	
  and	
  smaller	
  brains	
  than	
  controls	
  (Table	
  2.2).	
  Our	
  data	
  demonstrate	
  

that	
  coe	
  is	
  required	
  for	
  normal	
  expression	
  of	
  pmp	
  genes	
  or	
  functions	
  in	
  concert	
  with	
  

a	
  subset	
  of	
  these	
  genes	
  during	
  stem	
  cell	
  differentiation.	
  	
  

	
  

COE	
  regulates	
  stem	
  cell	
  homeostasis.	
  

COE	
  homologs	
  have	
  been	
  implicated	
  in	
  tumor	
  suppression	
  as	
  COE	
  promotes	
  

cell	
  cycle	
  exit	
  and	
  death	
  (15).	
  Based	
  on	
  our	
  observations	
  that	
  pmp-­‐1(RNAi)	
  and	
  pmp-­‐

2(RNAi)	
  animals	
  had	
  more	
  PH3+	
  cells	
  than	
  controls,	
  we	
  examined	
  the	
  effect	
  of	
  coe	
  

silencing	
  on	
  stem	
  cell	
  homeostasis	
  and	
  cell	
  survival.	
  Similar	
  to	
  pmp-­‐1(RNAi)	
  and	
  

pmp-­‐2(RNAi)	
  animals,	
  coe(RNAi)	
  animals	
  exhibited	
  an	
  increase	
  in	
  the	
  number	
  of	
  

PH3+	
  cells	
  compared	
  to	
  controls	
  (Figure	
  2.8	
  A-­‐C).	
  Interestingly,	
  we	
  also	
  found	
  that	
  

the	
  number	
  of	
  TUNEL+	
  cells	
  was	
  diminished	
  in	
  coe(RNAi)	
  animals	
  (Figure	
  2.8D-­‐F).	
  

We	
  hypothesized	
  that	
  inhibition	
  of	
  coe	
  expression	
  affects	
  cell	
  cycle	
  progression	
  

dynamics.	
  To	
  test	
  this,	
  we	
  attempted	
  to	
  label	
  proliferating	
  cells	
  using	
  BrdU;	
  

however,	
  coe(RNAi)	
  animals	
  were	
  refractory	
  to	
  staining.	
  As	
  an	
  alternative	
  method,	
  

we	
  labeled	
  cycling	
  stem	
  cells	
  using	
  h2b,	
  which,	
  as	
  we	
  expected,	
  labeled	
  nearly	
  100%	
  

of	
  cells	
  in	
  S-­‐phase	
  (Figure	
  2.8G).	
  In	
  coe(RNAi)	
  animals,	
  we	
  observed	
  a	
  significant	
  loss	
  

of	
  h2b+	
  cells	
  between	
  the	
  cephalic	
  ganglia	
  and	
  the	
  ventral	
  nerve	
  cords	
  (Figure	
  2.8H-­‐

J).	
  We	
  used	
  flow	
  cytometry	
  to	
  estimate	
  the	
  total	
  number	
  of	
  stem	
  cells	
  and	
  progeny	
  in	
  

control	
  and	
  coe(RNAi)	
  animals.	
  We	
  found	
  that	
  the	
  number	
  of	
  stem	
  cells	
  and	
  their	
  

progeny	
  were	
  not	
  significantly	
  different	
  (Figure	
  2.8K-­‐M).	
  This	
  result	
  is	
  consistent	
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with	
  our	
  previous	
  observation	
  that	
  only	
  a	
  small	
  proportion	
  of	
  proliferating	
  stem	
  

cells	
  expressed	
  coe	
  (approximately	
  4-­‐7%)	
  (23).	
  We	
  speculate	
  that	
  loss	
  of	
  coe	
  

function	
  perturbs	
  the	
  ability	
  of	
  a	
  subset	
  of	
  stem	
  cells	
  to	
  exit	
  the	
  cell	
  cycle	
  or	
  undergo	
  

normal	
  cell	
  death	
  as	
  occurs	
  in	
  cancer	
  (15).	
  It	
  will	
  be	
  necessary	
  to	
  determine	
  the	
  

exact	
  identity	
  of	
  coe+	
  stem	
  cells	
  in	
  order	
  to	
  investigate	
  whether	
  defects	
  in	
  stem	
  cell	
  

function	
  are	
  caused	
  by	
  stem	
  cell	
  senescence,	
  death,	
  or	
  aberrant	
  differentiation.	
  

Notwithstanding,	
  our	
  data	
  support	
  the	
  idea	
  that	
  tumor	
  suppressor	
  genes	
  play	
  key	
  

roles	
  in	
  stem	
  cell-­‐based	
  regeneration	
  (49,	
  50)	
  and	
  further	
  accentuate	
  the	
  utility	
  of	
  

the	
  planarian	
  model	
  to	
  gain	
  insights	
  into	
  how	
  tumor	
  suppressors	
  regulate	
  adult	
  

stem	
  cells	
  within	
  the	
  context	
  of	
  specific	
  organs	
  or	
  tissues.	
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CONCLUSIONS	
  

	
   COE	
  proteins	
  are	
  known	
  to	
  function	
  as	
  terminal	
  selectors	
  of	
  neuronal	
  identity	
  

in	
  adult	
  organisms	
  (12-­‐14);	
  yet,	
  it	
  remains	
  unclear	
  how	
  defects	
  in	
  COE	
  contribute	
  to	
  

nervous	
  system	
  dysfunction	
  and	
  disease.	
  In	
  this	
  study	
  we	
  exploited	
  the	
  high	
  rate	
  of	
  

tissue	
  turnover	
  and	
  regenerative	
  capacity	
  of	
  planarians	
  to	
  expand	
  our	
  

understanding	
  of	
  how	
  COE	
  functions	
  in	
  adult	
  stem	
  cells	
  and	
  neurons	
  (Figure	
  2.9).	
  

We	
  found	
  that	
  coe	
  is	
  essential	
  to	
  maintain	
  nervous	
  system	
  architecture	
  and	
  drive	
  the	
  

expression	
  of	
  genes	
  important	
  for	
  neuronal	
  identity	
  (such	
  as	
  neurotransmitter	
  

receptors,	
  ion	
  channels,	
  and	
  neuropeptides)	
  in	
  multiple	
  classes	
  of	
  neurons	
  

distributed	
  throughout	
  the	
  CNS.	
  By	
  examining	
  the	
  function	
  of	
  COE	
  targets,	
  we	
  

identified	
  several	
  genes	
  important	
  for	
  CNS	
  regeneration	
  including	
  scna-­‐2,	
  nkx2l-­‐1,	
  

and	
  pou4l-­‐1.	
  Remarkably,	
  five	
  out	
  of	
  the	
  seven	
  transcription	
  factors	
  we	
  analyzed	
  in	
  

this	
  study	
  (irx-­‐1,	
  nkx2l-­‐1,	
  pou4l-­‐1,	
  tal,	
  and	
  tlx),	
  were	
  also	
  identified	
  as	
  putative	
  COE	
  

targets	
  during	
  Xenopus	
  CNS	
  development,	
  suggesting	
  that	
  genetic	
  programs	
  

regulated	
  by	
  COE	
  are	
  highly	
  conserved	
  during	
  neurogenesis	
  and	
  redeployed	
  during	
  

CNS	
  turnover	
  and	
  regeneration.	
  Finally,	
  we	
  demonstrated	
  that	
  COE	
  is	
  required	
  for	
  

stem	
  cell	
  homeostasis	
  and	
  normal	
  cell	
  death,	
  functions	
  that	
  may	
  be	
  controlled	
  in	
  

part	
  by	
  COE-­‐dependent	
  regulation	
  of	
  pmp	
  genes	
  in	
  differentiating	
  stem	
  cells.	
  These	
  

data	
  strongly	
  suggest	
  that	
  the	
  role	
  of	
  COE	
  in	
  tumor	
  suppression	
  is	
  conserved	
  in	
  

planarians	
  (15).	
  However,	
  we	
  do	
  not	
  know	
  the	
  precise	
  mechanisms	
  by	
  which	
  coe	
  

inhibition	
  causes	
  systemic	
  defects	
  in	
  proliferation,	
  cell	
  death	
  or	
  pmp	
  gene	
  

expression.	
  The	
  next	
  step	
  will	
  be	
  to	
  perform	
  ChIP-­‐seq	
  and	
  combine	
  it	
  with	
  our	
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expression	
  data	
  to	
  elucidate	
  which	
  genes	
  are	
  direct	
  targets	
  of	
  COE	
  genome-­‐wide.	
  In	
  

conclusion,	
  our	
  study	
  underscores	
  the	
  importance	
  of	
  COE	
  genes	
  in	
  CNS	
  maintenance	
  

and	
  demonstrates	
  that	
  planarians	
  are	
  a	
  powerful	
  animal	
  model	
  to	
  identify	
  COE	
  

targets	
  in	
  vivo	
  and	
  examine	
  their	
  function	
  in	
  neuronal	
  turnover	
  and	
  repair.	
  

	
  

Chapter	
  2,	
  in	
  full,	
  has	
  been	
  submitted	
  for	
  publication	
  of	
  the	
  material.	
  Cowles,	
  

MW.;	
  Stanley,	
  BN.;	
  Omuro,	
  KC.;	
  Quintanilla	
  CG.;	
  Zayas,	
  RM.	
  The	
  dissertation	
  author	
  

was	
  the	
  primary	
  investigator	
  and	
  author	
  of	
  this	
  manuscript.	
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FIGURES	
  

	
  

Figure.	
  2.1:	
  coe	
  is	
  required	
  for	
  CNS	
  regeneration	
  and	
  midline	
  patterning.	
  	
  
(A)	
  In	
  situ	
  hybridization	
  to	
  coe	
  in	
  S.	
  mediterranea	
  (vn,	
  ventral	
  nerve	
  cords).	
  Dashed	
  
boxes	
  show	
  regions	
  imaged	
  in	
  B-­‐F;	
  red	
  dashed	
  lines	
  denote	
  amputation	
  sites	
  for	
  
animals	
  shown	
  in	
  D-­‐F.	
  (B-­‐C)	
  Double	
  fluorescent	
  in	
  situ	
  hybridization	
  to	
  coe	
  and	
  h2b.	
  
Regions	
  imaged	
  are	
  shown	
  in	
  A.	
  Arrows	
  point	
  to	
  double-­‐labeled	
  cells	
  (D-­‐F)	
  Control	
  
and	
  coe(RNAi)	
  7-­‐day	
  regenerates	
  immunostained	
  with	
  anti-­‐SYNAPSIN	
  (D,	
  E)	
  or	
  
labeled	
  with	
  anti-­‐VC-­‐1	
  (F).	
  Arrows	
  in	
  D	
  and	
  F	
  denote	
  defects	
  in	
  anterior	
  commissure	
  
and	
  optic	
  nerve	
  patterning,	
  respectively.	
  Scale	
  bars	
  in	
  A	
  =	
  200	
  μm;	
  those	
  in	
  B,	
  D,	
  F	
  =	
  
100	
  μm
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Figure. 2.2: coe is required for nervous system maintenance.  
(A-­‐C)	
  RNAi-­‐treated	
  animals	
  were	
  processed	
  for	
  fluorescent	
  in	
  situ	
  hybridization	
  to	
  
ChAT,	
  mat,	
  or	
  collagen.	
  Dashed	
  boxes	
  in	
  A	
  indicate	
  regions	
  imaged	
  at	
  higher	
  
magnification	
  shown	
  in	
  the	
  insets	
  to	
  the	
  right.	
  Dashed	
  box	
  in	
  C	
  denotes	
  region	
  
shown	
  at	
  higher	
  magnification	
  in	
  inset.	
  (D)	
  Head	
  or	
  tail	
  images	
  from	
  an	
  animal	
  
stained	
  with	
  anti-­‐CRMP-­‐2	
  and	
  ChAT.	
  CRMP-­‐2	
  is	
  expressed	
  in	
  axon	
  projections	
  and	
  
neuronal	
  cell	
  bodies.	
  (E)	
  High	
  magnification	
  image	
  of	
  region	
  denoted	
  by	
  white	
  box	
  
in	
  F	
  shows	
  CRMP-­‐2	
  is	
  detected	
  in	
  ChAT+	
  cell	
  bodies	
  (Arrowhead).	
  Nuclei	
  were	
  
labeled	
  in	
  blue	
  using	
  DAPI.	
  (F)	
  Uninjured	
  control	
  and	
  coe(RNAi)	
  planarians	
  
immunolabeled	
  with	
  anti-­‐CRMP-­‐2	
  and	
  anti-­‐β-­‐TUBULIN.	
  (G)	
  Control	
  and	
  coe(RNAi)	
  
animals	
  processed	
  for	
  WISH	
  to	
  cintillo.	
  Quantification	
  of	
  cintillo+	
  cells	
  Shown	
  in	
  top	
  
right	
  corner.	
  Scale	
  bar	
  in	
  A	
  =	
  200	
  μm;	
  Scale	
  bar	
  in	
  D	
  =	
  100μm;	
  Scale	
  bar	
  in	
  E	
  =	
  50	
  μm.	
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Figure.	
  2.3:	
  Identification	
  of	
  downstream	
  targets	
  of	
  COE	
  in	
  the	
  central	
  nervous	
  
system.	
  	
  
(A-­‐M)	
  Control	
  and	
  coe(RNAi)	
  treated	
  animals	
  were	
  evaluated	
  by	
  WISH	
  for	
  genes	
  
denoted	
  above	
  each	
  panel.	
  Numbers	
  in	
  top	
  right	
  corner	
  indicate	
  fold	
  changes	
  in	
  
mRNA	
  expression	
  between	
  control	
  and	
  coe(RNAi)	
  animals.	
  Arrows	
  in	
  I	
  and	
  J	
  point	
  to	
  
loss	
  of	
  expression	
  at	
  the	
  midline.	
  (N)	
  Quantification	
  of	
  spp19+,	
  spp-­‐18+,	
  and	
  npl+	
  cells	
  
from	
  animals	
  shown	
  in	
  E,	
  F,	
  and	
  H.	
  Scale	
  bars	
  =	
  100	
  μm
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Figure.	
  2.4:	
  Expression	
  analysis	
  of	
  transcription	
  factors	
  differentially	
  
regulated	
  following	
  coe	
  gene	
  silencing.	
  	
  
(A)	
  WISH	
  to	
  tal,	
  lip,	
  nkx2l,	
  tlx,	
  and	
  c16orf80	
  demonstrated	
  that	
  these	
  transcription	
  
factors	
  are	
  expressed	
  at	
  low	
  levels	
  throughout	
  the	
  animal.	
  (B)	
  Quantification	
  of	
  
changes	
  in	
  gene	
  expression	
  of	
  selected	
  transcription	
  factors	
  using	
  RNA-­‐sequencing	
  
or	
  quantitative	
  real-­‐time	
  PCR.	
  Scale	
  bar	
  =	
  200	
  μm.	
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Figure	
  2.5:	
  Double-­‐labeling	
  of	
  candidate	
  downstream	
  targets	
  with	
  coe.	
  
Fluorescent	
  in	
  situ	
  hybridization	
  analysis	
  of	
  coe	
  and	
  spp-­‐19,	
  spp18,	
  npl,	
  spp-­‐2,	
  gbrb,	
  
scna-­‐1,	
  ncam-­‐2,	
  vamp,	
  and	
  netrin-­‐1.	
  Numbers	
  indicate	
  the	
  proportion	
  of	
  cells	
  that	
  
were	
  also	
  coe+.	
  Arrowheads	
  denote	
  double-­‐labeled	
  cells.	
  Scale	
  bar	
  =	
  200	
  μm. 
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Figure 2.6: Characterization of downstream targets of COE involved in tissue 
regeneration.  
(A) Quantification of relative mRNA levels of selected transcription factors following 
RNAi treatment. (B-H) Animals were fed dsRNA targeting the indicated gene. Ten-day 
regenerates were imaged live and immunostained with anti-SYNAPSIN, or processed for 
fluorescent in situ hybridization to ChAT or npl. Panel F shows posterior wound. 
Counterstain with DAPI in panel H was used to visualize brain morphology. The 
numbers of npl+ cells in the brains are given in panel H. Scale bars = 100 μ
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Figure	
  2.7:	
  COE	
  regulates	
  the	
  expression	
  of	
  novel	
  progenitor	
  genes.	
  	
  
(A-­‐D)	
  control(RNAi),	
  coe(RNAi),	
  or	
  γ-­‐irradiation-­‐treated	
  animals	
  were	
  processed	
  for	
  
WISH	
  to	
  evaluate	
  expression	
  of	
  pmp	
  genes	
  denoted	
  above	
  each	
  panel.	
  Numbers	
  in	
  
top	
  right	
  corner	
  indicate	
  mRNA	
  expression	
  fold	
  changes	
  in	
  coe(RNAi)	
  animals	
  
relative	
  to	
  controls.	
  (E-­‐F)	
  Double-­‐fluorescent	
  in	
  situ	
  hybridization	
  using	
  riboprobe	
  
pairs	
  for	
  pmp	
  genes	
  that	
  were	
  downregulated	
  (pmp-­‐4/pmp-­‐2)	
  or	
  upregulated	
  (pmp-­‐
9/pmp-­‐8),	
  or	
  both	
  (pmp-­‐4/pmp-­‐8),	
  and	
  for	
  coe/pmp-­‐4,	
  coe/pmp-­‐8,	
  ChAT/pmp-­‐4,	
  or	
  
ChAT/pmp-­‐8.	
  Numbers	
  in	
  E-­‐L	
  show	
  the	
  proportion	
  of	
  double-­‐positive	
  cells.	
  
Arrowheads	
  in	
  I-­‐L	
  point	
  to	
  double-­‐labeled	
  cells.	
  (M)	
  RNAi-­‐treated	
  regenerates	
  
immunostained	
  with	
  anti-­‐PH3.	
  (N)	
  Quantification	
  of	
  PH3+	
  cells	
  from	
  animals	
  shown	
  
in	
  J.	
  *P	
  <	
  0.05.	
  Scale	
  bars	
  =	
  100	
  μm.	
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Figure	
  2.8:	
  COE	
  regulates	
  stem	
  cell	
  homeostasis.	
  	
  
(A-­‐F)	
  RNAi	
  treated	
  animals	
  were	
  stained	
  with	
  anti-­‐PH3	
  or	
  processed	
  for	
  TUNEL.	
  
Quantification	
  of	
  PH3+	
  and	
  TUNEL+	
  cells	
  are	
  shown	
  in	
  C	
  and	
  F,	
  respectively.	
  (G)	
  
Planarians	
  were	
  soaked	
  with	
  BrdU,	
  chased	
  for	
  two,	
  24,	
  or	
  48	
  hours,	
  labeled	
  with	
  
anti-­‐BrdU	
  as	
  described	
  previously	
  (11)	
  and	
  processed	
  for	
  fluorescent	
  in	
  situ	
  
hybridization	
  to	
  h2b.	
  Percentages	
  in	
  F	
  show	
  the	
  number	
  h2b+	
  cells	
  that	
  were	
  also	
  
labeled	
  with	
  BrdU.	
  (H-­‐J)	
  RNAi	
  animals	
  were	
  processed	
  for	
  FISH	
  to	
  h2b.White	
  boxes	
  
in	
  K	
  and	
  L	
  denote	
  areas	
  imaged	
  at	
  higher	
  magnification	
  shown	
  in	
  H’-­‐I”.	
  (H’-­‐I”)	
  
Dashed	
  regions	
  show	
  representative	
  fields	
  used	
  for	
  cell	
  counts	
  summarized	
  in	
  M	
  (n	
  
=	
  5).	
  (K-­‐M)	
  Control	
  and	
  coe(RNAi)	
  animals	
  were	
  dissociated	
  and	
  cell	
  suspensions	
  
were	
  labeled	
  with	
  Hoechst	
  dye	
  and	
  analyzed	
  using	
  flow	
  cytometry.	
  control(RNAi)	
  IR	
  
planarians	
  were	
  exposed	
  to	
  100	
  Gy	
  γ-­‐irradiation	
  six	
  days	
  prior	
  to	
  dissociation	
  to	
  
ablate	
  both	
  the	
  stem	
  cells	
  and	
  their	
  progeny.	
  Percentages	
  are	
  averaged	
  from	
  two	
  
independent	
  experiments;	
  standard	
  deviation	
  is	
  shown.	
  Scale	
  bars	
  =	
  100	
  μm.	
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Figure	
  2.9:	
  Model	
  of	
  COE	
  regulation	
  in	
  planarians.	
  	
  
coe	
  is	
  expressed	
  in	
  lineage-­‐committed	
  progenitors	
  (23),	
  pmp+	
  progenitor	
  cells,	
  and	
  
diverse	
  classes	
  of	
  mature	
  neurons.	
  To	
  gain	
  insights	
  into	
  how	
  loss	
  of	
  COE	
  function	
  
contributes	
  to	
  defects	
  in	
  stem	
  cell	
  and	
  nervous	
  system	
  function,	
  we	
  analyzed	
  the	
  
function	
  of	
  genes	
  that	
  were	
  downregulated	
  in	
  coe(RNAi)	
  animals	
  relative	
  to	
  controls.	
  
These	
  analyses	
  identified	
  genes	
  critical	
  for	
  CNS	
  regeneration	
  (pmp-­‐5,	
  nkx2l,	
  scna-­‐2,	
  
and	
  pou4l-­‐1)	
  and	
  for	
  stem	
  cell	
  homeostasis	
  (pmp-­‐1	
  and	
  pmp-­‐2).	
  In	
  coe(RNAi)	
  
animals,	
  we	
  also	
  observed	
  597	
  upregulated	
  genes	
  enriched	
  for	
  GO	
  terms	
  associated	
  
with	
  muscle	
  development,	
  suggesting	
  that	
  COE	
  may	
  also	
  function	
  to	
  repress	
  the	
  
expression	
  of	
  mesoderm-­‐specific	
  genes.	
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TABLES	
  

Table	
  2.1:	
  Functional	
  cluster	
  analysis	
  of	
  differentially	
  expressed	
  genes	
  in	
  coe-­‐
deficient	
  animals	
  using	
  DAVID	
  software.	
  	
  

 
Functional Cluster Enrichment score 
Ion channel 7.63 
Neuronal activities 4.66 
Microtubule binding motor protein 2.44 
Nerve-nerve synaptic transmission 2.41 
Voltage-gated ion channel 2.28 
Cell adhesion molecule 1.4 

	
  
Functional Cluster Enrichment score 
Cytoskeletal protein 5.28 
Muscle development 4.9 

	
  
Notes:	
  	
  
	
  
1.	
  Downregulated	
  and	
  upregulated	
  genes	
  shown	
  in	
  blue	
  and	
  red,	
  respectively.	
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Table	
  2.2:	
  Functional	
  analysis	
  of	
  COE	
  targets	
  in	
  CNS	
  tissue	
  regeneration.	
  
 

 

Notes:	
  
	
  
1.	
  Parentheses	
  show	
  the	
  number	
  of	
  animals	
  exhibiting	
  the	
  phenotype	
  out	
  of	
  the	
  
number	
  of	
  animals	
  tested.	
  At	
  least	
  10	
  animals	
  tested	
  per	
  experimental	
  group.	
  
	
  
2.	
  RNAi	
  animals	
  are	
  from	
  two	
  or	
  more	
  independent	
  experiments.	
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  The	
  discovery	
  that	
  adult	
  neurogenesis	
  is	
  widely	
  observed	
  throughout	
  the	
  

animal	
  kingdom[1,	
  2]	
  overturned	
  the	
  long	
  held	
  dogma	
  that	
  the	
  post-­‐embryonic	
  CNS	
  

is	
  immutable	
  and	
  incapable	
  of	
  repairing	
  damage	
  [3].	
  However,	
  new	
  neuron	
  

formation	
  is	
  limited	
  in	
  most	
  adult	
  organisms	
  and	
  fails	
  to	
  compensate	
  for	
  

catastrophic	
  damages	
  caused	
  by	
  aging,	
  injury,	
  or	
  disease	
  [4,	
  5].	
  The	
  development	
  of	
  

methods	
  to	
  isolate	
  stem	
  cells	
  (adult	
  stem	
  cells,	
  ES,	
  and	
  iPS)	
  and	
  direct	
  their	
  

differentiation	
  into	
  specific	
  neuronal	
  lineages	
  generated	
  great	
  hopes	
  and	
  promises	
  

that	
  stem	
  cell-­‐based	
  therapies	
  would	
  be	
  used	
  in	
  the	
  near	
  future	
  to	
  repair	
  CNS	
  

damage	
  in	
  humans.	
  Unfortunately,	
  limitations	
  in	
  our	
  understanding	
  of	
  how	
  stem	
  

cells	
  behave	
  in	
  vivo	
  following	
  injury	
  have	
  thwarted	
  our	
  ability	
  to	
  develop	
  safe	
  and	
  

efficient	
  regenerative	
  therapies.	
  The	
  mechanistic	
  study	
  of	
  CNS	
  regeneration	
  has	
  

been	
  arduous	
  and	
  problematic	
  due	
  to	
  the	
  limited	
  regenerative	
  capacity	
  of	
  most	
  

animal	
  models	
  currently	
  studied.	
  By	
  contrast,	
  planarians	
  have	
  the	
  amazing	
  capacity	
  

to	
  regenerate	
  their	
  entire	
  CNS	
  de	
  novo	
  from	
  a	
  population	
  of	
  pluripotent	
  adult	
  stem	
  

cells	
  they	
  maintain	
  throughout	
  their	
  life,	
  making	
  these	
  animals	
  an	
  ideal	
  system	
  to	
  

study	
  basic	
  mechanisms	
  that	
  underlie	
  stem	
  cell-­‐based	
  CNS	
  regeneration	
  in	
  vivo.	
  	
  

Members	
  of	
  the	
  bHLH	
  transcription	
  factor	
  family	
  play	
  essential	
  roles	
  in	
  

regulating	
  neurogenesis	
  during	
  development,	
  but	
  their	
  functions	
  in	
  the	
  adult	
  

nervous	
  system	
  remain	
  poorly	
  understood.	
  In	
  chapter	
  1	
  we	
  utilized	
  the	
  regenerative	
  

capacity	
  of	
  planarians	
  to	
  identify	
  bHLH	
  factors	
  with	
  roles	
  in	
  adult	
  neurogenesis	
  

during	
  CNS	
  regeneration.	
  Of	
  the	
  44	
  bHLH	
  factors	
  in	
  planarians	
  we	
  identified	
  nine	
  

genes	
  (including	
  coe,	
  sim	
  and	
  hesl-­‐3)	
  important	
  for	
  CNS	
  repair	
  based	
  on	
  exclusive	
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expression	
  in	
  stem	
  cells	
  and	
  neurons	
  and	
  a	
  requirement	
  for	
  brain	
  regeneration.	
  Our	
  

findings	
  demonstrate	
  that	
  highly	
  conserved	
  bHLH	
  factors	
  play	
  critical	
  roles	
  in	
  CNS	
  

regeneration,	
  strongly	
  suggesting	
  that	
  these	
  factors	
  are	
  important	
  for	
  adult	
  

neurogenesis.	
  	
  

	
   In	
  planarians,	
  prototypical	
  proneural	
  factors	
  such	
  as	
  acheate-­‐scute	
  and	
  

atonal	
  were	
  expressed	
  in	
  stem	
  cells	
  and	
  progenitors	
  but	
  did	
  not	
  result	
  in	
  overt	
  CNS	
  

regeneration	
  defects,	
  suggesting	
  that	
  these	
  factors	
  may	
  not	
  exhibit	
  proneural	
  

activity	
  in	
  the	
  adult	
  CNS.	
  The	
  fact	
  that	
  these	
  factors	
  may	
  function	
  differently	
  in	
  

developing	
  or	
  adult	
  contexts	
  was	
  not	
  entirely	
  surprising	
  since	
  these	
  proteins	
  are	
  

likely	
  functioning	
  in	
  concert	
  with	
  unique	
  sets	
  of	
  factors	
  (regulatory	
  factors,	
  growth	
  

factors,	
  hormones	
  etc.)	
  when	
  in	
  different	
  developmental	
  scenarios.	
  A	
  related	
  finding	
  

was	
  observed	
  in	
  rodents	
  where	
  Ascl-­‐1	
  regulates	
  cortical	
  interneuron	
  specification	
  in	
  

the	
  developing	
  subventricular	
  zone	
  (SVZ),	
  whereas	
  in	
  the	
  adult	
  SVZ	
  Ascl-­‐1	
  regulates	
  

oligodendrocyte	
  specification	
  [6].	
  We	
  cannot	
  rule	
  out	
  the	
  possibility	
  that	
  silencing	
  of	
  

proneural	
  factors	
  caused	
  subtle	
  defects	
  in	
  CNS	
  regeneration	
  that	
  were	
  undetectable	
  

by	
  the	
  markers	
  used	
  in	
  this	
  study.	
  Consequently,	
  future	
  experiments	
  using	
  

additional	
  CNS	
  markers	
  will	
  be	
  required	
  to	
  confirm	
  whether	
  these	
  genes	
  play	
  

proneural	
  roles.	
  Furthermore,	
  analysis	
  of	
  bHLH	
  function	
  during	
  planarian	
  

embryogenesis	
  should	
  provide	
  useful	
  insights	
  into	
  how	
  the	
  role	
  of	
  these	
  genes	
  may	
  

be	
  altered	
  in	
  different	
  developmental	
  contexts.	
  	
  	
  

We	
  also	
  found	
  that	
  coe,	
  sim	
  and	
  hesl-­‐3	
  label	
  novel	
  neural	
  progenitor	
  

populations	
  in	
  uninjured	
  animals	
  and	
  that	
  coe+	
  and	
  sim+	
  stem	
  cells	
  underlie	
  



	
  

	
  

87	
  

formation	
  of	
  the	
  regeneration	
  blastema.	
  These	
  findings	
  further	
  support	
  the	
  

hypothesis	
  that	
  the	
  planarian	
  stem	
  cell	
  pool	
  is	
  comprised	
  of	
  lineage-­‐committed	
  

progenitors	
  [7].	
  It	
  will	
  be	
  interesting	
  to	
  investigate	
  if	
  these	
  cells	
  represent	
  

transiently	
  amplifying	
  or	
  self-­‐renewing	
  cell	
  populations.	
  Of	
  particular	
  interest	
  are	
  

hesl-­‐3+	
  stem	
  cells,	
  given	
  the	
  conserved	
  role	
  of	
  these	
  genes	
  in	
  inhibiting	
  neural	
  

differentiation	
  and	
  promoting	
  stem	
  cell	
  self-­‐renewal	
  [8].	
  Without	
  transgenic	
  tools	
  or	
  

the	
  ability	
  to	
  culture	
  stem	
  cells	
  or	
  progenitors	
  in	
  vitro,	
  assessing	
  self-­‐renewal	
  

capacity	
  in	
  planarians	
  is	
  not	
  yet	
  possible.	
  	
  However,	
  our	
  lab	
  has	
  developed	
  methods	
  

to	
  label	
  cycling	
  stem	
  cells	
  by	
  soaking	
  animals	
  in	
  F-­‐ara-­‐Edu,	
  a	
  thymidine	
  analog	
  

similar	
  to	
  BrdU	
  ([9];unpublished	
  data);	
  therefore,	
  it	
  may	
  be	
  possible	
  to	
  label	
  

transiently	
  amplifying	
  cell	
  populations	
  by	
  performing	
  sequential	
  pulse	
  experiments	
  

using	
  BrdU	
  and	
  F-­‐ara-­‐Edu.	
  	
  

The	
  identification	
  of	
  neural	
  progenitors	
  in	
  planarians	
  raises	
  another	
  

fascinating	
  question:	
  How	
  do	
  pluripotent	
  stem	
  cells	
  generate	
  and	
  maintain	
  

progenitor	
  diversity	
  following	
  injury?	
  Lineage-­‐restricted	
  progenitor	
  populations	
  

identified	
  thus	
  far	
  in	
  planarians	
  are	
  expressed	
  in	
  distinct	
  spatial	
  domains	
  in	
  

uninjured	
  animals.	
  For	
  example,	
  ovo+	
  progenitors	
  are	
  located	
  just	
  posterior	
  to	
  the	
  

photoreceptors	
  [10],	
  whereas	
  coe+	
  progenitors	
  are	
  mostly	
  found	
  between	
  the	
  

ventral	
  nerve	
  cords	
  anterior	
  to	
  the	
  pharynx	
  [11].	
  Therefore,	
  it	
  will	
  be	
  possible	
  to	
  

perform	
  amputation	
  experiments	
  on	
  RNAi-­‐treated	
  animals	
  that	
  remove	
  specific	
  

progenitor	
  populations	
  and	
  subsequently,	
  assay	
  their	
  ability	
  to	
  replace	
  these	
  cell	
  

types.	
  A	
  similar	
  strategy	
  was	
  used	
  to	
  demonstrate	
  that	
  the	
  transcription	
  factor	
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doublesex/male-­‐abnormal-­‐3	
  domain	
  (dmd-­‐1)	
  was	
  required	
  for	
  germ	
  cell	
  

specification	
  [12].	
  For	
  this	
  experiment	
  dmd-­‐1(RNAi)	
  animals	
  were	
  amputated	
  just	
  

posterior	
  to	
  the	
  photoreceptors,	
  an	
  amputation	
  that	
  excluded	
  the	
  reproductive	
  

structures	
  from	
  the	
  head	
  fragment;	
  head	
  fragments	
  were	
  then	
  observed	
  for	
  their	
  

ability	
  regenerate	
  germline	
  structures	
  de	
  novo	
  [12].	
  	
  

Our	
  bHLH	
  screen	
  identified	
  a	
  COE	
  homolog	
  that	
  was	
  expressed	
  in	
  neural	
  

progenitors	
  and	
  neurons	
  and	
  was	
  required	
  for	
  brain	
  regeneration.	
  Unlike	
  most	
  

bHLH	
  factors,	
  COE	
  proteins	
  bind	
  DNA	
  via	
  a	
  unique	
  zinc-­‐finger	
  domain.	
  Thus,	
  these	
  

genes	
  may	
  represent	
  a	
  unique	
  family	
  of	
  HLH	
  transcription	
  factors	
  [13].	
  COE	
  proteins	
  

are	
  well	
  studied	
  during	
  development	
  and	
  play	
  highly	
  conserved	
  roles	
  in	
  

neurogenesis	
  [14-­‐16].	
  COE	
  factors	
  continue	
  to	
  be	
  expressed	
  in	
  the	
  adult	
  CNS	
  [17]	
  

and	
  are	
  associated	
  with	
  human	
  cancers	
  of	
  the	
  nervous	
  system	
  [18,	
  19],	
  yet	
  very	
  little	
  

is	
  known	
  about	
  how	
  COE	
  proteins	
  function	
  in	
  the	
  post-­‐embryonic	
  nervous	
  system.	
  

In	
  chapter	
  2	
  we	
  compared	
  the	
  transcriptome	
  profiles	
  of	
  coe-­‐deficient	
  and	
  control	
  

animals	
  to	
  identify	
  putative	
  COE	
  targets	
  in	
  differentiating	
  and	
  mature	
  neurons.	
  By	
  

examining	
  the	
  expression	
  and	
  function	
  of	
  genes	
  differentially	
  regulated	
  following	
  

COE	
  loss,	
  we	
  uncovered	
  three	
  major	
  findings:	
  1)	
  COE	
  is	
  essential	
  to	
  maintain	
  CNS	
  

architecture	
  and	
  drive	
  expression	
  of	
  “neuronal	
  identity”	
  genes	
  (such	
  as	
  ion	
  

channels,	
  neurotransmitter	
  receptors	
  and	
  neuropeptides)	
  in	
  multiple	
  classes	
  of	
  

neurons	
  distributed	
  throughout	
  the	
  CNS,	
  2)	
  transcription	
  factors	
  downstream	
  of	
  

COE	
  are	
  conserved	
  in	
  planarians	
  and	
  play	
  an	
  essential	
  role	
  in	
  CNS	
  regeneration,	
  and	
  

3)	
  coe	
  is	
  required	
  for	
  stem	
  cell	
  homeostasis	
  and	
  normal	
  cell	
  death.	
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We	
  identified	
  COE	
  targets	
  in	
  mature	
  neurons	
  by	
  validating	
  changes	
  in	
  gene	
  

expression	
  in	
  coe(RNAi)	
  animals	
  using	
  WISH	
  and	
  performing	
  double-­‐labeling	
  

experiments	
  with	
  coe	
  using	
  dFISH.	
  However,	
  due	
  to	
  weak	
  or	
  diffuse	
  gene	
  expression	
  

many	
  candidate	
  targets	
  were	
  difficult	
  to	
  resolve	
  by	
  in	
  situ	
  hybridization	
  and	
  could	
  

not	
  be	
  examined	
  in	
  our	
  assays.	
  Included	
  in	
  this	
  list	
  were	
  upregulated	
  genes	
  enriched	
  

for	
  mesodermal	
  function.	
  Future	
  investigations	
  aimed	
  at	
  identifying	
  COE	
  DNA-­‐

binding	
  sites	
  genome-­‐wide	
  will	
  be	
  required	
  to	
  determine	
  if	
  changes	
  in	
  gene	
  

expression	
  in	
  coe(RNAi)	
  animals	
  are	
  a	
  direct	
  or	
  indirect	
  consequence	
  of	
  COE	
  loss.	
  

COE	
  proteins	
  bind	
  a	
  unique	
  palindromic	
  DNA	
  sequence	
  [17,	
  20,	
  21],	
  which	
  can	
  easily	
  

be	
  identified	
  in	
  silico;	
  however,	
  the	
  consensus	
  sequence	
  is	
  only	
  10	
  nucleotides	
  in	
  

length	
  and	
  thus,	
  appears	
  by	
  chance	
  in	
  nearly	
  every	
  promoter	
  sequence	
  throughout	
  

the	
  planarian	
  genome	
  (unpublished	
  preliminary	
  data).	
  Therefore,	
  the	
  next	
  logical	
  

step	
  is	
  to	
  develop	
  an	
  antibody	
  specific	
  to	
  COE	
  that	
  can	
  be	
  used	
  for	
  ChIP-­‐seq	
  analysis.	
  

Combining	
  ChIP-­‐seq	
  analysis	
  with	
  our	
  RNA-­‐seq	
  expression	
  dataset	
  will	
  be	
  essential	
  

to	
  validate	
  our	
  findings,	
  identify	
  additional	
  COE	
  targets	
  genome-­‐wide,	
  and	
  

determine	
  if	
  COE	
  may	
  also	
  function	
  to	
  repress	
  mesodermal	
  expression	
  or	
  fate.	
  

We	
  found	
  five	
  transcription	
  factors	
  downstream	
  of	
  COE	
  that	
  were	
  also	
  

putative	
  targets	
  of	
  COE	
  in	
  Xenopus	
  development.	
  Candidate	
  targets	
  of	
  COE	
  were	
  

identified	
  in	
  Xenopus	
  by	
  ectopically	
  expressing	
  EBF3	
  during	
  development	
  and	
  

measuring	
  changes	
  in	
  gene	
  expression	
  using	
  microarray	
  analysis	
  [22].	
  Our	
  findings	
  

suggest	
  that	
  the	
  regulatory	
  program	
  downstream	
  of	
  COE	
  is	
  conserved	
  and	
  

redeployed	
  during	
  CNS	
  regeneration.	
  Gene	
  silencing	
  of	
  two	
  of	
  these	
  factors,	
  nkx2l	
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and	
  pou4l-­‐1,	
  resulted	
  in	
  CNS	
  regeneration	
  defects.	
  Because	
  orthologs	
  of	
  NKX2	
  and	
  

POU4	
  play	
  highly	
  conserved	
  roles	
  in	
  specifying	
  and	
  patterning	
  neurons	
  during	
  

vertebrate	
  development	
  [23-­‐25],	
  we	
  hypothesize	
  that	
  future	
  studies	
  into	
  the	
  

function	
  of	
  these	
  genes	
  will	
  reveal	
  basic	
  mechanisms	
  shared	
  by	
  metazoans	
  that	
  

regulate	
  adult	
  neuron	
  formation	
  during	
  CNS	
  regeneration.	
  	
  

	
   We	
  showed	
  that	
  coe	
  was	
  required	
  to	
  maintain	
  stem	
  cell	
  homeostasis	
  and	
  cell	
  

death,	
  a	
  phenotype	
  that	
  was	
  reminiscent	
  to	
  tumor	
  suppressor-­‐like	
  defects	
  observed	
  

when	
  COE	
  is	
  misexpressed	
  in	
  cancer	
  cells	
  in	
  vitro	
  [19].	
  These	
  findings	
  underscore	
  

the	
  importance	
  of	
  tumor	
  suppressor	
  genes	
  in	
  tissue	
  regeneration	
  [26]	
  and	
  

demonstrate	
  that	
  planarians	
  are	
  a	
  suitable	
  animal	
  model	
  to	
  investigate	
  this	
  

phenomenon.	
  Interestingly,	
  unlike	
  COE	
  defects	
  in	
  mammals,	
  which	
  are	
  associated	
  

with	
  tumor	
  formation,	
  we	
  did	
  not	
  observe	
  abnormal	
  growths	
  in	
  coe(RNAi)	
  animals.	
  

If	
  fact,	
  our	
  data	
  suggest	
  that	
  the	
  number	
  of	
  cycling	
  stem	
  cells	
  was	
  slightly	
  reduced	
  in	
  

coe-­‐deficient	
  animals.	
  We	
  hypothesize	
  that	
  changes	
  in	
  stem	
  cell	
  number	
  are	
  a	
  result	
  

of	
  defects	
  in	
  coe+	
  stem	
  cells;	
  however,	
  whether	
  stem	
  cell	
  defects	
  are	
  a	
  result	
  of	
  

aberrant	
  cell	
  differentiation,	
  cell	
  death,	
  or	
  senescence	
  remains	
  unclear.	
  	
  To	
  

investigate	
  these	
  possibilities,	
  additional	
  studies	
  will	
  be	
  needed	
  to	
  examine	
  stem	
  cell	
  

dynamics	
  and	
  cell	
  death	
  after	
  different	
  time	
  points	
  following	
  coe	
  RNAi	
  treatment.	
  

	
   Our	
  RNA-­‐seq	
  dataset	
  suggests	
  that	
  COE	
  may	
  control	
  stem	
  cell	
  homeostasis	
  

through	
  regulating	
  expression	
  of	
  novel	
  pmp	
  genes	
  in	
  late	
  progenitors.	
  We	
  showed	
  

that	
  pmp-­‐1	
  and	
  pmp-­‐2	
  are	
  downregulated	
  in	
  coe(RNAi)	
  animals	
  and	
  result	
  in	
  an	
  

increase	
  in	
  the	
  number	
  of	
  PH3+	
  cells	
  when	
  silenced,	
  consistent	
  with	
  the	
  coe(RNAi)	
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phenotype.	
  The	
  expression	
  profile	
  and	
  RNAi	
  phenotype	
  exhibited	
  by	
  pmp-­‐1	
  or	
  pmp-­‐

2	
  is	
  similar	
  to	
  that	
  of	
  the	
  tumor	
  suppressor	
  p53	
  [27].	
  p53	
  is	
  a	
  transcriptional	
  

activator	
  that	
  detects	
  cellular	
  stress	
  and	
  activates	
  downstream	
  pathways	
  to	
  induce	
  

repair,	
  growth	
  arrest,	
  autophagy,	
  apoptosis,	
  or	
  senescence	
  [28].	
  In	
  planarians,	
  p53	
  is	
  

expressed	
  throughout	
  early	
  stem	
  cell	
  progeny	
  and	
  gene	
  knockdown	
  results	
  in	
  a	
  

temporary	
  increase	
  in	
  the	
  number	
  of	
  mitotic	
  cells	
  followed	
  by	
  a	
  dramatic	
  collapse	
  of	
  

the	
  stem	
  cell	
  population,	
  demonstrating	
  an	
  essential	
  role	
  in	
  regulating	
  stem	
  cell	
  

proliferation	
  and	
  self-­‐renewal	
  [27].	
  It	
  is	
  intriguing	
  that	
  p53,	
  pmp-­‐1,	
  and	
  pmp-­‐2	
  gene	
  

silencing	
  affect	
  stem	
  cell	
  proliferation,	
  yet	
  these	
  genes	
  are	
  expressed	
  in	
  postmitotic	
  

progenitors.	
  We	
  hypothesize	
  that	
  similar	
  to	
  p53,	
  pmp-­‐1	
  and	
  pmp-­‐2	
  are	
  required	
  to	
  

negatively	
  regulate	
  cell	
  cycle	
  progression;	
  thus,	
  silencing	
  of	
  these	
  genes	
  causes	
  cells	
  

to	
  reenter	
  the	
  cell	
  cycle,	
  which	
  may	
  ultimately	
  result	
  in	
  stem	
  cell	
  senescence	
  or	
  

death.	
  Alternatively,	
  an	
  increase	
  in	
  mitosis	
  could	
  also	
  be	
  a	
  result	
  of	
  aberrant	
  cell	
  

differentiation.	
  It	
  will	
  be	
  interesting	
  to	
  investigate	
  the	
  cellular	
  roles	
  of	
  pmp	
  genes	
  

and	
  further	
  characterize	
  how	
  defects	
  in	
  these	
  genes	
  affect	
  stem	
  cell	
  homeostasis	
  and	
  

differentiation.	
  	
  

	
   Planarians	
  are	
  masters	
  of	
  regeneration.	
  These	
  animals	
  have	
  the	
  

extraordinary	
  ability	
  to	
  regenerate	
  CNS	
  structures	
  de	
  novo,	
  a	
  phenomenon	
  

conferred	
  by	
  a	
  population	
  of	
  pluripotent	
  adult	
  stem	
  cells	
  they	
  maintain	
  throughout	
  

their	
  lives.	
  My	
  studies	
  revealed	
  that	
  many	
  factors	
  with	
  highly	
  conserved	
  roles	
  in	
  

neurogenesis	
  during	
  development	
  are	
  redeployed	
  following	
  injury	
  to	
  repair	
  the	
  

CNS.	
  These	
  observations	
  further	
  demonstrate	
  that	
  S.	
  mediterranea	
  is	
  a	
  tractable	
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system	
  to	
  investigate	
  basic	
  mechanisms	
  that	
  underlie	
  CNS	
  regeneration	
  in	
  vivo	
  and	
  

underscore	
  the	
  importance	
  of	
  using	
  “simple”	
  animal	
  models	
  (relative	
  to	
  mammals)	
  

to	
  investigate	
  complex	
  developmental	
  mechanisms.	
  Looking	
  forward,	
  it	
  will	
  be	
  

fascinating	
  to	
  take	
  basic	
  principles	
  learned	
  from	
  planarian	
  regeneration	
  and	
  

investigate	
  how	
  they	
  apply	
  to	
  mammalian	
  biology.	
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Appendix	
  1:	
  Accession	
  numbers	
  and	
  names	
  of	
  genes	
  studied	
  in	
  Chapter	
  2	
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Appendix	
  2:	
  List	
  of	
  primers	
  used	
  in	
  Chapter	
  2.	
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Appendix	
  3:	
  List	
  of	
  differentially	
  expressed	
  genes	
  in	
  coe-­‐deficient	
  animals.	
  
	
  

	
  

	
  

ID FC logCPM FDR Blast/Hit/Acc. E6value Uniprot/Acc.
CUFF.247824.3 *15.104 2.5163279 2.00E*56 ADC84440 2.5494E*53 No5Hit
isotig22173 *8.2915 0.9832116 2.31E*21 YP_004290409 2.2869E*09 No5Hit
isotig18390 *6.4521 1.5249937 3.79E*23 #N/A #N/A No5Hit
CUFF.317539.1 *4.5234 0.4638613 8.59E*10 XP_002571957 0.00086039 O14980
isotig19235 *4.123 0.6965006 4.42E*10 EFZ17440 2.0133E*97 Q92953
isotig05428 *3.7812 1.2939794 5.70E*12 #N/A #N/A No5Hit
isotig20240 *3.7047 2.8013765 1.21E*20 #N/A #N/A No5Hit
isotig14448 *3.6046 6.6850396 3.71E*32 AFJ24810 6.1997E*07 No5Hit
isotig12939 *3.4974 0.1665633 3.18E*06 EKC29408 4.5256E*66 P11908
isotig03352 *3.486 7.1335683 6.01E*31 #N/A #N/A No5Hit
isotig24719 *3.4159 7.5106983 3.02E*30 CCD82334 2.1719E*06 No5Hit
isotig26190 *3.4112 0.0825483 1.01E*05 #N/A #N/A No5Hit
isotig21980 *3.3547 5.1262748 2.16E*26 #N/A #N/A No5Hit
isotig23681 *3.2531 3.535882 2.40E*20 AGZ94924 0 Q9H4W6
isotig23253 *3.2053 0.2914742 8.31E*06 EJY57493 1.9221E*34 Q12955
isotig19062 *3.1524 6.2717708 1.23E*25 #N/A #N/A No5Hit
isotig21267 *3.1464 6.4783375 1.01E*25 GAA55911 7.1464E*07 No5Hit
CUFF.229666.1 *3.1443 5.1466809 6.44E*24 ADC84438 2.5865E*47 No5Hit
isotig09640 *3.1111 6.1468269 6.24E*25 #N/A #N/A No5Hit
isotig24892 *2.9998 0.9345229 2.61E*07 AFJ51623 2.7446E*06 P62079
isotig14896 *2.8843 3.0149971 1.36E*14 #N/A #N/A No5Hit
isotig25899 *2.8426 0.4223356 4.20E*05 EKC21550 1.308E*70 P35499
isotig18689 *2.8375 3.4335577 9.44E*16 XP_002734182 1.7736E*65 Q96EM0
isotig11838 *2.8328 1.8368048 9.60E*10 #N/A #N/A No5Hit
isotig11373 *2.7547 0.0192984 0.0006487 EKC21640 9.63E*50 P17542
isotig15923 *2.6867 3.0859106 4.86E*13 #N/A #N/A No5Hit
isotig15092 *2.6377 3.4315979 1.53E*13 #N/A #N/A No5Hit
CUFF.260325.1 *2.6304 0.1139664 0.0008258 XP_001601254 6.6811E*64 Q99250
isotig00709 *2.5847 1.9218181 1.56E*08 XP_002952050 5.1358E*08 Q92527
isotig25556 *2.5458 1.6973999 1.40E*07 #N/A #N/A No5Hit
CUFF.134339.1 *2.5413 1.7065867 1.35E*07 ELU17488 3.5934E*69 Q99928
isotig22081 *2.538 1.2198641 3.67E*06 GAA49245 3.7548E*30 P78415
CUFF.288056.1 *2.5224 2.5679694 5.96E*10 #N/A #N/A No5Hit
CUFF.269036.1 *2.5216 7.9468719 1.71E*17 AFJ24802 2.5893E*43 No5Hit
isotig24917 *2.4957 4.4339014 2.99E*14 XP_003731181 8.9821E*76 No5Hit
contig21557 *2.4777 0.5165833 0.0003436 #N/A #N/A No5Hit
CUFF.238332.1 *2.4506 0.0145085 0.0039518 #N/A #N/A No5Hit
isotig12571 *2.4141 0.3597987 0.0011466 XP_003450309 2.2918E*13 No5Hit
isotig13360 *2.4095 2.824355 1.03E*09 CAX73483 3.4211E*05 No5Hit
isotig25378 *2.4055 1.8769643 3.14E*07 #N/A #N/A No5Hit
isotig24454 *2.3841 3.6674863 1.43E*11 #N/A #N/A No5Hit
CUFF.293166.1 *2.36 7.0513247 7.88E*15 AFJ24802 6.2291E*64 No5Hit
contig07577 *2.3566 0.7478498 0.0003196 XP_003532904 5.5645E*08 Q86YT6
isotig00685 *2.3467 3.8538822 1.75E*11 XP_001649473 9.922E*09 P16157
isotig24035 *2.3467 1.2855871 2.66E*05 #N/A #N/A No5Hit
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  of	
  differentially	
  expressed	
  genes	
  in	
  coe-­‐deficient	
  animals	
  	
  

	
  

	
  

isotig24035 *2.3467 1.2855871 2.66E*05 #N/A #N/A No5Hit
CUFF.1657.1 *2.3458 5.642807 7.77E*14 #N/A #N/A No5Hit
isotig06925 *2.3002 0.5568896 0.0012607 XP_422640 1.3739E*34 P63027
CUFF.318822.1 *2.3002 2.0009871 7.08E*07 GAA37002 2.6605E*10 No5Hit
CUFF.175557.3 *2.2935 3.0314122 2.83E*09 XP_001649473 3.0008E*33 Q12955
isotig07515 *2.2891 0.2273799 0.0045479 GAA41547 1.4339E*17 No5Hit
CUFF.329572.1 *2.2459 0.6933065 0.0010356 GAA55481 2.3022E*10 No5Hit
CUFF.246623.1 *2.2358 7.4421798 3.89E*13 #N/A #N/A No5Hit
isotig17006 *2.233 3.4304676 1.59E*09 #N/A #N/A No5Hit
isotig19703 *2.2254 0.9182886 0.0005053 #N/A #N/A No5Hit
CUFF.25097.1 *2.2028 0.9614569 0.0004779 AFJ24739 1.1485E*50 Q6UWM5
CUFF.216200.1 *2.197 0.3392335 0.005685 GAA52537 7.2483E*37 P57789
isotig15570 *2.1919 0.4637042 0.0039595 ELU15220 6.6188E*11 A7E2U8
isotig25538 *2.1667 1.3316039 0.0001609 ELU17487 1.1022E*50 P18505
isotig19500 *2.1303 2.5019996 9.96E*07 AAC63049 9.348E*106 Q15858
CUFF.231395.1 *2.1276 0.7652679 0.0021927 #N/A #N/A No5Hit
CUFF.203310.1 *2.1258 0.9758051 0.001045 CCD77361 4.467E*10 No5Hit
isotig23247 *2.0993 4.4061772 1.71E*09 #N/A #N/A No5Hit
isotig21997 *2.0964 1.2690986 0.0003961 CCD75549 2.8057E*72 Q13308
isotig22215 *2.0937 2.7729355 6.39E*07 #N/A #N/A No5Hit
isotig12291 *2.0871 4.0244156 7.22E*09 NP_001096513 5.4347E*91 Q96CU9
isotig01250 *2.0867 0.8130877 0.0028185 #N/A #N/A No5Hit
isotig00933 *2.0825 0.0483838 0.029585 ADY47987 4.837E*48 Q96QA6
isotig14071 *2.0792 3.4335892 6.79E*08 #N/A #N/A No5Hit
isotig16945 *2.0777 1.9421769 3.57E*05 GAA55616 1.6054E*42 O15162
isotig19476 *2.0752 1.5912272 0.0001536 XP_002411948 1.8202E*43 Q9BYG0
CUFF.251115.1 *2.0649 1.8952132 4.99E*05 #N/A #N/A No5Hit
isotig14125 *2.0626 1.9528173 4.29E*05 DAA33901 4.7537E*63 No5Hit
isotig26027 *2.0502 0.9511213 0.0023992 ABA60382 7.014E*77 Q15822
isotig18853 *2.0458 3.1452058 3.88E*07 XP_003393881 1.6756E*08 O43657
isotig22677 *2.0428 3.6382903 7.34E*08 EKC26077 1.287E*31 No5Hit
CUFF.312619.1 *2.0382 0.9542489 0.0032147 #N/A #N/A No5Hit
isotig09214 *2.0312 4.1583172 2.16E*08 AEQ00955 2.5638E*44 Q12913
isotig01740 *2.0226 7.5588138 4.42E*10 #N/A #N/A No5Hit
CUFF.106573.1 *2.0109 0.1034703 0.0357027 #N/A #N/A No5Hit
isotig19189 *2.0001 0.6951339 0.0088526 GAA53959 1.3326E*25 No5Hit
isotig18858 *1.9915 3.3935748 5.53E*07 ELT99248 1.7423E*49 Q9NVQ4
isotig11603 *1.9889 0.5519627 0.0144611 XP_002582135 0 Q06124
isotig13551 *1.9851 1.0302241 0.0034617 XP_001894316 1.0323E*75 Q8N4P2
isotig23728 *1.9829 6.9261516 2.05E*09 #N/A #N/A No5Hit
CUFF.319906.1 *1.9788 1.5168035 0.0007381 ELU05583 6.631E*57 A6NFQ2
CUFF.286082.1 *1.9774 1.990525 0.0001103 EKC37364 1.027E*81 P19440
isotig19669 *1.9629 0.1070482 0.0459201 #N/A #N/A No5Hit
isotig19431 *1.9589 2.5329202 2.61E*05 GAA56093 2.584E*138 Q15427
isotig25881 *1.9512 0.4115805 0.0254939 CCD82648 1.206E*28 No5Hit
isotig16707 *1.9442 0.7720185 0.0110396 AAW27824 1.8545E*07 No5Hit
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isotig26114 *1.935 1.0904301 0.0048456 GAA52537 1.0656E*69 P57789
CUFF.113640.1 *1.9342 2.49729 4.48E*05 #N/A #N/A No5Hit
CUFF.183849.1 *1.9234 2.2674381 0.0001052 EKC31091 3.2745E*38 P56539
isotig24630 *1.9196 0.7246074 0.0154229 #N/A #N/A No5Hit
CUFF.250015.1 *1.9188 2.0018451 0.0002641 XP_002577171 7.0703E*16 No5Hit
isotig06243 *1.9134 9.1844218 1.00E*08 XP_003454280 1.9367E*36 P56730
isotig15054 *1.9111 3.1351292 7.26E*06 CAX74044 1.351E*31 Q96PU9
CUFF.266184.1 *1.905 3.0538942 1.04E*05 #N/A #N/A No5Hit
CUFF.286815.1 *1.904 0.4818969 0.0307634 #N/A #N/A No5Hit
CUFF.221711.1 *1.902 0.5544561 0.0262514 AAI18027 3.2595E*30 Q6UXB8
isotig16398 *1.8941 4.2651614 6.39E*07 XP_003439757 4.8261E*59 Q6VVX0
isotig14061 *1.8889 2.6690891 5.36E*05 EKC35100 3.3311E*14 F8WEG0
CUFF.271873.1 *1.8863 1.6196392 0.0016109 XP_002811794 2.7271E*38 O75897
isotig25033 *1.8835 2.9332877 2.56E*05 #N/A #N/A No5Hit
isotig11493 *1.8832 2.282354 0.0002132 DAA33921 4.8539E*61 No5Hit
isotig21311 *1.8802 3.1491555 1.37E*05 CAA49382 1.667E*121 Q15319
isotig19131 *1.8663 0.7875272 0.0194368 ELU09984 4.3888E*07 No5Hit
isotig19133 *1.8648 2.856897 4.64E*05 XP_004149091 3.7352E*13 Q86VL8
CUFF.296605.1 *1.8623 0.3944558 0.0474522 #N/A #N/A No5Hit
CUFF.299172.2 *1.862 1.3644033 0.0040662 #N/A #N/A No5Hit
CUFF.166860.1 *1.8548 5.1019902 4.91E*07 #N/A #N/A No5Hit
CUFF.244578.1 *1.8514 2.9227259 4.80E*05 XP_001604478 1.5786E*42 Q96CU9
isotig13119 *1.848 2.3070645 0.0003521 CCD75294 5.115E*110 Q9P2U8
isotig21111 *1.8398 2.555595 0.0001815 #N/A #N/A No5Hit
isotig01231 *1.8367 6.6326405 2.26E*07 XP_689096 2.1108E*77 Q96KR4
isotig09183 *1.8363 0.4693811 0.049969 XP_002111114 1.7826E*09 Q8N5Y8
isotig23810 *1.8338 0.65315 0.0333384 #N/A #N/A No5Hit
CUFF.121024.1 *1.8294 1.34737 0.0076575 BAG16388 1.3191E*55 P28329
isotig25405 *1.8277 1.3924216 0.005894 ABX47011 1.1344E*68 Q15858
CUFF.328331.1 *1.8275 0.8254823 0.0238047 GAA55481 7.8727E*18 No5Hit
isotig13790 *1.8259 2.0762417 0.0009091 EKC42074 7.4792E*35 P57721
isotig19918 *1.8222 1.7401328 0.00266 XP_002111960 1.2211E*39 A1A4V9
CUFF.25077.2 *1.8161 1.7915368 0.00231 AFJ24739 7.2644E*66 Q6UXB8
CUFF.117103.1 *1.8135 7.7953044 3.11E*07 #N/A #N/A No5Hit
CUFF.239306.1 *1.8106 2.6453794 0.0002641 AAW24939 2.0375E*18 P63316
CUFF.196931.2 *1.8042 3.5970469 2.40E*05 EJY57493 2.6509E*28 O15084
isotig09393 *1.8014 1.8855945 0.0027748 AAX25744 1.3844E*16 No5Hit
isotig08135 *1.8004 1.8090917 0.0030075 XP_001955987 3.7064E*07 No5Hit
CUFF.251724.1 *1.7998 7.4875824 5.08E*07 AFJ24810 9.9725E*07 No5Hit
CUFF.97636.1 *1.7981 3.1464569 8.25E*05 AAC63049 8.496E*111 Q99250
isotig22222 *1.7886 2.2963911 0.0009236 CAG02703 0.00048063 No5Hit
isotig16932 *1.7761 3.4033602 7.01E*05 XP_002571413 8.4224E*22 No5Hit
CUFF.80923.1 *1.7757 1.0664127 0.0233446 AAA40116 3.0513E*09 Q16874
CUFF.251475.1 *1.775 2.1521378 0.0015459 GAA51571 1.6751E*12 No5Hit
isotig04494 *1.7729 1.9262031 0.0029312 #N/A #N/A No5Hit
isotig07887 *1.7695 5.7496917 2.88E*06 #N/A #N/A No5Hit
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isotig05367 *1.763 5.2410554 5.30E*06 XP_001199228 2.47E*110 P07711
CUFF.277702.1 *1.7588 3.3499503 0.000112 ELT89283 9.0017E*13 No5Hit
isotig22162 *1.7518 1.3143185 0.0169777 #N/A #N/A No5Hit
isotig18792 *1.7497 1.5153857 0.0109731 EKC31091 6.8021E*37 P56539
isotig02435 *1.7476 1.2233076 0.0214304 AFJ24739 4.7016E*57 Q6UXB8
CUFF.251485.1 *1.7472 4.3990109 2.34E*05 EKC34055 2.9923E*10 P43146
CUFF.291167.1 *1.7469 2.1261921 0.0027046 BAE78814 2.5352E*84 No5Hit
CUFF.196043.1 *1.7464 0.8954823 0.0402723 ELT96089 1.4322E*42 Q9GZQ6
isotig05736 *1.746 3.3946168 0.0001442 XP_002409162 2.809E*102 B7Z9G9
isotig22415 *1.7447 3.1944095 0.0002175 EKC24880 1.2839E*29 Q96M69
isotig18767 *1.741 0.9192114 0.0423339 XP_001496842 0.00011284 Q9Y2G3
CUFF.297113.1 *1.7373 1.0288572 0.033947 ELT90372 1.6586E*47 Q8TCU5
isotig18667 *1.734 2.1012853 0.0031878 #N/A #N/A No5Hit
CUFF.203314.1 *1.7271 1.4232814 0.0169909 GAA51400 9.0673E*44 Q96J84
isotig26364 *1.7265 1.024915 0.0372671 ADZ13686 4.2956E*14 No5Hit
CUFF.96037.1 *1.7211 1.7721244 0.0083884 ELU00356 7.1411E*07 Q5H9R7
isotig21677 *1.7209 1.0895611 0.0360358 AAR11265 2.0626E*57 Q13332
isotig01328 *1.714 5.1496292 2.25E*05 #N/A #N/A No5Hit
CUFF.269374.1 *1.714 2.3535762 0.0023966 GAA37002 0.00011221 No5Hit
isotig20401 *1.7116 2.032686 0.0053963 CAX74741 4.2006E*24 P57078
isotig20913 *1.711 1.9701384 0.006105 #N/A #N/A No5Hit
isotig16173 *1.7079 6.0984552 1.36E*05 #N/A #N/A No5Hit
isotig17472 *1.706 1.2233912 0.031163 #N/A #N/A No5Hit
isotig09858 *1.7056 1.9574209 0.0070421 EKC41007 1.024E*50 A8MV24
isotig22114 *1.7055 1.4310184 0.0210208 ELU04556 1.0214E*62 Q9Y4C4
isotig22086 *1.7048 2.8519633 0.0009236 GAA37002 1.8292E*10 No5Hit
CUFF.300184.1 *1.7019 1.6863011 0.0131998 BAE78814 5.5818E*15 No5Hit
CUFF.251976.1 *1.6988 1.2442926 0.0320421 GAA53244 1.6537E*92 Q8WXX0
isotig12744 *1.6978 1.2110108 0.034322 #N/A #N/A No5Hit
CUFF.263502.1 *1.69 2.1389088 0.0057466 XP_003223316 1.807E*21 Q9BQS2
CUFF.260845.2 *1.6889 1.0717189 0.0496086 EKC21427 3.5544E*13 Q9P0L9
isotig09488 *1.685 2.2281658 0.0051573 ELU09120 2.3123E*77 Q53EV4
isotig22025 *1.683 3.7703495 0.000282 AFJ24792 4.266E*18 Q9Y4K3
CUFF.296163.1 *1.6812 1.1772012 0.0421399 #N/A #N/A No5Hit
isotig16538 *1.6786 3.4140833 0.0005632 ADF47429 4.7747E*39 O00463
isotig22843 *1.6771 3.2345432 0.0007381 ELU00727 7.6671E*18 No5Hit
CUFF.160648.1 *1.6754 1.5875712 0.0210631 #N/A #N/A No5Hit
isotig21882 *1.6751 2.7673054 0.0019854 #N/A #N/A No5Hit
isotig17777 *1.6703 2.7166774 0.0023026 #N/A #N/A No5Hit
isotig15606 *1.6695 5.0813084 7.85E*05 AFJ24792 3.4055E*21 Q9Y4K3
isotig18507 *1.6694 4.4395885 0.0001547 #N/A #N/A No5Hit
isotig09765 *1.6631 2.7068568 0.0026483 #N/A #N/A No5Hit
CUFF.181829.1 *1.6598 2.4081042 0.0050742 XP_002941054 0.00031531 Q71SY5
CUFF.230880.1 *1.6594 2.5838157 0.0036174 #N/A #N/A No5Hit
CUFF.175533.1 *1.6586 2.9243041 0.0019193 #N/A #N/A No5Hit
CUFF.67844.1 *1.6584 1.7268023 0.0192265 GAA56288 2.531E*56 Q6ZR08
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isotig19334 *1.6565 1.4138507 0.0349681 XP_002575539 4.3981E*29 Q6W5P4
isotig18315 *1.6552 1.4455232 0.035319 #N/A #N/A No5Hit
CUFF.230625.1 *1.6546 3.3230224 0.0010109 GAA42275 2.681E*113 Q9HC56
isotig24658 *1.6497 2.2921046 0.0073864 ELU16968 9.5921E*71 Q8IZ02
CUFF.241197.1 *1.6483 2.6640217 0.0034658 GAA31584 6.6582E*54 Q5JQ13
isotig24961 *1.6472 5.2091006 0.0001226 ELU01393 1.302E*118 Q8TC71
CUFF.63887.1 *1.6458 3.4897349 0.0009114 GAA49681 8.1065E*25 No5Hit
isotig17492 *1.6429 1.5590475 0.0331877 #N/A #N/A No5Hit
CUFF.215172.1 *1.6352 1.730512 0.0253037 BAF57622 1.105E*173 O00571
CUFF.279881.1 *1.6351 2.7759144 0.0040403 #N/A #N/A No5Hit
isotig09651 *1.6346 4.3831245 0.0003544 CAG06054 9.576E*12 Q99732
isotig18808 *1.6339 2.4124846 0.0077309 XP_003441411 7.5887E*19 Q9Y345
isotig20131 *1.6289 2.8678246 0.0036174 DAA33914 1.5375E*22 No5Hit
CUFF.95594.1 *1.6271 1.7582296 0.0264082 #N/A #N/A No5Hit
CUFF.293397.1 *1.6267 2.1000735 0.0147553 CCD58525 3.0804E*12 Q8WY19
isotig17729 *1.6241 2.2433071 0.012616 XP_001635956 9.9829E*90 Q5VZ52
isotig11314 *1.6173 1.6052842 0.0376034 AAV85465 2.7246E*22 Q8TAU0
CUFF.224152.1 *1.6157 2.4698508 0.0088819 #N/A #N/A No5Hit
isotig02864 *1.6155 2.292363 0.0120694 #N/A #N/A No5Hit
isotig17285 *1.6154 1.8009991 0.0299992 EDL04633 6.7717E*29 O96015
isotig05085 *1.6122 3.131468 0.0031615 #N/A #N/A No5Hit
isotig09309 *1.6106 3.3923652 0.0021392 XP_002592650 5.1188E*88 Q3ZCV2
CUFF.30816.1 *1.6089 1.7884743 0.0307865 XP_002715067 1.8884E*17 Q9H0A6
isotig17657 *1.6079 1.8740209 0.0278163 XP_002192223 3.6631E*11 Q6ZU64
isotig21105 *1.6073 2.4428891 0.0110396 EKC24917 5.3623E*52 C9JJ37
CUFF.235417.1 *1.607 2.2865847 0.0136822 ELU04638 7.8299E*20 P48065
isotig20439 *1.6058 1.6762212 0.038302 GAA51498 5.1688E*16 O00591
isotig19747 *1.6057 2.1743039 0.0184881 CAX70453 1.6928E*08 C9JVW0
isotig21568 *1.6037 4.2836168 0.0007438 AAH49362 6.768E*44 S4R410
isotig23606 *1.6033 3.6439935 0.0017347 XP_001632823 8.6471E*48 Q96RW7
isotig24889 *1.6027 2.9280032 0.0049373 #N/A #N/A No5Hit
isotig26426 *1.6025 1.7876272 0.0338348 AGA95402 3.0034E*49 Q9C005
isotig23678 *1.6019 3.5626058 0.0020288 XP_001649474 4.8387E*41 P16157
isotig20671 *1.6017 1.7944277 0.0329416 CCD76613 5.5101E*05 No5Hit
isotig24027 *1.5961 2.059358 0.0233446 XP_002732835 7.4622E*34 B7ZC32
CUFF.246214.2 *1.595 1.595752 0.0495358 ELU00857 7.107E*140 Q8TDX7
isotig23987 *1.5931 1.6155368 0.0493081 AEJ87271 1.47E*136 O43497
isotig19845 *1.5927 2.8056015 0.0073268 ELT92118 2.7831E*05 No5Hit
isotig16695 *1.5897 3.9185154 0.0016841 GAA51498 2.388E*157 P23416
isotig02449 *1.5896 6.1455234 0.0003322 AFJ24739 3.4469E*73 Q6UXB8
isotig08511 *1.5895 2.0940146 0.0230962 EKC40719 1.2402E*41 O43711
isotig18446 *1.5893 3.2349043 0.0038798 #N/A #N/A No5Hit
isotig18882 *1.5858 2.2785354 0.0191979 XP_002572261 3.0105E*08 No5Hit
CUFF.85189.1 *1.5848 2.5346499 0.0128766 XP_002733392 8.1571E*29 Q7Z442
CUFF.91045.1 *1.5825 2.0000007 0.0300127 BAC06343 0 Q16099
isotig05250 *1.5797 4.5161465 0.0011189 ELU15121 5.96E*109 E9PHT4
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isotig22602 *1.5792 2.4219812 0.0170704 EKC37252 2.7195E*91 Q5I0G3
isotig12171 *1.5782 3.6351492 0.0029858 XP_781718 8.0549E*08 O75317
contig18172 *1.5772 2.6651842 0.012704 #N/A #N/A No5Hit
isotig25184 *1.5762 2.0510772 0.0300127 #N/A #N/A No5Hit
isotig15969 *1.576 6.6156282 0.0003987 BAJ10272 2.062E*110 Q02094
CUFF.290145.1 *1.5753 5.7416229 0.0005626 #N/A #N/A No5Hit
CUFF.55595.1 *1.5752 4.1189182 0.0017146 EKC20777 1.397E*125 K7EK91
isotig14769 *1.5736 3.1296048 0.0062011 #N/A #N/A No5Hit
isotig22138 *1.573 3.4470319 0.004183 XP_002582126 1.538E*19 No5Hit
isotig25374 *1.572 2.8859956 0.0093901 #N/A #N/A No5Hit
isotig13972 *1.5711 6.9262114 0.0004165 GAA28183 0 Q9NYC9
isotig16037 *1.5701 4.4193503 0.0015421 EKC24012 4.1278E*33 P62820
CUFF.55597.1 *1.5668 4.5131229 0.0014714 ELT87666 0 K7EK91
isotig25008 *1.566 3.4053162 0.0048611 #N/A #N/A No5Hit
isotig19917 *1.5643 1.8969757 0.0447004 ELU04033 1.4449E*12 No5Hit
CUFF.230158.1 *1.56 2.1196849 0.0337479 #N/A #N/A No5Hit
CUFF.96196.1 *1.5593 2.1571997 0.033448 GAA52351 1.8815E*51 Q7L2J0
CUFF.300419.1 *1.5583 6.1117445 0.0007335 EKC20777 0 Q9UFH2
isotig11537 *1.5575 4.1025119 0.0026733 XP_973373 4.836E*127 P06280
isotig05213 *1.5564 4.8139429 0.0014539 #N/A #N/A No5Hit
isotig23586 *1.5532 2.5899787 0.0192265 ELT99958 2.514E*168 Q12756
isotig14076 *1.553 9.7026277 0.0005202 ELQ76425 7.6788E*44 No5Hit
isotig14731 *1.5523 4.4521462 0.002206 ADF47430 6.6092E*18 Q13114
isotig06704 *1.5508 3.4511264 0.0064082 #N/A #N/A No5Hit
isotig15748 *1.548 4.2384679 0.0027802 #N/A #N/A No5Hit
CUFF.185731.1 *1.547 2.2249229 0.0329103 #N/A #N/A No5Hit
isotig03617 *1.5467 3.3506696 0.0075187 XP_002609250 2.3931E*11 Q5CZ79
isotig25473 *1.5431 2.1532543 0.038302 XP_002593300 1.9504E*22 Q9Y4F1
CUFF.96335.1 *1.5412 3.3513433 0.0085845 #N/A #N/A No5Hit
CUFF.199361.1 *1.5403 3.7139185 0.005667 ELU15408 5.9451E*32 Q9Y6K8
isotig08944 *1.5394 9.1912082 0.0007501 EKC26122 7.634E*15 Q14112
CUFF.284876.1 *1.5387 2.7290472 0.0193559 CCD60929 2.171E*113 Q6ZR08
isotig12836 *1.5382 6.5034177 0.0010649 XP_002163647 7.837E*124 P07098
CUFF.182587.3 *1.5365 9.8656422 0.0007911 XP_002733296 1.171E*05 Q08629
CUFF.294826.1 *1.5338 2.7926865 0.0188622 XP_004227474 6.284E*119 Q8TD57
isotig18714 *1.5328 2.644582 0.0238047 #N/A #N/A No5Hit
CUFF.115652.1 *1.5326 3.931412 0.0053319 #N/A #N/A No5Hit
isotig20500 *1.5306 2.213008 0.0418685 ABO52851 1.2393E*73 Q14721
CUFF.279323.1 *1.5295 3.4334975 0.0094362 GAA55041 1.7174E*13 Q63HQ2
CUFF.111276.1 *1.5282 2.4735826 0.0311622 EFW45779 1.344E*27 Q96NX5
isotig22295 *1.5271 2.8502704 0.0193559 EKC18822 8.2559E*14 No5Hit
isotig22555 *1.5265 3.3091999 0.011149 ELT88007 5.8871E*35 Q8N9S7
isotig21282 *1.525 5.1378841 0.002514 EKC41830 0 Q9P2D7
isotig16211 *1.5249 8.4829743 0.0011234 #N/A #N/A No5Hit
isotig02172 *1.5233 4.6685671 0.0035468 XP_003726783 2.1494E*25 Q6UXB8
CUFF.184531.1 *1.5228 7.6899845 0.0012887 #N/A #N/A No5Hit
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isotig05907 *1.5188 2.3131287 0.0443349 #N/A #N/A No5Hit
isotig16575 *1.5184 4.7970292 0.0036037 #N/A #N/A No5Hit
isotig13597 *1.5173 2.6165077 0.0303062 ELT88007 2.6523E*74 B1ARL5
isotig15901 *1.517 4.0394912 0.00643 #N/A #N/A No5Hit
CUFF.307784.1 *1.5149 3.4535147 0.0121244 XP_001364847 9.2142E*83 Q96HU8
isotig25462 *1.5148 2.8309816 0.0238047 EKC37639 7.6737E*13 No5Hit
isotig16445 *1.5143 3.4169823 0.0128856 GAA57409 4.8416E*82 Q12908
CUFF.190549.1 *1.5139 3.4677345 0.012186 ADD20562 2.7552E*41 Q96A58
isotig16592 *1.5131 2.9149648 0.0225483 ELT97237 2.3887E*35 Q9UBV2
CUFF.169158.1 *1.513 2.5151191 0.0351632 XP_002745652 2.458E*71 Q13563
isotig20408 *1.5096 3.9247632 0.0085207 #N/A #N/A No5Hit
isotig13275 *1.5096 8.0349248 0.0017166 ABX80072 1.8581E*19 Q8TEU8
isotig23460 *1.5079 5.4233819 0.0032215 EKC37609 8.5335E*24 Q9Y6K8
isotig21178 *1.5075 2.9275429 0.0234169 XP_002579723 1.9369E*14 Q8NBI5
CUFF.317283.1 *1.5068 3.1439135 0.0193486 BAE78814 3.046E*150 No5Hit
isotig24481 *1.5049 3.8172008 0.0100718 NP_998717 0 P52209
CUFF.284217.1 *1.5033 3.3187588 0.0171045 GAA55616 1.0712E*84 O15162
CUFF.207497.1 *1.5027 5.4765169 0.0035468 #N/A #N/A No5Hit
isotig23691 *1.5023 2.8512085 0.0278163 ELU02812 3.1738E*65 Q8N7U6
CUFF.59202.1 *1.5014 2.7345146 0.0329012 XP_003140688 5.8313E*43 P49585
isotig22789 *1.5007 2.8008802 0.0300127 EKC42879 2.3053E*37 Q9H5I5
CUFF.219098.1 *1.4992 5.6030507 0.0036174 CAX74321 1.7629E*26 Q6UXB8
CUFF.178052.2 *1.4988 2.7616435 0.0327415 EKC39718 3.7527E*14 Q9BQS2
isotig15788 *1.4937 2.8833313 0.0308171 XP_002576723 1.966E*108 Q8IXY8
CUFF.234050.1 *1.4922 3.6945308 0.0142698 EKC23244 9.3666E*91 No5Hit
isotig22423 *1.4919 3.82955 0.0128015 XP_002579107 1.645E*130 Q9NZM6
isotig21906 *1.4909 2.5734563 0.0468834 XP_003381271 1.6301E*33 Q9GZV3
isotig25541 *1.4902 3.6474172 0.0152934 ELT98433 1.3372E*82 O43603
isotig11796 *1.49 5.8103658 0.0041134 ELU07223 5.648E*130 Q9BXF9
CUFF.300810.1 *1.4895 3.4596057 0.0188473 GAA55980 1.0757E*29 P30626
isotig21482 *1.4887 2.8219385 0.0348378 GAA49259 4.1158E*29 No5Hit
CUFF.233422.2 *1.4878 5.3450161 0.0051791 XP_414335 1.425E*174 Q8NE62
isotig26142 *1.4874 2.6161909 0.0449453 XP_002005999 6.4608E*24 O15269
CUFF.142856.1 *1.4871 4.976445 0.0064842 ELT95590 7.8988E*06 No5Hit
isotig05896 *1.4861 2.9061182 0.0328566 #N/A #N/A No5Hit
CUFF.173585.1 *1.486 3.126683 0.0261192 XP_004057985 2.6994E*78 Q4G0P3
isotig03910 *1.4848 5.949018 0.0044662 EKC19365 1.0534E*95 Q96PU9
CUFF.126082.1 *1.4846 4.7156769 0.007705 XP_002734164 0 Q5W041
CUFF.192982.1 *1.4832 7.2650734 0.0035672 AFJ24736 2.9116E*23 No5Hit
CUFF.60300.1 *1.4815 4.4155786 0.0099804 EKC29175 1.3593E*76 Q9Y365
CUFF.74088.2 *1.4804 3.6803011 0.0172523 XP_002611479 5.0335E*15 A6NNP5
isotig21003 *1.48 7.2528917 0.0038216 XP_796478 1.942E*171 Q8NE62
isotig24472 *1.4795 3.020637 0.0319492 XP_002579204 1.532E*32 Q6ZVS7
isotig23800 *1.4791 3.768143 0.016939 AAX25214 1.0208E*27 No5Hit
isotig19465 *1.4787 6.8846771 0.0041597 EKC30360 7.705E*08 P07602
isotig20326 *1.477 4.0295086 0.0142625 GAA56776 1.9307E*05 I6L8F1
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isotig19057 *1.4757 2.97244 0.0356943 XP_002736123 3.158E*81 Q53EV4
isotig20961 *1.4748 4.8386838 0.0088829 EJY57493 6.5193E*67 P16157
CUFF.198142.1 *1.4721 2.7807489 0.0456901 ELT96523 2.251E*143 Q15822
isotig20354 *1.4703 2.9369617 0.0404313 EKC21494 1.8409E*18 Q6ZUG5
CUFF.99394.1 *1.4701 3.628771 0.0217279 EKC24412 1.447E*112 Q9H0C1
isotig17884 *1.4699 3.4110838 0.0256823 DAA33898 1.4258E*30 No5Hit
isotig09831 *1.4693 3.3225255 0.0286577 GAA49482 3.367E*44 No5Hit
isotig24461 *1.4688 4.1602644 0.0151013 GAA27180 9.3632E*46 O95147
CUFF.265888.1 *1.4671 3.215161 0.0328199 GAA48622 0 Q8TD57
isotig25930 *1.465 3.9684554 0.0188048 #N/A #N/A No5Hit
isotig22907 *1.4622 3.6530107 0.0241727 AAA63593 0 Q8TD57
isotig16785 *1.4619 4.5012448 0.0140072 EHJ64454 3.778E*126 Q9Y6A4
isotig23850 *1.4609 3.7849743 0.0226782 AFK83801 2.394E*27 P62158
CUFF.78240.1 *1.4586 4.5955093 0.0137238 AFJ24739 4.3843E*19 Q6UXB8
isotig13168 *1.4557 3.5850458 0.0284165 EKC22176 1.4501E*58 Q8N9Z9
CUFF.300194.1 *1.4553 3.8770019 0.0230034 GAA31597 2.3176E*22 P30085
isotig20488 *1.455 7.6689883 0.0066139 P81906 3.3425E*10 O95925
CUFF.271149.1 *1.4546 3.9783764 0.0219288 GAA57475 2.019E*129 E7EMB3
isotig21098 *1.4541 4.1960569 0.0192265 EKC26516 1.809E*131 Q8NHU2
isotig15178 *1.4537 4.67743 0.0149024 #N/A #N/A No5Hit
isotig25789 *1.452 3.4706844 0.0329153 AAY23350 0 O95631
isotig18167 *1.45 4.0902915 0.0209899 #N/A #N/A No5Hit
isotig10526 *1.4446 4.653477 0.0178042 GAA51305 1.0382E*68 Q86XN7
isotig21167 *1.4441 4.2143183 0.0224775 EKC38147 1.4718E*37 Q9HCF6
isotig13262 *1.4402 4.7564501 0.0182184 AFJ24739 1.643E*67 Q6UWM5
CUFF.223066.1 *1.4371 10.913541 0.0089821 ACR27085 0 Q8NDH3
isotig10982 *1.4371 3.3436914 0.0459201 ELU12161 4.7949E*13 A7E2S9
isotig07891 *1.4369 3.4087074 0.0445495 XP_001947549 1.1422E*72 Q8WZA2
CUFF.131271.1 *1.4362 3.9638719 0.0299992 XP_003047604 3.6996E*06 No5Hit
CUFF.209532.1 *1.436 4.0330906 0.0289109 DAA33904 4.3497E*76 Q96JM3
isotig13203 *1.4354 6.6967287 0.0117082 #N/A #N/A No5Hit
CUFF.190116.1 *1.4341 4.3183151 0.0253524 BAC06342 0 Q9ULK0
isotig24905 *1.433 5.9253629 0.01426 EKC18085 3.322E*164 Q9UIF3
isotig17932 *1.4322 3.951452 0.0324739 #N/A #N/A No5Hit
isotig22559 *1.4311 3.5368977 0.0421399 ELT87666 4.5581E*78 Q9UFH2
isotig04651 *1.4305 5.4262356 0.0170704 XP_003453162 1.425E*144 Q86U10
isotig22131 *1.4293 3.9566722 0.0338521 GAA33950 1.283E*73 P46531
isotig15756 *1.4291 6.3362228 0.014183 #N/A #N/A No5Hit
isotig13671 *1.4279 4.692034 0.0233238 NP_001120461 8.511E*100 Q8TD08
isotig06883 *1.4279 5.6503229 0.0169621 EKC31089 8.625E*34 P56539
CUFF.235152.1 *1.4271 4.2187548 0.0304836 XP_002603579 4.2189E*24 Q8N6F8
isotig24887 *1.4249 7.3290782 0.0135305 #N/A #N/A Q8TE73
isotig11139 *1.4246 4.8813143 0.0230962 ELU06846 7.776E*100 Q5THR3
isotig06092 *1.4231 4.4894164 0.0281605 #N/A #N/A No5Hit
CUFF.114122.1 *1.423 5.48276 0.0193559 ELU07223 2.2746E*89 Q9BXF9
isotig13195 *1.422 8.6771482 0.0131998 ACS72290 4.7705E*18 P10646
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isotig21608 *1.4194 5.0500439 0.0236757 EMC82052 3.2561E*18 Q969S8
isotig07941 *1.4181 4.3771728 0.0328487 GAA51253 0 Q9H5I5
CUFF.317085.1 *1.417 4.1421119 0.036711 XP_790066 8.6207E*18 No5Hit
isotig15852 *1.4157 4.2181567 0.0360106 #N/A #N/A No5Hit
isotig13698 *1.4132 4.177882 0.0388698 ELU15468 6.187E*101 A5D8W1
CUFF.30620.1 *1.4099 7.5752945 0.0181823 #N/A #N/A No5Hit
isotig08877 *1.4073 7.2098911 0.0195243 XP_002431644 1.603E*143 Q9UBN7
isotig19804 *1.4057 4.369747 0.0396842 Q8AXW7 2.5955E*14 P39877
isotig01275 *1.4052 7.1046823 0.0206502 #N/A #N/A No5Hit
CUFF.275890.2 *1.4048 4.3207005 0.0410437 BAG15904 5.7717E*78 No5Hit
CUFF.280080.1 *1.4046 4.0013146 0.048889 XP_001897507 2.0335E*06 O15484
CUFF.247548.1 *1.4044 4.8037991 0.0338023 XP_002593070 7.0074E*42 Q7RTY0
isotig23416 *1.4039 6.8953162 0.0214665 #N/A #N/A Q9P2D7
CUFF.267267.1 *1.4029 4.6423659 0.036758 AEZ03834 9.338E*09 Q8N9I0
isotig15032 *1.3966 4.4126599 0.0459201 XP_002594588 1.7348E*31 Q99932
isotig09935 *1.3917 4.6747354 0.0447004 ELT97299 3.3911E*39 O94759
isotig15574 *1.3884 5.6159162 0.0355672 EKC22192 8.053E*113 Q01581
CUFF.208811.1 *1.3872 5.1396103 0.041143 EKC35700 1.1286E*94 Q9ULI1
CUFF.241477.2 *1.3809 5.9738975 0.0377722 GAA56448 0 O14815
isotig11064 *1.3807 5.8798356 0.0388982 XP_004010837 1.4715E*08 P61916
isotig17423 *1.3806 5.4193676 0.0428697 #N/A #N/A No5Hit
CUFF.293645.1 *1.3768 5.5406488 0.0445495 #N/A #N/A No5Hit
isotig10248 *1.3765 6.2275984 0.0394659 ADY41222 0 Q12791
isotig11774 *1.373 5.9046966 0.0447004 #N/A #N/A No5Hit
isotig24656 *1.3713 6.5535107 0.0417248 BAE94188 0 O15394
CUFF.172880.1 *1.371 7.8078608 0.0376773 AAW27755 6.693E*144 P68371
isotig06340 *1.3707 5.6087334 0.0496086 #N/A #N/A No5Hit
CUFF.205607.1 *1.3697 10.622967 0.0360358 XP_002161860 0 P68371
isotig17556 *1.3655 6.4188135 0.0474522 NP_001106545 0 Q8N1V2
CUFF.234078.1 *1.3607 7.7595638 0.0462994 #N/A #N/A No5Hit
isotig15863 *1.3599 7.5352495 0.047655 EFX70245 1.039E*109 P84085
isotig22396 1.3624 6.5972873 0.0493395 #N/A #N/A Q8WZ42
isotig13998 1.36323 8.0157603 0.0435492 CAZ33895 0 Q5HY54
isotig17598 1.36438 6.3983107 0.0489204 #N/A #N/A No5Hit
isotig24540 1.36443 6.2278574 0.0496086 GAA27843 1.122E*171 Q9NTJ3
isotig22683 1.36781 6.8895159 0.0429394 GAA54374 1.173E*116 P98160
isotig22065 1.37106 5.8451967 0.0471912 AAP06498 7.7236E*98 P51911
isotig05482 1.37202 7.9218807 0.0367767 XP_002122451 1.6668E*12 Q14CN2
isotig14014 1.37203 7.633198 0.0372671 GAA32777 1.9179E*57 P59282
CUFF.301775.2 1.37499 5.9855879 0.0421399 #N/A #N/A No5Hit
CUFF.288264.1 1.37692 5.3185329 0.0475644 GAA52616 3.2854E*36 Q8N1W1
CUFF.270280.1 1.37882 6.9631585 0.0347167 #N/A #N/A No5Hit
isotig07317 1.37933 6.7564426 0.035095 GAA53233 1.3386E*88 O43491
CUFF.263049.2 1.37956 9.8202519 0.0304752 AAL29934 0 P22897
isotig17419 1.38343 5.2468532 0.0434588 AAH46638 3.8392E*36 Q92614
isotig20294 1.38392 5.8496425 0.03668 #N/A #N/A No5Hit
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isotig22285 1.38405 5.2312535 0.0431153 XP_002574137 1.594E*108 O75150
CUFF.280753.1 1.38485 4.7529702 0.0486983 XP_003750780 1.9881E*11 Q4VXY6
isotig11850 1.38664 5.8850057 0.0348378 AAA92786 1.5515E*72 P55081
isotig23027 1.38675 6.4687049 0.0316943 CCD78816 2.2958E*20 P12270
CUFF.313057.1 1.38737 6.3669678 0.0316943 XP_002571464 7.0449E*66 Q14315
CUFF.136069.1 1.38848 8.0614749 0.0269276 XP_002577959 5.014E*139 O00429
isotig05727 1.38867 6.8488544 0.0293115 NP_001073190 6.2659E*74 O00429
isotig17163 1.39222 5.9840997 0.030836 XP_005146890 7.5233E*62 Q9Y3Z3
isotig18177 1.39439 6.3635328 0.0280079 XP_002595092 1.8121E*12 Q8WXH0
CUFF.152534.1 1.39623 4.5115073 0.0445523 AAQ63200 6.4277E*23 P11277
CUFF.180544.1 1.39684 6.7690263 0.0253274 BAF57623 8.5044E*42 Q92499
isotig22398 1.39731 4.6350909 0.0410437 #N/A #N/A Q8WZ42
isotig15244 1.39731 5.500888 0.031173 XP_004923370 1.5674E*13 Q9BXD5
isotig00533 1.39828 4.1605829 0.0498339 #N/A #N/A No5Hit
isotig14196 1.39836 5.3852628 0.0312813 #N/A #N/A No5Hit
isotig13332 1.40005 6.4105828 0.0249563 CCD59036 5.213E*124 Q14315
isotig14426 1.4006 5.5302224 0.0293115 AFJ24739 4.8037E*45 Q6UWM5
CUFF.308588.1 1.40081 5.8487599 0.0271019 #N/A #N/A No5Hit
isotig10645 1.40085 8.760518 0.0203438 XP_004558647 2.8798E*63 Q5T1M5
isotig24918 1.40106 4.8503897 0.035385 AFJ24791 1.6832E*23 Q13114
CUFF.305172.1 1.40712 7.8661359 0.0188622 XP_004073302 1.1539E*24 Q09666
isotig20169 1.40918 4.1222813 0.0428501 #N/A #N/A No5Hit
isotig17925 1.4105 6.3626145 0.0203438 #N/A #N/A No5Hit
isotig04051 1.41212 7.415326 0.0175209 XP_003748261 0 E9PEB9
isotig20557 1.41224 6.4452756 0.0195243 ELT89509 0 O60841
isotig02925 1.41289 6.4416316 0.0192263 XP_003389753 1.4754E*44 Q12913
CUFF.223068.1 1.41471 5.664946 0.0218888 XP_002570049 3.6002E*39 Q96T23
CUFF.287671.1 1.41689 4.6119182 0.0299452 Q5BJL5 0 Q9Y2G9
isotig23801 1.41693 4.7478334 0.0279674 #N/A #N/A No5Hit
CUFF.308785.1 1.41721 4.4076351 0.0321887 #N/A #N/A No5Hit
isotig24912 1.41853 5.6107784 0.0207964 XP_003285810 9.2639E*07 No5Hit
isotig17961 1.41956 8.1433754 0.0142698 #N/A #N/A No5Hit
isotig18502 1.41978 4.0350638 0.0376773 #N/A #N/A No5Hit
CUFF.305170.2 1.42069 6.6443735 0.016105 XP_687696 2.24E*12 Q09666
isotig14389 1.42194 6.9713109 0.0149715 #N/A #N/A No5Hit
CUFF.285306.1 1.42222 4.3595563 0.0307371 EKC27657 2.2186E*56 Q03001
isotig21328 1.42308 3.7182209 0.043516 XP_785018 2.1264E*16 H0YGG5
CUFF.83504.1 1.42343 4.5840025 0.0266421 EOR00235 9.0388E*38 O00429
CUFF.60615.1 1.4237 4.4961589 0.0288005 CCD59345 2.6869E*10 P19338
isotig11073 1.42538 3.4942443 0.049969 CCC91647 1.1925E*08 Q96BK5
isotig14246 1.42736 6.7308076 0.0138898 GAA48156 2.2104E*98 Q9H4G4
isotig03872 1.42746 7.2130091 0.0129901 EKC26094 7.9185E*31 Q04721
isotig15108 1.42775 4.4322505 0.0270575 XP_001783052 1.808E*44 Q9Y6E0
isotig24748 1.42985 5.9781903 0.0149354 XP_001607390 7.0962E*37 O75385
CUFF.118601.2 1.43083 7.0157447 0.0124062 #N/A #N/A No5Hit
isotig15088 1.43189 6.9592317 0.0121503 #N/A #N/A Q5VXJ5
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isotig11901 1.43236 6.7348669 0.0124062 #N/A #N/A No5Hit
isotig21165 1.43299 4.0941367 0.0290427 #N/A #N/A No5Hit
CUFF.193169.1 1.43308 4.3683854 0.0243676 AGA83299 0 P15104
isotig17994 1.43457 4.9208986 0.0193559 NP_001086240 8.1906E*64 P48594
isotig13253 1.43607 3.9342917 0.0304565 XP_003977803 2.3557E*69 Q8NCC3
isotig10685 1.43768 6.9498199 0.0107108 #N/A #N/A No5Hit
CUFF.66600.1 1.43799 3.3146583 0.047655 #N/A #N/A No5Hit
contig13546 1.43873 3.906078 0.0305176 #N/A #N/A No5Hit
CUFF.257855.1 1.43934 4.0801443 0.026493 #N/A #N/A No5Hit
isotig10741 1.43944 4.4790867 0.0211977 #N/A #N/A No5Hit
isotig11388 1.43995 4.1064249 0.0264087 XP_005092472 6.181E*27 Q8IWJ2
isotig13333 1.43995 8.5033734 0.0088908 #N/A #N/A Q5HY54
isotig10716 1.44029 5.0610572 0.0164067 #N/A #N/A O75475
isotig15836 1.44066 5.4207489 0.014183 #N/A #N/A No5Hit
isotig08462 1.44372 9.0465156 0.0079656 ELU16128 3.5441E*32 M0R387
CUFF.251381.1 1.44417 6.7191625 0.0095193 EKC26094 1.8824E*64 Q16820
isotig23264 1.44515 3.3275979 0.0394307 XP_004370785 2.6993E*82 P11940
isotig02574 1.44578 6.0145282 0.0106256 ELT95888 1.8548E*43 Q12913
isotig09042 1.44756 4.0193487 0.0251653 XP_002596721 1.002E*24 Q7L7X3
CUFF.244268.1 1.44934 6.3921472 0.0091358 CAZ36123 1.039E*152 Q13813
CUFF.67130.1 1.45043 3.8786401 0.0253037 #N/A #N/A Q15075
CUFF.326272.1 1.45309 3.540087 0.0307634 #N/A #N/A No5Hit
isotig23476 1.45313 4.228423 0.0198854 GAA36649 2.8904E*23 O15083
CUFF.313133.1 1.45463 5.5421058 0.0102606 EGW07575 2.4409E*45 Q86YT6
isotig10078 1.45468 9.5711994 0.0060675 Q05870 0 P12883
CUFF.36729.1 1.45551 3.9036087 0.0226782 CCD75970 1.7171E*17 No5Hit
isotig15937 1.45676 7.4362979 0.0064842 #N/A #N/A No5Hit
isotig13202 1.45796 3.294638 0.0355088 #N/A #N/A No5Hit
isotig21440 1.46042 4.0019073 0.0198854 #N/A #N/A No5Hit
CUFF.140805.1 1.46156 3.2168252 0.0360106 XP_001604740 1.3914E*32 Q92614
isotig22780 1.46244 7.3418323 0.0057673 CCD58825 2.9318E*11 Q9Y520
isotig10715 1.463 5.0492924 0.0104169 #N/A #N/A O75475
CUFF.231807.1 1.46314 3.4874963 0.0289202 #N/A #N/A No5Hit
isotig23618 1.46447 5.0442197 0.0099175 XP_005091510 3.7562E*48 Q96DT5
CUFF.199217.1 1.46449 3.0135289 0.0412445 XP_003447800 1.518E*160 P11586
isotig18248 1.46469 3.7413998 0.0223278 #N/A #N/A No5Hit
CUFF.300840.1 1.46491 4.1820799 0.0163188 #N/A #N/A No5Hit
CUFF.259498.1 1.47049 4.2510654 0.0143875 XP_971393 5.3625E*05 No5Hit
isotig24729 1.47068 2.7494281 0.0499293 EFX81466 1.1708E*11 No5Hit
CUFF.247418.1 1.47207 3.1797244 0.0316943 #N/A #N/A Q9NZW4
isotig22863 1.47348 3.217281 0.0306119 #N/A #N/A Q08378
CUFF.282987.1 1.47691 3.0016511 0.0344313 #N/A #N/A No5Hit
CUFF.56987.1 1.47804 3.9414855 0.0147553 #N/A #N/A Q8WZ42
isotig17442 1.48064 4.0471761 0.0139956 #N/A #N/A Q02224
isotig20515 1.4829 2.7114682 0.0434323 #N/A #N/A No5Hit
isotig19061 1.48703 8.71511 0.0028997 BAA34954 0 P13533
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isotig23244 1.48715 2.9337542 0.0316943 #N/A #N/A Q7Z7B0
isotig07425 1.48758 7.158493 0.0032946 ELU08680 8.0732E*21 Q7Z5P9
isotig22207 1.4916 6.1106135 0.0036724 XP_002193085 1.452E*133 O94804
isotig26441 1.49266 2.5279255 0.0468834 #N/A #N/A No5Hit
CUFF.169829.2 1.49583 3.1710098 0.0216765 NP_001006351 2.3378E*59 A2VEC9
isotig22198 1.49598 7.1865754 0.0026784 XP_004020529 2.8195E*73 Q86YT6
CUFF.244364.1 1.4962 6.9554392 0.0027748 CCD76118 0 Q13813
CUFF.307565.1 1.49712 3.7858936 0.012186 AAX28513 1.728E*25 Q08379
isotig22539 1.49839 3.9287153 0.0104547 CCD75805 1.219E*13 Q7L7X3
CUFF.287376.1 1.49932 2.6451052 0.0378844 #N/A #N/A No5Hit
CUFF.150920.3 1.50345 4.0394868 0.0087132 #N/A #N/A Q8NCU4
isotig20629 1.50362 2.4418971 0.0445495 #N/A #N/A No5Hit
isotig17939 1.50389 5.9940487 0.002939 XP_002581967 1.5145E*58 Q2HIZ1
isotig11081 1.50766 4.2895848 0.0064082 AAW26183 1.4944E*35 P48788
CUFF.67084.1 1.51024 2.7973749 0.026529 #N/A #N/A Q15643
isotig02176 1.51191 7.8235023 0.0016543 #N/A #N/A No5Hit
isotig26285 1.51559 4.4856969 0.0045985 #N/A #N/A No5Hit
isotig11418 1.51758 2.8866652 0.0210688 EKC27939 5.5699E*24 P48507
CUFF.72496.1 1.51773 3.6934991 0.0092581 XP_002577000 1.1313E*09 H0YM25
CUFF.34027.1 1.51792 4.4728773 0.0045003 #N/A #N/A Q9Y388
CUFF.170637.1 1.51857 5.6584883 0.0023265 #N/A #N/A No5Hit
isotig23929 1.52094 4.7304454 0.003633 #N/A #N/A No5Hit
isotig13472 1.52106 2.1474836 0.0491598 EGT58221 2.5942E*12 O95140
CUFF.162944.1 1.52339 3.7656276 0.0075579 ELT98778 9.0714E*61 J3KNX9
isotig13479 1.52579 5.8052015 0.0018492 EMC79134 2.2501E*22 Q5W0W3
CUFF.275869.2 1.52837 3.7963458 0.006867 CCD78771 6.5036E*29 Q15075
CUFF.183206.1 1.53043 8.7281025 0.0009621 #N/A #N/A No5Hit
isotig22579 1.5338 2.2432977 0.0376034 #N/A #N/A No5Hit
isotig22989 1.53431 5.6286035 0.0015758 EFN69033 2.5618E*26 Q6IE36
CUFF.197733.2 1.53588 2.7112148 0.0205526 XP_002802251 4.0973E*12 Q5TZA2
isotig23475 1.53878 3.6146887 0.0064842 #N/A #N/A Q02224
isotig02041 1.53882 9.9049406 0.0007446 XP_002579884 0 Q13813
isotig17630 1.53906 5.553408 0.0014435 XP_002577236 8.3643E*41 Q9NYW8
CUFF.89745.1 1.54042 2.7565288 0.020479 #N/A #N/A Q9UGV2
isotig26413 1.54057 2.2761708 0.0339945 EFN69299 1.3657E*97 P15121
isotig03702 1.54135 6.7199391 0.0009407 XP_004080924 6.5424E*15 A2VEC9
isotig22806 1.54324 6.9773651 0.0008518 #N/A #N/A Q8N1M1
isotig11528 1.54509 2.4391849 0.0274436 #N/A #N/A P49454
CUFF.228641.1 1.54848 8.7826263 0.0006089 #N/A #N/A No5Hit
CUFF.152949.1 1.55058 5.0432604 0.0014524 #N/A #N/A No5Hit
CUFF.243802.1 1.55314 2.5724338 0.0192265 #N/A #N/A No5Hit
CUFF.72500.1 1.55333 2.6410676 0.0177736 #N/A #N/A No5Hit
isotig24878 1.55659 7.350195 0.000572 #N/A #N/A No5Hit
CUFF.228663.2 1.55703 1.9350058 0.0482572 #N/A #N/A No5Hit
isotig17949 1.55796 3.7911899 0.0045716 #N/A #N/A No5Hit
CUFF.315928.2 1.55827 7.4577396 0.0005429 #N/A #N/A No5Hit
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CUFF.223997.1 1.55915 5.5212638 0.0009254 CCD78748 0.00011431 No5Hit
isotig19583 1.55939 5.6155027 0.0008775 #N/A #N/A No5Hit
isotig22350 1.56061 6.425512 0.000642 #N/A #N/A Q3V6T2
CUFF.326355.1 1.56141 7.3765196 0.0005053 BAA34954 0 P13533
isotig20586 1.56153 6.5083877 0.000601 XP_002166145 8.453E*39 No5Hit
CUFF.199313.1 1.56232 3.7665313 0.0036256 GAA54964 2.1253E*22 Q92665
isotig11510 1.56239 3.4168168 0.0055483 #N/A #N/A No5Hit
CUFF.205499.1 1.56273 3.4087076 0.0051882 #N/A #N/A No5Hit
isotig09075 1.56474 3.5599558 0.0041787 EMC85203 2.3725E*71 P20813
CUFF.290550.1 1.56684 3.2880895 0.0061041 XP_003211385 7.4826E*09 Q8WX70
isotig25580 1.56852 2.4768861 0.0188622 #N/A #N/A Q15075
CUFF.218509.2 1.57069 3.0565134 0.0074732 XP_002574173 9.81E*173 Q14683
contig23292 1.57185 4.1366862 0.0019796 EFN75477 9.055E*63 P14625
isotig22671 1.57205 7.230895 0.000388 EKC22191 2.7072E*47 M0QZD8
CUFF.281031.1 1.5727 3.0368151 0.0073864 #N/A #N/A P15924
isotig21273 1.57284 3.1715566 0.0064082 #N/A #N/A Q3V6T2
isotig23711 1.57368 2.2160197 0.0252602 #N/A #N/A No5Hit
isotig03652 1.57733 7.175471 0.0003436 #N/A #N/A No5Hit
CUFF.215778.1 1.57734 3.5923815 0.0031958 AAA40023 4.4879E*18 P14625
CUFF.174311.1 1.57758 8.7536662 0.0002843 BAA34954 0 P13533
isotig21507 1.57826 6.4236452 0.0003987 ELU00280 7.8258E*36 Q03001
isotig20056 1.5824 2.7219416 0.0102606 XP_001518489 1.6865E*32 Q6VVX0
CUFF.318580.1 1.58382 1.8756959 0.0354675 CAX73979 2.6404E*64 Q13568
CUFF.174294.1 1.58785 2.9104131 0.0070856 AFJ24774 8.252E*149 Q9UQK1
isotig23397 1.58873 3.5742325 0.0024764 XP_001971413 7.124E*119 Q12955
isotig25665 1.58997 3.4802662 0.0029521 #N/A #N/A Q13111
CUFF.183184.1 1.5911 8.4704446 0.0002023 #N/A #N/A No5Hit
isotig24604 1.59289 2.0922064 0.0262822 #N/A #N/A No5Hit
CUFF.227805.1 1.59411 5.7894571 0.0003442 #N/A #N/A No5Hit
isotig08698 1.59461 5.6977763 0.0003568 ELU00280 7.6218E*57 Q03001
isotig16172 1.59529 4.8747951 0.0005767 EJT45113 1.9555E*34 P00441
CUFF.8307.1 1.59674 2.1496273 0.020326 #N/A #N/A P30622
isotig13048 1.59763 7.687057 0.0001847 BAA34954 0 P12883
isotig07616 1.6009 4.3237414 0.0008929 EKC27073 1.6914E*21 Q8IZT6
isotig22643 1.60216 4.9632174 0.0004711 #N/A #N/A Q02224
CUFF.221082.1 1.60325 2.6562019 0.0083884 GAA54774 1.1297E*42 Q9BXS9
isotig22846 1.60398 3.2680223 0.0031615 GAA36806 5.127E*169 Q14683
CUFF.67152.1 1.60617 3.7746019 0.001344 #N/A #N/A Q9NZW4
isotig10613 1.60912 7.0443806 0.0001536 ABN79674 2.93E*132 P13533
CUFF.38157.1 1.61247 3.0120683 0.003975 #N/A #N/A No5Hit
isotig23000 1.61357 2.6765626 0.0067338 #N/A #N/A Q8IY85
CUFF.319206.1 1.61366 5.0605175 0.0003228 XP_002579987 2.7259E*32 Q9NR61
isotig13494 1.6139 4.305602 0.0006561 CCD59345 6.3304E*10 P19338
CUFF.31336.1 1.61418 2.4973453 0.0092095 AFJ24792 1.9352E*27 C9J1S8
isotig22957 1.61439 5.18315 0.0003058 #N/A #N/A No5Hit
isotig08463 1.61454 5.6748129 0.0002117 #N/A #N/A No5Hit
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CUFF.262789.1 1.61494 4.5526188 0.0005152 ELU01156 2.1367E*34 Q3V6T2
isotig11995 1.61607 1.9285466 0.0245272 XP_004225628 7.739E*93 Q92878
isotig24752 1.61816 2.2687586 0.0129901 #N/A #N/A No5Hit
isotig22964 1.61943 6.9514012 0.0001155 BAA34954 1.45E*124 P12883
isotig20722 1.62173 3.5998289 0.0013176 #N/A #N/A No5Hit
isotig20291 1.6257 2.7067634 0.0050742 XP_002738175 0 Q71U36
isotig17815 1.62778 6.4275638 0.0001088 #N/A #N/A No5Hit
isotig07618 1.62821 2.0788893 0.0155525 EKC27073 1.7915E*22 Q8IZT6
isotig13493 1.62879 1.6796124 0.0288891 GAA57060 0 P51795
CUFF.106298.3 1.63039 1.9902081 0.017571 XP_784891 4.6609E*17 Q14203
isotig05356 1.63185 7.4387924 7.49E*05 #N/A #N/A Q99996
CUFF.205495.1 1.63278 1.5637322 0.0338023 #N/A #N/A No5Hit
CUFF.251135.1 1.63346 3.3960931 0.0014296 #N/A #N/A No5Hit
isotig23798 1.63515 1.4663788 0.0411394 #N/A #N/A No5Hit
CUFF.84964.1 1.6355 1.3532165 0.0491103 #N/A #N/A No5Hit
isotig21250 1.63608 6.5684194 8.29E*05 #N/A #N/A H0YM25
CUFF.257746.1 1.63677 3.4785487 0.0011943 XP_004773644 5.0677E*29 Q5TB80
isotig10092 1.63902 2.2171153 0.0094362 XP_002733861 0 P48147
contig21268 1.64181 4.2716209 0.0003735 #N/A #N/A No5Hit
CUFF.131046.1 1.64257 7.3943639 5.52E*05 #N/A #N/A Q13439
isotig16278 1.64368 4.7701081 0.0002127 #N/A #N/A P13533
isotig24397 1.64504 2.9641887 0.0025977 #N/A #N/A Q02224
isotig21883 1.64655 1.3490898 0.0445495 AFL03408 3.8023E*08 Q13114
CUFF.110549.1 1.65 6.7164954 5.28E*05 EKC20356 3.6071E*32 P04114
CUFF.165459.1 1.65355 3.9744201 0.0004268 EKC38542 3.7074E*55 Q3V6T2
CUFF.325669.1 1.65373 2.100694 0.0117082 XP_002570049 5.09E*23 Q96T23
CUFF.265038.1 1.65697 1.8020917 0.0182184 #N/A #N/A No5Hit
CUFF.177923.1 1.65945 3.216548 0.0011217 #N/A #N/A No5Hit
isotig26294 1.65993 3.1594065 0.0013551 #N/A #N/A No5Hit
CUFF.290548.1 1.66238 2.4903518 0.0044483 #N/A #N/A Q7Z7A1
CUFF.301052.1 1.66465 4.0653934 0.000263 #N/A #N/A No5Hit
isotig03465 1.66723 6.0321102 4.54E*05 XP_003703682 3.8429E*57 Q13813
isotig13968 1.66732 1.3282939 0.0385342 #N/A #N/A P11532
isotig08423 1.66844 6.3265563 3.78E*05 #N/A #N/A Q9NQX4
isotig17213 1.67386 2.9129968 0.0015799 XP_003723292 4.8036E*19 Q92805
CUFF.139826.1 1.67508 1.3110266 0.0343055 #N/A #N/A No5Hit
CUFF.193587.2 1.67612 1.3981533 0.0291483 GAA49319 1.0491E*19 No5Hit
CUFF.205389.1 1.67893 6.1014313 3.04E*05 ELU00280 4.6986E*48 P15924
CUFF.262493.1 1.67901 1.6330324 0.0192311 XP_005111426 8.0214E*85 No5Hit
isotig21175 1.68074 1.823518 0.013085 GAA48356 1.0371E*07 No5Hit
isotig06220 1.681 5.800333 3.59E*05 AAD28718 0 Q9Y2K3
isotig01971 1.68267 6.3069971 2.57E*05 GAA49076 2.7071E*28 P49747
isotig26420 1.68274 6.8004459 2.12E*05 AAB95253 1.046E*107 Q9UKX2
isotig08235 1.68423 6.430072 2.37E*05 #N/A #N/A Q3V6T2
CUFF.177872.1 1.68442 2.7288285 0.0017576 EKC40008 2.0419E*35 No5Hit
isotig13971 1.68569 6.0261471 2.78E*05 #N/A #N/A Q9UKX2
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isotig09246 1.69582 4.3685799 8.70E*05 #N/A #N/A No5Hit
CUFF.147604.1 1.69771 1.7763349 0.0117433 GAA52149 2.043E*18 Q8IUD2
CUFF.279329.1 1.69784 1.5117225 0.0202494 AEI69697 2.832E*133 P11161
isotig09943 1.70233 2.2788258 0.0035372 #N/A #N/A No5Hit
isotig26362 1.70692 2.2565207 0.0036789 AFB74718 7.3125E*76 Q8IW35
isotig03280 1.71016 7.5894695 7.53E*06 XP_002575931 0 P35580
isotig03855 1.71132 6.911404 8.61E*06 XP_002161429 1.1287E*49 Q9HDC9
CUFF.67086.1 1.71336 1.550191 0.0145237 #N/A #N/A P49454
CUFF.134762.1 1.7242 1.8348081 0.0073864 GAA51421 3.2546E*08 Q96T58
CUFF.324123.1 1.72457 4.6377734 3.04E*05 #N/A #N/A Q8IY85
CUFF.283819.1 1.72469 2.6809785 0.0010157 #N/A #N/A Q8TC20
CUFF.219677.1 1.7322 5.1660729 1.42E*05 CAG23924 1.28E*30 Q504Z1
isotig09593 1.73487 3.9916618 6.29E*05 ACN93794 1.4632E*52 Q7Z449
isotig23261 1.73588 2.7918675 0.0007297 XP_005090907 1.5355E*10 Q8IWJ2
CUFF.252096.4 1.73796 4.0856281 4.76E*05 XP_004539305 1.4193E*13 P35579
isotig20867 1.74025 1.0334308 0.0338571 #N/A #N/A No5Hit
isotig09860 1.74378 3.1267941 0.0002855 ADF47424 5.561E*24 No5Hit
CUFF.67956.3 1.75252 5.0838434 8.82E*06 GAA31575 1.3641E*41 P12270
CUFF.303378.1 1.75404 4.8063721 1.15E*05 #N/A #N/A No5Hit
isotig21254 1.75663 2.6460455 0.0006645 #N/A #N/A No5Hit
isotig02586 1.76175 1.8143993 0.0044998 ELT95888 4.2907E*45 Q12913
isotig25888 1.76614 5.9797404 2.66E*06 #N/A #N/A No5Hit
contig32948 1.76896 3.3119533 0.0001086 #N/A #N/A No5Hit
isotig06379 1.7697 6.5159228 1.79E*06 #N/A #N/A No5Hit
isotig24928 1.7749 2.4435787 0.0007925 #N/A #N/A No5Hit
isotig16429 1.77492 5.7054898 2.70E*06 #N/A #N/A No5Hit
isotig22617 1.78055 3.8051032 3.11E*05 XP_002409116 6.4029E*27 Q8TBE0
CUFF.26911.1 1.78515 1.2889171 0.0128202 #N/A #N/A No5Hit
isotig18805 1.78617 3.4728469 4.99E*05 #N/A #N/A No5Hit
isotig23965 1.7868 0.7870533 0.0354745 #N/A #N/A No5Hit
CUFF.281929.1 1.78717 2.2655716 0.0009776 #N/A #N/A Q86VS8
CUFF.309553.1 1.79011 1.0807189 0.0198854 #N/A #N/A No5Hit
isotig25750 1.79015 2.8708492 0.0002023 #N/A #N/A No5Hit
CUFF.253162.2 1.79555 1.6231621 0.0050742 #N/A #N/A K7EQA3
CUFF.189336.2 1.8009 5.8848479 1.04E*06 GAA54503 0 P35579
isotig21955 1.80436 1.9070696 0.0023104 XP_002615229 1.1368E*28 No5Hit
isotig21587 1.80439 6.1881615 7.89E*07 #N/A #N/A Q3V6T2
CUFF.56778.1 1.80535 1.9340841 0.0016719 #N/A #N/A Q8WZ42
isotig19734 1.80882 1.3628904 0.0091358 #N/A #N/A No5Hit
CUFF.20803.1 1.80953 1.6116867 0.0040473 XP_003200508 8.4444E*05 No5Hit
CUFF.281630.3 1.81024 3.9002315 1.26E*05 #N/A #N/A No5Hit
isotig22760 1.81111 1.4397636 0.0064411 #N/A #N/A No5Hit
CUFF.221090.1 1.81117 3.1008 6.85E*05 GAA54774 3.0578E*29 P40879
CUFF.120578.1 1.81383 5.0226016 1.84E*06 #N/A #N/A Q15075
isotig22813 1.81462 5.2607512 1.37E*06 #N/A #N/A No5Hit
CUFF.151949.1 1.81889 4.502578 3.04E*06 #N/A #N/A No5Hit
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isotig24285 1.81929 0.7914346 0.0290665 #N/A #N/A Q5SW02
CUFF.71072.1 1.82396 2.5479938 0.00027 EFN65250 2.9096E*15 P30622
CUFF.201806.1 1.8271 1.1531014 0.0120522 #N/A #N/A No5Hit
CUFF.279907.1 1.82803 1.0479504 0.0155363 #N/A #N/A No5Hit
isotig08981 1.83325 2.900886 7.78E*05 #N/A #N/A No5Hit
isotig06172 1.83517 7.9161769 1.53E*07 GAA28498 2.582E*112 Q5TF21
isotig03468 1.83551 6.5630542 2.48E*07 ELT96713 0 Q01082
CUFF.252093.1 1.83567 3.1054268 4.77E*05 XP_003972149 1.8853E*14 P35579
isotig21412 1.8393 4.0742846 3.71E*06 #N/A #N/A Q13464
CUFF.258811.1 1.83989 3.4542632 2.08E*05 XP_005102451 3.1572E*34 Q9UQ35
isotig11186 1.84533 7.7753328 1.16E*07 XP_002165026 1.757E*113 P38571
isotig09007 1.84664 9.5941952 8.50E*08 EFZ17192 7.3344E*09 P07602
isotig22319 1.84941 4.1245975 2.88E*06 #N/A #N/A No5Hit
isotig16272 1.85161 4.2819762 2.32E*06 AAA29064 1.245E*13 J3QRK5
isotig24467 1.85838 5.3628002 3.47E*07 #N/A #N/A P35663
CUFF.4604.1 1.85924 2.3356894 0.000282 GAA54535 2.5612E*13 S4R2Y4
isotig04873 1.86021 2.5036405 0.0001427 NP_568058 1.0161E*06 Q86T82
isotig18904 1.86383 1.4298744 0.0035469 XP_005109533 1.9781E*23 P56539
isotig05070 1.86616 5.8833344 1.52E*07 #N/A #N/A No5Hit
isotig24324 1.86621 1.7017217 0.0017528 #N/A #N/A Q9BYW2
CUFF.56977.1 1.8688 1.042827 0.0102606 #N/A #N/A No5Hit
isotig15601 1.87003 6.6352554 8.50E*08 #N/A #N/A Q14789
CUFF.277439.2 1.87362 0.8577095 0.0163954 BAK55646 1.4031E*27 Q5JZH0
CUFF.242706.1 1.87414 0.8697661 0.0160033 GAA52149 6.0171E*55 Q8IUD2
isotig17526 1.87677 4.2285525 1.10E*06 #N/A #N/A No5Hit
CUFF.310363.1 1.8774 1.8260355 0.0008518 #N/A #N/A No5Hit
CUFF.159057.1 1.87746 2.2607674 0.0002408 ELU05355 1.6852E*46 Q8N434
isotig06221 1.87937 10.553343 2.80E*08 BAA34955 0 P13533
CUFF.168610.1 1.88176 2.7016175 6.20E*05 EGT53696 1.8251E*45 P83111
isotig11992 1.88654 0.4256134 0.03595 ELU12706 6.222E*67 Q9UNT1
CUFF.198121.1 1.88683 4.3762781 6.15E*07 #N/A #N/A No5Hit
CUFF.321144.1 1.88884 6.2325168 6.13E*08 BAA34955 1.769E*170 P12883
CUFF.324350.1 1.89093 4.5780286 4.28E*07 XP_004917420 1.7099E*25 Q5T200
isotig17856 1.89348 2.2261066 0.0002032 #N/A #N/A No5Hit
isotig17837 1.89365 5.3332235 1.31E*07 #N/A #N/A Q15811
isotig20260 1.89668 4.5428666 3.71E*07 #N/A #N/A No5Hit
isotig00279 1.89734 3.5322333 3.37E*06 #N/A #N/A No5Hit
CUFF.309615.1 1.89858 2.012058 0.0003769 AFB74713 1.806E*167 Q7Z7A1
isotig09547 1.8989 4.3883533 5.11E*07 #N/A #N/A Q3V6T2
isotig08914 1.90019 4.406676 4.91E*07 XP_002573469 1.531E*149 P17844
isotig20367 1.90324 4.8681151 1.83E*07 #N/A #N/A P07197
CUFF.64217.1 1.90415 5.3528931 8.50E*08 #N/A #N/A No5Hit
CUFF.144554.1 1.90513 3.5123711 3.28E*06 #N/A #N/A P12270
isotig02844 1.90633 10.746949 1.15E*08 #N/A #N/A Q9Y493
isotig13519 1.91079 3.4285857 3.82E*06 #N/A #N/A Q13439
CUFF.56981.1 1.91172 1.2570296 0.0034596 XP_002434229 4.7191E*10 Q86TC9
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isotig24592 1.91184 1.4145355 0.0026566 #N/A #N/A No5Hit
isotig24642 1.91253 2.0796765 0.0002891 #N/A #N/A Q8WVS4
CUFF.258215.1 1.9244 0.1851635 0.0495358 XP_002642935 2.4968E*81 A3KN83
isotig10913 1.92751 6.120938 2.04E*08 BAF57620 1.5808E*19 Q8IX12
CUFF.279130.1 1.93115 0.5995775 0.0201933 #N/A #N/A No5Hit
isotig19936 1.9312 0.3417708 0.0345956 EKC23192 1.3983E*14 Q16572
CUFF.56983.1 1.93477 1.4551461 0.0014335 #N/A #N/A No5Hit
CUFF.6400.1 1.93503 3.9463583 5.92E*07 #N/A #N/A H0YJ97
isotig02171 1.93524 10.543043 4.54E*09 EFX65941 1.6685E*48 M0R387
CUFF.85020.1 1.93767 1.4806332 0.0014054 #N/A #N/A Q03001
isotig22912 1.95105 3.166517 2.95E*06 EGT32873 2.9844E*13 No5Hit
CUFF.290258.3 1.95177 3.3700014 2.01E*06 #N/A #N/A No5Hit
isotig19938 1.95351 2.1879291 9.41E*05 AFB74713 5.864E*156 Q7Z7A1
CUFF.291313.1 1.95684 1.6723826 0.0006249 #N/A #N/A No5Hit
CUFF.234203.1 1.96191 5.2126419 1.92E*08 AFJ24739 1.3706E*41 Q6UXB8
isotig15894 1.96194 6.8211702 4.23E*09 AAL78671 1.478E*97 P12883
CUFF.137789.1 1.9707 1.7653148 0.0003929 #N/A #N/A No5Hit
isotig17307 1.97606 5.4691129 8.71E*09 #N/A #N/A No5Hit
CUFF.327136.1 1.97615 0.9426038 0.0045893 #N/A #N/A No5Hit
CUFF.330021.1 1.98309 1.4528231 0.0009621 #N/A #N/A Q5VXJ5
isotig11488 1.98773 0.4094974 0.0209146 ELT91800 2.7877E*81 Q96IJ6
CUFF.225747.1 1.98934 2.1865013 5.17E*05 #N/A #N/A No5Hit
isotig25815 1.9904 1.2974137 0.0014032 #N/A #N/A No5Hit
isotig25475 1.99219 0.5010479 0.0147553 ELU09383 1.468E*82 Q8WVC0
CUFF.89589.1 1.99627 1.9343154 0.0001445 AFB74718 4.02E*106 Q8IW35
CUFF.90716.1 1.99772 0.3358344 0.0216765 GAA55401 1.5735E*33 Q9HC10
CUFF.163316.1 1.99871 5.6024284 3.71E*09 #N/A #N/A No5Hit
isotig00510 1.9989 0.339906 0.0225888 #N/A #N/A No5Hit
isotig22976 2.00624 5.772155 2.34E*09 #N/A #N/A Q3V6T2
isotig03228 2.00746 2.7349445 5.30E*06 #N/A #N/A No5Hit
CUFF.293440.1 2.00914 4.9402065 8.39E*09 #N/A #N/A Q9UKX3
CUFF.197852.1 2.01296 1.4598062 0.0006089 #N/A #N/A Q8IUD2
isotig25322 2.0185 4.8928345 6.56E*09 CAX73132 1.2237E*08 Q7L4I2
CUFF.252114.1 2.0246 2.2785333 2.31E*05 #N/A #N/A No5Hit
isotig18309 2.02639 3.8757849 7.31E*08 #N/A #N/A No5Hit
CUFF.268433.1 2.02721 1.6234308 0.0002691 #N/A #N/A No5Hit
CUFF.327377.1 2.02738 3.6063609 1.40E*07 #N/A #N/A No5Hit
CUFF.277441.1 2.03812 0.6935659 0.0060675 #N/A #N/A M0QY59
CUFF.75786.2 2.04326 4.6091462 6.47E*09 #N/A #N/A Q15075
CUFF.71076.1 2.04358 1.2615709 0.0008074 #N/A #N/A No5Hit
isotig14078 2.05597 5.6060621 7.72E*10 #N/A #N/A No5Hit
CUFF.24637.3 2.05676 2.8697289 9.09E*07 #N/A #N/A No5Hit
CUFF.215906.1 2.06057 5.0671645 1.59E*09 #N/A #N/A Q66K74
CUFF.251863.1 2.0613 5.7460623 5.53E*10 XP_005094049 8.406E*100 Q14554
isotig21992 2.06575 2.6130092 2.40E*06 GAA56620 7.0713E*78 Q9UPN3
CUFF.40255.1 2.06957 0.0039678 0.0355088 #N/A #N/A No5Hit
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isotig13046 2.07293 3.3071157 1.45E*07 #N/A #N/A No5Hit
CUFF.283609.1 2.07418 0.745389 0.0040662 #N/A #N/A No5Hit
CUFF.286191.1 2.08235 4.4853315 3.03E*09 #N/A #N/A Q02224
isotig25920 2.08778 1.794351 5.60E*05 GAA54535 2.9885E*17 S4R2Y4
isotig26365 2.09589 8.5683053 2.73E*11 #N/A #N/A No5Hit
isotig07850 2.09848 10.753312 1.98E*11 #N/A #N/A No5Hit
isotig22799 2.09996 4.9160144 7.13E*10 #N/A #N/A No5Hit
CUFF.6406.7 2.10433 4.4289125 1.82E*09 XP_001636649 2.5033E*06 Q9BXU7
isotig17794 2.10751 2.6959804 6.82E*07 #N/A #N/A No5Hit
isotig08834 2.11278 10.099524 1.27E*11 #N/A #N/A M0QZD8
isotig01373 2.11683 6.2883611 4.78E*11 XP_005094049 1.872E*126 Q14554
isotig18220 2.1318 2.5055446 1.13E*06 CCD81469 2.2071E*13 Q8N9T8
isotig19902 2.13385 10.83065 6.03E*12 GAA55911 5.0687E*07 No5Hit
CUFF.239140.1 2.14096 1.7232557 3.78E*05 GAA48492 4.4708E*25 Q13439
isotig19717 2.14306 9.9469072 4.79E*12 CCD82334 4.7853E*05 No5Hit
CUFF.24629.1 2.14926 2.8897083 1.44E*07 #N/A #N/A No5Hit
isotig11827 2.15097 9.3831923 3.91E*12 CCD82334 0.00049992 No5Hit
CUFF.315133.1 2.15218 7.0359641 7.74E*12 ELU04621 1.4183E*95 M0QZD8
isotig21731 2.15433 4.2934816 7.90E*10 XP_003210747 4.3528E*70 Q5BKV1
CUFF.286787.1 2.15608 0.1547898 0.0148386 #N/A #N/A Q3V6T2
isotig18053 2.16347 9.7256568 2.43E*12 #N/A #N/A No5Hit
isotig22100 2.1665 8.8860685 2.47E*12 #N/A #N/A No5Hit
isotig08028 2.18043 4.4020724 2.42E*10 EKC20683 3.1281E*14 Q9NX58
isotig01872 2.18312 9.066496 1.39E*12 XP_002575931 0 P35579
CUFF.267901.1 2.19689 3.0623641 2.72E*08 #N/A #N/A No5Hit
isotig18673 2.19824 3.6573661 1.72E*09 #N/A #N/A No5Hit
isotig20799 2.2003 2.1007951 2.48E*06 #N/A #N/A No5Hit
isotig17450 2.2125 3.2259154 8.49E*09 #N/A #N/A No5Hit
CUFF.251864.2 2.21468 3.3975233 3.68E*09 #N/A #N/A No5Hit
isotig25153 2.2208 1.1376585 0.000228 AFJ24791 2.7225E*24 Q13077
CUFF.24617.1 2.23154 2.8488827 2.52E*08 #N/A #N/A No5Hit
CUFF.24641.1 2.23301 2.8523775 3.31E*08 #N/A #N/A No5Hit
isotig18161 2.23316 6.2538828 1.12E*12 AFJ24739 2.2847E*59 Q6UWM5
CUFF.194270.1 2.23383 2.0641694 1.68E*06 #N/A #N/A No5Hit
isotig15003 2.24667 6.2762762 8.20E*13 #N/A #N/A No5Hit
isotig12578 2.25704 6.9343506 2.84E*13 #N/A #N/A A2VEC9
isotig20787 2.26449 4.027223 8.46E*11 #N/A #N/A Q9H2G4
CUFF.170291.1 2.2775 0.238422 0.0058872 NP_001086383 3.0215E*24 Q9NRN7
CUFF.282346.1 2.28085 7.9451702 6.82E*14 #N/A #N/A No5Hit
CUFF.282973.1 2.28977 0.7719008 0.0005643 #N/A #N/A No5Hit
isotig20446 2.30114 5.7318179 2.65E*13 AGM37974 1.2879E*14 M0QZD8
CUFF.310043.1 2.30147 5.9688166 1.81E*13 AFJ24739 4.3249E*59 Q6UXB8
isotig05880 2.31489 7.1158307 3.57E*14 #N/A #N/A Q9NZW4
isotig06551 2.32591 4.0953014 1.27E*11 #N/A #N/A No5Hit
isotig03590 2.32592 3.9166585 2.58E*11 #N/A #N/A P46821
CUFF.6405.6 2.32961 3.0378805 2.30E*09 #N/A #N/A Q15643
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isotig22786 2.34484 1.2478714 3.87E*05 GAA48580 1.1371E*72 Q8IZC6
isotig03593 2.35606 2.3170111 5.90E*08 #N/A #N/A No5Hit
isotig08824 2.36079 1.0332463 9.12E*05 #N/A #N/A No5Hit
isotig23066 2.36581 2.6957435 5.08E*09 #N/A #N/A No5Hit
CUFF.92860.1 2.37012 4.2807753 1.93E*12 #N/A #N/A No5Hit
CUFF.24631.1 2.38222 4.2240673 1.55E*12 #N/A #N/A No5Hit
CUFF.194264.1 2.3863 0.7343126 0.0002872 #N/A #N/A No5Hit
CUFF.75785.1 2.39028 0.7384185 0.0002434 #N/A #N/A No5Hit
CUFF.197846.1 2.3951 2.7959256 1.72E*09 XP_002168418 4.8917E*12 Q69YH5
isotig21410 2.3969 2.6516621 3.49E*09 #N/A #N/A No5Hit
isotig16544 2.39894 0.6077885 0.0005394 XP_002572573 0 P50579
CUFF.24635.1 2.39956 3.1876011 1.44E*10 #N/A #N/A No5Hit
isotig14320 2.42837 5.7103657 6.25E*15 #N/A #N/A No5Hit
CUFF.145261.1 2.42966 6.4787097 1.54E*15 AFJ24834 1.1051E*10 Q8IUA0
isotig10825 2.43305 6.0709851 2.44E*15 #N/A #N/A No5Hit
CUFF.56973.1 2.4349 0.5883518 0.0003521 #N/A #N/A No5Hit
isotig22544 2.44241 6.8068382 6.79E*16 #N/A #N/A P46821
isotig22613 2.457 1.3541322 3.82E*06 #N/A #N/A Q96NI6
CUFF.324342.1 2.46328 0.7437147 0.0001251 #N/A #N/A No5Hit
CUFF.322288.1 2.46738 0.0064429 0.0031175 ADF47415 1.175E*148 Q9UKV8
isotig02073 2.47792 0.7953442 8.11E*05 XP_001770798 4.0028E*16 Q13153
CUFF.194979.3 2.4906 3.4243984 5.80E*12 XP_002607617 4.2639E*45 Q9BV43
CUFF.315000.1 2.51965 6.4312806 7.80E*17 #N/A #N/A No5Hit
CUFF.56969.1 2.53219 1.4413025 9.59E*07 #N/A #N/A No5Hit
CUFF.285000.1 2.55992 1.4147788 5.82E*07 ABC25064 5.0164E*23 Q96PD5
isotig24834 2.61066 4.8560978 2.73E*16 #N/A #N/A No5Hit
isotig19303 2.6155 1.302891 1.08E*06 CAF98974 5.518E*14 P39060
isotig26279 2.64007 5.752134 6.57E*18 #N/A #N/A Q15431
isotig22185 2.67527 1.3792966 3.47E*07 GAA35055 8.4533E*20 P52569
CUFF.302188.1 2.6827 1.6119476 4.50E*08 #N/A #N/A Q8IWJ2
isotig06070 2.71301 5.566699 9.41E*19 #N/A #N/A No5Hit
isotig21655 2.71949 2.4691838 2.15E*11 EKC32300 4.9937E*16 Q9NZK7
isotig06505 2.73081 2.9607174 4.72E*13 #N/A #N/A No5Hit
isotig07559 2.73099 5.8179482 3.44E*19 #N/A #N/A No5Hit
isotig21210 2.77517 4.6361218 5.36E*18 #N/A #N/A No5Hit
CUFF.24633.1 2.79295 2.4854315 6.68E*12 #N/A #N/A No5Hit
isotig20782 2.80631 5.9885261 2.12E*20 #N/A #N/A No5Hit
isotig16628 2.82738 8.3792559 4.00E*22 #N/A #N/A No5Hit
CUFF.48626.1 2.8415 0.52773 2.30E*05 GAA34633 5.7591E*35 O43246
contig05717 2.90932 8.2294429 2.66E*23 #N/A #N/A No5Hit
CUFF.219287.1 2.94435 0.9192513 4.52E*07 CAO79607 0 P68371
CUFF.31680.1 2.97651 7.5764626 4.62E*24 #N/A #N/A No5Hit
CUFF.198450.1 3.005 4.7140562 4.81E*21 #N/A #N/A No5Hit
isotig15480 3.03889 2.8575495 3.69E*15 XP_003095974 1.016E*11 P48307
CUFF.283799.1 3.06586 5.7962513 8.41E*24 #N/A #N/A No5Hit
isotig22930 3.06657 4.6176003 1.59E*21 #N/A #N/A P46100
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contig17595 3.08065 5.7438491 7.22E*24 #N/A #N/A No5Hit
isotig15920 3.1273 3.3774227 4.09E*18 XP_004068241 1.9844E*32 Q7Z449
CUFF.251417.1 3.15134 7.9373004 1.14E*26 #N/A #N/A No5Hit
CUFF.252662.1 3.16506 5.999282 2.45E*25 #N/A #N/A No5Hit
isotig24412 3.2022 2.0868229 6.26E*13 #N/A #N/A No5Hit
isotig22163 3.36884 2.6506238 7.69E*17 #N/A #N/A No5Hit
CUFF.176168.1 3.38684 2.0997384 3.57E*14 #N/A #N/A No5Hit
isotig26074 3.39779 3.0612215 4.10E*19 XP_002610338 3.312E*111 P07098
CUFF.75804.1 3.41217 1.3353843 9.27E*11 #N/A #N/A Q15075
isotig14785 3.5655 6.1909469 6.01E*31 #N/A #N/A P54108
isotig14225 3.93185 4.2071217 1.38E*29 #N/A #N/A No5Hit
isotig07757 3.93676 4.8594598 3.10E*32 #N/A #N/A No5Hit
isotig18351 3.95401 2.2088902 3.83E*18 AFJ24821 7.1829E*34 P10646
CUFF.263942.1 4.2396 4.6464789 8.49E*35 #N/A #N/A No5Hit
CUFF.235322.1 4.84596 3.0318732 9.07E*30 #N/A #N/A No5Hit
isotig01778 4.8468 7.6533286 1.18E*48 #N/A #N/A No5Hit
isotig13967 5.40407 5.3626874 5.60E*49 #N/A #N/A No5Hit
isotig04500 5.76175 6.6783395 4.45E*57 AAL29937 6.8819E*25 P22897
isotig17750 5.8915 7.2301759 3.19E*59 #N/A #N/A No5Hit
isotig14434 5.93077 4.3889058 1.11E*47 #N/A #N/A No5Hit
CUFF.259889.2 5.9321 4.4911338 6.70E*49 #N/A #N/A No5Hit
isotig04497 6.18779 6.2968925 4.15E*60 AAL29937 4.0236E*25 P11226
isotig24919 6.24534 4.7452733 1.15E*52 #N/A #N/A No5Hit
CUFF.143111.1 6.35259 6.5215888 3.61E*62 #N/A #N/A No5Hit
isotig07364 6.81147 4.1318197 3.47E*52 #N/A #N/A No5Hit
CUFF.283797.1 6.81191 3.2244176 4.63E*43 #N/A #N/A No5Hit
isotig13000 7.08194 5.1569476 3.95E*62 #N/A #N/A No5Hit
isotig15350 7.25693 5.2602296 1.49E*64 #N/A #N/A No5Hit
isotig08591 8.39594 6.3770874 6.57E*79 AAL29940 8.8279E*16 Q9BWP8
isotig14690 8.85341 2.609106 3.02E*43 #N/A #N/A No5Hit
CUFF.249094.1 9.62097 2.6355756 9.99E*47 #N/A #N/A No5Hit
isotig12661 10.031 5.8247141 2.69E*86 ADW66116 1.1761E*89 P22897
isotig21593 10.2879 2.8948492 9.76E*52 #N/A #N/A No5Hit
CUFF.280399.1 10.9173 2.3944872 8.42E*46 #N/A #N/A No5Hit
isotig16862 13.1252 4.4402816 3.18E*86 #N/A #N/A No5Hit
isotig22305 26.5095 5.1992526 6.17E*134 ACO82054 1.231E*123 P38571
isotig20350 62.2418 6.1412231 3.92E*194 #N/A #N/A No5Hit

FC5=5Fold5change
Acc.5=5Accession5number
FDR5=5False5discovery5rate
Blast5hit5acc.5=5Top5human5Blast5Hit5against5Human5UniProt5database
Human5Accession5numbers5used5for5DAVID5analysis
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