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THE	
  MET	
  RECEPTOR	
  TYROSINE	
  KINASE	
  IN	
  NEUROBIOLOGY	
  


	
  


Met	
  and	
  its	
  ligand,	
  hepatocyte	
  growth	
  factor/scatter	
  factor	
  (HGF/SF):	
  
discovery,	
  structure,	
  and	
  signaling	
   	
  
	
  
	
  


The	
  Met	
  proto-­‐oncogene	
  is	
  a	
  receptor	
  tyrosine	
  kinase	
  that	
  was	
  identified	
  as	
  a	
  


transforming	
  gene	
  after	
  treatment	
  of	
  a	
  human	
  osteosarcoma	
  cell	
  line	
  with	
  a	
  


chemical	
  carcinogen	
  resulted	
  in	
  the	
  formation	
  of	
  a	
  DNA	
  species	
  capable	
  of	
  


transforming	
  a	
  second	
  cell	
  line	
  (Cooper	
  et	
  al.,	
  1984).	
  	
  The	
  mouse	
  ortholog,	
  Met,	
  was	
  


subsequently	
  cloned,	
  and	
  due	
  to	
  the	
  high	
  level	
  of	
  amino	
  acid	
  homology	
  (88.1%	
  


overall),	
  has	
  facilitated	
  the	
  study	
  of	
  this	
  molecule	
  (Iyer	
  et	
  al.,	
  1990).	
  	
  Met	
  has	
  been	
  


implicated	
  in	
  the	
  formation,	
  progression,	
  and	
  metastasis	
  of	
  many	
  types	
  of	
  cancers	
  


and	
  has	
  well-­‐defined	
  roles	
  in	
  the	
  development	
  of	
  the	
  kidneys,	
  liver,	
  muscles,	
  and	
  


placenta	
  (reviewed	
  in	
  Birchmeier	
  et	
  al.,	
  2003).	
  


The	
  Met	
  receptor	
  tyrosine	
  kinase	
  is	
  an	
  α, β-­‐heterodimer	
  comprised	
  of	
  an	
  


extracellular	
  domain,	
  a	
  transmembrane	
  domain,	
  and	
  an	
  intracellular	
  tyrosine	
  kinase	
  


domain.	
  	
  At	
  the	
  C-­‐terminal	
  end	
  of	
  the	
  kinase	
  domain,	
  the	
  receptor	
  contains	
  a	
  


multiprotein	
  docking	
  site	
  that	
  provides	
  an	
  attachment	
  platform	
  for	
  a	
  wide	
  array	
  of	
  


downstream	
  signaling	
  molecules	
  (Park	
  et	
  al.,	
  1987;	
  Ponzetto	
  et	
  al.,	
  1994).	
  	
  The	
  


receptor	
  has	
  one	
  known	
  endogenous	
  ligand,	
  the	
  plasminogen-­‐related	
  growth	
  factor	
  


hepatocyte	
  growth	
  factor/scatter	
  factor	
  (referred	
  to	
  as	
  HGF	
  hereafter)	
  (Bottaro	
  et	
  


al.,	
  1991;	
  Nakamura	
  et	
  al.,	
  1984;	
  Stoker	
  et	
  al.,	
  1987).	
  	
  HGF	
  is	
  secreted	
  as	
  a	
  signaling-­‐
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deficient,	
  single-­‐chain	
  precursor	
  that	
  is	
  cleaved	
  by	
  a	
  serine	
  protease	
  to	
  assume	
  its	
  


active,	
  α, β-­‐heterodimeric	
  form	
  (Lokker	
  et	
  al.,	
  1992;	
  Mars	
  et	
  al.,	
  1993).	
  


Signaling	
  through	
  Met	
  is	
  initiated	
  by	
  HGF	
  binding	
  to	
  the	
  receptor’s	
  sema	
  


domain	
  (Gherardi	
  et	
  al.,	
  2003),	
  which	
  results	
  in	
  receptor	
  dimerization	
  and	
  kinase	
  


domain	
  autophosphorylation	
  (Ferracini	
  et	
  al.,	
  1991;	
  Longati	
  et	
  al.,	
  1994;	
  Naldini	
  et	
  


al.,	
  1991).	
  	
  This	
  phosphorylation	
  event	
  promotes	
  subsequent	
  phosphorylation	
  of	
  


downstream	
  tyrosines,	
  which	
  must	
  be	
  activated	
  to	
  allow	
  functioning	
  of	
  the	
  Met	
  


multisubstrate	
  docking	
  site	
  (Ponzetto	
  et	
  al.,	
  1994).	
  	
  These	
  molecules	
  either	
  bind	
  


directly	
  to	
  one	
  of	
  the	
  phosphoryated	
  tyrosines	
  or	
  associate	
  with	
  an	
  adapter	
  protein,	
  


which	
  is	
  bound	
  to	
  one	
  of	
  these	
  sites.	
  	
  Most	
  of	
  these	
  pathways	
  have	
  been	
  discovered	
  


and	
  described	
  in	
  the	
  cancer	
  literature	
  (for	
  review	
  see	
  Birchmeier	
  et	
  al.,	
  2003;	
  


Bolanos-­‐Garcia,	
  2005;	
  Furge	
  et	
  al.,	
  2000;	
  Ma	
  et	
  al.,	
  2003;	
  Maulik	
  et	
  al.,	
  2002;	
  


Peschard	
  and	
  Park,	
  2007;	
  Rosario	
  and	
  Birchmeier,	
  2003).	
  


	
   Termination	
  of	
  Met	
  signaling	
  is	
  critical	
  to	
  modulating	
  the	
  duration	
  and	
  extent	
  


of	
  the	
  receptor’s	
  activity.	
  	
  The	
  primary	
  mechanism	
  for	
  activity-­‐induced	
  


downregulation	
  is	
  ubiquitylation	
  by	
  the	
  Cbl	
  E3	
  ubiquitin	
  ligase,	
  which	
  promotes	
  Met	
  


internalization	
  and	
  degradation	
  following	
  stimulation	
  (Jeffers	
  et	
  al.,	
  1997)	
  and	
  can	
  


bind	
  directly	
  to	
  the	
  receptor	
  or	
  indirectly	
  via	
  Met-­‐bound	
  Grb2	
  (Peschard	
  et	
  al.,	
  


2001).	
  	
  Subsequent	
  ubiquitylation	
  marks	
  Met	
  for	
  recognition	
  by	
  the	
  endocytic	
  


pathway	
  and	
  consequent	
  clathrin-­‐coated	
  endoyctosis	
  and	
  lysosome-­‐mediated	
  


degradation	
  (Hammond	
  et	
  al.,	
  2003;	
  Jeffers	
  et	
  al.,	
  1997).	
  	
  Dephosphorylation	
  of	
  


activated	
  tyrosine	
  residues	
  is	
  another	
  mechanism	
  by	
  which	
  Met	
  signaling	
  can	
  be	
  


attenuated,	
  and	
  phosphatases	
  implicated	
  in	
  this	
  process	
  include	
  density-­‐enhanced	
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phosphatase	
  1	
  and	
  leukocyte	
  common	
  antigen-­‐related	
  protein-­‐tyrosine	
  phosphatase	
  


(Machide	
  et	
  al.,	
  2006;	
  Palka	
  et	
  al.,	
  2003).	
  


	
  


Roles	
  for	
  Met	
  in	
  nervous	
  system	
  biology	
  in	
  vitro	
  


	
   Over	
  the	
  past	
  two	
  decades,	
  numerous	
  studies	
  have	
  probed	
  the	
  ways	
  in	
  which	
  


HGF	
  and	
  Met	
  contribute	
  to	
  nervous	
  system	
  development	
  and	
  function.	
  	
  The	
  


signaling	
  system	
  has	
  been	
  implicated	
  in	
  a	
  wide	
  array	
  of	
  processes	
  including	
  neuron	
  


survival,	
  differentiation,	
  and	
  migration,	
  axon	
  guidance,	
  dendrite	
  outgrowth	
  and	
  


elaboration,	
  and	
  synaptic	
  activity.	
  	
  Although	
  the	
  set	
  of	
  neurodevelopmental	
  events	
  


in	
  which	
  the	
  signaling	
  system	
  has	
  been	
  implicated	
  is	
  large,	
  the	
  number	
  of	
  studies	
  


that	
  focus	
  on	
  any	
  particular	
  aspect	
  of	
  development	
  are	
  relatively	
  small	
  in	
  number.	
  	
  


Moreover,	
  the	
  majority	
  of	
  these	
  studies	
  was	
  performed	
  in	
  vitro,	
  and	
  most	
  were	
  


restricted	
  to	
  a	
  single	
  cell	
  type	
  and	
  time	
  point.	
  	
  Thus,	
  while	
  they	
  demonstrate	
  the	
  


capacity	
  of	
  HGF/Met	
  signaling	
  to	
  mediate	
  these	
  processes,	
  there	
  is	
  a	
  paucity	
  of	
  


studies	
  that	
  clarify	
  specific	
  roles	
  played	
  by	
  this	
  ligand	
  and	
  receptor	
  in	
  vivo	
  in	
  the	
  


developing	
  nervous	
  system.	
  	
  Until	
  the	
  present	
  study	
  reported	
  here,	
  there	
  has	
  been	
  


little	
  mapping	
  of	
  gene	
  expression	
  for	
  either	
  the	
  ligand	
  or	
  receptor,	
  and	
  the	
  


constitutive	
  knockout	
  mouse	
  is	
  embryonic	
  lethal	
  at	
  midgestation,	
  prior	
  to	
  the	
  onset	
  


of	
  production	
  of	
  most	
  central	
  nervous	
  system	
  neurons	
  (Bladt	
  et	
  al.,	
  1995).	
  


	
  


Neuron	
  Survival	
  


	
   HGF	
  is	
  a	
  neurotrophic	
  factor	
  that	
  promotes	
  the	
  survival	
  of	
  several	
  classes	
  of	
  


neurons.	
  	
  Ebens	
  et	
  al.	
  (1996)	
  and	
  Yamamoto	
  et	
  al.	
  (1997)	
  demonstrated	
  a	
  pro-­‐
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survival	
  effect	
  of	
  exogenously	
  applied	
  HGF	
  on	
  cultured	
  E15	
  mouse	
  and	
  E14	
  rat	
  


motor	
  neurons,	
  respectively,	
  and	
  Ieraci	
  et	
  al.	
  (2002)	
  reported	
  similar	
  results	
  in	
  P8	
  


mouse	
  cerebellar	
  granule	
  cells.	
  	
  In	
  sensory	
  neurons,	
  HGF	
  does	
  not	
  independently	
  


promote	
  survival,	
  but	
  it	
  is	
  capable	
  of	
  enhancing	
  the	
  effects	
  of	
  particular	
  growth	
  


factors,	
  including	
  nerve	
  growth	
  factor	
  and	
  ciliary	
  neurotrophic	
  factor	
  (Davey	
  et	
  al.,	
  


2000;	
  Maina	
  et	
  al.,	
  1998).	
  


	
   In	
  the	
  neocortex,	
  conclusions	
  regarding	
  HGF-­‐mediated	
  survival	
  are	
  mixed.	
  	
  


Using	
  propidium	
  iodide/fluroscein	
  diacetate	
  double	
  staining	
  in	
  cultured	
  E18	
  rat	
  


cortical	
  neurons,	
  Sun	
  et	
  al.	
  (2002)	
  demonstrated	
  a	
  dose-­‐dependent	
  increase	
  in	
  


neuronal	
  survival	
  with	
  HGF	
  application.	
  	
  In	
  contrast,	
  DAPI	
  staining	
  of	
  E15.5	
  rat	
  


cortical	
  neurons	
  revealed	
  no	
  HGF-­‐related	
  change	
  in	
  staining,	
  suggesting	
  that	
  the	
  


factor	
  is	
  not	
  functioning	
  as	
  a	
  survival	
  factor	
  in	
  these	
  neurons	
  (Powell	
  et	
  al.,	
  2003).	
  	
  It	
  


is	
  possible	
  that	
  this	
  difference	
  results	
  from	
  a	
  difference	
  in	
  the	
  age	
  or	
  region	
  of	
  the	
  


two	
  cultures,	
  or	
  in	
  technical	
  differences	
  between	
  the	
  assays.	
  	
  	
  


	
   	
   	
  


Neuron	
  Differentiation	
  


HGF/Met	
  signaling	
  has	
  been	
  shown	
  to	
  trigger	
  differentiation	
  in	
  a	
  variety	
  of	
  


neurons.	
  	
  In	
  mouse	
  superior	
  cervical	
  ganglion	
  cultures,	
  application	
  of	
  anti-­‐HGF	
  


antibodies	
  reduces	
  differentiation	
  of	
  sympathetic	
  neuroblasts	
  into	
  mature	
  neurons	
  


(Maina	
  et	
  al.,	
  1998),	
  suggesting	
  that	
  endogenous	
  HGF/Met	
  signaling	
  facilitates	
  


differentiation	
  in	
  these	
  cells.	
  	
  HGF/Met	
  signaling	
  also	
  contributes	
  to	
  the	
  


differentiation	
  of	
  calbindin	
  D+	
  pyramidal	
  cells	
  in	
  the	
  rat	
  hippocampus	
  and	
  to	
  the	
  


establishment	
  of	
  PEA3+	
  spinal	
  motor	
  neuron	
  pools	
  in	
  mice	
  (Helmbacher	
  et	
  al.,	
  2003;	
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Korhonen	
  et	
  al.,	
  2000).	
  	
  Despite	
  these	
  observations,	
  no	
  clear	
  mechanism	
  has	
  been	
  


shown	
  to	
  be	
  responsible	
  for	
  the	
  impact	
  of	
  HGF/Met	
  signaling	
  on	
  specification	
  of	
  


neuron	
  types.	
  


	
  


Cell	
  migration	
  


Met	
  has	
  been	
  shown	
  to	
  transduce	
  a	
  motogenic	
  signal	
  in	
  a	
  variety	
  of	
  neurons.	
  


Garzotto	
  et	
  al.	
  (2008)	
  showed	
  that	
  HGF	
  stimulates	
  olfactory	
  interneuron	
  precursor	
  


migration	
  in	
  vitro	
  as	
  a	
  chemoattractant,	
  and	
  similarly,	
  Giacobini	
  et	
  al.	
  (2007)	
  


demonstrated	
  a	
  role	
  for	
  HGF/Met	
  signaling	
  in	
  the	
  migration	
  of	
  hypothalamic	
  


gonadotropin	
  hormone-­‐releasing	
  hormone-­‐1	
  neurons.	
  	
  Cortically,	
  Segarra	
  et	
  al.	
  


(Segarra	
  et	
  al.,	
  2006)	
  and	
  Sun	
  et	
  al.	
  (Sun	
  et	
  al.,	
  2002)	
  independently	
  demonstrated	
  


an	
  attractive	
  motogenic	
  effect	
  of	
  HGF	
  on	
  embryonic	
  neocortical	
  neurons.	
  	
  	
  


	
  


Neurite	
  outgrowth	
  	
  


Met	
  involvement	
  in	
  this	
  area	
  of	
  neurodevelopment	
  is	
  perhaps	
  the	
  best	
  


studied.	
  	
  The	
  HGF/Met	
  signaling	
  system	
  is	
  involved	
  in	
  neurite	
  outgrowth	
  in	
  a	
  wide	
  


variety	
  of	
  neurons.	
  	
  Using	
  E17	
  rat	
  neocortical	
  explants	
  and	
  exogenous,	
  recombinant	
  


human	
  HGF,	
  Hamanoue	
  et	
  al.	
  (1996)	
  first	
  demonstrated	
  a	
  role	
  for	
  the	
  factor	
  in	
  


promoting	
  neurite	
  outgrowth.	
  	
  Subsequent	
  work	
  has	
  supported	
  the	
  finding	
  that	
  Met	
  


promotes	
  dendrite	
  growth	
  and	
  branching	
  in	
  neocortical	
  neurons,	
  and	
  extended	
  this	
  


finding	
  to	
  both	
  GABAergic	
  interneurons	
  and	
  pyramidal	
  cells	
  in	
  dissociated	
  and	
  


tissue	
  slice	
  hippocampal	
  cultures	
  (Gutierrez	
  et	
  al.,	
  2004;	
  Korhonen	
  et	
  al.,	
  2000;	
  Lim	
  


and	
  Walikonis,	
  2008).	
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HGF	
  has	
  dramatic	
  effects	
  on	
  neurite	
  outgrowth	
  and	
  branching	
  in	
  peripheral	
  


sensory	
  neurons,	
  but	
  these	
  effects	
  typically	
  depend	
  on	
  concurrent	
  stimulation	
  by	
  


another	
  growth	
  factor.	
  	
  In	
  fact,	
  the	
  synergistic	
  effects	
  are	
  similar	
  in	
  nature	
  to	
  the	
  


cooperative	
  activity	
  reported	
  between	
  HGF	
  and	
  other	
  growth	
  factors	
  in	
  the	
  survival	
  


experiments	
  (Davey	
  et	
  al.,	
  2000;	
  Maina	
  et	
  al.,	
  1997).	
  	
  In	
  sympathetic	
  neurons,	
  too,	
  


HGF	
  promotes	
  neurite	
  growth	
  and	
  branching,	
  and	
  in	
  this	
  system,	
  the	
  requirement	
  


for	
  an	
  additional	
  growth	
  factor	
  depends	
  on	
  the	
  age	
  of	
  the	
  cultured	
  cells	
  (Thompson	
  


et	
  al.,	
  2004).	
  	
  Finally,	
  HGF/Met	
  signaling	
  has	
  been	
  shown	
  to	
  enhance	
  neurite	
  


outgrowth	
  in	
  spinal	
  and	
  cranial	
  motor	
  neurons	
  (Caton	
  et	
  al.,	
  2000;	
  Ebens	
  et	
  al.,	
  


1996).	
  


In	
  the	
  cultured	
  thalamus,	
  HGF	
  promotes	
  neurite	
  outgrowth	
  and	
  acts	
  as	
  a	
  


chemoattractant,	
  and	
  the	
  Met	
  signaling	
  system	
  is	
  a	
  critical	
  mediator	
  of	
  axonal	
  


guidance,	
  but	
  only	
  in	
  specific	
  populations	
  of	
  neurons.	
  	
  When	
  E15.5	
  rat	
  thalamic	
  


explants	
  were	
  grown	
  in	
  the	
  presence	
  of	
  a	
  point	
  source	
  of	
  HGF,	
  neurite	
  length	
  


increased	
  relative	
  to	
  controls,	
  but	
  E15.5	
  somatosensory	
  cortical	
  explants	
  did	
  not	
  


exhibit	
  a	
  similar	
  response.	
  	
  Division	
  of	
  the	
  thalamic	
  explant	
  into	
  four	
  quadrants	
  


revealed	
  regional	
  differences	
  in	
  the	
  extent	
  of	
  thalamic	
  neurites’	
  outgrowth	
  


responses,	
  but	
  consistent	
  among	
  neurites	
  showing	
  outgrowth	
  was	
  the	
  directionality	
  


of	
  the	
  response	
  toward	
  the	
  point	
  source	
  of	
  HGF.	
  	
  Thus,	
  in	
  vitro,	
  HGF	
  is	
  a	
  potent	
  


inducer	
  of	
  neurite	
  growth	
  in	
  a	
  subset	
  of	
  thalamic	
  neurons,	
  and	
  serves	
  as	
  a	
  


chemoattractant	
  for	
  responsive	
  thalamic	
  neurons	
  (Powell	
  et	
  al.,	
  2003).	
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Synaptic	
  Activity	
  and	
  Plasticity	
  


Roles	
  for	
  HGF	
  and	
  Met	
  in	
  hippocampal	
  synaptic	
  activity	
  and	
  plasticity	
  have	
  


been	
  established.	
  	
  In	
  the	
  rodent,	
  expression	
  of	
  Met	
  mRNA	
  and	
  protein	
  in	
  the	
  


hippocampus	
  is	
  evident	
  throughout	
  embryonic	
  and	
  postnatal	
  development,	
  and	
  


through	
  adulthood	
  (Jung	
  et	
  al.,	
  1994;	
  Korhonen	
  et	
  al.,	
  2000).	
  	
  In	
  the	
  mature	
  


hippocampus,	
  Akimoto	
  et	
  al.	
  (2004)	
  reported	
  overlapping	
  expression	
  of	
  Met	
  and	
  


MAP-­‐2,	
  suggesting	
  that	
  Met	
  is	
  expressed	
  in	
  the	
  dendrites	
  of	
  hippocampal	
  pyramidal	
  


cells.	
  


There	
  is	
  a	
  reciprocal	
  relationship	
  between	
  synaptic	
  activity	
  and	
  HGF/Met	
  


signaling:	
  	
  pharmacologic	
  activation	
  of	
  neural	
  activity	
  by	
  glutamate	
  or	
  bicuculline	
  


application	
  induces	
  activation	
  of	
  HGF	
  and	
  Met	
  (Tyndall	
  and	
  Walikonis,	
  2007),	
  and	
  


Met	
  activation	
  plays	
  a	
  role	
  in	
  modulating	
  activity	
  at	
  the	
  synapse.	
  	
  Application	
  of	
  HGF	
  


to	
  hippocampal	
  neuron	
  cultures	
  imparts	
  multiple	
  changes	
  at	
  the	
  molecular	
  level	
  


that	
  may	
  enhance	
  synaptic	
  activity.	
  	
  HGF	
  stimulation	
  results	
  in	
  increased	
  expression	
  


and	
  clustering	
  of	
  primary	
  synaptic	
  proteins,	
  including	
  the	
  NR2B	
  subunit	
  of	
  the	
  


NMDA	
  receptor,	
  the	
  GluR1	
  subunit	
  of	
  the	
  AMPA	
  receptor,	
  and	
  the	
  α	
  subunit	
  of	
  


CaMKII.	
  	
  Additionally,	
  it	
  has	
  been	
  demonstrated	
  that	
  HGF	
  stimulation	
  increases	
  


calcium	
  uptake	
  along	
  hippocampal	
  dendrites,	
  and	
  that	
  both	
  CamKIIα	
  and	
  NR2B	
  


show	
  increased	
  phosphorylation	
  following	
  this	
  stimulation.	
  	
  It	
  is	
  likely	
  that	
  these	
  


events	
  occur	
  in	
  series,	
  as	
  increased	
  calcium	
  promotes	
  CamKIIα	
  activity,	
  and	
  


CamKIIα	
  acts	
  at	
  the	
  examined	
  NR2B	
  phosphorylation	
  (Tyndall	
  et	
  al.,	
  2007;	
  Tyndall	
  


and	
  Walikonis,	
  2006;	
  Tyndall	
  and	
  Walikonis,	
  2007).	
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These	
  in	
  vitro	
  data	
  suggest	
  a	
  bidirectional	
  relationship	
  between	
  HGF/Met	
  


signaling	
  and	
  activity	
  at	
  the	
  synapse	
  that	
  is	
  consistent	
  with	
  the	
  neurotrophin	
  


hypothesis	
  of	
  neural	
  plasticity,	
  whereby	
  synaptic	
  activity	
  induces	
  the	
  activity	
  of	
  


growth	
  factors,	
  which	
  subsequently	
  affect	
  synaptic	
  structure	
  and	
  function	
  


(McAllister	
  et	
  al.,	
  1999;	
  Poo,	
  2001).	
  


	
  


Emerging	
  roles	
  for	
  Met	
  in	
  nervous	
  system	
  biology	
  in	
  vivo	
  


	
   To	
  date,	
  few	
  studies	
  have	
  investigated	
  the	
  roles	
  of	
  HGF/Met	
  signaling	
  in	
  the	
  


nervous	
  system	
  in	
  vivo.	
  	
  These	
  studies,	
  however,	
  suggest	
  important	
  roles	
  for	
  this	
  


signaling	
  system	
  in	
  mammalian	
  brain	
  development.	
  	
  In	
  the	
  early	
  postnatal	
  rat	
  


striatum,	
  Met	
  activation	
  promotes	
  the	
  proliferation	
  of	
  oligodendrocyte	
  progenitor	
  


cells,	
  but	
  inhibits	
  their	
  differentiation	
  into	
  oligodendrocytes.	
  	
  The	
  reduction	
  of	
  


mature,	
  myelin	
  basic	
  protein	
  (MBP)-­‐expressing	
  oligodendrocytes	
  translates	
  into	
  


reduced	
  myelination	
  of	
  striatal	
  axons	
  (Ohya	
  et	
  al.,	
  2007),	
  which	
  could	
  have	
  severe	
  


consequences	
  for	
  striatally-­‐derived	
  information	
  processing.	
  	
  In	
  the	
  hippocampus,	
  


alterations	
  in	
  the	
  numbers	
  and	
  ratios	
  of	
  interneuron	
  subtypes	
  have	
  been	
  observed	
  


following	
  genetic	
  deletion	
  of	
  Met	
  from	
  proliferating	
  or	
  postmitotic	
  cells	
  in	
  the	
  


ganglionic	
  eminence.	
  	
  Specifically,	
  early	
  Met	
  disruption	
  resulted	
  in	
  decreased	
  


calretinin-­‐expressing	
  cells	
  in	
  the	
  dentate	
  gyrus,	
  CA1,	
  and	
  CA3,	
  and	
  region-­‐specific	
  


changes	
  in	
  parvalbumin-­‐expressing	
  cells:	
  	
  increased	
  numbers	
  in	
  the	
  dentate	
  gyrus,	
  


unchanged	
  numbers	
  in	
  CA1,	
  and	
  a	
  reduction	
  of	
  this	
  population	
  in	
  CA3	
  (Martins	
  et	
  al.,	
  


2007).	
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   Recent	
  work	
  in	
  our	
  laboratory	
  is	
  focused	
  on	
  understanding	
  the	
  in	
  vivo	
  


contributions	
  of	
  Met	
  to	
  establishing	
  neuronal	
  connectivity	
  in	
  the	
  forebrain	
  using	
  


conditional	
  Met	
  mutant	
  mice	
  (Emx1cre/Metfx/fx)	
  in	
  which	
  Met	
  function	
  is	
  specifically	
  


ablated	
  in	
  cells	
  arising	
  from	
  the	
  dorsal	
  pallium	
  (Judson	
  et	
  al.,	
  2009;	
  Judson	
  et	
  al.,	
  


2010).	
  	
  To	
  clarify	
  the	
  roles	
  of	
  Met	
  in	
  forming	
  and	
  maintaining	
  forebrain	
  circuits,	
  


Judson	
  et	
  al.	
  (2010)	
  injected	
  neurons	
  with	
  Lucifer	
  Yellow	
  (LY)	
  to	
  facilitate	
  


morphometric	
  analyses	
  of	
  the	
  cells’	
  dendritic	
  properties.	
  	
  These	
  experiments	
  


focused	
  on	
  the	
  pyramidal	
  neurons	
  of	
  the	
  anterior	
  cingulate	
  cortex	
  (ACC),	
  given	
  their	
  


involvement	
  in	
  limbic	
  circuit	
  function,	
  and	
  on	
  the	
  medium	
  spiny	
  neurons	
  (MSN)	
  of	
  


the	
  dorsolateral	
  striatum,	
  because	
  these	
  neurons	
  do	
  not	
  express	
  Met	
  transcript	
  or	
  


protein,	
  but	
  receive	
  corticostriatal	
  afferents	
  that	
  express	
  high	
  levels	
  of	
  the	
  receptor	
  


protein	
  presynaptically	
  (see	
  Chapter	
  II).	
  In	
  the	
  ACC,	
  two	
  major	
  changes	
  were	
  


observed	
  in	
  the	
  Met-­‐deficient	
  neurons.	
  	
  First,	
  in	
  layer	
  V,	
  the	
  cells’	
  dendrites	
  sampled	
  


a	
  smaller	
  volume	
  of	
  cortical	
  space	
  relative	
  to	
  their	
  wild-­‐type	
  counterparts.	
  	
  This	
  


finding	
  is	
  consistent	
  with	
  the	
  notion	
  that	
  these	
  neurons	
  receive	
  more	
  limited	
  


cortical	
  input,	
  and	
  suggests	
  alterations	
  in	
  cortical	
  circuitry	
  in	
  these	
  animals.	
  	
  Second,	
  


in	
  layer	
  II/III,	
  Met-­‐deficient	
  neurons	
  displayed	
  increased	
  spine	
  head	
  volume	
  of	
  


approximately	
  18-­‐22%	
  relative	
  to	
  wild-­‐type	
  neurons,	
  with	
  a	
  corresponding	
  increase	
  


in	
  stable	
  spines	
  relative	
  to	
  smaller,	
  more	
  labile	
  ones.	
  	
  This	
  phenotype	
  might	
  result	
  in	
  


decreased	
  plasticity	
  in	
  this	
  population	
  of	
  inputs,	
  with	
  consequent	
  deficits	
  in	
  


information	
  processing.	
  	
  Similar	
  single	
  neuron,	
  LY	
  analyses	
  in	
  striatal	
  MSN	
  revealed	
  


increased	
  dendritic	
  arbor	
  length	
  and	
  spine	
  head	
  volume.	
  	
  These	
  neurons	
  do	
  not	
  


express	
  Met	
  transcript	
  (see	
  Chapter	
  II),	
  but	
  as	
  noted	
  above,	
  receive	
  Met-­‐expressing	
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afferents	
  from	
  the	
  neocortex.	
  	
  Thus,	
  the	
  statistically	
  significant	
  changes	
  in	
  dendrite	
  


and	
  spine	
  morphology	
  in	
  the	
  conditional	
  Met	
  mutant	
  mice	
  reveals	
  a	
  cell-­‐


nonautonomous	
  effect	
  at	
  the	
  synapse,	
  and	
  speaks	
  to	
  the	
  importance	
  of	
  receptor	
  


availability	
  for	
  the	
  fine	
  details	
  of	
  circuit	
  formation	
  (Judson	
  et	
  al.,	
  2010).	
  	
  


Electrophysiological	
  experiments	
  in	
  the	
  Emx1cre/Metfx/fx	
  mice	
  in	
  our	
  laboratory	
  


reveal	
  additional	
  contributions	
  of	
  Met	
  to	
  forebrain	
  circuits.	
  	
  Using	
  laser	
  scanning	
  


photostimulation	
  to	
  map	
  local	
  circuitry	
  in	
  the	
  prefrontal	
  cortex,	
  we	
  have	
  observed	
  


two-­‐fold	
  increases	
  in	
  input	
  from	
  layer	
  II/III	
  to	
  layer	
  V	
  in	
  the	
  conditional	
  Met	
  


knockout	
  mice	
  relative	
  to	
  wild-­‐type	
  animals,	
  with	
  evidence	
  for	
  reduced	
  synaptic	
  


input	
  of	
  long-­‐distance	
  connections	
  on	
  the	
  pyramidal	
  cells	
  (Qiu	
  et	
  al.,	
  unpublished	
  


observations).	
  	
  Overall,	
  these	
  data	
  are	
  consistent	
  with	
  a	
  role	
  for	
  Met	
  activation	
  in	
  


establishing	
  the	
  quantitative	
  details	
  of	
  synaptic	
  connectivity	
  in	
  neurons	
  that	
  


normally	
  express	
  Met.	
  	
  This	
  is	
  consistent	
  with	
  the	
  restricted	
  spatial	
  and	
  temporal	
  


expression	
  patterns	
  in	
  the	
  mouse	
  forebrain	
  (see	
  Chapter	
  II).	
  


	
   	
  


MET	
  IN	
  AUTISM	
  SPECTRUM	
  DISORDERS	
  (ASD)	
  


	
  


Autism	
  as	
  a	
  disorder	
  of	
  altered	
  connectivity	
  


The	
  laboratory’s	
  focus	
  on	
  the	
  Met	
  receptor	
  tyrosine	
  kinase	
  in	
  


neurodevelopment	
  originates	
  from	
  our	
  discovery	
  of	
  human	
  MET	
  polymorphisms	
  as	
  


increasing	
  risk	
  for	
  autism	
  spectrum	
  disorder	
  (ASD)	
  (Campbell	
  et	
  al.,	
  2006).	
  	
  This	
  


will	
  be	
  discussed	
  in	
  more	
  detail	
  below.	
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ASD	
  is	
  a	
  highly	
  heterogeneous	
  neurodevelopmental	
  disorder	
  with	
  onset	
  


before	
  the	
  age	
  of	
  three	
  and	
  persistence	
  of	
  key	
  core	
  clinical	
  features	
  throughout	
  life.	
  	
  


The	
  triad	
  of	
  atypical	
  social	
  behavior,	
  impaired	
  verbal	
  and	
  non-­‐verbal	
  


communication,	
  and	
  patterns	
  of	
  restricted	
  interests	
  and	
  repetitive	
  behavior	
  are	
  


highly	
  reliable	
  phenotypes	
  that	
  are	
  used	
  to	
  by	
  clinicians	
  to	
  diagnose	
  ASD.	
  	
  Decades	
  


of	
  studies,	
  however,	
  have	
  clarified	
  that	
  the	
  quality	
  and	
  extent	
  of	
  symptoms	
  varies	
  


dramatically	
  between	
  patients.	
  	
  In	
  the	
  United	
  States,	
  the	
  Center	
  for	
  Disease	
  Control	
  


(CDC)	
  reports	
  prevalence	
  of	
  the	
  disorder	
  to	
  be	
  1	
  in	
  110	
  (CDC,	
  2009).	
  	
  That	
  ASD	
  


shows	
  a	
  heritability	
  of	
  90%	
  (Bailey	
  et	
  al.,	
  1995;	
  Le	
  Couteur	
  et	
  al.,	
  1996;	
  Steffenburg	
  


et	
  al.,	
  1989)	
  speaks	
  to	
  the	
  importance	
  of	
  genetic	
  factors	
  underlying	
  the	
  disorder.	
  	
  


The	
  heterogeneity	
  of	
  patient	
  presentations,	
  however,	
  argues	
  against	
  the	
  existence	
  of	
  


a	
  single	
  causal	
  factor,	
  and	
  genetic	
  studies	
  suggest	
  that	
  many	
  genes	
  may	
  contribute	
  to	
  


ASD	
  risk	
  (Abrahams	
  and	
  Geschwind,	
  2008;	
  Levitt	
  and	
  Campbell,	
  2009).	
  


	
   Our	
  laboratory	
  and	
  others	
  have	
  suggested	
  that	
  the	
  unifying	
  core	
  deficit	
  in	
  


ASD	
  is	
  atypical	
  development	
  of	
  cortical	
  connectivity	
  resulting	
  in	
  an	
  impaired	
  ability	
  


to	
  integrate	
  complex	
  information	
  (Courchesne	
  and	
  Pierce,	
  2005;	
  Frith,	
  2004;	
  


Geschwind	
  and	
  Levitt,	
  2007;	
  Rubenstein	
  and	
  Merzenich,	
  2003).	
  	
  We	
  note,	
  however,	
  


that	
  the	
  etiology,	
  nature,	
  and	
  outcome	
  of	
  this	
  cortical	
  disconnection	
  may	
  vary	
  widely	
  


among	
  patients.	
  	
  Mechanistically,	
  such	
  disconnection	
  could	
  include	
  a	
  weakening	
  of	
  


already	
  formed	
  connections	
  or	
  a	
  failure	
  of	
  certain	
  connections	
  to	
  establish	
  correct	
  


organization.	
  	
  Prenatally,	
  this	
  could	
  result	
  from	
  alterations	
  in	
  migration	
  of	
  


projection	
  neurons	
  or	
  interneurons,	
  or	
  from	
  dysregulated	
  axon	
  pathfinding,	
  which	
  


is	
  required	
  to	
  establish	
  proper	
  positioning	
  and	
  patterning	
  of	
  basic	
  connectivity.	
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Postnatally,	
  such	
  disconnection	
  could	
  result	
  from	
  alterations	
  in	
  dendritic	
  


development,	
  synaptogenesis,	
  or	
  synaptic	
  pruning.	
  


	
   Consistent	
  with	
  the	
  cortical	
  disconnection	
  hypothesis	
  is	
  the	
  replicated	
  


finding	
  that	
  postmortem	
  brains	
  from	
  patients	
  with	
  ASD	
  show	
  minicolumnar	
  


pathology	
  (Casanova	
  et	
  al.,	
  2002a;	
  Casanova	
  et	
  al.,	
  2002b;	
  Casanova	
  et	
  al.,	
  2006).	
  	
  


Minicolumns	
  are	
  fundamental	
  units	
  of	
  neocortical	
  information	
  processing	
  that	
  are	
  


composed	
  of	
  excitatory	
  pyramidal	
  neurons,	
  inhibitory	
  interneurons,	
  and	
  the	
  


connections	
  both	
  between	
  these	
  neurons	
  and	
  with	
  neurons	
  outside	
  of	
  the	
  assembly	
  


(Courchesne	
  and	
  Pierce,	
  2005;	
  Courchesne	
  et	
  al.,	
  2005;	
  Mountcastle,	
  1997).	
  	
  


Disruptions	
  to	
  their	
  normal	
  structure	
  may	
  result	
  in	
  an	
  impaired	
  ability	
  to	
  process	
  


information	
  from	
  distant	
  systems	
  (emotional,	
  autonomic,	
  sensory,	
  language,	
  etc.)	
  


within	
  the	
  brain	
  (Casanova	
  et	
  al.,	
  2006;	
  Courchesne	
  and	
  Pierce,	
  2005).	
  	
  Although	
  we	
  


have	
  important	
  clues	
  regarding	
  the	
  underlying	
  neuropathologies	
  in	
  ASD,	
  the	
  


etiologies	
  of	
  these	
  alterations	
  are	
  not	
  well	
  understood.	
  	
  	
  


	
  


Highly	
  replicated	
  genetic	
  association	
  of	
  MET	
  with	
  ASD	
  	
  


	
   Based	
  on	
  twin	
  studies	
  and	
  recurrence	
  rates	
  in	
  siblings,	
  the	
  heritability	
  of	
  ASD	
  


is	
  estimated	
  to	
  be	
  about	
  90%	
  (Bailey	
  et	
  al.,	
  1995;	
  Le	
  Couteur	
  et	
  al.,	
  1996;	
  


Steffenburg	
  et	
  al.,	
  1989),	
  rendering	
  it	
  one	
  of	
  the	
  most	
  heritable	
  human	
  disorders.	
  	
  


The	
  genetic	
  mechanisms	
  contributing	
  to	
  ASD	
  etiology	
  include	
  rare	
  mutations,	
  


common	
  polymorphisms,	
  and	
  copy	
  number	
  variations	
  (CNVs),	
  and	
  the	
  specific	
  


mechanism	
  or	
  mechanisms	
  involved	
  in	
  each	
  ASD	
  case	
  are	
  likely	
  to	
  vary	
  (Abrahams	
  


and	
  Geschwind,	
  2008;	
  Geschwind,	
  2009).	
  	
  Rare	
  events,	
  including	
  CNVs	
  and	
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syndromic	
  disorders	
  in	
  which	
  ASD	
  is	
  highly	
  correlated	
  (Rett	
  Syndrome,	
  for	
  


example)	
  may	
  account	
  for	
  5-­‐15%	
  of	
  cases	
  in	
  which	
  the	
  mutations	
  are	
  causal.	
  	
  


However,	
  idiopathic	
  ASD	
  may	
  involve	
  a	
  large	
  number	
  of	
  common	
  variants	
  that	
  each	
  


contribute	
  modestly	
  to	
  risk	
  and	
  may	
  combine	
  with	
  environmental	
  influences	
  to	
  


cause	
  the	
  disorder.	
  	
  It	
  also	
  should	
  be	
  noted	
  that	
  both	
  environmental	
  and	
  genetic	
  


factors	
  may	
  potentiate	
  or	
  reduce	
  particular	
  phenotypic	
  components,	
  contributing	
  to	
  


disorder	
  heterogeneity.	
  


	
   Although	
  many	
  genes	
  have	
  been	
  identified	
  to	
  contribute	
  to	
  autism	
  risk	
  (for	
  


review	
  see	
  Abrahams	
  and	
  Geschwind,	
  2010),	
  few	
  have	
  been	
  successfully	
  replicated	
  


(Buxbaum	
  and	
  Baron-­‐Cohen,	
  2010).	
  	
  The	
  association	
  of	
  MET	
  with	
  ASD	
  risk	
  is	
  a	
  


notable	
  exception;	
  three	
  single	
  nucleotide	
  polymorphisms	
  (SNPs)	
  in	
  the	
  5’	
  region	
  of	
  


the	
  MET	
  gene	
  have	
  been	
  associated	
  with	
  ASD,	
  and	
  in	
  sum,	
  nine	
  independent	
  cohorts	
  


have	
  shown	
  statistically	
  significant	
  MET-­‐ASD	
  correlations.	
  The	
  original	
  report	
  of	
  


MET	
  as	
  an	
  ASD	
  susceptibility	
  gene	
  identified	
  a	
  SNP,	
  rs1858830	
  (G/C)	
  in	
  the	
  gene’s	
  


5’-­‐regulatory	
  region	
  and	
  used	
  family	
  based	
  association	
  tests	
  (FBAT)	
  to	
  determine	
  


whether	
  one	
  allele	
  was	
  preferentially	
  transmitted	
  from	
  parents	
  to	
  ASD-­‐affected	
  


individuals.	
  	
  Indeed,	
  the	
  C	
  allele	
  was	
  over-­‐transmitted	
  to	
  individuals	
  with	
  ASD	
  in	
  


both	
  the	
  original	
  204	
  family	
  sample	
  (p=0.0005),	
  and	
  in	
  the	
  539-­‐family	
  replication	
  


sample	
  (p	
  =	
  0.001,	
  combined	
  p	
  =	
  0.00005)	
  (Campbell	
  et	
  al.,	
  2006).	
  	
  Using	
  FBAT	
  and	
  


case-­‐control	
  tests,	
  the	
  MET	
  rs1858830-­‐C	
  association	
  with	
  ASD	
  was	
  replicated	
  in	
  two	
  


additional	
  cohorts	
  (Campbell	
  et	
  al.,	
  2008;	
  Jackson	
  et	
  al.,	
  2009).	
  	
  Two	
  additional	
  MET	
  


SNPs,	
  rs38845	
  (G/A)	
  and	
  rs38841	
  (A/G),	
  both	
  of	
  which	
  are	
  located	
  in	
  intron	
  1,	
  have	
  


been	
  associated	
  with	
  ASD.	
  	
  FBAT	
  and	
  case	
  control	
  analyses	
  revealed	
  that	
  the	
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rs38845	
  A	
  allele	
  is	
  associated	
  with	
  ASD	
  in	
  two	
  separate	
  populations	
  (Sousa	
  et	
  al.,	
  


2009),	
  and	
  a	
  transmission	
  disequilibrium	
  test	
  showed	
  that	
  the	
  rs38841	
  A	
  allele	
  is	
  


overtransmitted	
  to	
  individuals	
  with	
  ASD	
  (Thanseem	
  et	
  al.,	
  2010).	
  


	
   Interestingly,	
  rs1858830	
  is	
  a	
  functional	
  variant	
  that	
  affects	
  gene	
  expression	
  


both	
  in	
  vitro	
  and	
  in	
  vivo.	
  	
  In	
  luciferase	
  reporter	
  assays,	
  a	
  G-­‐containing	
  MET	
  promoter	
  


construct	
  drove	
  transcription	
  at	
  least	
  two	
  times	
  more	
  efficiently	
  than	
  a	
  C-­‐containing	
  


MET	
  construct	
  in	
  three	
  independent	
  cell	
  lines	
  (Campbell	
  et	
  al.,	
  2006).	
  	
  


Electromobility	
  shift	
  assays	
  demonstrated	
  that	
  different	
  protein	
  complexes	
  bind	
  the	
  


promoter	
  depending	
  on	
  the	
  rs1858830	
  allele,	
  offering	
  a	
  potential	
  mechanism	
  for	
  


this	
  difference	
  in	
  transcription	
  rate	
  (Campbell	
  et	
  al.,	
  2006).	
  	
  In	
  vivo,	
  analyses	
  of	
  


postmortem	
  temporal	
  neocortex	
  revealed	
  reduced	
  MET	
  protein	
  expression	
  in	
  


subjects	
  with	
  ASD.	
  	
  Moreover,	
  the	
  distribution	
  of	
  genotypes	
  at	
  this	
  locus	
  in	
  control	
  


subjects	
  showed	
  that	
  individuals	
  with	
  a	
  C/C	
  genotype	
  expressed	
  less	
  MET	
  relative	
  


to	
  individuals	
  with	
  a	
  G/G	
  genotype,	
  revealing	
  an	
  endophenotype	
  that	
  is	
  disorder-­‐


independent.	
  	
  The	
  allele	
  distribution	
  in	
  ASD	
  cases	
  was	
  overwhelmingly	
  C/C,	
  


precluding	
  a	
  similar	
  analysis.	
  	
  Although	
  functional	
  data	
  has	
  not	
  been	
  ascertained	
  for	
  


the	
  other	
  two	
  MET	
  SNPs,	
  the	
  fact	
  that	
  they	
  are	
  located	
  in	
  intron	
  1,	
  which	
  often	
  


contains	
  gene	
  regulatory	
  elements	
  (Kleinjan	
  et	
  al.,	
  2001;	
  Lettice	
  et	
  al.,	
  2003),	
  


suggests	
  that	
  these	
  variants	
  should	
  be	
  examined	
  for	
  additional	
  involvement	
  in	
  


controlling	
  Met	
  expression	
  levels.	
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Motivation	
  for	
  Developmental	
  Met	
  Mapping	
  Studies	
  


Our	
  current	
  understanding	
  of	
  the	
  roles	
  of	
  Met	
  in	
  neurodevelopmental	
  


processes,	
  along	
  with	
  the	
  accumulating	
  evidence	
  that	
  dysregulated	
  expression	
  of	
  the	
  


receptor	
  predisposes	
  to	
  ASD,	
  informed	
  our	
  decision	
  to	
  pursue	
  a	
  large-­‐scale	
  effort	
  to	
  


map	
  the	
  expression	
  of	
  Met	
  transcript	
  and	
  protein	
  in	
  the	
  mouse	
  forebrain	
  throughout	
  


perinatal	
  and	
  postnatal	
  development	
  (Chapter	
  II).	
  	
  We	
  reasoned	
  that	
  from	
  the	
  


perspective	
  of	
  basic	
  biology,	
  this	
  type	
  of	
  neuroanatomical	
  analysis	
  should	
  give	
  


insight	
  into	
  the	
  in	
  vivo	
  roles	
  for	
  the	
  receptor.	
  	
  A	
  major	
  mechanism	
  for	
  influencing	
  


neurodevelopmental	
  processes	
  is	
  through	
  modification	
  of	
  regulatory	
  mechanisms	
  


through	
  which	
  gene	
  expression	
  is	
  controlled	
  spatially	
  and	
  temporally.	
  	
  For	
  example,	
  


regional	
  specification	
  and	
  laminar	
  patterning	
  in	
  the	
  mammalian	
  cortex	
  are	
  


controlled	
  in	
  part	
  by	
  the	
  transcription	
  factor	
  Tbr1.	
  	
  Perturbations	
  to	
  Tbr1	
  result	
  in	
  


significant	
  alterations	
  to	
  the	
  spatial	
  and	
  temporal	
  expression	
  of	
  downstream	
  targets,	
  


and	
  this	
  dysregulation	
  yields	
  subsequent	
  aberrations	
  in	
  axon	
  growth	
  and	
  


pathfinding	
  (Bedogni	
  et	
  al.,	
  2010).	
  	
  This	
  type	
  of	
  mechanism	
  is	
  consistent	
  with	
  our	
  


hypothesis	
  of	
  a	
  role	
  of	
  MET	
  in	
  ASD	
  risk:	
  disruption	
  to	
  a	
  Met-­‐regulating	
  transcription	
  


factor	
  could	
  result	
  in	
  misexpression	
  of	
  the	
  receptor	
  and	
  subsequent	
  effects	
  on	
  


neurodevelopmental	
  processes	
  influenced	
  by	
  Met.	
  	
  The	
  normal	
  in	
  vivo	
  expression	
  


patterns,	
  therefore,	
  are	
  important	
  for	
  determining	
  the	
  specific	
  neurodevelopmental	
  


events	
  that	
  Met	
  is	
  likely	
  to	
  mediate.	
  	
  As	
  noted	
  above,	
  while	
  much	
  is	
  known	
  about	
  the	
  


capacity	
  of	
  Met	
  to	
  influence	
  neurodevelopmental	
  and	
  neurophysiological	
  processes,	
  


there	
  remains	
  a	
  significant	
  gap	
  regarding	
  the	
  actual	
  functions	
  of	
  the	
  receptor	
  in	
  vivo.	
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This	
  understanding	
  is	
  essential	
  for	
  connecting	
  the	
  clinical	
  findings	
  to	
  a	
  biological	
  


framework	
  of	
  disorder	
  etiology.	
  


	
  


TRANSCRIPTIONAL	
  REGULATION	
  OF	
  MET	
  


	
  


Known	
  transcriptional	
  regulators	
  of	
  Met	
  


Because	
  it	
  is	
  a	
  proto-­‐oncogene,	
  understanding	
  how	
  levels	
  of	
  Met	
  are	
  


controlled	
  and	
  which	
  factors	
  result	
  in	
  uncontrolled	
  increases	
  in	
  expression	
  is	
  of	
  


paramount	
  importance.	
  	
  Thus,	
  from	
  the	
  context	
  of	
  understanding	
  its	
  contribution	
  to	
  


a	
  variety	
  of	
  cancers,	
  transcriptional	
  regulation	
  of	
  Met	
  is	
  an	
  active	
  area	
  of	
  research.	
  	
  


At	
  least	
  13	
  Met-­‐regulating	
  transcription	
  factors	
  have	
  been	
  identified,	
  and	
  are	
  listed	
  


in	
  Table	
  1.	
  	
  It	
  is	
  important	
  to	
  note	
  that	
  the	
  data	
  displayed	
  here	
  are	
  cell	
  context-­‐


dependent.	
  	
  Whether	
  a	
  transcription	
  factor	
  is	
  relevant	
  to	
  Met	
  transcription	
  in	
  


another	
  context	
  must	
  be	
  determined	
  empirically.	
  	
  That	
  said,	
  knowledge	
  that	
  a	
  


particular	
  transcription	
  factor	
  is	
  capable	
  of	
  regulating	
  Met	
  in	
  one	
  context	
  provides	
  a	
  


platform	
  for	
  analysis	
  in	
  additional	
  cellular	
  contexts.	
  	
  And,	
  information	
  regarding	
  the	
  


families	
  of	
  transcription	
  factors	
  already	
  confirmed	
  to	
  have	
  a	
  role	
  in	
  Met	
  regulation	
  


provides	
  useful	
  insight	
  for	
  considering	
  additional	
  factors	
  that	
  might	
  be	
  relevant.	
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Transcription	
  
Factor	
  


Effect	
   Species	
   Assays	
   Reference	
  


	
  	
   	
  	
   	
  	
   	
  	
   	
  	
  
Androgen	
  
Receptor	
   Repress	
   Human	
   Manipulation-­‐Correlation,	
  


EMSA,	
  Reporter	
  Assay	
   Verras	
  et	
  al.,	
  2007	
  


Ap1	
   Unknown	
   Mouse	
   EMSA	
   Seol	
  et	
  al.,	
  2000	
  


Daxx	
   Repress	
   Mouse	
   Manipulation-­‐Correlation,	
  
Reporter	
  Assay,	
  ChIP	
   Morozov	
  et	
  al.,	
  2008	
  


Ets1	
   Activate	
   Human	
   Manipulation-­‐Correlation	
   Gambarotta	
  et	
  al.,	
  1994	
  


Macc1	
   Activate	
   Human	
   	
  Manipulation-­‐Correlation,	
  
EMSA,	
  Reporter	
  Assay,	
  ChIP	
   Stein	
  et	
  al.,	
  2009	
  


Mitf	
   Activate	
   Human	
   Reporter	
  Assay	
   Mascarenhas	
  et	
  al.,	
  2010	
  


p53	
   Activate	
   Mouse	
   EMSA,	
  Reporter	
  Assay	
   Seol	
  et	
  al.,	
  1999	
  


Pax3	
   Activate	
   Human	
   EMSA,	
  Reporter	
  assay	
   Epstein	
  et	
  al.,	
  1996	
  


Pax3	
   Activate	
   Human	
   Reporter	
  Assay,	
  ChIP	
   Mascarenhas	
  et	
  al.,	
  2010	
  


PC4	
   Unknown	
   Human	
   EMSA	
   Campbell	
  et	
  al.,	
  2006	
  


Sox10	
   Activate**	
   Human	
   Reporter	
  Assay,	
  ChIP	
   Mascarenhas	
  et	
  al.,	
  2010	
  


Sp1	
   Block	
  Ap1	
   Mouse	
   EMSA	
   Seol	
  et	
  al.,	
  2000	
  


Sp1	
   Activate	
   Mouse	
   EMSA,	
  Reporter	
  Assay	
   Zhang	
  et	
  al.,	
  2003	
  


Sp1	
   Unknown	
   Human	
   EMSA	
   Campbell	
  et	
  al.,	
  2006	
  


Sp3	
   Block	
  Ap1	
   Mouse	
   EMSA	
   Seol	
  et	
  al.,	
  2000	
  


Sp3	
   Activate	
   Mouse	
   EMSA,	
  reporter	
  assay	
   Zhang	
  et	
  al.,	
  2003	
  


TFE3	
   Activate	
   Human	
   Manipulation-­‐Correlation,	
  
Reporter	
  Assay,	
  ChIP	
   Tsuda	
  et	
  al.,	
  2007	
  


	
  
Table	
  1:	
  Met-­regulating	
  Transcription	
  Factors	
  
	
  
*	
   Manipulation-­‐Correlation	
  indicates	
  that	
  the	
  transcription	
  factor	
  was	
  under-­‐	
  or	
  


over-­‐expressed,	
  and	
  Met	
  expression	
  was	
  subsequently	
  measured.	
  
	
  
*	
  	
  	
  	
  ChIP	
  –	
  chromatin	
  immunoprecipitation	
  assay	
  
	
  
*	
  	
  	
  	
  EMSA	
  –	
  electromobility	
  shift	
  assay	
  
	
  
**	
  	
  Sox10	
  was	
  shown	
  to	
  activate	
  Met	
  expression	
  if	
  Pax3	
  and/or	
  Mitf	
  were	
  also	
  
expressed	
  







 19	
  


SPECIFICITY	
  FACTOR	
  4	
  (SP4)	
  


	
  


Sp	
  Transcription	
  Factor	
  Family:	
  Discovery	
  and	
  Structure	
  


The	
  findings	
  in	
  the	
  initial	
  MET-­‐ASD	
  genetic	
  study	
  revealed	
  the	
  possibility	
  that	
  


the	
  rs1858830	
  risk	
  allele	
  disrupts	
  binding	
  of	
  an	
  Sp1	
  family	
  transcription	
  factor	
  


(Campbell	
  et	
  al.,	
  2006).	
  	
  The	
  Sp/KLF	
  transcription	
  factor	
  family	
  comprises	
  a	
  set	
  of	
  


transcription	
  factors	
  whose	
  DNA-­‐binding	
  domains	
  consist	
  of	
  three	
  Cys2-­‐His2	
  zinc	
  


fingers	
  that	
  share	
  at	
  least	
  65%	
  identity	
  and	
  have	
  significantly	
  overlapping	
  binding	
  


specificities.	
  	
  The	
  Sp-­‐family	
  has	
  nine	
  known	
  members	
  (Sp1-­‐Sp9),	
  which	
  show	
  


particular	
  affinity	
  for	
  the	
  GC-­‐box,	
  5’-­‐GGGGCGGGG-­‐3’	
  and	
  related	
  DNA	
  sequences,	
  and	
  


can	
  be	
  further	
  subdivided	
  into	
  Sp1-­‐4,	
  which	
  contain	
  an	
  N-­‐terminal	
  glutamine-­‐rich	
  


transactivation	
  domain,	
  and	
  Sp5-­‐9,	
  which	
  do	
  not	
  (reviewed	
  in	
  Bouwman	
  and	
  


Philipsen,	
  2002;	
  Suske,	
  1999;	
  Wierstra,	
  2008).	
  	
  The	
  archetypal	
  family	
  member,	
  Sp1,	
  


was	
  identified	
  as	
  a	
  component	
  in	
  HeLa	
  cell	
  extract	
  necessary	
  for	
  in	
  vitro	
  


transcription	
  of	
  the	
  SV40	
  polyomavirus	
  promoter	
  (Dynan	
  and	
  Tjian,	
  1983).	
  	
  Sp2	
  and	
  


Sp3	
  were	
  later	
  identified	
  in	
  a	
  screen	
  of	
  a	
  human	
  cDNA	
  library	
  for	
  factors	
  binding	
  to	
  


an	
  Sp1	
  zinc	
  finger	
  domain	
  probe	
  (Kingsley	
  and	
  Winoto,	
  1992).	
  	
  Sp3	
  was	
  


independently	
  identified,	
  along	
  with	
  Sp4,	
  in	
  a	
  screen	
  designed	
  to	
  identify	
  factors	
  


binding	
  to	
  a	
  known	
  Sp1	
  target	
  within	
  the	
  rabbit	
  uteroglobin	
  promoter	
  (Hagen	
  et	
  al.,	
  


1992).	
  	
  Electromobility	
  shift	
  assays	
  demonstrated	
  that	
  Sp1,	
  Sp3,	
  and	
  Sp4	
  bind	
  to	
  the	
  


same	
  GC-­‐box	
  target	
  sequence	
  with	
  equal	
  affinity	
  (Hagen	
  et	
  al.,	
  1992),	
  whereas	
  Sp2	
  


does	
  not	
  bind	
  that	
  sequence,	
  and	
  instead	
  shows	
  preference	
  for	
  a	
  GT-­‐box	
  (Kingsley	
  


and	
  Winoto,	
  1992).	
  	
  This	
  difference	
  in	
  affinity	
  may	
  be	
  mediated	
  by	
  a	
  histidine-­‐to-­‐
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leucine	
  substitution	
  in	
  the	
  first	
  zinc	
  finger	
  domain	
  within	
  a	
  trio	
  of	
  amino	
  acids	
  


predicted	
  to	
  be	
  those	
  that	
  bind	
  DNA	
  directly	
  (Fairall	
  et	
  al.,	
  1993;	
  Pavletich	
  and	
  Pabo,	
  


1991;	
  Suske,	
  1999).	
  	
  


	
  


Sp4	
  in	
  the	
  brain	
  


Sp1	
  and	
  Sp3	
  are	
  widely	
  considered	
  to	
  be	
  ubiquitously	
  expressed,	
  whereas	
  


Sp4	
  is	
  enriched	
  in	
  the	
  brain,	
  heart,	
  reproductive	
  system,	
  and	
  some	
  epithelial	
  tissue	
  


(Hagen	
  et	
  al.,	
  1992;	
  Supp	
  et	
  al.,	
  1996).	
  	
  In	
  the	
  brain,	
  Sp1	
  and	
  Sp3	
  are	
  indeed	
  


expressed,	
  though	
  expression	
  is	
  not	
  as	
  general	
  as	
  is	
  often	
  presumed.	
  	
  In	
  situ	
  


hybridization	
  studies	
  in	
  our	
  laboratory	
  indicate	
  that	
  Sp1	
  is	
  restricted	
  in	
  expression	
  


from	
  mid-­‐embryonic	
  development	
  through	
  adolescence	
  (E12.5	
  –	
  P35),	
  showing	
  


robust	
  expression	
  in	
  the	
  ventricular	
  zone,	
  with	
  relatively	
  limited	
  expression	
  


elsewhere	
  in	
  the	
  forebrain	
  (Bergman	
  and	
  Levitt,	
  unpublished	
  observations).	
  	
  


Moreover,	
  studies	
  in	
  the	
  adult	
  rat	
  hippocampus	
  and	
  frontal	
  cerebral	
  cortex	
  


demonstrate	
  that	
  Sp1	
  expression	
  is	
  primarily	
  detected	
  in	
  astrocytes,	
  whereas	
  Sp4	
  


expression	
  is	
  localized	
  to	
  neurons,	
  and	
  Sp3	
  is	
  found	
  in	
  both	
  populations	
  (Mao	
  et	
  al.,	
  


2007;	
  Mao	
  et	
  al.,	
  2009).	
  	
  	
  	
  	
  


Constitutive	
  knockout	
  of	
  Sp4	
  yields	
  viable	
  mice,	
  though	
  two	
  thirds	
  of	
  the	
  


offspring	
  die	
  by	
  P28,	
  of	
  which	
  half	
  die	
  by	
  P10.	
  	
  Additionally,	
  the	
  knockout	
  animals	
  


show	
  growth	
  retardation	
  for	
  the	
  first	
  four	
  weeks	
  of	
  life,	
  both	
  overall	
  and	
  in	
  specific	
  


organs	
  including	
  the	
  thymus,	
  spleen,	
  testis,	
  and	
  uterus.	
  	
  Both	
  sexes	
  exhibit	
  deficits	
  in	
  


reproduction;	
  male	
  knockout	
  animals	
  do	
  not	
  breed,	
  and	
  female	
  animals	
  show	
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delayed	
  onset	
  of	
  puberty	
  (Göllner	
  et	
  al.,	
  2001).	
  	
  There	
  are	
  no	
  reports	
  of	
  brain	
  or	
  


neuronal	
  phenotype	
  assessment	
  in	
  these	
  animals.	
  	
  	
  


	
   To	
  study	
  the	
  role	
  of	
  Sp4	
  in	
  the	
  brain	
  in	
  vivo,	
  Zhou	
  et	
  al.	
  (2005)	
  generated	
  an	
  


Sp4	
  hypomorphic	
  mouse	
  in	
  which	
  Met	
  protein	
  level	
  is	
  reduced	
  to	
  about	
  3-­‐5%	
  wild-­‐


type	
  levels	
  in	
  all	
  cells.	
  	
  These	
  mice	
  show	
  severe	
  hippocampal	
  phenotypes,	
  both	
  


morphologically	
  and	
  behaviorally.	
  	
  Structurally,	
  vacuoles	
  are	
  observed	
  in	
  the	
  CA3	
  


region	
  of	
  the	
  hippocampus	
  by	
  two	
  months	
  of	
  age,	
  and	
  similar	
  vacuoles	
  are	
  observed	
  


in	
  the	
  hilus	
  of	
  the	
  dentate	
  gyrus	
  (DG)	
  and	
  the	
  stratum	
  oriens	
  by	
  four	
  months	
  of	
  age	
  


(Zhou	
  et	
  al.,	
  2005).	
  	
  The	
  DG	
  also	
  shows	
  decreased	
  cell	
  proliferation	
  at	
  early	
  


postnatal	
  stages	
  (e.g.	
  P7),	
  resulting	
  in	
  decreased	
  DG	
  cell	
  density	
  and	
  reduced	
  DG	
  


width	
  in	
  the	
  adult	
  hippocampus	
  (Zhou	
  et	
  al.,	
  2007).	
  	
  As	
  expected,	
  the	
  Sp4	
  


hypomorphic	
  mice	
  show	
  deficits	
  in	
  hippocampus-­‐driven	
  learning	
  and	
  memory	
  


behavior	
  as	
  well.	
  	
  At	
  a	
  cellular	
  level,	
  these	
  mice	
  show	
  impairment	
  in	
  long	
  term	
  


potentiation	
  (LTP),	
  and	
  behaviorally,	
  a	
  deficit	
  in	
  spatial	
  memory	
  is	
  suggested	
  based	
  


on	
  their	
  performance	
  on	
  the	
  Barnes	
  maze,	
  in	
  which	
  they	
  demonstrate	
  increased	
  


error	
  rate	
  and	
  escape	
  latency	
  times	
  relative	
  to	
  wild-­‐type	
  littermates	
  (Zhou	
  et	
  al.,	
  


2010).	
  	
  	
  


	
   In	
  vitro,	
  two	
  groups	
  have	
  assessed	
  the	
  role	
  of	
  Sp4	
  in	
  dendritic	
  arborization.	
  	
  


In	
  cerebellar	
  granule	
  cells	
  in	
  culture,	
  Sp4	
  contributes	
  to	
  dendrite	
  maturation	
  by	
  


promoting	
  pruning.	
  	
  Following	
  transfection	
  of	
  RNAi	
  targeting	
  Sp4,	
  dendrites	
  in	
  these	
  


cultures	
  show	
  excessive	
  and	
  persistent	
  branching,	
  whereas	
  overexpression	
  of	
  Sp4	
  


promotes	
  pruning	
  (Ramos	
  et	
  al.,	
  2007).	
  	
  Interestingly,	
  in	
  cultured	
  hippocampal	
  DG	
  


cells,	
  the	
  opposite	
  effect	
  was	
  observed;	
  dendrites	
  on	
  neurons	
  cultured	
  from	
  Sp4	
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hypomorphic	
  mice	
  were	
  reduced	
  in	
  length,	
  number,	
  and	
  branching	
  relative	
  to	
  those	
  


cultured	
  from	
  wild-­‐type	
  controls,	
  suggesting	
  that	
  Sp4	
  promotes	
  dendritic	
  growth	
  


and	
  branching.	
  	
  Interestingly,	
  both	
  groups	
  identified	
  neurotrophin-­‐3	
  (NT-­‐3)	
  as	
  a	
  


transcriptional	
  target	
  of	
  Sp4	
  relevant	
  to	
  the	
  observed	
  dendritic	
  phenotype.	
  	
  In	
  the	
  


cerebellar	
  granule	
  cell	
  cultures,	
  RNAi-­‐mediated	
  knockdown	
  of	
  Sp4	
  resulted	
  in	
  


increased	
  NT-­‐3	
  expression	
  (Ramos	
  et	
  al.,	
  2009),	
  whereas	
  in	
  the	
  hippocampal	
  


cultures,	
  Sp4	
  hypomorph-­‐derived	
  DG	
  cells	
  showed	
  decreased	
  NT-­‐3	
  expression.	
  	
  


Thus,	
  Sp4	
  appeared	
  to	
  repress	
  NT-­‐3	
  expression	
  in	
  the	
  cerebellar	
  system	
  and	
  to	
  


activate	
  NT-­‐3	
  expression	
  in	
  the	
  hippocampal	
  system,	
  but	
  between	
  the	
  two	
  systems,	
  


the	
  correlation	
  between	
  NT-­‐3	
  expression	
  and	
  dendritic	
  phenotype	
  was	
  constant.	
  	
  


The	
  observation	
  that	
  the	
  effect	
  of	
  Sp4	
  on	
  NT-­‐3	
  varies	
  by	
  cellular	
  context	
  


underscores	
  the	
  importance	
  of	
  the	
  transcription	
  factor	
  milieu	
  in	
  affecting	
  the	
  


downstream	
  effect	
  of	
  Sp4	
  on	
  a	
  particular	
  target.	
  


	
  


Sp4	
  in	
  human	
  disease	
  


	
   To	
  date,	
  Sp4	
  has	
  been	
  linked	
  to	
  multiple	
  neuropsychiatric	
  disorders,	
  


including	
  bipolar	
  disorder,	
  schizophrenia,	
  major	
  depressive	
  disorder	
  (MDD),	
  and	
  


Alzheimer’s	
  disease.	
  	
  Using	
  transmission	
  disequilibrium	
  tests,	
  Zhou	
  et	
  al.	
  (2009)	
  


demonstrated	
  that	
  the	
  A	
  allele	
  in	
  SNP	
  rs12673091	
  within	
  Sp4	
  intron	
  5	
  is	
  


overtransmitted	
  to	
  individuals	
  with	
  bipolar	
  disorder	
  in	
  a	
  Caucasian	
  population,	
  and	
  


replicated	
  the	
  result	
  using	
  case-­‐control	
  analysis	
  in	
  a	
  Chinese	
  population.	
  	
  


Interestingly,	
  an	
  association	
  of	
  this	
  allele	
  was	
  additionally	
  seen	
  in	
  a	
  set	
  of	
  325	
  


Chinese	
  trio	
  families	
  with	
  schizophrenia	
  (Zhou	
  et	
  al.,	
  2009).	
  	
  Two	
  other	
  studies	
  have	
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implicated	
  Sp4	
  in	
  schizophrenia	
  risk.	
  	
  Using	
  data	
  from	
  the	
  International	
  


Schizophrenia	
  Consortium	
  (ISC),	
  Zhou	
  et	
  al.	
  (2010)	
  analyzed	
  3391	
  cases	
  and	
  3181	
  


controls	
  for	
  the	
  presence	
  of	
  copy	
  number	
  variations	
  (CNVs)	
  in	
  the	
  SP4	
  gene.	
  	
  While	
  


no	
  deletions	
  or	
  duplications	
  were	
  found	
  in	
  the	
  controls,	
  two	
  deletions	
  were	
  


discovered	
  in	
  the	
  cases,	
  both	
  of	
  which	
  excised	
  exons	
  1-­‐3	
  and	
  a	
  segment	
  of	
  the	
  gene’s	
  


5’	
  regulatory	
  region.	
  	
  Tam	
  et	
  al.	
  (2010)	
  also	
  reported	
  evidence	
  of	
  CNVs	
  in	
  the	
  SP4	
  


gene	
  in	
  individuals	
  with	
  schizophrenia.	
  	
  Beginning	
  with	
  a	
  Scottish	
  population	
  of	
  91	
  


schizophrenia	
  cases	
  and	
  92	
  controls,	
  they	
  identified	
  a	
  deletion	
  in	
  SP4,	
  which	
  was	
  


validated	
  by	
  qPCR.	
  	
  To	
  cross	
  validate,	
  the	
  authors	
  scanned	
  the	
  ISC	
  and	
  found	
  two	
  


additional	
  deletions.	
  	
  One	
  might	
  suspect,	
  however,	
  that	
  these	
  were	
  the	
  same	
  


deletions	
  identified	
  by	
  Zhou	
  et	
  al.	
  	
  Evidence	
  of	
  a	
  genetic	
  link	
  between	
  Sp4	
  and	
  MDD	
  


comes	
  from	
  a	
  genome-­‐wide	
  association	
  study	
  comparing	
  SNP	
  frequencies	
  in	
  a	
  


population	
  of	
  individuals	
  with	
  recurrent	
  early-­‐onset	
  MDD	
  to	
  controls,	
  and	
  from	
  a	
  


meta-­‐analysis	
  of	
  three	
  similar	
  studies	
  (Shi	
  et	
  al.,	
  2010;	
  Shyn	
  et	
  al.,	
  2009).	
  	
  The	
  


association	
  of	
  Sp4	
  with	
  Alzheimer’s	
  disease	
  was	
  not	
  based	
  on	
  genetics,	
  but	
  rather	
  on	
  


postmortem	
  analyses.	
  	
  The	
  level	
  of	
  neuronal	
  Sp4	
  expression	
  was	
  increased	
  in	
  CA1	
  


and	
  entorhinal	
  cortex	
  in	
  individuals	
  with	
  Alzheimer’s	
  disease,	
  particularly	
  in	
  those	
  


cells	
  expressing	
  the	
  pathognomonic	
  neurofibrilliary	
  tangles	
  (Boutillier	
  et	
  al.,	
  2007).	
  


That	
  one	
  transcription	
  factor,	
  which	
  is	
  likely	
  to	
  regulate	
  many	
  genes,	
  may	
  


play	
  a	
  role	
  in	
  multiple	
  neuropsychiatric	
  disorders	
  is	
  unsurprising.	
  	
  There	
  is	
  


significant	
  overlap	
  in	
  the	
  neurodevelopmental	
  and	
  neurophysiological	
  processes	
  


that	
  are	
  disrupted	
  in	
  schizophrenia,	
  bipolar	
  and	
  autism	
  (Carroll	
  and	
  Owen,	
  2009;	
  


Levitt	
  et	
  al.,	
  2004),	
  and	
  the	
  differences	
  in	
  disorder	
  manifestation	
  are	
  likely	
  to	
  result	
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from	
  the	
  timing	
  and	
  location	
  of	
  the	
  disruption,	
  along	
  with	
  the	
  presence	
  or	
  absence	
  


of	
  co-­‐occurring	
  insults	
  and	
  genetic	
  and	
  environmental	
  modifiers.	
  


The	
  following	
  chapters	
  report	
  data	
  that	
  attempt	
  to	
  provide	
  initial	
  insight	
  


regarding	
  the	
  specificity	
  of	
  Met	
  gene	
  and	
  protein	
  expression	
  in	
  the	
  mouse,	
  and	
  a	
  first	
  


attempt	
  at	
  deciphering	
  what	
  may	
  be	
  complex	
  mechanisms	
  for	
  Met	
  transcriptional	
  


regulation.	
  	
  	
  We	
  used	
  a	
  variety	
  of	
  methods	
  to	
  generate	
  candidates	
  that	
  will	
  be	
  


followed	
  up	
  in	
  future	
  studies.	
  	
  In	
  some	
  instances,	
  the	
  requisite	
  validations	
  were	
  


initiated	
  in	
  the	
  context	
  of	
  this	
  thesis,	
  but	
  remain	
  to	
  be	
  proven	
  unequivocally.	
  	
  This	
  


will	
  be	
  discussed	
  in	
  the	
  final	
  chapter,	
  ‘Future	
  Directions.’	
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INTRODUCTION


 


The Met receptor tyrosine kinase is a pleiotropic, α,β-heterodimeric 


transmembrane protein that was first discovered as a proto-oncogene (Cooper et al., 


1984), and soon after found to be involved in a number of normal physiological 


processes.  The Met receptor and its endogenous ligand, hepatocyte growth factor (HGF), 


are expressed in the developing and adult nervous systems, and signal to mediate multiple 


neurodevelopmental and neurophysiological processes, including peripheral and central 


neuron survival (Hamanoue et al., 1996; Zhang et al., 2000), migration (Powell et al., 


2001; Giacobini et al., 2007; Garzotto et al., 2008), axon guidance (Ebens et al., 1996; 


Caton et al., 2000; Powell et al., 2003), dendritic arborization (Gutierrez et al., 2004; Lim 


and Walikonis, 2008), and synapse maturation and activity (Akimoto et al., 2004; Tyndall 


and Walikonis, 2006; Tyndall et al., 2007).  Deficits in any of these processes can yield 


pathological alterations in brain patterning and circuitry.  It is of particular note, 


therefore, that the human orthologue, MET, is located on chromosome 7q31, a region 


implicated in autism spectrum disorder (ASD) (IMGSAC, 1998; Ashley-Koch et al., 


1999; Barrett et al., 1999; Yonan et al., 2003), and a large family-based genetic analysis 


determined that an allelic variant in the 5’ promoter region of MET is associated with 


ASD, increasing risk approximately 2.25 fold (Campbell et al., 2006).  Furthermore, 


postmortem tissue analyses revealed an approximately two-fold reduction in MET protein 


expression in the temporal neocortex of ASD subjects compared to unaffected controls 


(Campbell et al., 2007). 
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Roles for Met in the development of the diencephalon and telencephalon have 


been demonstrated in vitro.  In the diencephalon, Met signaling is required for migration 


of gonadotropin hormone-releasing hormone-1 neurons from the nasal placode to the 


hypothalamus (Giacobini et al., 2007), and HGF has both growth-promoting and 


chemoattractive influences on axons from thalamic explants (Powell et al., 2003).  In the 


telencephalon, Met disruption diminishes the elaboration of dendritic arbors in cortical 


organotypic cultures (Gutierrez et al., 2004), while HGF enhances dendritic outgrowth 


and excitatory synaptic development of dissociated hippocampal neurons (Tyndall and 


Walikonis, 2006; Nakano et al., 2007; Tyndall et al., 2007; Lim and Walikonis, 2008), 


and stimulates the motility of developing interneurons from basal forebrain explants 


(Powell et al., 2001). 


 These in vitro studies illustrate the developmental capacities of Met, but the 


extent to which they represent the neurodevelopmental roles of Met in vivo is unclear.  To 


date, only two in vivo studies have attempted to examine the consequences of direct Met 


signaling manipulations in the context of mammalian forebrain development (Martins et 


al., 2007; Ohya et al., 2007).  To place the human genetic studies in perspective and to 


advance our understanding of the putative neurodevelopmental influences of Met 


activation, we used complementary Western blotting, in situ hybridization and 


immunohistochemical approaches to comprehensively map Met transcript and protein 


expression throughout late embryonic and postnatal development of the mouse forebrain 


(E17.5– P35).  We also examined protein expression patterns in mutant mice in which 


Met was conditionally deleted from structures originating from the dorsal pallium.  We 


show here that Met is expressed by discrete subtypes of long-projecting neurons of the 
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forebrain, particularly, though not exclusively, of dorsal pallial origin, and that Met 


protein is enriched in the developing axons of these cells.  Moreover, we demonstrate that 


the peak of Met expression in these cell populations coincides with principal periods of 


axon outgrowth and synaptogenesis, supporting a functional role for Met signaling in the 


development of forebrain connectivity. 


 


MATERIALS AND METHODS 


 


Breeding and genotyping mice 


 C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME, 


USA). Conditional Met mutant mice (Emx1cre/Metfx/fx) were generated by mating mice 


homozygous for a Met allele, in which exon 16 is flanked by loxP sites (Huh et al., 2004) 


(Metfx/fx, courtesy of Dr. Snorri Thorgeirsson, NIH/Center for Cancer Research, 


Bethesda, MD) to Emx1-cre mice (Gorski et al., 2002) (courtesy of Dr. Kevin Jones, 


University of Colorado, Boulder, CO) that were also heterozygous for the floxed allele 


(Emx1cre/Metfx/+). Both Metfx/fx and Emx1cre/Metfx/+ breeding lines were back-crossed 


onto the C57BL/6J background for greater than 10 generations, and their progeny (i.e., 


Emx1cre/Metfx/fx and littermate control mice), were genotyped via polymerase chain 


reaction (PCR).  The PCR primer sets were as follows: Emx1cre forward 5’-


TTCGGCTATACGTAACAGGG-3’ and reverse 5’-TGCATGCAACGAGTGATGAG-


3’; Metfx forward 5’-GCAACTGTCTTTTGATCCCTGC-3’  and reverse 5’-


TGTCCAGCAAAGTCCCATGATAG-3’.  For the Emx1cre reaction, DNA samples are 


submitted to an initial denaturation step of 5 minutes at 94oC, then 35 amplification 
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cycles [(denaturation: 94oC for 45 seconds), (annealing: 55oC for 30 seconds), 


(elongation: 72oC for 1 minute)], and then a final elongation step of 5 minutes at 72oC.  


The expected PCR product size is 350 bp.  For the Metfx reaction, DNA samples are 


submitted to an initial denaturation step of 5 minutes at 94oC, then 35 amplification 


cycles [(denaturation: 94oC for 45 seconds), (annealing: 60oC for 1 minute), (elongation: 


72oC for 2 minutes)], and then a final elongation step of 5 minutes at 72oC.  The expected 


PCR product size is 500 bp for the wild type Met allele and 580 bp for the Metfx allele.      


            A cross-sectional approach was employed to assess patterns of Met transcript and 


total Met protein expression in the developing mouse forebrain.  For each experimental 


methodology described, forebrains from at least 3 mice from at least two independent 


litters were analyzed at each developmental time point of interest.  In the case of 


immunohistochemical studies requiring comparisons of Emx1cre/Metfx/fx and littermates, 


at least 3 experimental pairs from independent litters were analyzed per time point.  


           All research procedures using mice were approved by the Institutional Animal 


Care and Use Committee at Vanderbilt University and conformed to NIH guide-lines. All 


efforts were made to minimize animal suffering and to reduce the number of animals 


used.  


 


In situ hybridization 


In situ hybridization was performed as previously described (Campbell and 


Levitt, 2003), with modification.  Two cDNA probe templates specific to the mouse Met 


gene were generated by RT-PCR: a 1,387 bp fragment corresponding to nucleotides 


2665-4051 of NM_008591 and a 1,404 bp fragment corresponding to nucleotides 37-
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1440 of NM_008591.  Antisense and sense cRNA probes were transcribed from these 


templates with incorporation of 35S-CTP.  


Pregnant dams were deeply anesthetized with isofluorane, fetuses were harvested 


and the dissected brain rapidly removed, frozen in isopentane, and stored at -80o C until 


cryosectioning at 20 µm.  Cryosections were thaw-mounted onto Superfrost Plus glass 


slides (Fisher) and stored at -80oC.    


Slide-mounted sections were postfixed in buffered 4% paraformaldehyde for 15 


minutes, washed in 0.1 M phosphate-buffered saline (PBS) for 5 minutes, acetylated with 


0.25% acetic anhydride in 0.1M triethanolamine-HCl/0.15 M NaCl with 0.16%HCl for 


10 minutes, and washed in 2X standard saline citrate (SSC; 0.15 M NaCl, 0.015 M 


sodium citrate) for 1 minute.  Tissue was then dehydrated in graded alcohols (50%, 70%, 


95%, 100%; 1 minute incubation each), delipidated in chloroform (two 5 minute 


incubations), and incubated in 100% and 95% ethanol (1 minute each).  Slides were dried 


at 37oC for at least 2 hours. 


Each slide was hybridized with 3 ng radiolabeled probe in 100 µl hybridization 


buffer (50% formamide, 0.75 M NaCl, 20 mM 1,4-piperazine diethane sulfonic acid, 10 


mM EDTA, 10% dextran sulfate, 5X Denhardt’s solution, 50 mM DTT, 0.2% sodium 


dodecyl sulfate, 100 µg/ml sonicated salmon sperm DNA, and 10 µg/ml yeast tRNA) per 


slide.  Hybridization was performed at 55°C for 16 hours in a humid chamber. 


Following hybridization, coverslips were removed in 4X SSC plus 390mM 2-


mercaptoethanol and slides were incubated in this solution for 15 minutes at room 


temperature followed by 4X SSC without 2-mercaptoethanol for 15 minutes at room 


temperature.  Sections were then treated with 1:1 formamide/buffer (0.6M NaCl, 40 mM 
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Tris base, 2 mM EDTA, 0.06% HCl) at 60oC for 30 minutes and washed in room 


temperature 2X SSC for 5 minutes.  Sections were then treated with 20ug/ml RNase A in 


0.5 M NaCl, 10 mM Tris, pH 8.0, and 1 mM EDTA at 37oC for 30 minutes.  The slides 


were then washed in graded salt solutions (2X, 1X, and 0.5X SSC each for 5 minutes at 


room temperature, and 0.1X SSC at 65oC for 30 minutes).  Slides were cooled to room 


temperature in 0.1X SSC for 5 minutes and dipped in 60% ethanol with 0.33 M 


ammonium acetate.  Slides were dried at 37oC for 3-6 hours and exposed to X-ray film 


(Biomax MR; Eastman Kodak, Rochester, NY) for 3-15 days.  A subset of sections were 


prepared for emulsion dipping, following the protocol noted in (Campbell and Levitt, 


2003) and exposed for 3-6 days prior to development. 


 


Immunohistochemistry 


 The primary antibody used for Met immunohistochemical study was mouse anti-


Met (Met, B-2; sc-8057; lot No. C2807; Santa Cruz Biotechnology, Santa Cruz, CA; 


immunogen: peptide corresponding to amino acids 1330-1379 of mouse Met (NCBI# NP 


032617)).  Using immunoblotting methods, the antibody recognizes the recombinant Met 


protein (Santa Cruz), and a minor band at 170 kD and a major band at 140 kD in brain 


tissue homogenates (see below).  These bands represent pre-processed and processed 


forms, respectively, of the Met receptor.  Only the pre-processed band was detected in 


homogenates prepared from mouse neocortex in which the Met gene was deleted from 


the dorsal pallium (data not shown). A mouse monoclonal antibody, 1G9, generated in 


the laboratory against adult mouse hippocampal homogenates, cross-reacts specifically 
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with phosphorylated neurofilament-H (NF-H) (Pennypacker et al., 1991), and was used to 


stain developing axons. 


         Postnatal mice were deeply anesthetized with sodium pentobarbital (60 mg/kg i.p.) 


prior to transcardial perfusion with room temperature phosphate-buffered 4% 


paraformaldehyde (pH 7.3) containing 1.3% L-lysine and 0.24% sodium periodate.  After 


postfixation overnight at 4oC, brains were cryoprotected via sequential 12-hour 


incubations in 10%, 20%, and 30% sucrose in PBS, pH 7.5.  Fetal brains were harvested 


and immersion-fixed overnight at 4oC prior to cryoprotection.  


          Fetal and P0 fixed brains were frozen in embedding medium (Triangle Biomedical 


Sciences; Durham, NC) over liquid nitrogen vapors and stored at -80oC until sectioned 


with a cryostat at 20 µM.  Sections were collected on gelatin-subbed slides and stored at -


80oC until processed.  Fixed brains from P7 through P35 were frozen, cut at 40 µM with 


a sliding microtome (Leica, Bannockburn, IL) and free-floating sections were stored in a 


cryopreservative solution at -20oC until processed. One series of sections from selected 


brains were stained with Cresyl Violet as previously described (Hockfield, 1993).   


           For Met immunohistochemical processing, both cryostat and free-floating sections 


were rinsed in PBS and then incubated for 5 minutes in 0.5% H202 in PBS to quench 


endogenous peroxidases.  The sections were then rinsed in PBS before 25 min incubation 


in 0.1 M Tris-glycine (pH 7.4). Several more PBS rinses preceded a 1.5 hr incubation in 


unlabeled donkey anti-mouse IgG (Fab; Jackson Immunoresearch, West Grove, PA) to 


block endogenous mouse immunoglobulins. Sections were further blocked in several 


rinses of Blotto-T (4% Carnation dried milk in PBS containing 0.2% Triton-X-100).  


Blocked sections were incubated in primary mouse anti-Met antibody diluted 1:250 in 
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Blotto-T.  Cryosections were incubated for 2-4 hours at room temperature; free-floating 


sections were incubated for 48-72 hours at 4oC.  Following washes in Blotto-T, sections 


were incubated for 1 hour at room temperature in 1:1000 biotin-SP-conjugated donkey 


anti-mouse IgG (Jackson Immunoresearch) diluted in Blotto-T.  Sections then were 


rinsed several times in PBS and processed by the ABC Elite histochemical method 


(Vector, Burlingame, CA).  Met-specific antibody complexes were visualized by 


incubating the sections for 2-4 minutes at room temperature in 0.05% 3’3’-


diaminobenzidine (DAB) with 0.015% H202.  The stained sections were rinsed in PBS, 


and free-floating sections were mounted on gelatin coated slides.  Finally, sections were 


dehydrated with ethanol, cleared with xylene, and coverslipped in DPX (Fisher, 


Pittsburgh, PA) for microscopic analysis.  Phosphorylated NF-H staining was performed 


using a similar immunohistochemical protocol for free-floating sections, but with the 


following specific parameters: 1) The 1G9 primary antibody was diluted 1:200 in Blotto-


T, 2) biotin –SP-conjugated donkey anti-mouse IgM secondary antibodies were diluted 


1:1,000 in Blotto-T, and 3) antigen/antibody complexes were visualized using standard 


ABC reagents (Vector), followed by DAB histochemistry.  


 


Western blotting 


 The following primary antibodies were used for Western blotting studies: rabbit 


anti-Met (Met; # 07-283; lot No. 27208; Millipore (Upstate), Billerica, MA; immunogen: 


peptide corresponding to amino acids 1361-1379 of mouse Met (NCBI# NP 032617)), 


mouse anti-Met (Santa Cruz, sc-8057), mouse anti-alpha-tubulin loading control (alpha-


tubulin, Ab-1; # CP06; lot No. D16509-5; Oncogene Research Products, San Diego, CA; 
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immunogen: native chick brain microtubules), mouse anti-GAPDH loading control 


(GAPDH; #AM4300; lot No. 08608176A; Ambion, Austin, TX; immunogen: purified 


rabbit muscle GAPDH).  


          Mice were deeply anesthetized with sodium pentobarbital (60 mg/kg i.p.) prior to 


decapitation and brain removal.  Harvested brains were immediately immersed in room 


temperature Hanks’ balanced salt solution (Sigma, Saint Louis, MO).  With the aid of an 


MZ-6 stereozoom microscope (Leica), the cerebral cortex from each hemisphere was 


divided evenly midway along the antero-posterior axis to generate two tissue samples.  


The underlying striatum also was rapidly dissected before all samples were snap-frozen 


on liquid nitrogen and stored at -80oC.  


           P0 through >P90 cortical and striatal samples were prepared by homogenizing 


frozen tissue samples in a glass tissue homogenizer (Wheaton, Millville, NJ) with ice-


cold homogenization buffer (50 mM Tris HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 


0.1% SDS, 0.5% deoxycholate,  0.5mM DTT , 2 mM EDTA, pH 8.0, 2 mM EGTA,  


0.2mM PMSF) containing a protease inhibitor cocktail (Sigma), 50 mM activated 


Na3VO4, 100 nM microcystin, and 0.5 nM cypermethrin.  E16 tissue was sonicated 


briefly in the same buffer.  Tissue homogenates were cleared by a 16,000 x g 


centrifugation for 20 minutes at 4oC, and protein concentrations of the supernatants were 


determined using the Dc protein assay (Bio-Rad, Hercules, CA).  


 Protein samples (35 µg protein per lane) were fractionated by SDS-PAGE and 


transferred to supported nitrocellulose membranes.  The membranes were then blocked 


for 1 hr at room temperature in Blotto (3% Carnation dried milk in PBS) before being 


incubated with primary antibodies.  Polyclonal rabbit anti-Met antibodies and alpha-
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tubulin antibodies were diluted 1:2500 and 1:100,000, respectively, in Blotto containing 


0.05% Tween-20.  Monoclonal mouse anti-Met antibodies were diluted 1:500 in Blotto 


alone, and GAPDH antibodies were diluted 1:200,000 in Blotto + 0.02% Tween-20.  The 


membranes were then rinsed repeatedly in PBS and incubated for 1.5 hr at room 


temperature with anti-rabbit and anti-mouse horseradish peroxidase-conjugated 


secondary antibodies (Jackson Immunoresearch).  Following several more rinses in PBS, 


the membranes were reacted with enhanced chemiluminescence reagents (GE/Amersham 


ECL) and detected with autoradiography film (GE/Amersham hyperfilm).  


Autoradiographic films were imaged with a high resolution scanner and subjected to 


densitometric quantification using IMAGE-J.   


 


Digital Illustrations 


 Microscopy was performed with the aid of an Axioplan II microscope (Zeiss, 


Jena, Germany), and micrographs were acquired with a Zeiss AxioCam HRc camera 


(Zeiss) in Axiovision 4.1 software (Zeiss).  No image alteration other than re-sizing was 


performed. Figures were prepared digitally in Microsoft Office Powerpoint 2003 


(Microsoft Incorporated, Redmond, WA). 


 


RESULTS 


 


Temporal patterns of Met expression during forebrain development 


Met signaling has been implicated in vitro in diverse neurodevelopmental 


processes in the forebrain, including cell migration (Powell et al., 2001; Giacobini et al., 
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2007; Garzotto et al., 2008), neurite outgrowth (Powell et al., 2003; Gutierrez et al., 


2004; Lim and Walikonis, 2008), and synaptogenesis (Madhavan and Peng, 2006; 


Tyndall and Walikonis, 2006; Nakano et al., 2007), each of which occurs in vivo during 


well defined, though overlapping, temporal windows.  As a first step in identifying the 


neurodevelopmental processes for which Met signaling may be most relevant in vivo, we 


utilized Western blotting to assess Met receptor protein expression levels in three 


forebrain regions across development.  Anterior cortex, posterior cortex, and striatum 


exhibit strikingly similar temporal patterns of Met expression (Fig. 1).  Total Met protein 


levels in these regions are relatively low from peak to late periods of neurogenesis 


(E16.5).  There is a marked increase in expression levels during the perinatal period (P0), 


corresponding to a time when most cortical and striatal neurons have finished their 


migration and are actively extending both axonal and dendritic processes (Parnavelas and 


Uylings, 1980; Miller and Peters, 1981; Miller, 1986; Tepper and Trent, 1993; Tepper et 


al., 1998).  Met protein expression increases dramatically between P0 and P7 (Fig. 1), 


peaking at a period coincident with extensive neurite outgrowth and the onset of 


synaptogenesis (Blue and Parnavelas, 1983; Micheva and Beaulieu, 1996; De Felipe et 


al., 1997).  This is followed by a gradual decrease in Met expression during the peak 


period of synaptogenesis (Aghajanian and Bloom, 1967; Dyson and Jones, 1980; Blue 


and Parnavelas, 1983; Markus and Petit, 1987; Micheva and Beaulieu,  


1996; De Felipe et al., 1997) (P14, P21).  Met levels continue to decrease through the 


onset of puberty (P35) to reach a low baseline of expression in the adult (P90).  
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Figure 1.  Western blotting analysis of Met protein expression during forebrain 
development in wild type mice.  The temporal profile of Met expression is strikingly 
similar regardless of the forebrain region assayed: protein levels are relatively low 
embryonically (E16), but increase dramatically during perinatal development (P0) to 
reach a peak at P7.  Levels remain high through the second postnatal week (P14), but 
decline dramatically thereafter (P21) to relatively low levels in the adolescent (P35) and 
adult (>P90).  Note that peak periods of Met expression overlap with principal periods of 
neurite outgrowth and synaptogenesis in the mouse forebrain. Samples from each 
forebrain region were probed on separate blots and optimal film exposure times were 
independently determined.   
 
 


 The Western blotting data are consistent with a hypothesized role in vivo for Met 


signaling during multiple neurodevelopmental events, but especially neurite outgrowth 


and synaptogenesis.  To gain complementary, spatially-resolved data regarding Met 


receptor expression, we undertook detailed in situ hybridization and 


immunohistochemistry studies.  We also present immunohistochemical mapping data 


using tissue from Emx1cre/Metfx/fx mice, in which the targeted deletion preferentially 


ablates the processed, membrane-bound form of the Met receptor from all cells arising 


from the dorsal pallium, including the projection neurons of the cerebral cortex, 
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hippocampus, and select amygdaloid nuclei, by E10.5 (Gorski et al., 2002). Unlike 


constitutive Met knockout mice, which exhibit early embryonic lethality (Bladt et al., 


1995), Emx1cre/Metfx/fx mice are indistinguishable from wild type mice with regard to 


survival and reproductive capacity.  Gross analyses also show Emx1cre/Metfx/fx mice to 


have normal cortical lamination and thickness, and normal fiber tract development 


(Supplemental Fig. 1).   Thus, this targeted deletion provides an opportunity to 1) 


establish Met antibody specificity and 2) define more accurately the cellular origin of 


Met expression in axons and neuropil elements.   The results of the in situ hybridization 


and immunohistochemical mapping studies are organized by neuroanatomical region in 


two epochs: 1) during (E17.5-P16) and 2) after (P21-P35) the rise and peak of Met 


expression in the forebrain.  By convention, and to distinguish between mRNA and 


protein products, we italicize when referring to the transcript (“Met”) and do not italicize 


when referring to the protein (“Met”). 
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Supplemental Figure 1.  Qualitative histological and cytoarchitectural analyses in 
the early postnatal forebrain of Emx1cre/Metfx/fx mice.  A and A’: Low-magnification 
photomicrographs of Cresyl Violet-stained coronal sections demonstrate grossly similar 
anatomical structure in wild type (A) and Emx1cre/Metfx/fx (A’) forebrains at P8.  B and 
B’: High-magnification photomicrographs of the boxed regions in A and A’ show 
comparable cortical lamination and cytoarchitecture in wild type and Emx1cre/Metfx/fx 
mice, respectively.  C and C’: Low-magnification photomicrographs of phosphorylated 
neurofilament-H immunoreactivity in coronal sections illustrate the grossly normal 
development of major axon tracts in Emx1cre/Metfx/fx (C’) mice as compared to wild type 
mice (C) at P7.  Scale bar = 1.1 mm for A, A’, C, and C’; 275 µm for B and B’.  


 
 


Expression of Met in developing projection neurons of the cerebral cortex (E17.5-
P16) 
 
 We readily observed Met transcript to be present in the somites as well as the 


primordial heart, kidney, and liver as early as E11.5.  However, using the specific 


hybridization conditions noted above, we did not reliably observe Met in the forebrain 


until E15, when low levels in the cerebral cortex were first detected.  Therefore, detailed 


Met expression analyses prior to E15 are most relevant to the periphery and extra-


forebrain regions of the central nervous system, and thus, are beyond the focus of the 


present study.  At all postnatal ages examined, there was little, if any, Met detected in 
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developing or mature fiber tracts.  In contrast, Met protein localization revealed dense 


staining of developing axons in forebrain tracts (see below). 


At birth, Western blot analysis reveals a more than three-fold increase in the total 


level of Met protein in the posterior cortex compared to the anterior cortex (Fig. 2E).  


This finding is corroborated by both in situ hybridization and immunohistochemical 


staining (Fig. 2A,C).  Thus, Met expression in the dorsal pallium exhibits a posterior 


(high) to anterior (low) gradient, which is most evident in the cortical plate.  Met is also 


expressed in the subplate, but is relatively uniform throughout its posterior-anterior 


extent.  Immunohistochemical staining reveals that Met expression in the cortex is 


localized to more posterior white matter tracts underlying the cortical plate (Fig. 2C).  By 


P7, the posterior-anterior gradient of cortical Met expression abates (Fig. 2B,D,E).   


The radial distribution of Met expression in the cortex can be observed more clearly in 


the coronal plane.  At birth, there is an emerging bi-laminar pattern of labeling (Fig. 3A-


C), which becomes more evident by P7 (Fig. 3D-F).  At the transcript level, Met 


expression is most dense in layers II/III and in deeper layers V and VI, but essentially 


absent in layer IV (Fig. 3D,E).  Met protein is also expressed in a bilaminar pattern, with 


maximal signal in the deepest portion of the cortex, where it appears to be localized to the 


coalescing fibers of subcortically and cortico-cortically projecting axons from throughout 


the cortex (Fig. 3F).   The paucity of Met expression in layer IV is most evident in 


primary sensory cortices, particularly the somatosensory barrel fields; this is not 


surprising given the low levels of Met transcript in the dorsal thalamus (see below), and 


its absence in layer IV itself.  Though the bilaminar pattern of Met transcript expression 
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remains similar at P14 compared to P7,  Met immunoreactivity at the later time point is 


substantially reduced (Fig. 3G-I).  


 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  A transient tangential gradient of Met transcript and protein expression 
in the early postnatal neocortex.  In situ hybridization analysis of Met in sagittal 
sections of wild type forebrain reveals a strong posterior (high) to anterior (low) gradient 
of signal in the neocortex, which is present at E18.5 (A), but normalizes by P7 (B).  DIC 
photomicrographs of Met immunoreactivity in wild type sagittal sections show increased 
axonal labeling (arrows) in the posterior neocortex at E17.5 (C), but distributed axonal 
(arrows) and neuropil labeling throughout the anteroposterior extent by P7 (D).  
Semiquantitative Western blotting confirms the protein gradient revealed by 
immunohistochemistry; Met protein levels are found on average to be approximately 
three-fold greater in posterior versus anterior neocortex at P0 but not P7 (E). Error bars in 
E represent reflect standard error of the mean, N = 3 in each group. Scale bar = 925µm 
for A, 1.75mm for B, 550 µm for C and 1.1 mm for D. 
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Figure 3.  Laminar patterning of Met transcript and protein expression in the 
neocortex.  A, D, G: Autoradiographic images of Met transcript in coronal sections from 
wild type mice, scanned from film.  B, E, H:  DIC photomicrographs of coronal sections 
from wild type mice after processing for autoradiography and emulsion-dipping.  C, F, I: 
DIC photomicrographs of Met immunoreactivity in coronal sections from wild type mice.  
At birth, low levels of Met transcript (A,B) and protein (C) are present throughout the 
extent of the neocortex, but a bi-laminar pattern of expression is emerging.  By P7 
(D,E,F), laminar patterning is apparent, with a distinct absence of Met signal in layer IV.  
This pattern of transcript expression is maintained at P14 (G,H), but 
immunohistochemical signal is reduced at this age (I).  Scale bar = 1.55mm for A,D,G; 
275µm for B,C,F,I; 550µm for E,H. 
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Cortically Projecting Fiber Tracts (P0 – P16) 
 


Immunohistochemical analysis during the first two weeks postnatal reveals Met 


protein expression in several fiber tracts, including the corpus callosum, cingulum, 


anterior commissure, internal capsule, and external capsule, which arise from cerebral 


cortical neurons expressing Met transcript.  The level of Met expression in these tracts is 


dynamic over this period, as described below. 


 


Corpus Callosum  


During the perinatal period, the corpus callosum exhibits intense Met staining, though 


expression is limited in its rostro-caudal extent (Fig. 4A,B).  At the most anterior level, 


staining of callosal fibers is sparse, but increases in density posteriorly.  At P7, the 


corpus callosum exhibits dense staining throughout its rostro-caudal extent (Fig. 4C,D).  


By P14, and even more evident at P16, Met immunoreactivity in this tract becomes less 


Fig. 4E-H), and an additional pattern is observed; Met immunoreactivity is present in 


more dorsally situated axons at rostral levels (Fig. 4E,G), whereas stained fibers are 


localized ventrally at more caudal levels (Fig. 4F,H).  These staining patterns may reflect 


unique patterns of maturation of distinct subpopulations of cortico-cortical projection 


neurons during this time period. 
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Figure 4.  Met protein expression in the corpus callosum.  DIC photomicrographs show Met 
immunoreactivity in coronal sections from wild type mice.  At P0 (A, B), Met immunoreactivity is 
observed in the caudal portion of the corpus callosum, but not in the rostral region.  By P7 (C, D), Met 
expression is intense throughout the rostro-caudal extent of the tract.  Expression remains high, but 
gradually declines at P14 (E,F) and P16 (G,H).  Note that at P14 and P16, Met immunoreactivity is 
enriched in dorsally situated axons at rostral levels (arrows) and ventrally situated axons at caudal levels 
(arrowheads).  Scale bar = 275µm for all panels. 
 
 
 
Cingulum  


Met immunoreactivity is observed in the cingulum during postnatal development, 


particularly at P7 (Supplemental Fig. 2D).  This tract contains corticothalamic and 


thalamocortical projections that originate and terminate, respectively, in the cingulate 
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cortex, is a major pathway connecting the cingulate cortices and anterior thalamic nuclei 


to parahippocampal structures, and carries interhemispherically projecting axons of 


neurons in association cortices (White, 1959; Domesick, 1970; Mufson and Pandya, 


1984; Shibata, 1993).  Comparison of matched sections from wild type and 


Emx1cre/Metfx/fx conditional null mice reveals an absence of cingulum staining in the 


mutant mice (Supplemental Fig. 2E), indicating that cortical efferents, not afferents, 


express Met in this tract.  This is consistent with Met transcript expression in neurons of 


the cingulate cortex (Supplemental Fig. 2A-C), and its absence in primary dorsal thalamic 


nuclei, throughout the same developmental period.  As observed in the corpus callosum, 


there is reduced Met immunostaining in the cingulum at later ages (P16, Supplemental 


Fig. 2F).   


 


 


Supplemental Figure 2.  Met transcript and protein expression in the cingulate 
cortex and cingulum.  A-C: Autoradiographic images of cingulate cortex at E18.5, P7, 
and P14 show Met transcript expression.  DIC photomicrographs of Met 
immunoreactivity demonstrate expression of the protein in the wild type (D), but not in 
the Emx1cre/Metfx/fx (E) cingulum at P7.  By P16 (F), expression is virtually absent in the 
wild type cingulum.  Scale bar = 1.1mm for A-C; 275µm for D-F. 
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Anterior Commissure 


The anterior commissure and the neurons that give rise to its axons exhibit 


substantial Met protein and transcript expression, respectively (Fig. 5).  Met 


immunohistochemical labeling is apparent in both the anterior and posterior limbs of the 


anterior commissure, though staining is much more intense in the posterior limb, as 


demonstrated in coronal sections (Fig. 5D-F).  The heavily Met-expressing axons of the 


posterior limb can be seen in horizontal sections coursing out of the posterior temporal 


cortices (Supplemental Fig. 3A).  Staining is much lighter in fibers 


of the anterior limb, which emanate from the olfactory bulbs and anterior temporal 


cortices (Supplemental Fig. 3B) (Gurdjian, 1925; Brodal, 1948; Jouandet and 


Hartenstein, 1983).  Comparison of anterior commissure staining between wild type and 


Emx1cre/Metfx/fx mice confirms that the Met-expressing axons are mostly of dorsal pallial 


origin (Fig. 5D’-F’).  We note, however, the presence of some residual Met-


immunostained fibers in the P0 and P7 Emx1cre/Metfx/fx posterior limb (Fig. 5D’).  These 


fibers likely originate in the ventral endopiriform cortex, a region in which Met is not 


deleted due to low rates of Emx1-driven Cre recombination (Gorski et al., 2002).  


Met staining in the anterior commissure is reduced dramatically by P16 (Fig. 5F), despite 


continued transcript expression in the piriform cortex (Fig 5C).  Little, if any, protein is 


detected in the structure’s anterior limb, whereas low levels of expression persist in the 


posterior limb.  Comparison between staining patterns in the wild type and 


Emx1cre/Metfx/fx tissue indicates that this residual expression in the posterior limb is 


authentic (Fig. 5F’). 
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Figure 5.  Met transcript and protein expression in the piriform cortex and anterior 
commissure.  A-C:  Autoradiographic images of piriform cortex at E18.5, P7, and P14 
show Met transcript expression.  DIC photomicrographs show Met immunoreactivity in 
coronal sections from wild type (D,E,F) and Emx1cre/Metfx/fx (D’, E’, F’) mice.  In the 
wild type sections, Met is expressed in both the anterior and posterior limbs of the 
commissure, though the staining is more intense in the posterior limb.  Met 
immunoreactivity is largely depleted in both limbs in the Emx1cre/Metfx/fx sections, owing 
to their dorsal pallial origin.  We note residual staining in the P0 and P7 posterior limb 
(D’,E’), likely due to a contribution from fibers originating in the ventral endopiriform 
cortex in which Emx1-mediated Cre recombination rates are low.  Scale bar = 825µm for 
A-C; 275µm for D-F and D’-F’. 
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Supplemental Figure 3.  Differential Met protein expression in the anterior 
commissure.  DIC photomicrographs illustrate Met immunohistochemistry in the 
posterior and anterior limbs of the anterior commissure in horizontal sections from P7 
wild type mice.  Heavily stained axons within the posterior limb course between posterior 
piriform cortices (A).  In a more dorsal section, lightly stained axons within the 
intrabulbar and anterior subdivisions of the anterior limb emanate from the olfactory 
bulbs and anterior piriform cortex (B).  Scale bar = 550 µm for A and B. 
 
 


Internal Capsule 


 From P0 through P7, Met protein expression is apparent in the fasiculated fibers 


of the internal capsule (Fig. 6A,C).  The virtual absence of Met immunoreactivity in these 


fibers in Emx1cre/Metfx/fx mice at P0 and P7 (Fig. 6A’,C’), together with very low Met 


expression in primary sensory and motor nuclei in the dorsal thalamus, indicates that 


cortical efferents, rather than thalamocortical fibers, are labeled.  Futhermore, in wild 


type animals, Met staining in the cerebral peduncle is minimal (Fig. 6B,D,G,H), 


suggesting that cortico-tectal, -bulbar and -spinal fibers contribute little to the  Met 


staining.  Therefore, corticothalamic and corticostriatal projections seem to comprise the 


greatest proportion of Met-immunoreactive axons in the internal capsule.   


By P7, additional, moderately intense Met immunnostaining appears throughout 


the striatal and dorsal thalamic neuropil (Fig. 6C), coinciding with active periods of axon 
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branching and collateralization of cortico-striatal and cortico-thalamic axons (Frassoni et 


al., 1995; Nisenbaum et al., 1998; Sheth et al., 1998).  This neuropil staining remains 


(albeit at lower intensity) through P14 and P16 (Fig. 6E,F), although by this time the 


internal capsule fibers are devoid of Met staining.  At all ages, Met expression is absent  


in the neuropil of the globus pallidus, consistent with the lack of Met transcript in the 


caudatoputamen, the primary contributor of afferents to this structure (Preston et al., 


1980; Chang et al., 1981; Wilson and Phelan, 1982).  Met-immunopositive fibers in the 


globus pallidus appear to be corticofugal fibers of passage.   
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Figure 6.  Met protein expression in the internal capsule and cerebral peduncle.  
DIC photomicrographs illustrate Met immunohistochemistry in the internal capsule and 
cerebral peduncle in coronal sections from wild type and Emx1cre/Metfx/fx mice.  Staining 
of internal capsule fibers is apparent in P0 and P7 wild type mice (A,C) but essentially 
absent in matched sections from Emx1cre/Metfx/fx mice (A’,C’).  At P7, note the increase 
in Met immunoreactivity in the underlying striatal neuropil but the absence of such 
staining in the globus pallidus.  By P14 (E) and P16 (F), the internal capsule fibers are 
nearly devoid of Met staining, but there is remaining immunoreactivity in the striatal 
neuropil.  The paucity of Met labeling in the cerebral peduncle at all ages examined (P0, 
B; P7, D; P14, G; P16, H) suggests that cortico-tectal, -bulbar, and -spinal fibers 
contribute minimally to the Met immunoreactivity in the internal capsule.  (Scale bar = 
410µm for A,A’,B,C,C’,D; 550µm for E-H.  


 
 
 
External Capsule  
 


The external capsule is a conduit for axons projecting between multiple cortical 


areas and the lateral, and other, subnuclei of the amygdaloid complex (Brothers and 


Finch, 1985; Faulkner and Brown, 1999; Weisskopf and LeDoux, 1999; Heinbockel and 
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Pape, 2000; Szinyei et al., 2000).  This tract contains fibers that are densely stained for 


Met during the first two postnatal weeks (Supplemental Fig. 4).  As expected, there is a 


near-complete absence of Met expression in the external capsule in Emx1cre/Metfx/fx mice 


(Supplemental Fig. 4A’).  By P16, consistent with a decrease in Met expression in both 


the cortex and amygdala, only low levels of Met staining are observed in the external 


capsule (Supplemental Fig. 4B). 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 4.  DIC photomicrographs illustrate Met 
immunohistochemistry in the external capsule (arrows) in coronal sections.  At P7, 
Met immunoreactivity is present in the external capsule in wild type (A), but not 
Emx1cre/Metfx/fx (A’), mice.  By P16, Met staining is not observed in the external capsule 
of wild type (B) or Emx1cre/Metfx/fx (B’) mice.  Scale bar = 400µm for all panels. 
 


 


Expression of Met in developing projection neurons of the hippocampus (E18.5-P16) 


In the hippocampus, Met transcript is expressed by pyramidal cells of the 


subiculum, CA1 and a subdomain of CA3 from birth through P14 (Fig. 7A-C).  As in the 


cerebral cortex, Met protein expression in hippocampal neurons is localized to long 


projection neurons.  At P0 and P7, immunohistochemical staining of Met reveals intense 







 
 


62 


labeling of axons in the alveus and fimbria/fornix (Fig. 7D,E), which are comprised in 


part of the extrinsically projecting axons of the hippocampus.  Specifically, Met 


immunostaining is dense in the precommissural and postcommissural divisions of the 


fornix (Fig. 7J,K), which project to the septum and hypothalamus, respectively.  The 


dorsal and ventral aspects of the hippocampal commissural division of the fornix also 


express Met protein (Fig. 7I,J).  All fornix divisions in the Emx1cre/Metfx/fx mouse are 


devoid of Met protein (Fig. 7M,N,O), demonstrating that Met-expressing axons in this 


fiber tract originate from dorsally derived hippocampal pyramidal neurons, rather than 


from the various subcortical targets to which they are reciprocally connected.  


Throughout development, Met transcript is conspicuously absent in the dentate 


granule neurons of the hippocampus (Fig. 7A-C).  Consistent with this, axons projecting 


from these cells to CA3 via the mossy fiber pathway are not Met-immunoreactive.  In 


contrast, Met immunolabeling is observed in the stratum moleculare of wild type (Fig. 


7H), but not Emx1cre/Metfx/fx, mice (Fig. 7L), mostly likely representing perforant path 


fibers originating from layer II entorhinal cortex (Steward and Scoville, 1976; Dolorfo 


and Amaral, 1998; van Groen et al., 2002).  The lighter immunostaining observed in the 


strata radiatum and oriens of CA1 and CA3 also is absent in Emx1cre/Metfx/fx mice (Fig. 


7H,L), consistent with Met-expression in the terminal fields of a subpopulation of  


bilaterally projecting CA3 neurons (Gottlieb and Cowan, 1973; Swanson et al., 1978).  


We note, however, that this terminal axon Met staining cannot be differentiated from 


staining in the apical and distal dendrites of CA3, CA1, and subicular pyramidal neurons.  


Similar to the cerebral cortex, Met immunolabeling in the hippocampus and associated 


axon tracts is greatly reduced at P14 and P16 (Fig. 7F,G). 
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Figure 7.  Met transcript and protein expression in the hippocampus.  A-C: 
Autoradiographic images of Met transcript in coronal sections from wild type mice, 
scanned from film.  At all ages, autoradiographic signal is observed in the stratum 
pyramidale of the subiculum, CA1, and a subregion of CA3. Signal is absent in the 
dentate gyrus (DG).  D-O: DIC photomicrographs of Met immunoreactivity in coronal 
sections from wild type (D-K) and Emx1cre/Metfx/fx (L-O) mice.    D and E: DIC images 
of Met immunoreactivity from wild type mice show robust staining of the alveus and 
fimbria/fornix at P0 (D) and P7 (E), indicating that efferent axons of hippocampal 
pyramidal cells express Met.  This staining decreases at later ages (P14, F; P16, G).  
Light staining in the strata oriens and radiatum and heavier staining in the stratum 
moleculare is observed in wild type (H), but not Emx1cre/Metfx/fx (L), mice at P7. Heavy 
Met staining is present in the dorsal hippocampal commissure (I), ventral hippocampal 
commissure (J), precommissural fornix (J), and postcommissural fornix (K).  This 
staining is completely absent in corresponding axon tracts in the Emx1cre/Metfx/fx mouse 
(M, N, and O).  Scale bar = 1mm for A-C; 275 µm for D-O.  
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Expression of Met in developing projection neurons of the septum (E18.5-P16) 
 


Met transcript expression in the septum is robustly detected perinatally (Fig. 8A), 


with dense labeling restricted to dorsolateral neurons and lighter labeling in the medial 


nucleus.  This pattern persists throughout the first two postnatal weeks (Fig. 8B,C).  Met 


immunolabeling in the dorsolateral septum is considerable, and the pattern of staining is 


equivalent in wild type and  


Emx1cre/Metfx/fx mice.  This suggests localization to cell bodies or terminating afferent 


axons of a subpallial origin (Fig. 8H,L), but distinguishing between cell body and 


neuropil localization is difficult at the light microscopic level.  In contrast, axonal Met 


immunoreactivity clearly predominates in the intermediate lateral and medial septal 


nuclei (Fig. 8I).  This staining is greatly reduced in the Emx1cre/Metfx/fx mouse (Fig. 8M), 


consistent with a loss of Met-expressing septal afferents of a dorsal pallial origin.  Axons 


of dorsally derived hippocampal pyramidal neurons innervate both dorsal and 


intermediate lateral nuclei, and, to a lesser extent, the medial septal nucleus (Swanson 


and Cowan, 1979; Staiger and Nurnberger, 1991; Phelan et al., 1996), and a substantial 


proportion of these axons express Met (Fig. 7). Therefore, Met-expressing hippocampal 


neurons may selectively target specific septal nuclei. 


Select septal efferents also express Met.  For example, dorsolateral septum 


contributes a robust intra-septal projection to the nucleus of the horizontal diagonal band 


(Swanson and Cowan, 1979; Staiger and Nurnberger, 1991; Phelan et al., 1996), in which 


some terminal fibers appear to be Met-immunopositive in wild type mice.  A lack of Met 


transcript labeling in the nucleus of the horizontal diagonal band, (see Fig. 8A,B,C) and a 
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maintenance of Met-immunostained axons in the nucleus of the diagonal band in the 


Emx1cre/Metfx/fx mouse (Fig. 8M) are consistent with this observation.   


Neurons in the lateral and medial septal nuclei contribute descending projections 


to the medial preoptic area of the hypothalamus and ascending projections to the 


hippocampus, respectively (Swanson and Cowan, 1979; Chiba and Murata, 1985; Risold 


and Swanson, 1997), but Met-expressing axons in these regions are undetectable in 


Emx1cre/Metfx/fx mice (Figs. 8O and 7L).  This suggests that the fibers originate from 


projection neurons of the Emx1-expressing lineage, and not septal neurons.  Additionally, 


though septal neurons are known to contribute efferents to the habenula via the stria 


medullaris, these cells predominantly reside in the septofimbrial and triangular nuclei 


(Herkenham and Nauta, 1977; Swanson and Cowan, 1979; Kawaja et al., 1990), where 


Met transcript is not detected (data not shown).  Axons in the stria medullaris are also 


devoid of Met protein expression in both wild type and Emx1cre/Metfx/fx mice (Fig. 8J,N).  


 Though some Met immunohistochemical signal is evident on afferent axons 


within the medial and intermediate lateral nuclei of the septum at P14 and P16 (Fig. 


8F,G), in contrast to earlier ages (Fig. 8D,E), staining is difficult to distinguish from 


background.  There is also a concomitant reduction of Met staining on axons likely to be 


dorsolateral septal efferents to the nucleus of the diagonal band (data not shown).  This 


downregulation of axonal Met expression mirrors that observed in both cerebral cortical 


and hippocampal projection neurons after the second postnatal week. 
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Figure 8.  Met transcript and protein expression in the septum in coronal sections 
from wild type and Emx1cre/Metfx/fx mice.  A-C: In situ hybridization analysis of Met in 
wild type septum across perinatal (E18.5, A) and early postnatal development (P7, B; 
P14, C).  At all ages, autoradiographic signal is observed specifically in dorsolateral and 
medial subnuclei.  D-G: DIC photomicrographs of Met immunoreactivity from wild type 
mice show labeling throughout the septum (outlined regions) at P0 (D) and P7 (E), which 
is decreased by P14 (F) and hardly detectable above background levels at P16 (G).  At 
P7, all Met staining of the dorsolateral septum (H) and partial staining of the nucleus of 
the diagonal band (I) of wild type mice is preserved in Emx1cre/Metfx/fx mice (L and M).  
Stained afferents in the medial and   intermediate septal nuclei (I) and the anteromedial 
hypothalamus (K) of wild type mice are absent in Emx1cre/Metfx/fx mice (M and O) at P7, 
indicating a dorsal pallial rather than septal origin for Figure 8—cont.  these fibers.  
Septo-habenular axons do not express Met as evidenced by a lack of staining in the stria 
medullaris in both wild type (J) and Emx1cre/Metfx/fx (N) mice at P7.  Scale bar = 1.35mm 
for A-C; 550 µm for D-O.  
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Expression of Met in developing projection neurons of the amygdala (E18.5-P16) 
 


Of the 13 commonly recognized nuclei within the amygdaloid complex 


(Aggleton, 2000), 5 express Met during postnatal development.  From caudal to rostral, 


these are the posterior cortical amygdala, basal amygdala, lateral amygdala, medial 


amygdala, and the nucleus of the lateral olfactory tract.  Met transcript is detected within 


these nuclei perinatally (Fig. 9A,B,C), at P7 (Fig. 9D,E,F), and at P14 (Fig. 9G,H,I).  


During this same period, Met protein expression is particularly dense in amygdalofugal 


axons of the stria terminalis.  
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Figure 9.  In situ hybridization analysis of Met in the rostro-caudal extent of the 
amygdala during development.  Autoradiographic images of E18.5 coronal sections 
show signal in the posterior cortical amygdala (A), the lateral, basal, and medial 
amygdala (B), and the nucleus of the lateral olfactory tract at the most rostral extent of 
the structure (C).  Signal is observed in these same amygdaloid nuclei at both P7 (D, E, 
and F) and P14 (G, H, and I).  Scale bar = 925µm for all panels.  
 


 


At P7, there is intense Met immunostaining in the posterior cortical amygdaloid 


nucleus, from which Met-immunostained axons appear to project anteriorly via the stria 


terminalis (Canteras et al., 1992) (Fig. 10A,B).  More rostrally, Met-expressing axons 


from the basal amygdaloid nucleus appear to join the stria terminalis (Fig. 10C) as it 
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courses into the ventral forebrain to target the bed nucleus of the stria terminalis (Fig. 


10E,F).  Met-expressing axons in more medial aspects of the stria terminalis emanate 


from the medial amygdala (Fig. 10C), which contributes dense projections to the bed 


nucleus of the stria terminalis (Canteras et al., 1995).  Intensely labeled axons are also 


present within the decussation of the stria terminalis, coursing beneath the 


precommissural fornix, directly superior to the anterior commissure (Fig. 10F).   


Therefore, in addition to ipsilateral projections, Met appears to be expressed on 


contralateral amygdalofugal projections to the bed nucleus of the stria terminalis, which  


most likely arise from the posterior cortical nucleus (Dong et al., 2001).  The lateral 


amygdala, which contains Met-expressing neurons, projects to prefrontal cortex, other 


amygdaloid nuclei, and the nucleus accumbens (McDonald, 1991b; Aggleton, 2000).  Of 


these, only the prefrontal cortex and posterior cortical amygdaloid nucleus exhibit robust 


Met immunostaining, which is lost in Emx1cre/Metfx/fx mice (Fig. 10A,A’, data not shown).  


However, because both of these regions receive numerous afferents of dorsal pallial 


origin, it is not possible to trace the origin of Met-expressing axons within these two 


regions to the lateral amygdala.  Though likely, it is not absolutely certain that Met is 


expressed on efferents of the lateral amygdala.  


Based on recombination patterns in the Emx1-cre reporter mouse (Gorski et al., 


2002), we expected only those Met-positive axons originating from medial amygdaloid 


neurons to remain immunoreactive in the stria terminalis of the Emx1cre/Metfx/fx mouse. 


Indeed, this appears to be the case (Fig. 10A’-F’).  Interestingly, immunohistochemical 


analysis in the null mouse indicates that only a subpopulation of medial amygdaloid 


efferents express Met; although the medial amygdala projects to both the bed nucleus of 
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the stria terminalis and the medial preoptic area of the hypothalamus (Canteras et al., 


1995), only Met-stained axons in the latter are ablated in the Emx1cre/Metfx/fx mouse, 


indicating that these axons arise from neurons derived from the dorsal pallium rather than 


the medial amygdala (Fig. 8O). 


At the most anterior extent of the amygdala, dense Met immunostaining is evident 


in the nucleus of the lateral olfactory tract in both wild type (Fig. 10D) and 


Emx1cre/Metfx/fx mice (Fig. 10D’).  Thus, axonal staining in this nucleus likely arises from 


a non-Emx1-cre expressing subcortical or intra-amygdaloid region.  Considering the data 


from anterograde labeling studies (Santiago and Shammah-Lagnado, 2004),  and reported 


minor potential for Emx1-cre-mediated recombination within the nucleus of the lateral 


olfactory tract (Gorski et al., 2002), the staining pattern is consistent with the nucleus of 


the lateral olfactory tract receiving Met-immunoreactive input primarily from its 


contralateral counterpart. 
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Figure 10.  Met protein expression in the amygdala.  DIC photomicrographs illustrate 
Met immunohistochemistry in coronal sections through the caudo-rostral extent of the 
amygdala and stria terminalis (st) in wild type (A, B, C, D, E, F) and Emx1cre/Metfx/fx (A’, 
B’, C’, D’, E’, F’) mice at P7.  Met-expressing neurons in the posterior cortical amygdala 
(A) project labeled axons anteriorly in the st (B).  More anteriorly, Met-expressing axons 
from the basal and medial amygdala (MeA) join the vertical limb of the st, course over 
the internal capsule (C, upper panel D, and E), and terminate in the ipsilateral bed 
nucleus of the stria terminalis (BST) and the contralateral BST via decussation at the 
midline (dashed line) (F).  In Emx1cre/Metfx/fx mice, Met staining persists in a subset of st 
axons that originate from the MeA (arrows in C’, D’, E’, and F’).  Met staining is also 
present in the nucleus of the lateral olfactory tract in the rostral extent of the amygdala in 
both wild type and Emx1cre/Metfx/fx mice (lower panel D and D’).  Scale bar = 550 µm for 
all panels.  


 


Consistent with other forebrain areas, there is a significant decrease in Met 


expression in the amygdaloid complex after P7.  Specifically, Met immunostaining is 


reduced between P14-16 in the stria terminalis (Supplemental Fig. 5E,F) and various 


targets of amygdaloid projections, including the bed nucleus of the stria terminalis 


(Supplemental Fig. 5G,H), the nucleus of the lateral olfactory tract (Supplemental Fig. 


5C,D), and the posterior cortical amydaloid nucleus (Supplemental Fig. 5A,B).  
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Supplemental Figure 5.  Decreased postnatal Met expression in the amygdala.  DIC 
photomicrographs illustrate Met immunoreactivity in coronal sections through the caudo-
rostral extent of the amygdala and stria terminalis (st) in wild type mice at P14 and P16.  
Met staining in the posterior cortical amygdala (A), nucleus of the lateral olfactory tract 
(C), and st before (E)   and after (G) decussation at the midline (dashed line), is light at 
P14 and is further reduced in intensity in these same structures just two days later, as 
shown at P16 (B, D, F, and H).  Scale bar = 550 µm for all panels.  
 


 


Expression of Met in developing projection neurons of the diencephalon (P0-P16) 


Met mRNA expression is evident in the thalamic reticular nucleus, but no other 


dorsal thalamic nuclei, at P7 (Fig. 11A) and P14 (Fig. 11B).  However, Met protein is 


expressed in the neuropil in several thalamic nuclei, including the reticular, dorsolateral, 
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ventrolateral, and anterior thalamic nuclei.  In most regions, this immunostaining is 


virtually absent in the Emx1cre/Metfx/fx mouse (Fig. 11D), indicating corticofugal 


projections as the primary source of Met labeling.  In contrast, Met immunostaining is 


equivalent in the anterior thalamic nucleus in wild type and Emx1cre/Metfx/fx mice (Fig. 


11E,F), particularly in its anteroventral division, and appears to be localized to axons.  


Continued expression of Met in these processes in the Emx1cre/Metfx/fx mouse is somewhat 


unexpected, considering that Met is dramatically downregulated in Emx1cre/Metfx/fx 


cingulate cortical neurons, which send projections to the anterior nucleus of the thalamus 


(Supplemental Fig. 2D,E).  However, the mammillary nuclei of the posteromedial 


hypothalamus also contribute a major population of afferents to this structure via the 


mamillothalamic tract, which, along with the mammillotegmental tract, heavily express 


Met protein (Fig. 12A,B).  Moreover, Met immunoreactivity is present in the 


anteroventral, but not the anterodorsal subnuclei of the anterior thalamus (Fig. 11E,F), 


consistent with the selective patterns of innervation within this nucleus by the medial 


mammillary nuclei (Guillery, 1957; Cruce, 1975; Watanabe and Kawana, 1980; Seki and 


Zyo, 1984).  The medial mammillary nuclei themselves receive prominent input from 


subicular projection neurons at the septal pole of the hippocampus (Swanson and Cowan, 


1977; Allen and Hopkins, 1989; Gonzalo-Ruiz et al., 1992).  These fibers course via the 


postcommissural division of the fornix to terminate specifically within the medial 


mammillary nuclei, and are Met-immunopositive in wild type (Fig. 12C), but not 


Emx1cre/Metfx/fx, mice (Fig. 12D).  The dense axonal staining observed in the ventral 


tuberomammillary nucleus (Fig. 12C) may be contributed by projection neurons in 
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infralimbic cortex, ventral CA1 or the subiculum (Ericson et al., 1991; Canteras and 


Swanson, 1992; Cenquizca and Swanson, 2006).  


 In the anterior hypothalamus, there is no Met expression in the anterodorsal or 


medial preoptic nuclei at any stage of postnatal development, but Met immunoreactivity 


is observed in a sparse, but notable, population of axons in both regions (Figs. 8K and 


12E).  This staining is ablated in the Emx1cre/Metfx/fx mouse (Figs. 8O and 12F).  While 


the data do not definitively elucidate the sources of these Met-expressing fibers, likely 


candidates include CA1 and subicular pyramidal cells at the ventral pole of the 


hippocampus (Canteras and Swanson, 1992; Kishi et al., 2000; Cenquizca and Swanson, 


2006).  An intranuclear source for these stained axons is unlikely, as we do not detect Met 


mRNA in the anterodorsal nucleus or medial preoptic nucleus.  
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Figure 11.  Met transcript and protein expression in the thalamus in coronal 
sections from wild type and Emx1cre/Metfx/fx mice.  A and B: In situ hybridization 
analysis of Met in wild type thalamus at P7 (A) and P14 (B).  Autoradiographic signal is 
detected specifically in the thalamic reticular nucleus (Rt) at these ages.  DIC images of 
Met immunoreactivity at P7 show that neuropil staining in the Rt and dorsolateral and 
ventrolateral thalamic nuclei in wild type mice (C) is greatly reduced in corresponding 
regions of Emx1cre/Metfx/fx mice (D).  Conversely, neuropil staining in specific anterior 
thalamic nuclei is equivalent in wild type (E) and Emx1cre/Metfx/fx (F) mice.  Scale bar = 
900µm for A,B; 550 µm for C, D, E, and F.  
 


 


 


 


 


 


 


 







 
 


76 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.  Met protein expression in the hypothalamus.  DIC photomicrographs 
illustrate Met immunoreactivity in coronal sections of the hypothalamus and associated 
axon tracts in wild type (A, C, and E) and Emx1cre/Metfx/fx (B, D, and F) mice at P7.  
Intense Met staining in the mammillothalamic and mammillotegmental tracts of wild type 
mice (A) is maintained at equivalent levels in Emx1cre/Metfx/fx mice (D).  Notable Met 
staining on afferents within specific mammillary nuclei (C) and the medial preoptic 
nucleus (E) in wild type mice is absent in Emx1cre/Metfx/fx mice (D and F), indicating a 
dorsal pallial origin for these fibers.  Scale bar = 550 µm for A, B, C, and D; 275 µm for 
E and F.  
 


In the habenula, Met transcript and protein are expressed by projection neurons.  


In situ hybridization analysis from E18.5 to P14 reveals modest Met transcript expression 


of the medial, but not the lateral, nucleus (Fig. 13A,B).  Over this period, the fasciculus 


retroflexus axons coursing between the habenula and interpeduncular nucleus (Akagi and 


Powell, 1968; Herkenham and Nauta, 1977) are also Met-immunoreactive (Fig. 13C,E).  


Light axonal staining in the habenular commissure is also observed (Fig. 13C).  
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Consistent with the subpallial origin of the medial habenula, comparable levels of Met 


protein are observed in the fasciculus retroflexus, habenular commissure, and 


interpeduncular nucleus of the wild type and Emx1cre/Metfx/fx mice throughout postnatal 


development (Fig. 13D,F).  In general, decreased axonal Met staining is observed 


throughout the diencephalon soon after the end of the second postnatal week 


(Supplemental Fig. 6), mirroring the decline in other forebrain regions.  A notable 


exception, however, is the relative preservation of Met staining in the fasciculus 


retroflexus and interpeduncular nucleus (Supplemental Fig. 6C,D).  


 


 


 


 


 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Met transcript and protein expression in the epithalamus in coronal 
sections from wild type and Emx1cre/Metfx/fx mice.  A and B: In situ hybridization 
analysis of Met in wild type habenula at P7 and P14.  Autoradiographic signal at both 
ages is specific to the medial but not the lateral habenula.  DIC photomicrographs of Met 
immunoreactivity show equivalent, dense staining of axons in the habenular commissure 
and fasciculus retroflexus (fr) in wild type (C) and Emx1cre/Metfx/fx (D) mice at P7.  
Levels of axon staining also are equal within target areas of the fr, such as the 
interpeduncular nucleus, in wild type (E) and Emx1cre/Metfx/fx (F) mice at this age.  Scale 
bar = 1.9mm for A,B; 275 µm for C, D, E and F.  
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Supplemental Figure 6.  Decreased postnatal Met expression in the diencephalon.  
DIC photomicrographs illustrate Met immunoreactivity in coronal sections through the 
diencephalon of wild type mice at P16.  Previously robust Met staining in the thalamic 
reticular nucleus and dorsolateral and ventrolateral thalamus (A) and mammillothalamic 
tract (B) is scarcely detectable above background at P16.  Axonal Met staining is 
comparatively preserved in the fasciculus retroflexus (C) and interpeduncular nucleus (D) 
at this same age.  Scale bar = 550 µm for all panels.  
 
 


Expression of Met (P21 – P35) 


It is clear from in situ hybridization analysis that, after P21, Met transcript 


continues to be expressed in the forebrain, though at reduced intensity (Fig. 14A).  Even 


more dramatic reductions in immunohistochemical staining are observed at these later 


postnatal ages, as demonstrated by a lack of differential staining in wild type and 


Emx1cre/Metfx/fx mice (Fig. 14B).  This contrasts with the observation that Met protein is 


detected by Western blot analysis in wild type but not Emx1cre/Metfx/fx cortex (Fig. 14C), 


suggesting that the lack of detectable Met protein expression in tissue sections at P21 


may be due to technical limitations.  For example, subcellular redistribution of Met may 


reduce local protein concentration to levels beneath the threshold for 


immunohistochemical detection. 
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Figure 14.  Analysis of Met transcript and protein expression in the developing 
mouse forebrain at P21 and P35.  A:  In situ hybridization analysis of Met in coronal 
sections from wild type mice at P21 and P35 shows equivalent patterns of expression to 
those observed in early postnatal development (P0 – P14).  B: DIC photomicrographs of 
coronal sections from wild type (left) and Emx1cre/Metrx/fx (right) mice demonstrate that at 
P21 (shown here) and later, no differences in Met immunoreactivity are observed.  C: 
Western blot analysis of total Met protein in P21 wild type and Emx1cre/Metfx/fx mice.  
Levels of Met in wild type mice (1,3,5) remain much higher than those in null mice 
(2,4,6) despite a lack of immunohistochemical staining as shown in B.  Scale bar = 1.3 
mm for both panels in A; 1.1 mm for both panels in B. 
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DISCUSSION 


 


The data in the present study provide a comprehensive map of Met receptor 


mRNA and proteinlabeling in the developing mouse forebrain, revealing a surprisingly 


restricted pattern of expression in functionally related circuits.  The in situ hybridization 


data are consistent with, but significantly extend, findings from previous mapping studies 


(Jung et al., 1994; Thewke and Seeds, 1999).  Previous studies reporting Met 


immunohistochemistry in the forebrain have had a limited neuroanatomical and 


developmental scope (Thewke and Seeds, 1999; Korhonen et al., 2000; Sun et al., 2002; 


Ohya et al., 2007), and the antibody reagents used yielded suboptimal and nonspecific 


labeling in our hands.  We employed a novel immunohistochemical approach to localize 


Met receptor protein, providing compelling evidence that Met is expressed in specific 


developing axonal projections that reach select terminal regions in the forebrain.  


Furthermore, our Met immunohistochemical analyses in the Emx1cre/Metfx/fx conditional 


knockout mouse provide an opportunity to attribute sources of Met labeling within a 


specific forebrain region as pallial or subpallial in origin.  


Our complementary expression mapping tools allowed us to determine that Met 


receptor expression during forebrain development is restricted mainly to specific 


populations of projection neurons within the cortex and some classically defined limbic 


system components.  Moreover, Met protein is localized primarily to the axons of these 


cells during peak periods of axon growth and synapse formation, consistent with a 


putative role for Met in regulating these functions.  These data suggest that circuitry 
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underlying socio-emotional processing may be selectively vulnerable to disrupted Met 


signaling or expression during development.  This is consistent with data demonstrating 


that a MET allelic variant increases risk for ASD, a disorder with core disruptions in 


social behavior (Campbell et al., 2006). 


 


Restricted cell types express Met in the developing forebrain 
 


The present study identifies specific subsets of projection neurons expressing Met 


transcript and provides evidence that these developing neurons traffic Met protein 


predominantly to their axonal compartments.  This is consistent with the reported growth-


promoting and attractive nature of HGF/Met signaling on axons in the spinal cord and 


thalamus in vitro (Ebens et al., 1996; Powell et al., 2003).  However, here we 


demonstrate in vivo that the peak of axonal Met expression occurs after the initial 


establishment of fiber pathways, suggesting that Met may play a preferential role in 


collateralization and terminal field growth, rather than axon guidance - a distinction that 


was previously unappreciated.  This hypothesis is further supported by the appearance of 


Met immunoreactivity in the striatal and thalamic neuropil during periods of robust 


corticostriatal and corticothalamic axon collateralization (Frassoni et al., 1995; 


Nisenbaum et al., 1998; Sheth et al., 1998).   


The general subsidence of Met protein expression in forebrain axons after the end 


of the second postnatal week coincides with a transition from axon outgrowth and 


elaboration to pruning and arbor refinement in most murine forebrain circuits (Stanfield 


et al., 1982; Stanfield et al., 1987; Gomez-Di Cesare et al., 1997; Portera-Cailliau et al., 


2005).  In the corpus callosum and stria terminalis, however, Met expression persists later 
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and is detected through P21. This may reflect, relative to other axon tracts, more 


protracted periods of development, which, for the corpus callosum, have been determined 


by measurements of myelination (Jacobson, 1963; Tanaka et al., 2003; Vincze et al., 


2008).   


 Though we found Met to be expressed predominantly by axons of projection 


neurons during forebrain development, our data do not preclude this receptor from being 


expressed at lower levels within dendrites and postsynaptic compartments, and even by 


other neuronal cell types.  For example, though Met mRNA was not evident at any time 


in the ganglionic eminence and maturing striatum, Met protein labeling is seen on 


interneurons in explant cultures from the ganglionic eminence (Powell et al., 2001).  


Additionally, cultured dorsal thalamic neurons respond to HGF (Powell et al., 2003), 


indicating that either in vitro conditions may induce Met expression on neurons that 


normally do not express the transcript and protein during development, or the receptor is 


expressed below the limits of detection on certain cell types in vivo. 


At the subcellular level, a shift to a predominantly synaptic localization after P14 


may result in a more evenly distributed Met receptor population throughout the neuropil, 


which would be less readily detected by immunohistochemistry than axon fascicles and 


tracts, where protein levels are more concentrated.  This may explain the discrepancy 


between robust biochemical detection of Met protein at P21 and the lack of 


immunostaining in tissue sections.  This interpretation is consistent with 


electrophysiological, biochemical and immuno-electron microscopy studies in the 


hippocampus that indicate Met to be present and functional at excitatory synapses in 


mature animals (Akimoto et al., 2004; Tyndall and Walikonis, 2006). Furthermore, there 
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is emerging evidence that Met plays a developmental role in synaptic organization, as 


recent in vitro studies have demonstrated that HGF/Met signaling results in the enhanced 


expression and clustering of synaptic components (Madhavan and Peng, 2006; Tyndall 


and Walikonis, 2006; Nakano et al., 2007).  


By adolescence and into adulthood, Met protein expression is low throughout the 


forebrain.  Despite this dramatic down-regulation, however, patterns of transcript 


expression remain similar across early and late postnatal development, suggesting that the 


same populations of forebrain projection neurons express Met even during late 


developmental periods.  This may reflect additional roles for Met in response to stress.  


For instance, Met is dramatically upregulated in cortical and hippocampal axons in adult 


animals with genetically compromised astrocytic populations (Su et al., 2007).  HGF and 


Met are also upregulated in the cerebral cortex subsequent to a transient ischemic insult, 


though it is not known if Met protein levels specifically increase in cortical axons in this 


case (Honda et al., 1995).  


  In addition, there are reports of Met expression by non-neuronal cells of the CNS, 


including astrocytes, oligodendrocytes and microglia.  Many of these studies report 


expression by these glial subtypes in vitro (Machide et al., 2000; Yan and Rivkees, 2002) 


or in injury or disease states (Lalive et al., 2005; Kitamura et al., 2007; Shimamura et al., 


2007), which may induce or enhance expression of the transcript and protein.  In a 


developmental context, Ohya and colleagues report that striatal oligodendrocyte 


precursor cells (OPCs) express Met in vivo and respond to intrastriatal injections of HGF 


by remaining in a proliferative, immature state, delaying myelination (Ohya et al., 2007).  


However, we do not observe Met mRNA in cell bodies within either the gray matter or 
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fiber tracts of the developing striatum, suggesting that the reported effects of HGF on 


OPC maturation may be axonally derived.  While we cannot eliminate the possibility of 


Met expression by non-neuronal cells in the striatum and other forebrain regions, the 


patterns of labeling are not consistent with such expression during forebrain 


development.   


 


Limbic system correlates of Met expression 


While analysis of the spatio-temporal dynamics of Met expression provides 


insight into its cellular roles during development, analysis at the neural systems level 


lends insight into potential roles for Met signaling in the development of specific 


forebrain circuits.  Patterns of Met expression overlap remarkably with classically 


defined limbic structures and their interconnecting fiber pathways (Broca, 1878; Papez, 


1937; MacLean, 1955).  It seems likely, therefore, that this receptor may be particularly 


important to the establishment of circuits that mediate social and emotional information 


processing.  In the cortex, Met is expressed in multiple areas that have roles in processing 


limbic information, including the cingulate, prefrontal, orbitofrontal, temporal, and 


sensory association cortices.  Additionally, Met is expressed in limbic structures involved 


in learning and memory, including the hippocampal formation and the mammillary 


bodies of the hypothalamus.  Finally, Met is expressed in amygdaloid subnuclei, which 


attach emotional valence to the processes of learning and memory (Davis and Whalen, 


2001; Phelps and LeDoux, 2005), and the septum, which has roles in emotional 


regulation and the control of impulses (Gray and McNaughton, 1982; Menard and Treit, 


1999).   
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Substantial Met expression is also present in axon pathways interconnecting 


principal limbic circuit nodes. For example, Met is expressed heavily in the cingulum, 


fornix, mammillothalamic tract, and internal capsule, all considered to be classic limbic 


pathways (Broca, 1878; Papez, 1937; MacLean, 1955).  Additionally, Met expression is 


observed in the anterior commissure, which transmits information between temporal 


cortical areas, and tracts connecting the amygdala to other forebrain areas including the 


external capsule and the stria terminalis.  Temporally, expression of Met in these fibers 


coincides with the period of maximal axonal outgrowth and collateralization, suggesting 


that Met is involved in these processes, and, therefore, in the development of limbic 


connections.  As a corollary, aberrant Met signaling would likely result in deficient 


formation and subsequent function of these circuits.  This is consistent with the first 


reported association of MET with a human, brain-based disorder, ASD (Campbell et al., 


2006).   


 


A role for Met in neurodevelopmental and neuropsychiatric disorders 


 Given the prevalence of Met in the forebrain structures discussed above, we 


hypothesize that this protein, or elements of its signaling pathway, may play a role in the 


etiology and/or pathophysiology of neurodevelopmental and psychiatric disorders with 


socio-emotional valence.  Three lines of evidence support this hypothesis.  First, MET, 


the human homolog of Met, has been identified as an ASD susceptibility gene (Campbell 


et al., 2006).  Second, MET protein expression is reduced in the superior temporal gyrus 


of individuals with autism (Campbell et al., 2007), whereas transcripts encoding other 


proteins in the MET signaling pathway are increased significantly.   Third, an analysis of 
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MET pathway genes reveals an association of an allelic variant of PLAUR with ASD 


(Campbell et al., 2008).  PLAUR encodes the urokinase plasminogen activator receptor, 


which enhances HGF activation and signaling (Pepper et al., 1992; Mars et al., 1993). 


 At a cellular level, too, our findings suggest that disruption of MET may underlie 


or contribute to the pathophysiology of neuropsychiatric disorders.  It has been suggested 


that many disorders, including ASD and schizophrenia, result from aberrant formation of 


neuronal connections during development (Rubenstein and Merzenich, 2003; Frith, 2004; 


Courchesne and Pierce, 2005; Geschwind and Levitt, 2007; Connors et al., 2008).  The 


timing of expression, and the cellular compartmentalization of Met expression in the 


mouse suggests that the protein may have a larger than previously appreciated role in 


establishing and facilitating the maturation of appropriate connections.  Consequently, 


errant Met signaling is likely to result in disruption of normal patterns of connectivity in 


the forebrain.  Disrupted Met signaling could result from alterations in the regulation, 


timing, or levels of receptor expression.  Ongoing analysis of the Emx1cre/Metfx/fx mouse 


and other models of disrupted Met signaling will help to elucidate the roles of Met in 


developing forebrain connectivity. 
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INTRODUCTION	
  


	
  


The	
  Met	
  receptor	
  tyrosine	
  kinase	
  is	
  expressed	
  in	
  the	
  developing	
  and	
  adult	
  


nervous	
  systems	
  and	
  based	
  on	
  in	
  vitro	
  and	
  in	
  vivo	
  studies,	
  has	
  the	
  potential	
  to	
  


mediate	
  a	
  variety	
  of	
  neurodevelopmental	
  and	
  neurophysiological	
  processes,	
  


including	
  peripheral	
  and	
  central	
  neuron	
  survival	
  (Hamanoue	
  et	
  al.,	
  1996;	
  Zhang	
  et	
  


al.,	
  2000),	
  neuron	
  migration	
  (Garzotto	
  et	
  al.,	
  2008;	
  Giacobini	
  et	
  al.,	
  2007;	
  Powell	
  et	
  


al.,	
  2001),	
  axon	
  guidance	
  (Caton	
  et	
  al.,	
  2000;	
  Ebens	
  et	
  al.,	
  1996;	
  Powell	
  et	
  al.,	
  2003),	
  


dendritic	
  arborization	
  (Gutierrez	
  et	
  al.,	
  2004;	
  Judson	
  et	
  al.,	
  2010b;	
  Lim	
  and	
  


Walikonis,	
  2008),	
  and	
  spine	
  and	
  synapse	
  maturation	
  and	
  activity	
  (Akimoto	
  et	
  al.,	
  


2004;	
  Judson	
  et	
  al.,	
  2010b;	
  Tyndall	
  et	
  al.,	
  2007;	
  Tyndall	
  and	
  Walikonis,	
  2006).	
  	
  


Detailed	
  mapping	
  analysis	
  of	
  the	
  Met	
  transcript	
  in	
  the	
  developing	
  mouse	
  forebrain	
  


reveals	
  remarkably	
  restricted	
  patterns	
  of	
  expression	
  in	
  both	
  the	
  spatial	
  and	
  


temporal	
  domains	
  (Judson	
  et	
  al.,	
  2009),	
  implying	
  both	
  tight	
  regulation	
  of	
  


transcription	
  and	
  specific	
  function	
  for	
  the	
  protein	
  product.	
  	
  Temporally,	
  Met	
  levels	
  


peak	
  dramatically	
  during	
  the	
  first	
  two	
  postnatal	
  weeks,	
  suggesting	
  a	
  role	
  for	
  the	
  


protein	
  in	
  neurite	
  outgrowth	
  and	
  synapse	
  formation.	
  	
  Localization	
  of	
  the	
  transcript	
  


to	
  projection	
  neurons	
  within	
  the	
  neocortex	
  and	
  specific	
  limbic	
  structures	
  suggests	
  


that	
  it	
  is	
  involved	
  in	
  establishing	
  connectivity	
  between	
  these	
  structures.	
  	
  In	
  fact,	
  a	
  


recent	
  study	
  in	
  which	
  Met	
  is	
  deleted	
  selectively	
  from	
  neocortical	
  neurons	
  reports	
  


selective	
  effects	
  on	
  dendritic	
  arborization	
  and	
  spine	
  head	
  volume	
  of	
  intrinsic	
  


pyramidal	
  neurons	
  and	
  postsynaptic	
  medium	
  spiny	
  striatal	
  neurons	
  (Judson	
  et	
  al.,	
  


2010b).	
  	
  Consequently,	
  deviations	
  in	
  the	
  regulated	
  expression	
  of	
  Met	
  may	
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predispose	
  to	
  alterations	
  in	
  the	
  formation	
  and	
  functioning	
  of	
  these	
  circuits.	
  	
  	
  


Although	
  several	
  transcription	
  factors	
  have	
  been	
  identified	
  that	
  regulate	
  Met	
  in	
  vitro	
  


(see	
  Chapter	
  I,	
  Table	
  1),	
  mostly	
  using	
  cancer	
  cell	
  lines,	
  the	
  complement	
  of	
  


transcription	
  factors	
  controlling	
  its	
  expression	
  in	
  the	
  nervous	
  system	
  is	
  poorly	
  


understood.	
  	
  Yet	
  knowledge	
  of	
  these	
  regulatory	
  factors	
  is	
  critical	
  to	
  understanding	
  


how	
  Met	
  expression	
  patterns	
  are	
  established	
  in	
  vivo,	
  and	
  gives	
  insight	
  into	
  sources	
  


of	
  vulnerability	
  to	
  aberrant	
  circuit	
  patterning.	
  	
  This	
  is	
  particularly	
  relevant	
  in	
  the	
  


context	
  of	
  recent	
  studies	
  of	
  neurodevelopmental	
  disorders.	
  	
  Three	
  different	
  alleles	
  


in	
  the	
  5’	
  regulatory	
  region	
  of	
  the	
  human	
  ortholog,	
  MET,	
  increase	
  risk	
  for	
  Autism	
  


Spectrum	
  Disorder	
  (ASD)	
  (Campbell	
  et	
  al.,	
  2008;	
  Campbell	
  et	
  al.,	
  2006;	
  Jackson	
  et	
  al.,	
  


2009;	
  Sousa	
  et	
  al.,	
  2009;	
  Thanseem	
  et	
  al.,	
  2010),	
  and	
  there	
  is	
  a	
  reduction	
  in	
  MET	
  


protein	
  expression	
  in	
  postmortem	
  brain	
  tissue	
  from	
  subjects	
  with	
  ASD	
  (Campbell	
  et	
  


al.,	
  2007).	
  	
  Clues	
  to	
  one	
  potential	
  regulatory	
  factor	
  came	
  from	
  the	
  initial	
  genetic	
  


discovery	
  of	
  MET	
  as	
  an	
  ASD	
  risk	
  gene,	
  in	
  which	
  the	
  risk	
  allele	
  disrupted	
  binding	
  of	
  


SP1	
  to	
  the	
  MET	
  promoter	
  (Campbell	
  et	
  al.,	
  2006).	
  


The	
  Sp-­‐family	
  of	
  transcription	
  factors	
  is	
  comprised	
  of	
  nine	
  zinc-­‐finger	
  


domain	
  proteins.	
  	
  While	
  they	
  share	
  a	
  characteristic,	
  GC-­‐/GT-­‐box	
  consensus	
  binding	
  


motif,	
  these	
  proteins	
  differ	
  in	
  their	
  precise	
  binding	
  motifs,	
  expression	
  patterns,	
  and	
  


cofactors	
  (reviewed	
  in	
  Bouwman	
  and	
  Philipsen,	
  2002;	
  Suske,	
  1999;	
  Wierstra,	
  2008).	
  	
  


The	
  best-­‐studied	
  member	
  of	
  the	
  group,	
  Sp1,	
  has	
  been	
  implicated	
  repeatedly	
  in	
  


regulating	
  the	
  transcription	
  of	
  Met/MET	
  in	
  silico	
  and	
  in	
  vitro	
  in	
  cancer	
  cell	
  lines	
  (Seol	
  


et	
  al.,	
  2000;	
  Zhang	
  et	
  al.,	
  2003).	
  	
  Importantly,	
  Sp1	
  shares	
  a	
  binding	
  motif	
  with	
  Sp3	
  


and	
  Sp4	
  (Hagen	
  et	
  al.,	
  1992).	
  	
  Consequently,	
  the	
  results	
  of	
  the	
  Sp1	
  studies	
  may	
  be	
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similarly	
  applicable	
  to	
  Sp3	
  and	
  Sp4,	
  and	
  the	
  relevant	
  transcription	
  factor	
  or	
  factors	
  


may	
  be	
  context-­‐dependent.	
  	
  In	
  this	
  study,	
  we	
  show	
  that	
  Sp4,	
  but	
  not	
  Sp1,	
  is	
  


expressed	
  in	
  the	
  mouse	
  cortex	
  at	
  the	
  time	
  of	
  peak	
  Met	
  expression	
  and	
  further	
  


demonstrate	
  that	
  Sp4	
  binds	
  the	
  5’	
  regulatory	
  region	
  of	
  the	
  Met	
  promoter,	
  thus	
  


suggesting	
  that	
  it	
  may	
  participate	
  in	
  regulating	
  Met	
  expression	
  in	
  the	
  developing	
  


forebrain.	
  	
  Given	
  the	
  emerging	
  role	
  of	
  Sp4	
  in	
  neuropsychiatric	
  disorders	
  including	
  


bipolar	
  disorder,	
  schizophrenia,	
  major	
  depressive	
  disorder,	
  and	
  Alzheimer’s	
  disease	
  


(Boutillier	
  et	
  al.,	
  2007;	
  Shi	
  et	
  al.,	
  2010;	
  Shyn	
  et	
  al.,	
  2009;	
  Tam	
  et	
  al.,	
  2010;	
  Zhou	
  et	
  al.,	
  


2010;	
  Zhou	
  et	
  al.,	
  2009),	
  these	
  results	
  suggest	
  a	
  convergence	
  of	
  potential	
  genetic	
  


risk	
  through	
  transcriptional	
  regulation	
  of	
  key	
  genetic	
  elements.	
  


	
  


MATERIALS	
  AND	
  METHODS	
  


	
  


Mice	
  and	
  Tissue	
  Collection	
  


C57Bl/6J	
  mice	
  were	
  purchased	
  from	
  Charles	
  River	
  Laboratories	
  


(Wilmington,	
  MA).	
  	
  All	
  research	
  procedures	
  using	
  mice	
  conformed	
  to	
  NIH	
  guidelines	
  


and	
  were	
  approved	
  by	
  the	
  Institutional	
  Animal	
  Care	
  and	
  Use	
  Committee	
  at	
  


University	
  of	
  Southern	
  California.	
  	
  All	
  animals	
  were	
  housed	
  on	
  a	
  12	
  hr	
  light:dark	
  


cycle	
  with	
  full	
  access	
  to	
  food	
  and	
  water.	
  	
  	
  Efforts	
  were	
  made	
  to	
  minimize	
  animal	
  


suffering	
  and	
  to	
  reduce	
  the	
  number	
  of	
  animals	
  used	
  for	
  the	
  studies	
  reported	
  here.	
  	
  	
  


	
   To	
  harvest	
  brains,	
  mice	
  were	
  anesthetized	
  with	
  isofluorane	
  prior	
  to	
  


decapitation	
  and	
  brain	
  removal.	
  	
  Harvested	
  brains	
  were	
  immediately	
  immersed	
  in	
  


ice-­‐cold	
  Hanks’	
  balanced	
  salt	
  solution	
  (Sigma,	
  St.	
  Louis,	
  MO)	
  with	
  the	
  aid	
  of	
  an	
  MZ-­‐6	
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stereozoom	
  microscope	
  (Leica).	
  	
  The	
  cerebral	
  cortex	
  from	
  each	
  hemisphere	
  was	
  


rapidly	
  dissected	
  and	
  weighed.	
  	
  Nuclear	
  extracts	
  were	
  prepared	
  immediately.	
  	
  


Tissue	
  to	
  be	
  used	
  for	
  total	
  protein	
  preparation	
  or	
  chromatin	
  immunoprecipitation	
  


was	
  snap-­‐frozen	
  in	
  liquid	
  nitrogen	
  and	
  stored	
  at	
  -­‐80oC.	
  


	
  


Nuclear	
  extract	
  preparation	
  


	
   The	
  following	
  protocol	
  was	
  modified	
  from	
  a	
  number	
  of	
  previously	
  published	
  


methods	
  (Dignam	
  et	
  al.,	
  1983;	
  Dobi	
  et	
  al.,	
  1997;	
  Lewis	
  and	
  Konradi,	
  1996).	
  	
  


Following	
  dissection,	
  tissue	
  was	
  immediately	
  homogenized	
  in	
  800ul	
  ice-­‐cold	
  


phosphate-­‐buffered	
  saline	
  (PBS)	
  with	
  fresh	
  protease	
  inhibitor	
  cocktail	
  (P8340;	
  


Sigma,	
  St.	
  Louis,	
  MO)	
  using	
  a	
  glass	
  tissue	
  homogenizer	
  (Wheaton,	
  Millvale,	
  NJ).	
  	
  


Homogenate	
  was	
  spun	
  at	
  1500g	
  for	
  5	
  minutes	
  at	
  4oC,	
  and	
  supernatant	
  was	
  removed.	
  	
  


Pellet	
  was	
  resuspended	
  in	
  Buffer	
  A	
  (10mM	
  HEPES	
  pH	
  7.9;	
  1.5	
  mM	
  MgCl2;	
  10mM	
  KCl	
  


with	
  fresh	
  0.5	
  mM	
  DTT	
  and	
  protease	
  inhibitor	
  cocktail).	
  	
  Volume	
  of	
  buffer	
  A	
  was	
  


approximately	
  10-­‐fold	
  of	
  packed	
  cell	
  volume.	
  	
  After	
  buffer	
  addition,	
  samples	
  were	
  


vortexed	
  for	
  15	
  seconds	
  and	
  incubated	
  on	
  ice	
  for	
  10	
  minutes.	
  	
  NP-­‐40	
  was	
  added	
  to	
  


each	
  sample	
  for	
  final	
  concentration	
  0.55%,	
  and	
  samples	
  were	
  vortexed	
  for	
  5	
  


seconds,	
  incubated	
  on	
  ice	
  for	
  1	
  minute,	
  vortexed	
  an	
  additional	
  5	
  seconds,	
  and	
  


centrifuged	
  at	
  16,000g	
  for	
  5	
  minutes	
  at	
  4oC.	
  	
  The	
  supernatant	
  (cytoplasmic	
  fraction)	
  


was	
  discarded,	
  and	
  the	
  nuclear	
  pellet	
  was	
  resuspended	
  in	
  buffer	
  C	
  (20	
  mM	
  HEPES	
  


pH	
  7.9;	
  0.42	
  M	
  NaCl;	
  1.5	
  mM	
  MgCl2;	
  0.2	
  mM	
  EDTA;	
  25%	
  glycerol	
  with	
  fresh	
  protease	
  


inhibitor	
  cocktail),	
  using	
  a	
  volume	
  equal	
  to	
  approximately	
  ¼	
  of	
  the	
  volume	
  of	
  buffer	
  


A.	
  	
  Samples	
  were	
  vortexed	
  for	
  15	
  seconds	
  and	
  then	
  incubated	
  on	
  ice	
  for	
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approximately	
  40	
  minutes,	
  with	
  vortexing	
  every	
  10	
  minutes.	
  	
  Samples	
  were	
  then	
  


centrifuged	
  at	
  16,000g	
  for	
  10	
  minutes	
  at	
  4oC.	
  	
  Supernatants	
  were	
  collected,	
  DTT	
  


added	
  to	
  a	
  final	
  concentration	
  of	
  0.5mM,	
  and	
  stored	
  at	
  -­‐80oC	
  until	
  used	
  for	
  analyses.	
  


	
  


Total	
  protein	
  preparation	
  


	
   Frozen	
  tissue	
  was	
  thawed	
  on	
  ice	
  and	
  homogenized	
  in	
  10-­‐fold	
  (volume	
  per	
  


mass)	
  ice-­‐cold	
  homogenization	
  buffer	
  (50	
  mM	
  Tris-­‐HCl,	
  pH	
  8.0,	
  150	
  mM	
  NaCl,	
  1%	
  


Nonidet	
  P-­‐40,	
  0.1%	
  SDS,	
  0.5%	
  deoxycholate,	
  0.5	
  mM	
  DTT,	
  2	
  mM	
  EDTA,	
  pH	
  8.0,	
  2mM	
  


EGTA	
  with	
  fresh	
  protease	
  inhibitor	
  cocktail)	
  using	
  a	
  glass	
  tissue	
  homogenizer.	
  	
  	
  


Homogenates	
  were	
  spun	
  at	
  16,000g	
  for	
  20	
  minutes	
  at	
  4oC,	
  and	
  supernatants	
  were	
  


collected	
  and	
  stored	
  at	
  -­‐80oC.	
  


	
  


Western	
  blotting	
  


	
   The	
  following	
  primary	
  antibodies	
  (diluted	
  as	
  indicated	
  in	
  3-­‐5%	
  Blotto)	
  were	
  


used	
  for	
  Western	
  blotting	
  experiments	
  to	
  detect	
  specific	
  protein	
  expression:	
  rabbit	
  


anti-­‐Sp1	
  (Santa	
  Cruz,	
  sc-­‐59,	
  1:500,	
  0.05%	
  Tween-­‐20),	
  rabbit	
  anti-­‐Sp3	
  (Santa	
  Cruz	
  sc-­‐


644,	
  1:	
  1000,	
  0.05%	
  Tween-­‐20),	
  and	
  rabbit	
  anti-­‐Sp4	
  (Santa	
  Cruz,	
  sc-­‐645,	
  1:500).	
  	
  


Protein	
  concentrations	
  were	
  determined	
  using	
  the	
  Dc	
  protein	
  assay	
  (Bio-­‐Rad,	
  


Hercules,	
  CA).	
  	
  Samples	
  were	
  fractionated	
  by	
  SDS-­‐PAGE	
  and	
  transferred	
  to	
  


supported	
  nitrocellulose	
  membranes.	
  	
  The	
  membranes	
  were	
  blocked	
  in	
  Blotto	
  (3-­‐


5%	
  nonfat	
  Carnation	
  dried	
  milk	
  in	
  PBS)	
  for	
  1	
  hr	
  at	
  room	
  temperature	
  followed	
  by	
  


incubation	
  in	
  primary	
  antibody	
  overnight	
  at	
  4oC	
  or	
  1.5	
  hr	
  at	
  room	
  temperature.	
  	
  	
  


Membranes	
  were	
  then	
  washed	
  repeatedly	
  with	
  vigorous	
  shaking	
  in	
  PBS	
  followed	
  by	
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incubation	
  in	
  horseradish	
  peroxidase-­‐conjugated	
  secondary	
  antibodies	
  (Jackson	
  


Immunoresearch,	
  West	
  Grove,	
  PA)	
  at	
  1:5000	
  for	
  1-­‐1.5h	
  at	
  room	
  temperature.	
  	
  


Membranes	
  were	
  again	
  washed	
  repeatedly	
  in	
  PBS	
  and	
  subsequently	
  reacted	
  with	
  


SuperSignal	
  West	
  Dura	
  Substrate	
  (Pierce,	
  Rockford,	
  IL).	
  	
  Specific	
  signal	
  was	
  detected	
  


using	
  a	
  Bioimaging	
  system	
  (UVP,	
  Upland,	
  CA).	
  


	
  


Bioinformatics	
  


	
   We	
  created	
  a	
  program,	
  TFScan,	
  which	
  predicts	
  transcription	
  factor	
  binding	
  to	
  


DNA	
  sequence	
  by	
  combining	
  the	
  predictions	
  of	
  three	
  independent	
  search	
  engines	
  


(Promo	
  3.0,	
  Consite,	
  and	
  Genomatix	
  MatInspector).	
  	
  The	
  sequence	
  of	
  interest	
  is	
  


screened	
  by	
  each	
  of	
  the	
  search	
  engines	
  for	
  binding	
  sites	
  recognized	
  by	
  a	
  particular	
  


transcription	
  factor,	
  and	
  each	
  nucleotide	
  is	
  given	
  a	
  binding	
  probability	
  score	
  


accordingly.	
  	
  TFScan	
  sums	
  the	
  score	
  at	
  each	
  nucleotide	
  across	
  the	
  search	
  engines	
  


and	
  generates	
  a	
  moving	
  average	
  along	
  the	
  sequence	
  that	
  is	
  the	
  composite	
  binding	
  


probability	
  score.	
  	
  By	
  comparing	
  the	
  TFScan	
  predictions	
  with	
  published	
  reports	
  of	
  


transcription	
  factor-­‐DNA	
  binding,	
  we	
  have	
  demonstrated	
  that	
  TFScan	
  predictions	
  


provide	
  a	
  more	
  integrated	
  set	
  of	
  data	
  than	
  those	
  from	
  the	
  individual	
  search	
  engines	
  


alone	
  (data	
  not	
  shown).	
  


	
   In	
  this	
  study,	
  the	
  sequence	
  of	
  interest	
  in	
  the	
  mouse	
  Met	
  promoter	
  extended	
  


from	
  1000	
  bp	
  upstream	
  of	
  the	
  transcription	
  start	
  site	
  (TSS)	
  to	
  500	
  bp downstream of 


the TSS.  The transcription factor Sp1 was analyzed. These data serve additionally as an 


in silico proxy for Sp3 and Sp4, due to their identical consensus binding motifs (Hagen et 


al., 1992).  The individual programs use different scoring matrices and algorithms, which 
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contribute to the differences in their binding predictions.  The appropriate threshold 


scores, therefore, differ between programs, and we relied on the programs’ default cutoff 


values rather than attempting to normalize between the programs. 


 Individual search engines for transcription factor binding sites can be found at the 


following URLs: 


Consite: http://asp.ii.uib.no:8090/cgi-bin/CONSITE/consite/ (Sandelin et  
al., 2004) 
 


 Genomatix: http://www.genomatix.de (Cartharius et al., 2005) 
 


Promo 3.0:  http://alggen.lsi.upc.es/cgi-
bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3 (Farre et al., 
2003; Messeguer et al., 2002)  


 
 
 


Streptavidin-­pulldown	
  assays	
  


	
   Dynabeads	
  MyOne	
  Streptavidin	
  T1	
  superparamagnetic	
  beads	
  with	
  a	
  surface	
  


streptavidin	
  monolayer	
  (Invitrogen,	
  	
  Carlsbad,	
  CA)	
  were	
  used	
  to	
  detect	
  DNA-­‐nuclear	
  


protein	
  interactions	
  in	
  vitro.	
  	
  Beads	
  (375	
  ug)	
  were	
  combined	
  in	
  1.5	
  ml	
  tubes	
  with	
  


100ul	
  1X	
  binding	
  and	
  washing	
  (B&W)	
  buffer	
  (5	
  mM	
  Tris-­‐HCl	
  (pH	
  7.5),	
  0.5	
  mM	
  


EDTA,	
  1M	
  NaCl,	
  0.1%	
  Tween-­‐20).	
  	
  Tubes	
  were	
  placed	
  on	
  a	
  magnetic	
  strip	
  (New	
  


England	
  Biolabs,	
  Ipswich,	
  MA),	
  and	
  supernatant	
  was	
  removed.	
  	
  Beads	
  were	
  then	
  


washed	
  three	
  times	
  with	
  1X	
  B&W	
  buffer	
  and	
  resuspended	
  in	
  200	
  ul	
  2X	
  B&W	
  buffer.	
  	
  


Individual	
  5’-­‐biotinylated	
  probes	
  (10-­‐50pmol	
  in	
  200ul	
  water),	
  representing	
  specific	
  


5’	
  upstream	
  regions	
  of	
  the	
  Met	
  gene	
  sequence,	
  were	
  added	
  to	
  the	
  beads	
  individually	
  


and	
  incubated	
  at	
  room	
  temperature	
  for	
  30	
  minutes	
  with	
  end-­‐over-­‐end	
  rotation.	
  	
  


After	
  rotation,	
  tubes	
  were	
  placed	
  on	
  a	
  magnetic	
  strip	
  to	
  facilitate	
  removal	
  of	
  


unbound	
  probe.	
  	
  Beads	
  were	
  then	
  washed	
  twice	
  with	
  1X	
  B&W	
  buffer	
  and	
  once	
  with	
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Buffer	
  C-­‐150	
  (20	
  mM	
  HEPES	
  pH	
  7.9;	
  0.15	
  M	
  NaCl;	
  1.5	
  mM	
  MgCl2;	
  0.2	
  mM	
  EDTA;	
  


25%	
  glycerol)	
  with	
  0.1%	
  Tween-­‐20,	
  followed	
  by	
  resuspension	
  in	
  400ug	
  nuclear	
  


extract	
  in	
  Buffer	
  C-­‐150	
  with	
  0.1%	
  Tween-­‐20.	
  	
  Beads	
  and	
  protein	
  were	
  then	
  


incubated	
  at	
  room	
  temperature	
  for	
  30	
  minutes	
  with	
  end-­‐over-­‐end	
  rotation.	
  	
  After	
  


rotation,	
  tubes	
  were	
  placed	
  on	
  a	
  magnetic	
  strip	
  to	
  facilitate	
  removal	
  of	
  unbound	
  


protein.	
  	
  Beads	
  were	
  then	
  watched	
  4	
  times	
  with	
  Buffer	
  C-­‐150	
  with	
  0.1%	
  Tween-­‐20.	
  	
  


Contents	
  were	
  transferred	
  to	
  clean	
  tubes	
  at	
  the	
  fourth	
  wash	
  to	
  reduce	
  protein	
  


leeching.	
  	
  Bound	
  proteins	
  were	
  eluted	
  in	
  10	
  mM	
  EDTA	
  with	
  95%formamide	
  at	
  90oC	
  


for	
  10	
  minutes	
  and	
  collected	
  off	
  of	
  the	
  beads	
  using	
  the	
  magnetic	
  strip.	
  	
  	
  


In	
  order	
  to	
  evaluate	
  specific	
  Met	
  promoter	
  -­‐	
  SP	
  protein	
  interactions,	
  5’-­‐


biotinylated	
  probes	
  representing	
  5’	
  regulatory	
  sequence	
  of	
  the	
  mouse	
  Met	
  gene	
  


used	
  were	
  as	
  follows,	
  where	
  the	
  numbers	
  indicate	
  the	
  position	
  relative	
  to	
  the	
  Met	
  


TSS,	
  which	
  is	
  located	
  on	
  mouse	
  chromosome	
  6,	
  position	
  17413957.	
  


	
   IDT1	
  :	
   -­‐695/-­‐496	
  


	
   IDT2:	
  	
   -­‐515/-­‐316	
  


	
   PCR2:	
   -­‐395/-­‐43	
  


	
   IDT4:	
   -­‐145/+45	
  


	
   IDT5:	
   +25/+225	
  


	
  


Chromatin	
  Immunoprecipitation	
  


	
   The	
  cerebral	
  cortex	
  was	
  dissected	
  from	
  P7	
  mice	
  as	
  described	
  above.	
  	
  Sp4	
  


occupancy	
  of	
  specific	
  genomic	
  regions	
  was	
  tested	
  by	
  GenPathway,	
  Inc.	
  (San	
  Diego,	
  


CA)	
  using	
  a	
  rabbit	
  polyclonal	
  anti-­‐Sp4	
  antibody	
  (Santa	
  Cruz	
  sc-­‐645)	
  and	
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quantitative	
  PCR	
  according	
  to	
  their	
  protocols	
  (Alexiadis	
  et	
  al.,	
  2007).	
  	
  Binding	
  was	
  


tested	
  in	
  triplicate	
  for	
  five	
  regions	
  of	
  the	
  Met	
  promoter	
  and	
  one	
  negative	
  control,	
  


untranscribed	
  genomic	
  region,	
  Untr6.	
  	
  For	
  analysis,	
  binding	
  at	
  each	
  Met	
  site	
  was	
  


ratioed	
  to	
  binding	
  at	
  the	
  Untr6	
  site.	
  	
  	
  


	
  


RESULTS	
  


	
  


Sp4,	
  but	
  not	
  Sp1,	
  is	
  expressed	
  in	
  the	
  mouse	
  forebrain	
  during	
  the	
  period	
  of	
  
peak	
  Met	
  expression	
  
	
  
	
   Although	
  several	
  studies	
  have	
  identified	
  Sp1	
  as	
  a	
  regulator	
  of	
  Met/MET	
  


transcription	
  (Campbell	
  et	
  al.,	
  2006;	
  Seol	
  et	
  al.,	
  2000;	
  Zhang	
  et	
  al.,	
  2003),	
  there	
  are	
  


no	
  data	
  that	
  address	
  this	
  regulation	
  in	
  the	
  developing	
  brain	
  in	
  vivo.	
  	
  	
  Sp1	
  is	
  largely	
  


regarded	
  as	
  a	
  ubiquitously	
  expressed	
  protein,	
  but	
  in	
  fact	
  expression	
  varies	
  by	
  cell	
  


type	
  and	
  developmental	
  time	
  period	
  (Bergman	
  and	
  Levitt,	
  unpublished	
  


observations,	
  Mao	
  et	
  al.,	
  2007;	
  Mao	
  et	
  al.,	
  2009).	
  	
  As	
  a	
  result,	
  the	
  relevance	
  of	
  in	
  vitro	
  


findings	
  and	
  in	
  silico	
  predictions	
  of	
  Sp1	
  binding	
  and	
  regulation	
  depends	
  on	
  the	
  


particular	
  system	
  under	
  consideration,	
  and	
  whether	
  or	
  not	
  Sp1	
  is	
  expressed.	
  	
  


Moreover,	
  because	
  Sp1,	
  Sp3,	
  and	
  Sp4	
  share	
  a	
  common,	
  highly	
  conserved	
  binding	
  


motif	
  for	
  which	
  each	
  protein	
  has	
  equal	
  affinity	
  (Hagen	
  et	
  al.,	
  1992),	
  in	
  vitro	
  and	
  in	
  


silico	
  data	
  for	
  Sp1	
  may	
  instead	
  or	
  additionally	
  apply	
  to	
  Sp3	
  and/or	
  Sp4	
  in	
  cells	
  that	
  


express	
  these	
  factors.	
  


	
   In	
  the	
  developing	
  mouse	
  forebrain,	
  Met	
  expression	
  is	
  first	
  detected	
  at	
  E15.5,	
  


and	
  peaks	
  during	
  the	
  first	
  two	
  postnatal	
  weeks,	
  before	
  declining	
  significantly	
  at	
  P21	
  


to	
  reach	
  low	
  levels	
  in	
  adulthood	
  (Judson	
  et	
  al.,	
  2009).	
  	
  To	
  determine	
  which	
  of	
  the	
  Sp-­‐
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family	
  of	
  transcription	
  factors	
  might	
  be	
  most	
  relevant	
  to	
  forebrain	
  Met	
  expression,	
  


we	
  performed	
  Western	
  blots	
  on	
  nuclear	
  extracts	
  from	
  mouse	
  cortex	
  harvested	
  at	
  


various	
  time	
  points	
  during	
  postnatal	
  development.	
  	
  Sp1	
  was	
  not	
  expressed	
  at	
  


detectable	
  levels	
  at	
  any	
  postnatal	
  or	
  adult	
  time	
  point	
  that	
  was	
  assayed	
  (Fig.	
  1a).	
  	
  As	
  a	
  


positive	
  control	
  for	
  the	
  antibody,	
  nuclear	
  extract	
  from	
  the	
  mouse	
  n2A	
  


neuroblastoma	
  cell	
  line,	
  which	
  expresses	
  Sp1,	
  was	
  included	
  in	
  the	
  experiment,	
  and	
  a	
  


specific	
  band	
  at	
  the	
  predicted	
  molecular	
  mass	
  (~105kD)	
  was	
  observed	
  (Fig.	
  1a).	
  	
  In	
  


contrast,	
  Sp4	
  was	
  detected	
  at	
  high	
  levels	
  at	
  P7.	
  	
  This	
  protein	
  showed	
  dramatic	
  


reduction	
  by	
  P14	
  and	
  was	
  not	
  detectable	
  by	
  P21	
  and	
  through	
  adulthood	
  (Fig.	
  1c).	
  	
  


Sp3	
  was	
  also	
  expressed	
  in	
  the	
  neocortex,	
  but	
  showed	
  less	
  temporal	
  variation	
  than	
  


Sp4;	
  substantial	
  expression	
  was	
  observed	
  at	
  all	
  ages	
  probed,	
  though	
  moderate	
  


enrichment	
  was	
  observed	
  at	
  P7	
  and	
  P14	
  relative	
  to	
  P21	
  and	
  in	
  the	
  adult	
  (Fig.	
  1b).	
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Figure	
  1.	
  	
  Expression	
  of	
  Sp1,	
  Sp3,	
  and	
  Sp4	
  in	
  the	
  developing	
  mouse	
  neocortex.	
  	
  
35ug	
  nuclear	
  protein	
  prepared	
  from	
  mouse	
  neocortex	
  at	
  the	
  indicated	
  age	
  was	
  
loaded	
  onto	
  gels.	
  	
  A.	
  	
  Sp1	
  is	
  not	
  expressed	
  at	
  detectable	
  levels	
  at	
  any	
  age	
  tested.	
  	
  
Nuclear	
  extract	
  from	
  the	
  n2a	
  neuroblastoma	
  cell	
  line	
  was	
  run	
  as	
  a	
  positive	
  control.	
  	
  
B.	
  	
  Sp3	
  is	
  expressed	
  from	
  P7	
  through	
  adulthood,	
  but	
  progressively	
  decreases	
  in	
  level	
  
through	
  this	
  period.	
  	
  *	
  =	
  Sp3	
  isoform.	
  	
  C.	
  	
  Sp4	
  is	
  expressed	
  robustly	
  at	
  P7	
  and	
  at	
  very	
  
low	
  levels	
  at	
  P14.	
  	
  It	
  was	
  not	
  detected	
  in	
  the	
  P21	
  and	
  adult	
  samples.	
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In	
  silico	
  predictions	
  of	
  Sp-­factor	
  binding	
  to	
  the	
  Met	
  promoter	
  


We	
  used	
  a	
  novel	
  informatics	
  program,	
  TFScan,	
  to	
  predict	
  Sp	
  factor	
  binding	
  


along	
  the	
  mouse	
  Met	
  promoter,	
  from	
  position	
  -­‐1000	
  to	
  position	
  +500	
  relative	
  to	
  the	
  


transcription	
  start	
  site	
  (TSS).	
  	
  Figure	
  2a	
  shows	
  the	
  predicted	
  Sp	
  binding	
  sites	
  across	
  


the	
  entire	
  region.	
  	
  It	
  is	
  clear	
  that	
  most	
  of	
  the	
  predicted	
  Sp	
  activity	
  falls	
  in	
  the	
  450	
  bp	
  


stretch	
  between	
  about	
  -­‐300	
  and	
  +150	
  relative	
  to	
  the	
  TSS.	
  	
  Figures	
  2b	
  and	
  2c	
  provide	
  


higher	
  resolution	
  of	
  this	
  region	
  of	
  interest,	
  showing	
  progressively	
  more	
  narrow	
  


regions	
  of	
  the	
  Met	
  promoter.	
  	
  The	
  data	
  from	
  the	
  analyses	
  suggest	
  that	
  the	
  most	
  


probable	
  site	
  of	
  Sp-­‐mediated	
  regulation	
  along	
  the	
  Met	
  promoter	
  lies	
  about	
  300bp	
  


upstream	
  of	
  the	
  TSS.	
  	
  In	
  addition,	
  there	
  are	
  two	
  additional	
  sites	
  with	
  high	
  binding	
  


probability	
  that	
  reside	
  approximately	
  225	
  and	
  115	
  bp	
  upstream	
  of	
  the	
  TSS.	
  	
  The	
  


three	
  significant	
  peaks	
  further	
  downstream	
  (-­‐18,	
  +48,	
  +122)	
  also	
  represent	
  sites	
  


with	
  high	
  likelihood	
  of	
  playing	
  a	
  role	
  in	
  SP	
  regulation	
  at	
  this	
  promoter.	
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Figure	
  2.	
  Graphs	
  demonstrating	
  TFScan	
  predictions	
  of	
  Sp	
  factor	
  (Sp1,	
  Sp3,	
  or	
  
Sp4)	
  binding	
  sites	
  along	
  the	
  mouse	
  Met	
  promoter.	
  	
  A	
  covers	
  the	
  region	
  extending	
  
from	
  1000bp	
  upstream	
  to	
  500bp	
  downstream	
  of	
  the	
  transcription	
  start	
  site	
  (TSS),	
  
and	
  B	
  and	
  C	
  cover	
  progressively	
  more	
  narrow	
  regions.	
  	
  In	
  D,	
  the	
  oligonucleotide	
  
probes	
  used	
  in	
  the	
  pulldown	
  assays	
  are	
  aligned	
  onto	
  the	
  display	
  of	
  predicted	
  Sp	
  
binding	
  sites.	
  
	
  


	
  


Sp4	
  binding	
  to	
  the	
  mouse	
  Met	
  promoter	
  	
  


	
   In	
  silico	
  analyses	
  predict	
  Sp1	
  binding	
  to	
  the	
  mouse	
  and	
  human	
  Met	
  


promoters	
  (Liu,	
  1998;	
  Seol	
  and	
  Zarnegar,	
  1998)),	
  and	
  in	
  vitro	
  experiments	
  confirm	
  


this	
  result	
  (Campbell	
  et	
  al.,	
  2006;	
  Seol	
  et	
  al.,	
  2000;	
  Zhang	
  et	
  al.,	
  2003).	
  	
  In	
  the	
  mouse	
  


cortex,	
  however,	
  we	
  showed	
  that	
  Sp1	
  is	
  not	
  expressed,	
  and	
  therefore	
  cannot	
  be	
  


directly	
  involved	
  in	
  regulating	
  Met	
  expression.	
  	
  Sp4,	
  on	
  the	
  other	
  hand,	
  is	
  an	
  


attractive	
  candidate	
  regulator;	
  it	
  shares	
  a	
  consensus	
  binding	
  motif	
  with	
  Sp1	
  (Hagen	
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et	
  al.,	
  1992),	
  rendering	
  the	
  in	
  silico	
  and	
  in	
  vitro	
  results	
  similarly	
  applicable,	
  and	
  it	
  is	
  


robustly	
  expressed	
  in	
  the	
  cortex	
  at	
  P7	
  (Fig.	
  1b).	
  	
  The	
  ability	
  of	
  a	
  protein	
  to	
  bind	
  DNA	
  


and	
  regulate	
  gene	
  expression,	
  however,	
  depends	
  on	
  the	
  presence	
  and	
  absence	
  of	
  


other	
  proteins.	
  	
  It	
  is	
  therefore	
  not	
  possible	
  to	
  generalize	
  results	
  observed	
  in	
  one	
  


context	
  to	
  a	
  novel	
  context	
  wherein	
  a	
  different	
  set	
  of	
  proteins	
  is	
  expressed.	
  	
  That	
  is,	
  


the	
  ability	
  of	
  Sp1	
  to	
  bind	
  Met	
  in	
  a	
  particular	
  cell	
  type	
  or	
  tissue	
  does	
  not	
  guarantee	
  


that	
  Sp4,	
  or	
  even	
  Sp1,	
  will	
  bind	
  the	
  same	
  promoter	
  in	
  a	
  different	
  cell	
  type	
  or	
  tissue.	
  	
  


To	
  assess	
  the	
  capacity	
  of	
  Sp4	
  to	
  bind	
  the	
  Met	
  promoter	
  in	
  P7	
  neocortex,	
  we	
  


performed	
  a	
  streptavidin-­‐pulldown	
  assay,	
  using	
  nuclear	
  extract	
  prepared	
  from	
  this	
  


tissue.	
  	
  The	
  protein	
  mixture	
  was	
  incubated	
  under	
  conditions	
  conducive	
  to	
  protein-­‐


DNA	
  binding,	
  using	
  synthetic	
  ultramers	
  and	
  a	
  PCR-­‐generated	
  amplicon	
  representing	
  


the	
  Met	
  promoter	
  region.	
  	
  To	
  achieve	
  greater	
  resolution	
  in	
  this	
  experiment,	
  five	
  


overlapping	
  DNA	
  probes	
  were	
  used,	
  which	
  extended	
  695	
  bp	
  upstream,	
  and	
  225	
  bp	
  


downstream	
  of	
  the	
  TSS,	
  and	
  covered	
  the	
  entire	
  CpG	
  island	
  associated	
  with	
  this	
  


region	
  (Fig.	
  3).	
  	
  	
  The	
  minimal	
  promoter	
  has	
  not	
  been	
  defined	
  in	
  the	
  system	
  of	
  


interest,	
  but	
  the	
  region	
  under	
  consideration	
  encompasses	
  the	
  minimal	
  promoters	
  


defined	
  in	
  other	
  systems	
  (Tsuda	
  et	
  al.,	
  2007;	
  Verras	
  et	
  al.,	
  2007).	
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Figure	
  3.	
  	
  Location	
  of	
  oligonucleotide	
  probes	
  used	
  in	
  the	
  streptavidin-­
pulldown	
  assays.	
  	
  The	
  black	
  line	
  represents	
  mouse	
  Met	
  DNA	
  sequence,	
  and	
  the	
  
transcription	
  start	
  site	
  is	
  indicated	
  by	
  the	
  TSS	
  designation.	
  	
  The	
  probe	
  designated	
  
“PCR”	
  represents	
  the	
  amplicon	
  generated	
  by	
  PCR,	
  whereas	
  the	
  probes	
  labeled	
  “IDT”	
  
represent	
  synthetic	
  ultramers.	
  	
  	
  
	
  


The	
  pulldown	
  experiments	
  revealed	
  that	
  Sp4	
  in	
  the	
  P7	
  cortex	
  binds	
  the	
  Met	
  


promoter	
  (Fig.	
  4).	
  	
  Further,	
  binding	
  is	
  non-­‐uniform	
  along	
  this	
  regulatory	
  region;	
  Sp4	
  


binds	
  strongly	
  to	
  probes	
  3,	
  4,	
  and	
  5,	
  which	
  correspond	
  to	
  bases	
  -­‐395	
  -­‐	
  +225	
  relative	
  


to	
  the	
  TSS,	
  but	
  shows	
  relatively	
  weak,	
  if	
  any,	
  specific	
  binding	
  to	
  probes	
  1	
  and	
  2,	
  


which	
  correspond	
  to	
  bases	
  -­‐695	
  -­‐	
  -­‐316	
  relative	
  to	
  the	
  TSS.	
  	
  These	
  data	
  provide	
  


evidence	
  that	
  Sp4	
  in	
  the	
  mouse	
  brain	
  can	
  bind	
  the	
  Met	
  promoter	
  and	
  demonstrate	
  


the	
  particular	
  regions	
  of	
  DNA	
  that	
  may	
  be	
  most	
  relevant	
  for	
  regulation	
  through	
  this	
  


transcription	
  factor.	
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Figure	
  4:	
  	
  In	
  streptavidin-­pulldown	
  assays,	
  Sp4	
  binds	
  Met	
  promoter	
  
oligonucleotide	
  probes	
  in	
  a	
  region-­specific	
  manner.	
  	
  Sp4	
  binds	
  with	
  greatest	
  
affinity	
  to	
  Met	
  promoter	
  probes	
  PCR	
  2,	
  IDT4,	
  and	
  IDT	
  5,	
  and	
  among	
  these,	
  shows	
  
most	
  robust	
  binding	
  to	
  the	
  PCR	
  2	
  probe	
  
	
  


We	
  aligned	
  the	
  probes	
  used	
  in	
  the	
  pulldown	
  experiments	
  onto	
  the	
  display	
  of	
  


predicted	
  SP	
  binding	
  sites	
  generated	
  by	
  TFScan	
  (Fig	
  2d).	
  	
  The	
  in	
  vitro	
  pull	
  down	
  data	
  


exhibited	
  striking	
  similarity	
  to	
  the	
  predicted	
  peaks	
  of	
  binding	
  based	
  on	
  the	
  in	
  silico	
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analysis.	
  	
  Thus,	
  the	
  most	
  intense	
  Sp4	
  band	
  in	
  the	
  Western	
  blot	
  analysis	
  was	
  seen	
  


with	
  the	
  PCR	
  2	
  probe,	
  which	
  aligns	
  with	
  the	
  highest	
  peak	
  on	
  the	
  TFscan	
  plot.	
  


Relatively	
  intense	
  Sp4	
  bands	
  were	
  also	
  observed	
  following	
  pull-­‐down	
  with	
  the	
  IDT	
  4	
  


and	
  IDT	
  5	
  probes,	
  both	
  of	
  which	
  lie	
  over	
  predicted	
  Sp	
  binding	
  sites.	
  	
  Finally,	
  probes	
  


IDT	
  1	
  and	
  IDT	
  2	
  did	
  not	
  pull	
  down	
  significant	
  quantities	
  of	
  Sp4	
  protein.	
  	
  


Correspondingly,	
  these	
  probes	
  fall	
  only	
  on	
  weakly-­‐predicted	
  Sp	
  binding	
  loci.	
  


	
  


Sp4	
  binds	
  the	
  Met	
  promoter	
  in	
  vivo	
  in	
  the	
  P7	
  mouse	
  cortex	
  


	
   The	
  pulldown	
  assays	
  show	
  that	
  Sp4	
  is	
  able	
  to	
  bind	
  the	
  Met	
  promoter	
  in	
  vitro,	
  


but	
  do	
  not	
  indicate	
  whether	
  this	
  binding	
  is	
  relevant	
  in	
  vivo.	
  	
  We	
  used	
  chromatin	
  


immunoprecipitation	
  (ChIP)	
  to	
  trap	
  protein-­‐DNA	
  complexes	
  in	
  tissue	
  samples	
  and	
  


determine	
  whether	
  Sp4	
  binds	
  the	
  Met	
  promoter.	
  	
  The	
  technique	
  does	
  not	
  


distinguish	
  between	
  direct	
  DNA	
  binders	
  and	
  proteins	
  that	
  bind	
  to	
  DNA	
  indirectly	
  as	
  


a	
  member	
  of	
  a	
  complex,	
  but	
  the	
  assay	
  is	
  used	
  to	
  define	
  putative	
  regulatory	
  proteins	
  


that	
  can	
  exert	
  an	
  effect	
  on	
  transcriptional	
  activity	
  directly	
  or	
  indirectly	
  within	
  a	
  


complex.	
  	
  	
  


Five	
  pairs	
  of	
  experimental	
  primers	
  were	
  used	
  in	
  this	
  study,	
  each	
  of	
  which	
  


amplified	
  a	
  region	
  of	
  the	
  Met	
  promoter,	
  and	
  together	
  covered	
  from	
  974bp	
  upstream	
  


of	
  the	
  TSS	
  to	
  338bp	
  downstream	
  of	
  the	
  TSS.	
  	
  We	
  additionally	
  performed	
  qPCR	
  using	
  


primers	
  designed	
  to	
  amplify	
  a	
  gene	
  desert	
  within	
  chromosome	
  6.	
  	
  Gene	
  deserts	
  are	
  


regions	
  of	
  the	
  genome	
  to	
  which	
  no	
  transcription	
  factors	
  are	
  expected	
  to	
  bind,	
  so	
  this	
  


amplification	
  served	
  as	
  a	
  negative	
  control.	
  	
  Binding	
  to	
  this	
  site	
  was	
  considered	
  to	
  be	
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background,	
  and	
  binding	
  obtained	
  at	
  the	
  Met	
  promoter	
  was	
  normalized	
  to	
  that	
  


obtained	
  using	
  the	
  desert	
  site.	
  


	
   Using	
  P7	
  neocortical	
  tissue	
  as	
  starting	
  material,	
  ChIP	
  experiments	
  revealed	
  


binding	
  of	
  Sp4	
  to	
  the	
  Met	
  promoter	
  at	
  all	
  sites	
  under	
  consideration.	
  	
  Compared	
  to	
  


binding	
  events	
  at	
  the	
  gene	
  desert	
  site,	
  binding	
  events	
  at	
  the	
  Met	
  promoter	
  were	
  


increased	
  1.79	
  –	
  2.56	
  fold	
  (Fig.	
  5).	
  	
  While	
  these	
  levels	
  of	
  enrichment	
  are	
  considered	
  


low,	
  they	
  nonetheless	
  indicate	
  a	
  real,	
  and	
  replicable	
  effect,	
  and	
  provide	
  initial	
  


evidence	
  in	
  support	
  of	
  Sp4	
  binding	
  the	
  Met	
  promoter	
  in	
  vivo	
  in	
  the	
  P7	
  mouse	
  cortex.	
  	
  	
  	
  


	
  


Figure	
  5:	
  Chromatin	
  immunprecipitation	
  (ChIP)	
  analysis	
  of	
  Sp4	
  binding	
  to	
  
sites	
  along	
  the	
  Met	
  promoter	
  in	
  P7	
  mouse	
  cortex.	
  	
  The	
  graph	
  demonstrates	
  Sp4	
  
binding	
  events	
  at	
  the	
  indicated	
  genomic	
  regions	
  relative	
  to	
  Sp4	
  binding	
  events	
  at	
  
Untr6,	
  an	
  untranscribed	
  genomic	
  region.	
  	
  Data	
  represent	
  the	
  average	
  of	
  two	
  
technical	
  replicates.	
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DISCUSSION	
  	
  	
  


	
   	
  


This	
  study	
  identifies	
  the	
  transcription	
  factor	
  Sp4	
  as	
  a	
  regulator	
  of	
  Met	
  


expression	
  in	
  the	
  developing	
  mouse	
  cortex.	
  	
  We	
  demonstrate	
  that	
  Sp4	
  binds	
  the	
  Met	
  


promoter	
  in	
  vitro,	
  and	
  provide	
  preliminary	
  evidence	
  for	
  in	
  vivo	
  binding	
  in	
  the	
  mouse	
  


forebrain.	
  	
  Given	
  the	
  emerging	
  role	
  of	
  Met	
  as	
  a	
  replicated	
  ASD	
  risk	
  gene,	
  and	
  its	
  


newly	
  defined	
  roles	
  in	
  circuit	
  formation	
  in	
  vivo,	
  delineating	
  the	
  set	
  of	
  proteins	
  that	
  


act	
  in	
  concert	
  to	
  control	
  its	
  expression	
  is	
  particularly	
  important.	
  


	
  


Sp4	
  as	
  a	
  member	
  of	
  a	
  complex	
  of	
  proteins	
  involved	
  in	
  regulating	
  Met	
  
expression	
  
	
  


The	
  current	
  study	
  establishes	
  Sp4	
  as	
  a	
  regulator	
  of	
  Met	
  expression	
  in	
  the	
  


developing	
  mouse	
  neocortex,	
  but	
  it	
  is	
  clear	
  that	
  a	
  one-­‐to-­‐one	
  relationship	
  between	
  


transcription	
  factor	
  and	
  transcript	
  does	
  not	
  exist;	
  gene	
  promoters	
  tend	
  to	
  be	
  


controlled	
  combinatorially	
  by	
  multiple	
  transcription	
  factors	
  acting	
  in	
  concert	
  or	
  in	
  


competition	
  (e.g.	
  Milagre	
  et	
  al.,	
  2008;	
  Schweizer	
  et	
  al.,	
  2002).	
  	
  Here,	
  we	
  show	
  that	
  


while	
  the	
  expression	
  of	
  Sp4	
  and	
  Met	
  are	
  overlapping,	
  they	
  are	
  not	
  identical,	
  


indicating	
  that	
  other	
  regulatory	
  proteins	
  must	
  be	
  contributing	
  to	
  the	
  observed	
  


patterns	
  of	
  expression.	
  	
  For	
  example,	
  although	
  Sp4	
  is	
  expressed	
  in	
  both	
  the	
  


neocortex	
  and	
  striatum	
  (Bergman	
  and	
  Levitt,	
  unpublished	
  observations),	
  Met	
  


transcript	
  is	
  only	
  observed	
  in	
  the	
  neocortex	
  (Judson	
  et	
  al.,	
  2009).	
  	
  Additionally,	
  Met	
  


is	
  expressed	
  in	
  a	
  layer-­‐specific	
  cortical	
  pattern,	
  with	
  the	
  highest	
  levels	
  in	
  supra-­‐	
  and	
  


infragranular	
  laminae.	
  	
  This	
  pattern	
  is	
  not	
  mimicked	
  by	
  Sp4	
  expression.	
  	
  	
  These	
  


discrepancies	
  likely	
  result	
  from	
  regional	
  differences	
  in	
  the	
  expression	
  of	
  other	
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regulatory	
  proteins	
  including	
  transcription	
  factors	
  and/or	
  chromatin	
  modifiers.	
  


This	
  type	
  of	
  mechanism	
  for	
  generating	
  cell-­‐specific	
  regulation	
  by	
  Sp4	
  has	
  been	
  


reported	
  in	
  other	
  systems.	
  	
  In	
  the	
  mouse	
  retina,	
  for	
  example,	
  Sp4	
  is	
  highly	
  expressed	
  


in	
  multiple	
  cell	
  types,	
  but	
  activates	
  rod	
  opsin	
  exclusively	
  in	
  the	
  photoreceptors.	
  	
  


Luciferase	
  assays	
  and	
  chromatin	
  immunoprecipitation	
  experiments	
  were	
  used	
  to	
  


demonstrate	
  that	
  the	
  photoreceptor-­‐specific	
  transcription	
  factor	
  Crx	
  can	
  synergize	
  


with	
  Sp4	
  to	
  increase	
  activation	
  of	
  the	
  opsin	
  promoter	
  (Furukawa	
  et	
  al.,	
  1997;	
  Lerner	
  


et	
  al.,	
  2005).	
  	
  Sp4	
  thus	
  plays	
  a	
  direct	
  role	
  in	
  cell-­‐specific	
  transactivation	
  of	
  the	
  


promoter	
  within	
  the	
  context	
  of	
  a	
  more	
  generalized	
  pattern	
  of	
  expression.	
  	
  Another	
  


mechanism	
  for	
  refining	
  Sp4-­‐mediated	
  regulation	
  of	
  downstream	
  targets	
  is	
  via	
  the	
  


stoichiometric	
  contribution	
  of	
  factors	
  binding	
  to	
  the	
  same	
  consensus	
  sequence	
  


(Kwon	
  et	
  al.,	
  1999;	
  Lerner	
  et	
  al.,	
  2005;	
  Ross	
  et	
  al.,	
  2002).	
  	
  Using	
  drosophila	
  SL2	
  cells,	
  


which	
  lack	
  endogenous	
  Sp-­‐factors,	
  Kwon	
  et	
  al.	
  (1999)	
  demonstrated	
  that	
  expression	
  


of	
  Sp1	
  drives	
  transcription	
  of	
  the	
  human	
  alcohol	
  dehydrogenase	
  5/formaldehyde	
  


dehydrogenase	
  (ALD5/FDH)	
  gene,	
  but	
  that	
  coexpression	
  of	
  Sp3	
  or	
  Sp4	
  prevents	
  this	
  


activation,	
  presumably	
  by	
  occupying	
  promoter	
  binding	
  sites.	
  	
  	
  In	
  a	
  parallel	
  fashion,	
  


Lerner	
  et	
  al.	
  (2005)	
  demonstrated	
  in	
  HEK	
  cells	
  that	
  Sp4	
  drives	
  expression	
  of	
  the	
  β-­‐


subunit	
  of	
  rod-­‐specific	
  cGMP-­‐phosphodiesterase	
  gene	
  (β-­PDE),	
  but	
  that	
  this	
  


activation	
  is	
  inhibited	
  by	
  co-­‐transfection	
  of	
  Sp1	
  or	
  Sp3	
  (but	
  not	
  additional	
  Sp4).	
  	
  


Although	
  Sp1	
  is	
  not	
  expressed	
  appreciably	
  in	
  the	
  P7	
  cortex,	
  given	
  that	
  many	
  


members	
  of	
  the	
  large	
  Sp/XKLF	
  family	
  of	
  transcription	
  factors	
  share	
  the	
  same	
  or	
  a	
  


similar	
  binding	
  sequence	
  (Hagen	
  et	
  al.,	
  1992;	
  Suske,	
  1999;	
  Wierstra,	
  2008),	
  it	
  is	
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conceivable	
  that	
  a	
  similar	
  mechanism	
  is	
  in	
  place	
  utilizing	
  one	
  or	
  more	
  of	
  these	
  


additional	
  proteins.	
  	
  


Investigators	
  using	
  human	
  cancer	
  cell	
  lines	
  have	
  identified	
  several	
  


transcription	
  factors	
  that	
  regulate	
  Met	
  expression,	
  including	
  the	
  androgen	
  receptor,	
  


Daxx,	
  TFE3,	
  and	
  others	
  (see	
  Chapter	
  I,	
  Table	
  1).	
  	
  Given	
  that	
  homology	
  between	
  the	
  


human	
  and	
  mouse	
  Met	
  promoters	
  is	
  nearly	
  70%,	
  it	
  is	
  likely	
  that	
  a	
  similar	
  subset	
  of	
  


transcription	
  factors	
  can	
  bind	
  the	
  mouse	
  promoter.	
  	
  Additional	
  studies	
  will	
  be	
  


necessary	
  to	
  determine	
  whether	
  these	
  factors	
  are	
  expressed	
  in	
  the	
  developing	
  


mouse	
  forebrain	
  and	
  bind	
  to	
  Met	
  in	
  that	
  context.	
  	
  	
  


	
  


Functional	
  implications	
  of	
  Sp4	
  as	
  a	
  Met-­regulating	
  transcription	
  factor	
  


	
   The	
  restricted	
  expression	
  of	
  Met	
  in	
  the	
  developing	
  forebrain	
  underscores	
  the	
  


need	
  for	
  exquisite	
  control	
  of	
  its	
  transcription,	
  and	
  implies	
  specific	
  roles	
  for	
  the	
  


receptor	
  during	
  development.	
  	
  As	
  a	
  Met-­‐regulating	
  transcription	
  factor,	
  Sp4	
  is	
  a	
  part	
  


of	
  the	
  network	
  of	
  proteins	
  responsible	
  for	
  establishing	
  Met	
  patterning.	
  	
  As	
  such,	
  it	
  is	
  


positioned	
  to	
  effect	
  changes	
  in	
  the	
  level,	
  timing,	
  and	
  location	
  of	
  Met	
  expression,	
  and	
  


in	
  so	
  doing,	
  may	
  give	
  rise	
  to	
  a	
  wide	
  array	
  of	
  downstream	
  consequences.	
  	
  Given	
  the	
  


peak	
  in	
  Met	
  expression	
  during	
  the	
  second	
  postnatal	
  week	
  in	
  the	
  mouse,	
  we	
  have	
  


suggested	
  that	
  the	
  protein	
  plays	
  a	
  prominent	
  role	
  in	
  terminal	
  field	
  ramification	
  of	
  


axons,	
  dendritic	
  and	
  spine	
  maturation	
  and	
  ultimately	
  synaptogenesis.	
  	
  	
  Moreover,	
  


we	
  predict	
  that	
  the	
  mediation	
  of	
  these	
  stereotyped	
  neurodevelopmental	
  events	
  will	
  


occur	
  particularly	
  in	
  the	
  formation	
  of	
  circuits	
  involved	
  in	
  socio-­‐emotional	
  


processing	
  and	
  memory,	
  based	
  on	
  the	
  localization	
  of	
  the	
  transcript	
  and	
  protein	
  to	
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classically	
  defined	
  limbic	
  structures,	
  and	
  trafficking	
  of	
  the	
  protein	
  product	
  to	
  their	
  


interconnecting	
  fiber	
  pathways	
  (Judson	
  et	
  al.,	
  2009).	
  	
  Mapping	
  of	
  MET	
  in	
  the	
  non-­‐


human	
  primate	
  indicates	
  conserved	
  expression	
  in	
  subcortical	
  limbic	
  structures,	
  but	
  


an	
  even	
  more	
  dramatic	
  restriction	
  to	
  neocortical	
  regions	
  involved	
  in	
  assigning	
  


emotional	
  valence	
  to	
  visual	
  stimuli,	
  including	
  faces	
  (Judson	
  et	
  al.,	
  2010a).	
  	
  Given	
  the	
  


importance	
  of	
  vision	
  for	
  social	
  interactions	
  in	
  primates,	
  this	
  differentially	
  regulated	
  


pattern	
  is	
  consistent	
  with	
  a	
  role	
  for	
  MET	
  in	
  impacting	
  ASD	
  risk.	
  


Perturbations	
  of	
  levels	
  of	
  Met	
  expression	
  –	
  temporally	
  or	
  spatially	
  –	
  are,	
  


therefore,	
  expected	
  to	
  result	
  in	
  altered	
  developmental	
  trajectories	
  and	
  forebrain	
  


connectivity.	
  While	
  studies	
  addressing	
  these	
  changes	
  are	
  ongoing,	
  initial	
  reports	
  


indicate	
  that	
  the	
  predictions	
  are	
  borne	
  out.	
  	
  For	
  example,	
  electrophysiological	
  


studies	
  in	
  our	
  laboratory	
  indicate	
  that	
  local	
  connectivity	
  between	
  superficial	
  and	
  


deep	
  layers	
  is	
  altered	
  following	
  constitutive	
  deletion	
  of	
  Met	
  (S.	
  Qiu,	
  C.	
  Anderson,	
  P.	
  


Levitt,	
  G.	
  Shepherd,	
  unpublished	
  observations).	
  


In	
  a	
  conditional	
  knockout	
  mouse	
  in	
  which	
  Met	
  is	
  effectively	
  removed	
  from	
  


neurons	
  derived	
  from	
  the	
  dorsal	
  pallium,	
  dendritic	
  architecture	
  is	
  affected,	
  


suggesting	
  consequent	
  alterations	
  in	
  forebrain	
  circuitry.	
  	
  Based	
  on	
  reconstructed	
  


dendritic	
  arbors	
  following	
  Lucifer	
  Yellow	
  injections,	
  Judson	
  et	
  al.	
  (2010b)	
  report	
  


that	
  the	
  dendrites	
  of	
  Met-­‐deficient	
  neurons	
  in	
  layer	
  5	
  neurons	
  of	
  the	
  anterior	
  


cingulate	
  cortex	
  sample	
  a	
  smaller	
  volume	
  of	
  cortical	
  space	
  relative	
  to	
  wild-­‐type	
  


neurons,	
  and	
  that	
  spine	
  head	
  diameter	
  is	
  increased	
  approximately	
  20%	
  in	
  layer	
  2/3	
  


neurons	
  from	
  the	
  same	
  cortical	
  region	
  (Judson	
  et	
  al.,	
  2010b).	
  	
  Further,	
  the	
  authors	
  


report	
  increased	
  dendritic	
  arbor	
  length	
  and	
  spine	
  head	
  volume	
  in	
  striatal	
  medium	
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spiny	
  neurons,	
  which	
  do	
  not	
  express	
  Met.	
  	
  These	
  data	
  imply	
  that	
  Met	
  disruption	
  


additionally	
  causes	
  cell-­‐nonautonomous	
  defects	
  in	
  wiring.	
  


The	
  observed	
  influence	
  of	
  Met	
  on	
  forebrain	
  circuit	
  formation	
  may,	
  in	
  the	
  


human,	
  predispose	
  to	
  disorders	
  of	
  altered	
  neural	
  connectivity,	
  including	
  ASD	
  or	
  


schizophrenia.	
  	
  Postmortem	
  analyses	
  reveal	
  that	
  individuals	
  with	
  autism	
  express	
  


less	
  Met	
  protein	
  in	
  the	
  superior	
  temporal	
  gyrus	
  compared	
  to	
  unaffected	
  controls.	
  	
  


While	
  this	
  association	
  is	
  correlative,	
  together	
  with	
  the	
  replicated	
  genetic	
  association	
  


studies	
  (Campbell	
  et	
  al.,	
  2008;	
  Campbell	
  et	
  al.,	
  2006;	
  Jackson	
  et	
  al.,	
  2009;	
  Sousa	
  et	
  al.,	
  


2009;	
  Thanseem	
  et	
  al.,	
  2010),	
  the	
  data	
  collectively	
  imply	
  a	
  relationship	
  between	
  


MET	
  disturbances	
  and	
  ASD,	
  and	
  suggest	
  that	
  altered	
  levels	
  of	
  MET	
  expression	
  might	
  


contribute	
  to	
  neuropathology.	
  	
  


The	
  Met	
  signaling	
  system	
  relies	
  on	
  precise	
  expression	
  of	
  the	
  receptor	
  during	
  


neurodevelopment.	
  	
  Changes	
  in	
  the	
  timing,	
  location,	
  or	
  intensity	
  of	
  expression	
  can	
  


affect	
  forebrain	
  connectivity	
  and	
  may	
  result	
  in	
  the	
  emergence	
  of	
  disorder.	
  	
  Because	
  


Sp4	
  acting	
  in	
  trans	
  on	
  the	
  Met	
  promoter	
  may	
  drive	
  altered	
  expression	
  in	
  each	
  of	
  


these	
  dimensions,	
  the	
  transcription	
  factor	
  itself	
  may	
  represent	
  a	
  point	
  of	
  


vulnerability	
  in	
  predisposing	
  to	
  aberrant	
  formation	
  of	
  neural	
  circuitry.	
  


	
  


Role	
  for	
  Sp4	
  in	
  neurodevelopmental	
  disorders	
  


Over	
  the	
  past	
  two	
  years,	
  genetic	
  studies	
  have	
  linked	
  Sp4	
  to	
  multiple	
  


neuropsychiatric	
  disorders	
  including	
  bipolar	
  disorder,	
  schizophrenia,	
  major	
  


depressive	
  disorder,	
  and	
  Alzheimer’s	
  disease(Boutillier	
  et	
  al.,	
  2007;	
  Shi	
  et	
  al.,	
  2010;	
  


Shyn	
  et	
  al.,	
  2009;	
  Tam	
  et	
  al.,	
  2010;	
  Zhou	
  et	
  al.,	
  2010;	
  Zhou	
  et	
  al.,	
  2009).	
  	
  This	
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convergence	
  is	
  not	
  surprising;	
  there	
  is	
  considerable	
  overlap	
  in	
  the	
  processes	
  that	
  


are	
  disrupted	
  in	
  neurodevelopmental	
  disorders,	
  including	
  those	
  that	
  have	
  adult	
  


onset	
  such	
  as	
  bipolar	
  and	
  schizophrenia	
  (Carroll	
  and	
  Owen,	
  2009;	
  Harrison	
  and	
  


Weinberger,	
  2005).	
  	
  The	
  nature	
  of	
  the	
  disruption	
  is	
  likely	
  to	
  vary	
  widely.	
  	
  Thus,	
  


factors	
  affecting	
  circuit	
  wiring	
  are	
  vulnerable	
  targets	
  in	
  predisposing	
  to	
  aberrant	
  


neurodevelopment	
  generally,	
  with	
  the	
  particular	
  disorder	
  or	
  phenotype	
  dependent	
  


on	
  the	
  parameters	
  of	
  the	
  insult.	
  	
  	
  For	
  example,	
  minicolumns,	
  considered	
  to	
  be	
  the	
  


fundamental	
  unit	
  of	
  neocortical	
  information	
  processing	
  (Mountcastle,	
  1997),	
  show	
  


pathology	
  in	
  multiple	
  disorders,	
  though	
  the	
  quality	
  of	
  this	
  pathology	
  is	
  disorder-­‐


dependent.	
  	
  Minicolumns	
  in	
  the	
  brains	
  of	
  dyslexic	
  individuals	
  are	
  wider	
  than	
  those	
  


in	
  brains	
  from	
  typically-­‐developed	
  individuals,	
  whereas	
  brains	
  from	
  subjects	
  


diagnosed	
  with	
  either	
  schizophrenia	
  or	
  ASD	
  have	
  narrower	
  minicolumns	
  


(Buxhoeveden	
  and	
  Casanova,	
  2002;	
  Casanova,	
  2006;	
  Casanova	
  et	
  al.,	
  2002).	
  	
  


Similarly,	
  an	
  identical	
  insult	
  can	
  result	
  in	
  different	
  pathology	
  depending	
  on	
  the	
  


location	
  or	
  timing	
  of	
  that	
  insult.	
  	
  The	
  impact	
  of	
  timing	
  on	
  neurological	
  phenotype	
  is	
  


illustrated	
  well	
  in	
  animal	
  models	
  by	
  in	
  utero	
  exposure	
  studies	
  with	
  the	
  viral	
  mimic,	
  


poly(dI-­‐dC).	
  	
  While	
  aberrant	
  development	
  is	
  evident	
  in	
  all	
  instances,	
  the	
  timing	
  of	
  


the	
  exposure	
  has	
  profound	
  implications	
  for	
  the	
  nature	
  of	
  the	
  phenotype.	
  	
  Exposure	
  


at	
  E9,	
  compared	
  to	
  E17,	
  results	
  in	
  vastly	
  different,	
  non-­‐overlapping,	
  deficits	
  in	
  the	
  


mature	
  mice:	
  impaired	
  sensorimotor	
  gating	
  in	
  those	
  exposed	
  during	
  early-­‐mid	
  


gestation	
  but	
  impaired	
  performance	
  on	
  working	
  memory	
  tasks	
  in	
  those	
  exposed	
  


during	
  late-­‐gestation(Fatemi,	
  2009;	
  Meyer	
  et	
  al.,	
  2008).	
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Context-­‐dependent	
  roles	
  for	
  Sp4	
  have	
  also	
  been	
  demonstrated.	
  	
  For	
  example,	
  


germline	
  deletion	
  of	
  Sp4	
  results	
  in	
  reduced	
  dendritic	
  branching	
  in	
  the	
  hippocampal	
  


dentate	
  gyrus	
  (Zhou	
  et	
  al.,	
  2007),	
  the	
  region	
  of	
  focus	
  of	
  their	
  study.	
  	
  siRNA-­‐mediated	
  


knockdown	
  of	
  Sp4	
  in	
  cerebellar	
  granule	
  neurons	
  results	
  in	
  exuberant	
  dendritic	
  


branching	
  (Ramos	
  et	
  al.,	
  2007).	
  	
  These	
  findings	
  suggest	
  that	
  Sp4	
  contributes	
  to	
  


promoting	
  dendritic	
  branching	
  in	
  one	
  system,	
  but	
  that	
  it	
  limits	
  branching	
  in	
  another,	
  


a	
  discrepancy	
  which	
  could	
  be	
  explained	
  by	
  several	
  mechanisms	
  including	
  1)	
  


differential	
  Sp4	
  target	
  activation/repression	
  owing	
  to	
  the	
  other	
  transcription	
  factors	
  


and	
  chromatin	
  modifiers	
  expressed	
  in	
  the	
  cells	
  under	
  consideration,	
  and	
  2)	
  


expression	
  of	
  other	
  proteins	
  that	
  interact	
  with	
  Sp4	
  targets	
  to	
  elicit	
  cellular	
  


consequences.	
  


We	
  suggest	
  that	
  Sp4	
  may	
  be	
  viewed	
  as	
  an	
  additional,	
  potential	
  contributor	
  to	
  


ASD	
  risk.	
  	
  Sp4	
  has	
  been	
  implicated	
  in	
  the	
  development	
  of	
  several	
  other	
  


neuropsychiatric	
  disorders,	
  many	
  of	
  which	
  share	
  features	
  with,	
  or	
  involve	
  


disruption	
  of,	
  phenotypic	
  dimensions	
  that	
  are	
  also	
  disrupted	
  in	
  ASD	
  (e.g.	
  prepulse	
  


inhibition	
  in	
  both	
  schizophrenia	
  and	
  ASD).	
  	
  Moreover,	
  as	
  a	
  regulator	
  of	
  Met,	
  Sp4	
  is	
  


primed	
  to	
  evoke	
  the	
  changes	
  in	
  expression	
  that	
  may	
  underlie	
  the	
  contribution	
  of	
  


MET	
  to	
  ASD	
  risk.	
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INTRODUCTION	
  


	
  


The	
  Met	
  receptor	
  tyrosine	
  kinase	
  is	
  expressed	
  in	
  the	
  developing	
  and	
  adult	
  


nervous	
  systems	
  and	
  based	
  on	
  in	
  vitro	
  and	
  in	
  vivo	
  studies,	
  has	
  the	
  potential	
  to	
  


mediate	
  a	
  variety	
  of	
  neurodevelopmental	
  and	
  neurophysiological	
  processes,	
  


including	
  peripheral	
  and	
  central	
  neuron	
  survival	
  (Hamanoue	
  et	
  al.,	
  1996;	
  Zhang	
  et	
  


al.,	
  2000)	
  and	
  migration	
  (Garzotto	
  et	
  al.,	
  2008;	
  Giacobini	
  et	
  al.,	
  2007;	
  Powell	
  et	
  al.,	
  


2001),	
  axon	
  guidance	
  (Caton	
  et	
  al.,	
  2000;	
  Ebens	
  et	
  al.,	
  1996;	
  Powell	
  et	
  al.,	
  2001),	
  


dendritic	
  arborization(Gutierrez	
  et	
  al.,	
  2004;	
  Judson	
  et	
  al.,	
  2010;	
  Lim	
  and	
  Walikonis,	
  


2008),	
  and	
  spine	
  and	
  synapse	
  maturation	
  and	
  activity(Akimoto	
  et	
  al.,	
  2004;	
  Judson	
  


et	
  al.,	
  2010;	
  Tyndall	
  et	
  al.,	
  2007;	
  Tyndall	
  and	
  Walikonis,	
  2006).	
  	
  Detailed	
  mapping	
  


analysis	
  of	
  the	
  Met	
  transcript	
  in	
  the	
  developing	
  mouse	
  forebrain	
  reveals	
  remarkably	
  


restricted	
  patterns	
  of	
  expression	
  in	
  both	
  the	
  spatial	
  and	
  temporal	
  domains	
  (Judson	
  


et	
  al.,	
  2009),	
  implying	
  both	
  tight	
  regulation	
  of	
  transcription	
  and	
  specific	
  function	
  for	
  


the	
  protein	
  product.	
  	
  Temporally,	
  Met	
  levels	
  peak	
  dramatically	
  during	
  the	
  first	
  two	
  


postnatal	
  weeks,	
  suggesting	
  a	
  role	
  for	
  the	
  protein	
  in	
  neurite	
  outgrowth	
  and	
  synapse	
  


formation.	
  	
  Localization	
  of	
  the	
  transcript	
  to	
  projection	
  neurons	
  within	
  the	
  neocortex	
  


and	
  specific	
  limbic	
  structures	
  suggests	
  that	
  it	
  is	
  involved	
  in	
  establishing	
  connectivity	
  


between	
  these	
  structures.	
  	
  In	
  fact,	
  a	
  recent	
  study	
  in	
  which	
  Met	
  is	
  deleted	
  selectively	
  


form	
  neocortical	
  neurons	
  reports	
  selective	
  effects	
  on	
  dendritic	
  arborization	
  and	
  


spine	
  head	
  volume	
  of	
  intrinsic	
  pyramidal	
  neurons	
  and	
  postsynaptic	
  medium	
  spiny	
  


striatal	
  neurons(Judson	
  et	
  al.,	
  2010).	
  	
  Consequently,	
  deviations	
  in	
  the	
  regulated	
  


expression	
  of	
  Met	
  may	
  predispose	
  to	
  alterations	
  in	
  the	
  formation	
  and	
  functioning	
  of	
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these	
  circuits.	
  	
  	
  Although	
  several	
  transcription	
  factors	
  have	
  been	
  identified	
  that	
  


regulate	
  Met	
  in	
  vitro	
  (see	
  Chapter	
  I,	
  Table	
  1),	
  mostly	
  using	
  cancer	
  cell	
  lines,	
  the	
  


complement	
  of	
  transcription	
  factors	
  controlling	
  its	
  expression	
  in	
  the	
  nervous	
  


system	
  is	
  poorly	
  understood.	
  Yet	
  knowledge	
  of	
  these	
  regulatory	
  factors	
  is	
  critical	
  to	
  


understanding	
  how	
  Met	
  expression	
  patterns	
  are	
  established	
  in	
  vivo,	
  and	
  gives	
  


insight	
  into	
  sources	
  of	
  vulnerability	
  to	
  aberrant	
  circuit	
  patterning.	
  	
  This	
  is	
  


particularly	
  relevant	
  in	
  the	
  context	
  of	
  recent	
  studies	
  of	
  neurodevelopmental	
  


disorders.	
  	
  Three	
  different	
  alleles	
  in	
  the	
  5’-­‐regulatory	
  region	
  of	
  the	
  human	
  ortholog,	
  


MET,	
  increase	
  risk	
  for	
  Autism	
  Spectrum	
  Disorder	
  (ASD)	
  (Campbell	
  et	
  al.,	
  2008;	
  


Campbell	
  et	
  al.,	
  2006;	
  Jackson	
  et	
  al.,	
  2009;	
  Sousa	
  et	
  al.,	
  2009;	
  Thanseem	
  et	
  al.,	
  2010),	
  


and	
  there	
  is	
  a	
  reduction	
  in	
  MET	
  protein	
  expression	
  in	
  postmortem	
  brain	
  tissue	
  from	
  


subjects	
  with	
  ASD	
  (Campbell	
  et	
  al.,	
  2007).	
  


We	
  sought	
  a	
  method	
  for	
  identifying	
  a	
  set	
  of	
  candidate	
  DNA-­‐binding	
  proteins	
  


potentially	
  involved	
  in	
  regulating	
  Met	
  transcription.	
  	
  One	
  initial	
  approach	
  utilized	
  


commercially	
  available	
  transcription	
  factor	
  protein	
  arrays	
  in	
  which	
  transcription	
  


factors	
  are	
  spotted	
  onto	
  a	
  PVDF	
  membrane	
  and	
  incubated	
  with	
  oligonucleotides	
  


corresponding	
  to	
  the	
  Met	
  promoter	
  sequence.	
  	
  This	
  technique	
  is	
  limited	
  by	
  the	
  


number	
  of	
  transcription	
  factors	
  contained	
  on	
  the	
  array.	
  	
  Also,	
  given	
  that,	
  in	
  vivo,	
  


many	
  protein-­‐DNA	
  interactions	
  require	
  the	
  presence	
  of	
  additional	
  protein	
  co-­‐


factors,	
  there	
  is	
  a	
  significant	
  risk	
  for	
  false	
  negative	
  results.	
  	
  A	
  second	
  approach	
  


employed	
  online	
  databases	
  of	
  transcription	
  factor	
  binding	
  sites,	
  which	
  scan	
  the	
  


promoter	
  of	
  interest	
  for	
  similarity.	
  	
  This	
  technique	
  has	
  successfully	
  identified	
  gene	
  


regulators	
  (Liu	
  et	
  al.,	
  2008),	
  but	
  it,	
  too,	
  carries	
  disadvantages.	
  	
  As	
  with	
  the	
  protein	
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array,	
  it	
  is	
  limited	
  by	
  coverage,	
  in	
  this	
  case	
  to	
  transcription	
  factors	
  with	
  known	
  


binding	
  sites.	
  	
  Moreover,	
  this	
  technique	
  cannot	
  account	
  for	
  co-­‐factors	
  required	
  to	
  


promote	
  binding	
  and	
  transcriptional	
  control.	
  	
  This	
  method,	
  however,	
  is	
  more	
  prone	
  


to	
  false	
  positive	
  results	
  due	
  to	
  co-­‐factor	
  stipulations	
  (i.e.	
  a	
  protein	
  is	
  identified	
  based	
  


on	
  a	
  predicted	
  binding	
  site	
  match,	
  but	
  its	
  requisite	
  co-­‐factor	
  is	
  not	
  expressed	
  in	
  


vivo).	
  	
  Additionally,	
  the	
  degree	
  of	
  discrepancy	
  permitted	
  between	
  consensus	
  binding	
  


site	
  and	
  actual	
  sequence	
  is	
  not	
  always	
  well	
  understood,	
  rendering	
  sequence-­‐specific	
  


predictions	
  more	
  difficult.	
  


Ultimately,	
  we	
  employed	
  a	
  combination	
  DNA	
  affinity	
  column-­‐mass	
  


spectrometry	
  (MS)	
  approach.	
  	
  	
  Following	
  a	
  pull-­‐down	
  experiment	
  in	
  which	
  nuclear	
  


extract	
  harvested	
  from	
  postnatal	
  day	
  (P)7	
  cortical	
  tissue	
  was	
  incubated	
  with	
  


oligonucleotides	
  corresponding	
  to	
  Met	
  promoter	
  sequence,	
  candidate	
  binding-­‐


proteins	
  were	
  collected	
  and	
  identified	
  by	
  MS.	
  	
  Using	
  the	
  pull-­‐down-­‐mass	
  


spectrometry	
  combination,	
  we	
  identified	
  200	
  unique	
  proteins,	
  a	
  subset	
  of	
  which	
  


may	
  be	
  part	
  of	
  a	
  Met	
  promoter-­‐binding	
  complex.	
  	
  We	
  discuss	
  here	
  the	
  validity	
  of	
  the	
  


approach,	
  and	
  the	
  identified	
  proteins	
  we	
  hypothesize	
  may	
  be	
  veritable	
  Met	
  


regulators.	
  	
  


	
  


MATERIALS	
  AND	
  METHODS	
  


	
  


Mice	
  and	
  Tissue	
  Collection	
  


C57Bl/6J	
  mice	
  were	
  purchased	
  from	
  Charles	
  River	
  Laboratories	
  


(Wilmington,	
  MA).	
  	
  All	
  research	
  procedures	
  using	
  mice	
  conformed	
  to	
  NIH	
  guidelines	
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and	
  were	
  approved	
  by	
  the	
  Institutional	
  Animal	
  Care	
  and	
  Use	
  Committee	
  at	
  


University	
  of	
  Southern	
  California.	
  	
  Animals	
  were	
  housed	
  on	
  a	
  12	
  hour	
  light/dark	
  


cycle	
  with	
  full	
  access	
  to	
  food	
  and	
  water.	
  	
  Efforts	
  were	
  made	
  to	
  minimize	
  animal	
  


suffering	
  and	
  to	
  reduce	
  the	
  number	
  of	
  animals	
  used.	
  	
  	
  


	
   Postnatal	
  day	
  (P)	
  7	
  mice	
  were	
  used	
  for	
  this	
  study.	
  	
  At	
  this	
  time,	
  Met	
  gene	
  


expression	
  is	
  very	
  high	
  (Judson	
  et	
  al.,	
  2009).	
  	
  To	
  harvest	
  brains,	
  P7	
  mice	
  were	
  


anesthetized	
  with	
  isofluorane	
  prior	
  to	
  decapitation	
  and	
  brain	
  removal.	
  	
  Harvested	
  


brains	
  were	
  immediately	
  immersed	
  in	
  ice-­‐cold	
  Hanks’	
  balanced	
  salt	
  solution	
  (Sigma,	
  


St.	
  Louis,	
  MO)	
  with	
  the	
  aid	
  of	
  an	
  MZ-­‐6	
  stereozoom	
  microscope	
  (Leica).	
  	
  The	
  cerebral	
  


cortex	
  from	
  each	
  hemisphere	
  was	
  rapidly	
  dissected	
  and	
  weighed.	
  	
  Nuclear	
  extracts	
  


were	
  prepared	
  immediately.	
  	
  	
  


	
  


Nuclear	
  extract	
  preparation	
  


	
   The	
  following	
  protocol	
  was	
  modified	
  from	
  a	
  number	
  of	
  previously	
  published	
  


methods	
  (Dignam	
  et	
  al.,	
  1983;	
  Dobi	
  et	
  al.,	
  1997;	
  Lewis	
  and	
  Konradi,	
  1996).	
  	
  


Following	
  dissection,	
  tissue	
  was	
  immediately	
  homogenized	
  in	
  800	
  ul	
  ice-­‐cold	
  PBS	
  


with	
  fresh	
  protease	
  inhibitor	
  cocktail	
  (P8340;	
  Sigma,	
  St.	
  Louis,	
  MO)	
  using	
  a	
  glass	
  


tissue	
  homogenizer	
  (Wheaton,	
  Millvale,	
  NJ).	
  	
  The	
  homogenate	
  was	
  spun	
  at	
  1500g	
  for	
  


5	
  minutes	
  at	
  4oC,	
  and	
  supernatant	
  was	
  removed.	
  	
  The	
  pellet	
  was	
  resuspended	
  in	
  


Buffer	
  A	
  (10mM	
  HEPES	
  pH	
  7.9;	
  1.5	
  mM	
  MgCl2;	
  10mM	
  KCl	
  with	
  fresh	
  0.5	
  mM	
  DTT	
  


and	
  protease	
  inhibitor	
  cocktail).	
  	
  The	
  volume	
  of	
  buffer	
  A	
  was	
  approximately	
  10-­‐fold	
  


over	
  PCV.	
  	
  After	
  buffer	
  addition,	
  samples	
  were	
  vortexed	
  for	
  15	
  seconds	
  and	
  


incubated	
  on	
  ice	
  for	
  10	
  minutes.	
  NP-­‐40	
  was	
  added	
  to	
  each	
  sample	
  for	
  a	
  final	
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concentration	
  0.55%,	
  and	
  samples	
  were	
  vortexed	
  for	
  5	
  seconds,	
  incubated	
  on	
  ice	
  for	
  


1	
  minute,	
  vortexed	
  an	
  additional	
  5	
  seconds,	
  and	
  centrifuged	
  at	
  16,000	
  g	
  for	
  5	
  


minutes	
  at	
  4oC.	
  	
  The	
  supernatant	
  (cytoplasmic	
  fraction)	
  was	
  discarded,	
  and	
  the	
  


nuclear	
  pellet	
  was	
  resuspended	
  in	
  Buffer	
  C	
  (20	
  mM	
  HEPES	
  pH	
  7.9;	
  0.42	
  M	
  NaCl;	
  1.5	
  


mM	
  MgCl2;	
  0.2	
  mM	
  EDTA;	
  25%	
  glycerol	
  with	
  fresh	
  protease	
  inhibitor	
  cocktail),	
  


using	
  a	
  volume	
  equal	
  to	
  approximately	
  ¼	
  of	
  the	
  volume	
  of	
  buffer	
  A.	
  	
  Samples	
  were	
  


vortexed	
  for	
  15	
  seconds	
  and	
  then	
  incubated	
  on	
  ice	
  for	
  approximately	
  40	
  minutes,	
  


with	
  vortexing	
  every	
  10	
  minutes.	
  	
  Samples	
  were	
  then	
  centrifuged	
  at	
  16,000g	
  for	
  10	
  


minutes	
  at	
  4oC.	
  	
  Supernatants	
  were	
  collected,	
  DTT	
  added	
  for	
  final	
  concentration	
  


0.5mM,	
  and	
  stored	
  at	
  -­‐80oC.	
  


	
  


Streptavidin-­pulldown	
  assays	
  


	
   Dynabeads	
  MyOne	
  Streptavidin	
  T1	
  superparamagnetic	
  beads	
  with	
  a	
  surface	
  


streptavidin	
  monolayer	
  (Invitrogen,	
  	
  Carlsbad,	
  CA)	
  were	
  used.	
  	
  Beads	
  (375	
  ug)	
  were	
  


combined	
  in	
  1.5	
  ml	
  tubes	
  with	
  100ul	
  1X	
  binding	
  and	
  washing	
  (B&W)	
  buffer	
  (5	
  mM	
  


Tris-­‐HCl	
  (pH	
  7.5),	
  0.5	
  mM	
  EDTA,	
  1M	
  NaCl,	
  0.1%	
  Tween-­‐20).	
  	
  Tubes	
  were	
  placed	
  on	
  a	
  


magnetic	
  strip	
  (New	
  England	
  Biolabs,	
  Ipswich,	
  MA),	
  and	
  supernatant	
  was	
  removed.	
  	
  


Beads	
  were	
  then	
  washed	
  three	
  times	
  with	
  1X	
  B&W	
  buffer	
  and	
  resuspended	
  in	
  200	
  


ul	
  2X	
  B&W	
  buffer.	
  	
  5’-­‐biotinylated	
  probes	
  (10-­‐50pmol	
  in	
  200ul	
  water)	
  were	
  added	
  


to	
  the	
  beads	
  and	
  incubated	
  at	
  room	
  temperature	
  for	
  30	
  minutes	
  with	
  end-­‐over-­‐end	
  


rotation.	
  	
  After	
  rotation,	
  tubes	
  were	
  placed	
  on	
  a	
  magnetic	
  strip	
  to	
  allow	
  removal	
  of	
  


unbound	
  probe.	
  	
  Beads	
  were	
  then	
  washed	
  twice	
  with	
  1X	
  B&W	
  buffer	
  and	
  once	
  with	
  


Buffer	
  C-­‐150	
  (20	
  mM	
  HEPES	
  pH	
  7.9;	
  0.15	
  M	
  NaCl;	
  1.5	
  mM	
  MgCl2;	
  0.2	
  mM	
  EDTA;	
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25%	
  glycerol)	
  with	
  0.1%	
  Tween-­‐20,	
  followed	
  by	
  resuspension	
  in	
  400ug	
  nuclear	
  


extract	
  in	
  Buffer	
  C-­‐150	
  with	
  0.1%tween.	
  	
  Beads	
  and	
  protein	
  were	
  then	
  incubated	
  at	
  


room	
  temperature	
  for	
  30	
  minutes	
  with	
  end-­‐over-­‐end	
  rotation.	
  	
  After	
  rotation,	
  tubes	
  


were	
  placed	
  on	
  a	
  magnetic	
  strip	
  to	
  facilitate	
  removal	
  of	
  unbound	
  protein.	
  	
  Beads	
  


were	
  then	
  watched	
  4	
  times	
  with	
  Buffer	
  C-­‐150	
  with	
  0.1%	
  Tween-­‐20.	
  	
  Contents	
  were	
  


transferred	
  to	
  clean	
  tubes	
  at	
  the	
  fourth	
  wash	
  to	
  reduce	
  protein	
  leeching.	
  	
  Bound	
  


proteins	
  were	
  eluted	
  in	
  10	
  mM	
  EDTA	
  with	
  95%	
  formamide	
  at	
  90oC	
  for	
  10	
  minutes	
  


and	
  collected	
  off	
  of	
  the	
  beads	
  using	
  the	
  magnetic	
  strip.	
  	
  	
  


	
  


Silver	
  staining	
  


	
   Protein	
  eluates	
  were	
  fractionated	
  by	
  SDS-­‐PAGE,	
  and	
  silver	
  staining	
  was	
  


performed	
  using	
  the	
  ProteoSilver™	
  Plus	
  Silver	
  Stain	
  Kit	
  (Sigma	
  Aldrich,	
  St.	
  Louis,	
  


MO)	
  according	
  to	
  the	
  manufacturer’s	
  instructions.	
  


	
  


Trypsin	
  Digestion	
  


	
   Following	
  removal	
  of	
  glycerol	
  or	
  formamide	
  from	
  the	
  sample,	
  the	
  protein	
  


pellet	
  to	
  be	
  analyzed	
  was	
  resuspended	
  in	
  3M	
  guanidine	
  hydrochloride	
  (GuHCl)	
  in	
  


100mM	
  ammonium	
  bicarbonate,	
  1%	
  m/v	
  n-­‐octyl	
  glucoside.	
  	
  	
  Proteins	
  were	
  reduced	
  


by	
  addition	
  of	
  DTT	
  to	
  final	
  concentration	
  25	
  mM,	
  and	
  incubation	
  at	
  65oC	
  for	
  one	
  


hour	
  and	
  subsequently	
  alkylated	
  by	
  addition	
  of	
  iodoacetamide	
  to	
  final	
  concentration	
  


64	
  mM	
  with	
  incubation	
  at	
  room	
  temperature	
  for	
  45	
  minutes,	
  without	
  light.	
  	
  GuHCl	
  


concentration	
  was	
  reduced	
  to	
  1M	
  by	
  addition	
  of	
  100mM	
  ammonium	
  bicarbonate.	
  	
  


Samples	
  were	
  digested	
  by	
  addition	
  of	
  sequencing	
  grade	
  trypsin	
  (Promega,	
  Madison,	
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WI)	
  with	
  a	
  50:1	
  (m/m)	
  ratio	
  and	
  incubation	
  at	
  37oC	
  with	
  rotation	
  for	
  16	
  hours.	
  	
  The	
  


digestion	
  was	
  quenched	
  by	
  addition	
  of	
  10%	
  (v/v)	
  glacial	
  acetic	
  acid.	
  	
  Digested	
  


samples	
  were	
  dried	
  down	
  in	
  vacuum	
  centrifuge	
  overnight,	
  and	
  resuspended	
  in	
  mass	
  


spectrometry	
  grade	
  water.	
  


	
   	
  


Mass	
  Spectrometry	
  


Following	
  trypsin	
  digestion,	
  each	
  pulldown’s	
  eluted	
  fraction	
  was	
  individually	
  


analyzed	
  by	
  LC-­‐MS/MS	
  (liquid	
  chromatography	
  MS/MS)	
  in	
  a	
  LTQ-­‐FTICR	
  or	
  LTQ-­‐


ORBITRAP	
  mass	
  spectrometer	
  (Thermo-­‐Finnigan,	
  Waltham,	
  MA)	
  coupled	
  to	
  a	
  


nanoflow	
  chromatography	
  system	
  (Eksigent,	
  Dublin,	
  CA)	
  using	
  a	
  25-­‐cm	
  column	
  


(Picofrit	
  75	
  µm	
  ID,	
  New	
  Objectives,	
  Woburn,	
  MA)	
  packed	
  in-­‐house	
  with	
  MagicC18	
  


resin	
  (Michrome	
  Bioresources,	
  Auburn,	
  CA)	
  over	
  a	
  90	
  minute	
  linear	
  gradient.	
  	
  


Acquired	
  data	
  was	
  automatically	
  processed	
  by	
  the	
  Computational	
  Proteomics	
  


Analysis	
  System	
  V8.2	
  –	
  CPAS	
  (33).	
  	
  The	
  tandem	
  mass	
  spectra	
  were	
  searched	
  against	
  


version	
  3.62	
  of	
  the	
  mouse	
  IPI	
  database	
  (47,692	
  protein	
  entries)	
  with	
  X!Tandem	
  


(2005.12.01).	
  	
  The	
  mass	
  tolerance	
  for	
  precursor	
  ions	
  was	
  set	
  to	
  1.5	
  Daltons.	
  	
  The	
  


mass	
  tolerance	
  for	
  fragment	
  ions	
  was	
  set	
  to	
  0.5	
  Daltons.	
  	
  All	
  identifications	
  with	
  a	
  


PeptideProphet	
  probability	
  greater	
  than	
  0.75	
  were	
  submitted	
  to	
  ProteinProphet	
  and	
  


the	
  subsequent	
  protein	
  identifications	
  were	
  filtered	
  at	
  a	
  1%	
  error	
  rate	
  with	
  tryptic	
  


fragments	
  (1	
  missed	
  cleavage),	
  with	
  allowance	
  for	
  fixed	
  modification	
  on	
  C	
  =	
  57.021	
  


and	
  variable	
  modifications	
  on	
  C	
  =	
  -­‐17.027,	
  	
  E	
  =	
  -­‐18.011,	
  K	
  =	
  6.020,	
  M=	
  15.995,	
  and	
  Q	
  


=	
  -­‐17.027	
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RESULTS	
  


	
  


DNA	
  oligonucleotide	
  probe	
  design	
  


To	
  identify	
  proteins	
  binding	
  either	
  directly	
  or	
  in	
  a	
  complex	
  to	
  the	
  5’-­‐Met	
  


promoter,	
  we	
  employed	
  streptavidin-­‐pulldown	
  assays	
  in	
  which	
  nuclear	
  protein	
  is	
  


incubated	
  with	
  5’-­‐biotinylated,	
  double-­‐stranded	
  DNA	
  tethered	
  to	
  streptavidin-­‐


coated	
  magnetic	
  beads.	
  We	
  generated	
  two	
  sets	
  of	
  Met	
  promoter	
  probes	
  to	
  use	
  as	
  


bait	
  in	
  this	
  experiment:	
  one	
  set	
  was	
  created	
  by	
  PCR-­‐mediated	
  amplification	
  of	
  


genomic	
  DNA,	
  and	
  the	
  other	
  set	
  was	
  synthetic.	
  	
  Because	
  cis-­‐regulatory	
  regions	
  have	
  


been	
  identified	
  up	
  to	
  tens	
  of	
  kilobases	
  upstream	
  of	
  (Clark	
  et	
  al.,	
  2006;	
  Galli	
  et	
  al.,	
  


2008)	
  and	
  within	
  introns	
  downstream	
  of	
  the	
  transcription	
  start	
  site	
  (TSS)	
  (Kleinjan	
  


and	
  van	
  Heyningen,	
  2005;	
  Lettice	
  et	
  al.,	
  2003),	
  it	
  is	
  not	
  possible	
  to	
  scan	
  the	
  entire	
  


putative	
  regulatory	
  region	
  for	
  transcription	
  factor	
  binding	
  with	
  this	
  technique.	
  	
  We	
  


narrowed	
  our	
  search	
  based	
  on	
  the	
  assumption	
  that	
  approximately	
  60-­‐75%	
  of	
  


mammalian	
  gene	
  promoters	
  are	
  located	
  within	
  CpG	
  islands	
  (Bird,	
  2002;	
  Sharma	
  et	
  


al.,	
  2010).	
  	
  We	
  used	
  the	
  UCSC	
  Genome	
  Browser	
  (http://ucsc.genome.edu)	
  to	
  identify	
  


CpG	
  islands	
  proximal	
  to	
  the	
  Met	
  TSS,	
  and	
  were	
  certain	
  to	
  include	
  the	
  island	
  


extending	
  from	
  -­‐568	
  to	
  +206	
  in	
  our	
  analysis.	
  


We	
  used	
  Primer3	
  (http://frodo.wi.mit.edu/primer3/)	
  to	
  design	
  primers	
  for	
  


amplifying	
  four	
  overlapping	
  amplicons	
  that,	
  in	
  sum,	
  extended	
  771	
  bp	
  upstream	
  and	
  


338	
  bp	
  downstream	
  of	
  the	
  TSS.	
  	
  	
  We	
  constrained	
  the	
  size	
  of	
  our	
  DNA	
  probes	
  to	
  


400bp	
  each,	
  based	
  on	
  previous	
  reports	
  using	
  this	
  technique	
  (Deng	
  et	
  al.,	
  2003;	
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Stauff	
  et	
  al.,	
  2007;	
  Szemes	
  et	
  al.,	
  2006).	
  	
  Because	
  of	
  the	
  high	
  GC	
  content	
  in	
  this	
  


genomic	
  region,	
  there	
  were	
  a	
  limited	
  number	
  of	
  sites	
  that	
  were	
  amenable	
  to	
  priming	
  


for	
  PCR.	
  	
  As	
  a	
  result,	
  the	
  probes	
  we	
  designed	
  were	
  of	
  non-­‐uniform	
  length.	
  	
  The	
  


oligonucleotides	
  synthesized	
  by	
  the	
  company	
  were	
  limited	
  to	
  200bp,	
  but	
  were	
  less	
  


restricted	
  in	
  location,	
  and	
  as	
  a	
  result,	
  each	
  was	
  200bp	
  in	
  length,	
  and	
  overlapped	
  


25bp	
  each	
  with	
  the	
  upstream	
  and	
  downstream	
  synthetic	
  probes.	
  	
  Five	
  probes,	
  


extending	
  from	
  -­‐695bp	
  upstream	
  of	
  the	
  TSS	
  through	
  225bp	
  downstream	
  of	
  it	
  were	
  


designed,	
  but	
  due	
  to	
  the	
  guanine	
  tetraplex	
  “knot”	
  often	
  formed	
  when	
  synthesizing	
  


strings	
  of	
  greater	
  than	
  four	
  G’s,	
  (Poon	
  and	
  Macgregor,	
  1998),	
  one	
  of	
  the	
  probes	
  was	
  


not	
  synthesizable.	
  	
  Details	
  of	
  the	
  probes	
  are	
  found	
  in	
  Figure	
  1	
  and	
  Table	
  1.	
  


	
  


Figure	
  1.	
  	
  Location	
  of	
  oligonucleotide	
  probes	
  used	
  in	
  streptavidin-­pulldown	
  assays.	
  	
  
The	
  black	
  line	
  represents	
  mouse	
  Met	
  DNA	
  sequence,	
  and	
  the	
  transcription	
  start	
  site	
  is	
  
indicated	
  by	
  the	
  TSS	
  designation.	
  	
  The	
  probes	
  designated	
  “PCR”	
  represent	
  amplicons	
  
generated	
  by	
  PCR,	
  whereas	
  the	
  probes	
  labeled,	
  “IDT”	
  represent	
  synthetic	
  ultramers.	
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Table	
  1:	
  Positional	
  location	
  of	
  oligonucleotide	
  probes	
  used	
  in	
  streptavidin-­
pulldown	
  experiments.	
  	
  Positions	
  are	
  based	
  on	
  the	
  mouse	
  Met	
  promoter	
  sequence,	
  
relative	
  to	
  the	
  transcription	
  start	
  site	
  (TSS).	
  
	
  
	
  


Streptavidin-­pulldown	
  experiments	
  are	
  compatible	
  with	
  mass	
  spectrometric	
  
identification	
  approaches	
  
	
  
	
   Before	
  pursuing	
  a	
  large-­‐scale	
  mass	
  spectrometric	
  (MS)	
  analysis,	
  we	
  aimed	
  to	
  


establish	
  that	
  our	
  experimental	
  paradigm	
  was	
  suited	
  for	
  such	
  a	
  discovery	
  approach.	
  	
  


First,	
  we	
  demonstrated	
  that	
  the	
  streptavidin-­‐pulldown	
  experiments	
  could	
  


differentiate	
  proteins	
  binding	
  to	
  individual	
  regions	
  of	
  the	
  Met	
  promoter.	
  	
  Using	
  


nuclear	
  extract	
  obtained	
  from	
  P7	
  mouse	
  cortex	
  as	
  prey	
  and	
  DNA	
  oligonucleotides	
  


representing	
  the	
  mouse	
  Met	
  promoter	
  as	
  bait,	
  we	
  allowed	
  in	
  vitro	
  binding	
  as	
  


described	
  in	
  Materials	
  and	
  Methods.	
  	
  We	
  ran	
  the	
  eluted	
  fractions	
  on	
  polyacrylamide	
  


gels	
  and	
  used	
  silver	
  staining	
  to	
  visualize	
  nonspecifically	
  the	
  eluted	
  proteins,	
  which	
  


had	
  formed	
  DNA-­‐binding	
  complexes	
  with	
  the	
  Met	
  probes.	
  	
  The	
  silver	
  stains	
  showed	
  


that	
  each	
  probe	
  was	
  capable	
  of	
  capturing	
  multiple	
  proteins	
  from	
  within	
  the	
  nuclear	
  


extract	
  (Fig.	
  2).	
  	
  Additionally,	
  at	
  a	
  qualitative	
  level,	
  protein	
  binding	
  to	
  the	
  probes	
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appeared	
  to	
  be	
  sequence-­‐specific,	
  as	
  the	
  banding	
  patterns	
  and	
  band	
  intensities	
  


differed	
  depending	
  on	
  the	
  probe	
  that	
  was	
  used	
  (Fig.	
  2).	
  	
  


	
  


Figure	
  2:	
  	
  Silver	
  stain	
  of	
  protein	
  eluted	
  following	
  streptavidin-­pulldown	
  
experiments	
  with	
  indicated	
  oligonucleotide	
  probe.	
  	
  Incubation	
  with	
  each	
  of	
  the	
  
probes	
  results	
  in	
  the	
  capture	
  of	
  multiple	
  proteins	
  from	
  the	
  input	
  nuclear	
  extract.	
  	
  
Qualitatively,	
  the	
  banding	
  patterns	
  and	
  band	
  intensities	
  differ	
  depending	
  on	
  the	
  
probe	
  that	
  was	
  used.	
  
	
  


	
   MS	
  analysis	
  requires	
  that	
  the	
  proteins	
  being	
  identified	
  first	
  undergo	
  tryptic	
  


digestion	
  into	
  their	
  component	
  peptides.	
  	
  In	
  the	
  final	
  step	
  of	
  our	
  pulldown	
  approach,	
  


the	
  proteins	
  of	
  interest	
  were	
  eluted	
  with	
  95%	
  formamide	
  in	
  10mM	
  EDTA.	
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Formamide	
  is	
  not	
  a	
  standard	
  buffer	
  for	
  trypsinization,	
  and	
  we	
  demonstrated	
  by	
  


silver	
  stain	
  that	
  it	
  inhibits	
  the	
  digestion	
  process	
  (Fig.	
  3;	
  compare	
  lanes	
  1	
  and	
  2).	
  	
  


Removal	
  of	
  formamide	
  by	
  acetone	
  precipitation	
  was	
  successful	
  and	
  allowed	
  


subsequent	
  tryptic	
  digestion	
  (Fig.	
  3;	
  compare	
  lanes	
  2	
  and	
  4).	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  


	
  


	
  


Figure	
  3.	
  	
  Silver	
  stain	
  to	
  assess	
  tryptic	
  digestion.	
  	
  Bovine	
  serum	
  albumin	
  was	
  
resuspended	
  in	
  indicated	
  diluent.	
  	
  Samples	
  were	
  precipitated	
  with	
  acetone	
  and	
  
resuspended	
  in	
  PBS.	
  	
  All	
  samples	
  were	
  reduced,	
  alkylated,	
  and	
  digested	
  with	
  trypsin.	
  	
  
The	
  presence	
  of	
  higher	
  order	
  species	
  (lane	
  2)	
  indicates	
  incomplete	
  digestion	
  in	
  the	
  
presence	
  of	
  formamide.	
  	
  Removal	
  of	
  the	
  formamide	
  by	
  acetone	
  precipitation	
  (lane	
  4)	
  
significantly	
  improves	
  the	
  extent	
  of	
  digestion.	
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Summary	
  of	
  Mass	
  Spectrometric	
  Results	
  	
   	
  


Mass	
  spectrometric	
  analysis	
  of	
  the	
  tryptic	
  fragments	
  of	
  the	
  eluted	
  proteins	
  


yielded	
  200	
  unique	
  identifications.	
  	
  We	
  utilized	
  the	
  Database	
  for	
  Annotation,	
  


Visualization	
  and	
  Integrated	
  Discovery	
  (DAVID)	
  to	
  assign	
  Gene	
  Ontology	
  (GO)	
  


“Biological	
  Process”	
  categories	
  to	
  each	
  of	
  these	
  proteins.	
  	
  Forty	
  three	
  proteins	
  were	
  


absent	
  from	
  the	
  DAVID	
  database,	
  and	
  therefore	
  excluded	
  from	
  further	
  analysis.	
  	
  


These	
  proteins	
  were	
  all	
  either	
  predicted	
  genes	
  or	
  genes	
  that	
  do	
  not	
  yet	
  have	
  an	
  


official	
  symbol,	
  with	
  the	
  exception	
  of	
  Cnbp2.	
  	
  We	
  searched	
  individually	
  for	
  GO	
  terms	
  


associated	
  with	
  Cnbp2	
  and	
  did	
  not	
  find	
  any.	
  	
  Among	
  the	
  remaining	
  157	
  proteins,	
  


112	
  GO-­‐Biological	
  Process	
  categories	
  were	
  represented,	
  and	
  proteins	
  ranged	
  from	
  


having	
  0	
  associations	
  (10	
  proteins)	
  to	
  45	
  associations.	
  	
  


	
  


Prioritization	
  of	
  Mass	
  Spectrometric	
  Results	
  


	
   We	
  used	
  the	
  GO	
  classifications	
  to	
  prioritize	
  the	
  MS	
  results	
  for	
  further	
  study	
  of	
  


Met	
  regulation.	
  	
  Proteins	
  classified	
  as	
  relevant	
  to	
  transcriptional	
  regulation	
  were	
  


clear	
  choices	
  for	
  continued	
  analysis.	
  	
  Additionally,	
  we	
  selected	
  proteins	
  with	
  


classifications	
  relevant	
  to	
  central	
  nervous	
  system	
  (CNS)	
  development	
  or	
  physiology.	
  	
  


We	
  reasoned	
  that	
  proteins	
  with	
  known	
  roles	
  in	
  these	
  domains	
  that	
  also	
  showed	
  in	
  


vitro	
  binding	
  to	
  the	
  Met	
  promoter	
  were	
  strong	
  candidates	
  for	
  follow-­‐up	
  study.	
  	
  


Proteins	
  with	
  classifications	
  relevant	
  to	
  both	
  transcriptional	
  regulation	
  and	
  the	
  CNS	
  


were	
  grouped	
  separately	
  and	
  considered	
  highest	
  priority.	
  	
  	
  	
  


We	
  defined	
  which	
  GO	
  terms	
  were	
  included	
  in	
  these	
  broad	
  categorical	
  sets,	
  


and	
  these	
  terms	
  are	
  listed	
  in	
  Table	
  2.	
  	
  GO	
  terms	
  relevant	
  to	
  chromatin	
  alteration	
  







	
   143	
  


were	
  considered	
  to	
  be	
  a	
  part	
  of	
  the	
  transcriptional	
  regulation	
  category,	
  as	
  modifying	
  


chromatin	
  structure	
  is	
  an	
  important	
  mechanism	
  for	
  permitting	
  or	
  restricting	
  


transcription	
  factor	
  access	
  to	
  gene	
  promoters,	
  thus	
  influencing	
  transcription.	
  	
  GO	
  


terms	
  pertaining	
  to	
  establishing	
  or	
  maintaining	
  chromatin	
  structure	
  were	
  not	
  


included	
  in	
  this	
  category.	
  	
  	
  	
  


Proteins	
  were	
  assigned	
  to	
  a	
  broad	
  category	
  	
  -­‐-­‐	
  Transcriptional	
  Regulation,	
  


CNS	
  Development/Physiology,	
  or	
  both	
  -­‐-­‐	
  if	
  they	
  were	
  associated	
  with	
  one	
  or	
  more	
  of	
  


the	
  GO	
  terms	
  included	
  in	
  that	
  category.	
  	
  The	
  redundancy	
  and	
  nested	
  nature	
  of	
  GO	
  


terms	
  within	
  each	
  category	
  was	
  not	
  problematic	
  because	
  of	
  the	
  qualitative	
  nature	
  of	
  


these	
  assignments,	
  and	
  because	
  proteins	
  were	
  not	
  ranked	
  within	
  the	
  category.	
  	
  The	
  


proteins	
  found	
  in	
  each	
  of	
  these	
  categories	
  are	
  listed	
  in	
  Table	
  3.	
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Table	
  2:	
  Gene	
  Ontology	
  (GO)	
  terms	
  used	
  to	
  define	
  broad	
  categories	
  for	
  
prioritizing	
  proteins	
  identified	
  by	
  mass	
  spectrometry	
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Table	
  3:	
  Proteins	
  selected	
  due	
  to	
  membership	
  in	
  one	
  or	
  both	
  of	
  the	
  prioritized	
  
categories	
  of	
  GO	
  terms.	
  	
  For	
  each	
  protein,	
  the	
  gene	
  symbol	
  and	
  gene	
  name	
  are	
  given,	
  along	
  
with	
  the	
  Met	
  probes	
  they	
  were	
  incubated	
  with	
  prior	
  to	
  elution	
  and	
  identification.	
  	
  	
  
	
  
	
  


DISCUSSION	
  


	
  


	
   This	
  study	
  identified	
  a	
  large	
  number	
  of	
  proteins	
  that	
  bind,	
  either	
  directly	
  or	
  


indirectly,	
  to	
  the	
  Met	
  promoter	
  in	
  vitro.	
  	
  Given	
  the	
  limited	
  number	
  of	
  transcriptional	
  


regulators	
  reported	
  in	
  the	
  literature,	
  this	
  discovery-­‐based	
  approach	
  provides	
  a	
  new	
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set	
  of	
  proteins	
  for	
  more	
  detailed	
  analyses.	
  	
  	
  However,	
  although	
  mass	
  spectrometry	
  


provides	
  a	
  rich	
  source	
  of	
  candidate	
  regulators	
  in	
  the	
  context	
  of	
  cortical	
  tissue,	
  the	
  


relevance	
  of	
  these	
  proteins	
  to	
  Met	
  regulation	
  must	
  be	
  validated	
  with	
  additional	
  in	
  


vitro	
  and	
  in	
  vivo	
  studies,	
  such	
  as	
  luciferase	
  assays	
  and	
  chromatin	
  


immunoprecipitation	
  experiments.	
  	
  We	
  discuss	
  here	
  two	
  newly-­‐identified	
  candidate	
  


Met-­‐binding	
  proteins	
  that	
  we	
  hypothesize	
  are	
  likely	
  to	
  have	
  a	
  role	
  in	
  regulating	
  Met	
  


expression	
  in	
  the	
  developing	
  mouse	
  forebrain.	
  


	
  


B-­cell	
  CLL/lymphoma	
  11a	
  (Bcl11a)	
  


	
   The	
  B-­‐cell	
  CLL/lymphoma	
  11a	
  (Bcl11a,	
  also	
  known	
  as	
  CTIP1	
  and	
  Evi9)	
  gene	
  


product	
  is	
  a	
  zinc	
  finger	
  transcription	
  factor	
  that	
  is	
  expressed	
  primarily	
  in	
  the	
  


hematopoietic/immune	
  and	
  nervous	
  systems	
  (Leid	
  et	
  al.,	
  2004;	
  Nakamura	
  et	
  al.,	
  


2000),	
  and	
  has	
  documented	
  roles	
  in	
  neurodevelopment	
  (Kuo	
  et	
  al.,	
  2010;	
  Kuo	
  et	
  al.,	
  


2009).	
  	
  We	
  highlight	
  Bcl11a	
  for	
  validation	
  due	
  to	
  the	
  molecular	
  mechanisms	
  by	
  


which	
  it	
  regulates	
  gene	
  transcription,	
  its	
  roles	
  in	
  neurite	
  outgrowth	
  and	
  branching,	
  


and	
  its	
  expression	
  patterns	
  in	
  the	
  developing	
  rodent	
  forebrain.	
  


	
   Bcl11a	
  has	
  a	
  nine	
  base	
  pair	
  consensus	
  binding	
  site	
  with	
  a	
  core	
  six	
  base	
  pair	
  


motif	
  of	
  5’-­‐GGCCGG-­‐3’,	
  which	
  is	
  similar	
  to	
  the	
  canonical	
  GC	
  box	
  (Avram	
  et	
  al.,	
  2002).	
  	
  


Electromobility	
  shift	
  assays	
  using	
  various	
  competitor	
  oligonucleotides	
  indicate	
  that	
  


the	
  five	
  prime	
  GGCC	
  sequence	
  is	
  most	
  critical	
  to	
  binding.	
  	
  Although	
  the	
  nine	
  base	
  


pair	
  consensus	
  site	
  is	
  not	
  found	
  within	
  the	
  region	
  of	
  the	
  Met	
  promoter	
  contained	
  in	
  


our	
  oligonucleotide	
  probes,	
  the	
  core	
  six	
  base	
  pair	
  motif	
  is	
  found	
  once,	
  and	
  is	
  located	
  


in	
  probe	
  IDT	
  4	
  and	
  probe	
  PCR	
  2,	
  and	
  the	
  critical	
  GGCC	
  sequence	
  is	
  found	
  seven	
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times,	
  and	
  is	
  present	
  in	
  IDT	
  probes	
  1,	
  2,	
  and	
  4,	
  and	
  PCR	
  probes	
  1,	
  2,	
  and	
  3.	
  	
  Bcl11a	
  


was	
  identified	
  in	
  the	
  eluted	
  fractions	
  collected	
  with	
  each	
  of	
  the	
  eight	
  Met	
  promoter	
  


probes.	
  	
  Further	
  tests	
  will	
  be	
  necessary	
  to	
  determine	
  which	
  of	
  these	
  identifications	
  


represents	
  a	
  biologically	
  relevant	
  finding.	
  	
  It	
  is	
  possible	
  that	
  all	
  of	
  the	
  identifications	
  


are	
  true	
  positives;	
  	
  Bcl11a	
  may	
  exhibit	
  more	
  promiscuous	
  binding	
  than	
  is	
  currently	
  


appreciated,	
  or	
  Bcl11a	
  may	
  bind	
  some	
  of	
  the	
  probes	
  directly	
  and	
  others	
  indirectly,	
  


as	
  part	
  of	
  a	
  complex.	
  	
  It	
  is	
  also	
  possible	
  that	
  some,	
  or	
  all,	
  of	
  these	
  results	
  are	
  false	
  


positives.	
  	
  The	
  presence	
  of	
  the	
  Bcl11a	
  canonical	
  binding	
  site	
  within	
  the	
  Met	
  


promoter,	
  however,	
  supports	
  the	
  prediction	
  that	
  this	
  transcription	
  factor	
  is	
  a	
  true	
  


positive	
  result	
  in	
  at	
  least	
  some	
  cases.	
  


	
   Functionally,	
  Bcl11a	
  has	
  demonstrated	
  roles	
  in	
  both	
  axon	
  and	
  dendrite	
  


morphogenesis.	
  	
  In	
  hippocampal	
  culture	
  systems,	
  overexpression	
  of	
  Bcl11a	
  results	
  


in	
  a	
  reduction	
  of	
  total	
  axon	
  and	
  total	
  dendrite	
  length,	
  and	
  a	
  reduction	
  in	
  axon	
  branch	
  


number.	
  	
  Conversely,	
  knockdown	
  by	
  RNA	
  interference	
  results	
  in	
  increased	
  neurite	
  


complexity;	
  both	
  axons	
  and	
  dendrites	
  display	
  increased	
  total	
  length	
  and	
  branching.	
  	
  


Together,	
  these	
  data	
  suggest	
  that	
  endogenous	
  Bcl11a	
  plays	
  a	
  role	
  in	
  limiting	
  neurite	
  


growth	
  and	
  complexity.	
  	
  Met	
  has	
  been	
  shown	
  to	
  be	
  involved	
  in	
  promoting	
  dendritic	
  


outgrowth	
  in	
  both	
  in	
  vitro	
  and	
  in	
  vivo	
  conditions	
  (Gutierrez	
  et	
  al.,	
  2004;	
  Judson	
  et	
  al.,	
  


2010;	
  Lim	
  and	
  Walikonis,	
  2008).	
  	
  A	
  negative	
  regulatory	
  relationship	
  between	
  Bcl11a	
  


and	
  Met	
  could	
  explain	
  the	
  opposing	
  effects	
  that	
  the	
  two	
  proteins	
  have	
  on	
  dendritic	
  


properties.	
  	
  To	
  this	
  end,	
  it	
  is	
  intriguing	
  that	
  Bcl11a	
  has	
  been	
  shown	
  to	
  function	
  as	
  a	
  


transcriptional	
  repressor	
  in	
  several	
  in	
  vitro	
  systems	
  (Durum,	
  2003;	
  Kuo	
  and	
  Hsueh,	
  


2007).	
  	
  The	
  nature	
  of	
  the	
  relationship	
  between	
  Bcl11a	
  and	
  Met	
  must	
  be	
  clarified	
  in	
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the	
  context	
  of	
  the	
  developing	
  mouse	
  forebrain,	
  as	
  the	
  possibility	
  of	
  context-­‐


dependent	
  transcriptional	
  activation	
  has	
  been	
  proposed,	
  and	
  examples	
  of	
  other	
  zinc	
  


finger	
  proteins	
  capable	
  of	
  both	
  activating	
  and	
  repressing	
  transcription	
  exist	
  in	
  the	
  


literature	
  (Durum,	
  2003;	
  Kallio	
  et	
  al.,	
  1995;	
  Yet	
  et	
  al.,	
  1998).	
  	
  	
  


	
   Bcl11a	
  expression	
  in	
  the	
  developing	
  rodent	
  forebrain	
  has	
  been	
  characterized	
  


(Kuo	
  and	
  Hsueh,	
  2007;	
  Leid	
  et	
  al.,	
  2004)	
  and	
  reveals	
  patterning	
  that	
  is	
  consistent	
  


with	
  a	
  Met-­‐regulating	
  role.	
  	
  The	
  transcription	
  factor	
  neither	
  overlaps	
  entirely	
  with	
  


nor	
  is	
  restricted	
  entirely	
  from	
  areas	
  of	
  Met	
  expression,	
  suggesting	
  that	
  a	
  one-­‐to-­‐one	
  


relationship	
  between	
  transcription	
  factor	
  and	
  transcript	
  does	
  not	
  exist,	
  but	
  rather	
  


that	
  the	
  nature	
  of	
  the	
  relationship	
  is	
  influenced	
  by	
  the	
  complement	
  of	
  additional	
  


regulatory	
  proteins	
  expressed	
  in	
  particular	
  areas	
  of	
  the	
  developing	
  brain.	
  	
  For	
  


example,	
  early	
  postnatally,	
  Bcl11a	
  and	
  Met	
  show	
  similar	
  layer-­‐specific	
  patterning	
  in	
  


the	
  cortex.	
  	
  Both	
  are	
  abundantly	
  expressed	
  in	
  layers	
  II,	
  III,	
  V,	
  and	
  VI,	
  but	
  are	
  absent	
  


from	
  layer	
  IV	
  (Judson	
  et	
  al.,	
  2009;	
  Kuo	
  and	
  Hsueh,	
  2007),	
  suggesting	
  a	
  possible	
  


activating	
  role.	
  	
  Conversely,	
  Bcl11a	
  is	
  expressed	
  in	
  both	
  the	
  cortex	
  and	
  the	
  striatum,	
  


whereas	
  Met	
  is	
  expressed	
  solely	
  in	
  the	
  cortex.	
  	
  It	
  is	
  possible	
  that	
  the	
  protein	
  milieu	
  


of	
  the	
  striatum	
  results	
  in	
  Bcl11a	
  acting	
  as	
  a	
  repressor	
  on	
  the	
  Met	
  promoter	
  in	
  this	
  


structure,	
  whereas	
  in	
  the	
  cortex,	
  the	
  set	
  of	
  co-­‐expressed	
  proteins	
  results	
  in	
  Bcl11a-­‐


mediated	
  activation	
  of	
  the	
  Met	
  promoter.	
  


	
   The	
  streptavidin-­‐pulldown	
  technique	
  does	
  not	
  differentiate	
  proteins	
  that	
  


bind	
  directly	
  to	
  DNA	
  from	
  those	
  that	
  bind	
  DNA	
  indirectly	
  vis	
  a	
  vis	
  another	
  protein	
  


intermediary.	
  	
  Intriguingly,	
  a	
  known	
  Bcl11a	
  binding	
  partner,	
  Nr2f1	
  (Coup-­‐TF1),	
  was	
  


also	
  identified	
  in	
  our	
  pulldown	
  experiments.	
  	
  	
  In	
  fact,	
  early	
  identification	
  of	
  Bcl11a	
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was	
  as	
  CTIP1,	
  or	
  Coup-­‐TF1	
  interacting	
  protein	
  1	
  (Avram	
  et	
  al.,	
  2000).	
  	
  Coup-­‐TF1	
  is	
  


an	
  orphan	
  nuclear	
  receptor	
  implicated	
  in	
  transcriptional	
  regulation	
  during	
  nervous	
  


system	
  development.	
  	
  Its	
  identification	
  in	
  the	
  eluted	
  fractions	
  lends	
  support	
  to	
  the	
  


idea	
  that	
  Bcl11a	
  may	
  be	
  a	
  veritable	
  Met	
  regulator,	
  and	
  suggests	
  that	
  Coup-­‐TF1,	
  too,	
  


may	
  be	
  a	
  player	
  in	
  controlling	
  Met	
  expression.	
  	
  	
  


	
  


Special	
  AT-­rich	
  sequence-­binding	
  protein	
  2	
  (SATB2)	
  


	
   The	
  special	
  AT-­‐rich	
  sequence-­‐binding	
  protein	
  2	
  (Satb2)	
  is	
  another	
  top	
  


candidate	
  for	
  validation,	
  based	
  on	
  its	
  DNA	
  binding	
  and	
  regulatory	
  properties	
  and	
  its	
  


localization	
  in	
  the	
  developing	
  brain.	
  


Satb2	
  was	
  identified	
  initially	
  in	
  a	
  DNA	
  affinity	
  purification	
  screen	
  designed	
  to	
  


isolate	
  proteins	
  binding	
  the	
  enkephalin	
  gene	
  promoter	
  from	
  neonatal	
  rat	
  cerebral	
  


cortex.	
  	
  Like	
  its	
  ortholog,	
  Satb1,	
  Satb2	
  binds	
  preferentially	
  to	
  AT-­‐rich	
  DNA	
  which	
  the	
  


authors	
  define	
  as	
  a	
  stretch	
  of	
  double-­‐stranded	
  DNA	
  at	
  least	
  36bp	
  in	
  length,	
  that	
  is	
  


composed	
  of	
  at	
  least	
  70%	
  adenine	
  and	
  thymine	
  nucleotides(Szemes	
  et	
  al.,	
  2006).	
  	
  


Although	
  the	
  Met	
  promoter	
  is	
  GC	
  rich	
  overall,	
  it	
  contains	
  a	
  stretch	
  of	
  56	
  nucleotides,	
  


of	
  which	
  71.4%	
  are	
  AT,	
  beginning	
  761	
  base	
  pairs	
  upstream	
  of	
  the	
  TSS.	
  	
  This	
  


sequence	
  is	
  found	
  in	
  PCR	
  probe	
  2,	
  which	
  is	
  the	
  Met	
  probe	
  that	
  precipitated	
  Satb2	
  in	
  


our	
  study.	
  	
  Satb2	
  regulates	
  gene	
  expression	
  indirectly,	
  but	
  definitively,	
  by	
  modifying	
  


chromatin	
  structure	
  (Leone	
  et	
  al.,	
  2008;	
  Szemes	
  et	
  al.,	
  2006),	
  rendering	
  the	
  


promoter	
  more	
  or	
  less	
  accessible	
  to	
  direct	
  DNA-­‐binding	
  regulators.	
  By	
  this	
  


mechanism,	
  Satb2	
  has	
  been	
  shown	
  to	
  repress	
  expression	
  of	
  some	
  genes	
  (Alcamo	
  et	
  


al.,	
  2008),	
  but	
  to	
  activate	
  expression	
  of	
  others	
  (Dobreva	
  et	
  al.,	
  2006).	
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In	
  the	
  cortex,	
  Satb2	
  is	
  most	
  abundantly	
  expressed	
  perinatally	
  and	
  early	
  


postnatally	
  (Britanova	
  et	
  al.,	
  2005;	
  Cahoy	
  et	
  al.,	
  2008;	
  Szemes	
  et	
  al.,	
  2006),	
  the	
  time	
  


when	
  Met	
  expression	
  peaks	
  and	
  Met	
  laminar	
  patterning	
  becomes	
  most	
  apparent	
  


(Judson	
  et	
  al.,	
  2009).	
  	
  Satb2	
  protein	
  and	
  Met	
  transcript	
  show	
  overlapping,	
  but	
  non-­‐


identical	
  radial	
  distribution.	
  	
  Satb2	
  is	
  found	
  primarily	
  in	
  layers	
  II,	
  III,	
  and	
  IV,	
  but	
  is	
  


also	
  expressed	
  in	
  layers	
  V	
  and	
  VI,	
  albeit	
  at	
  much	
  lower	
  levels.	
  	
  Met	
  shows	
  high	
  


expression	
  in	
  layers	
  II,III,	
  V,	
  and	
  VI,	
  but	
  is	
  virtually	
  absent	
  from	
  layer	
  IV	
  (Judson	
  et	
  


al.,	
  2009).	
  	
  While	
  the	
  expression	
  patterns	
  suggest	
  that	
  Satb2	
  is	
  not	
  a	
  blanket	
  


regulator	
  of	
  Met	
  in	
  the	
  cortex,	
  the	
  patterns	
  of	
  expression	
  are	
  consistent	
  with	
  a	
  


regulatory	
  relationship	
  that	
  depends	
  on	
  the	
  various	
  combinations	
  of	
  transcription	
  


factors	
  and	
  chromatin	
  modifiers	
  expressed	
  within	
  each	
  cortical	
  layer.	
  	
  


Interestingly,	
  as	
  with	
  Bcl11a,	
  a	
  known	
  Satb2	
  interacting	
  partner	
  was	
  pulled	
  


down	
  by	
  the	
  Met	
  promoter	
  oligonucleotide.	
  	
  Metastasis-­‐associated	
  protein	
  2	
  (MTA2)	
  


was	
  identified	
  using	
  the	
  same	
  Met	
  probe	
  that	
  identified	
  Satb2,	
  in	
  addition	
  to	
  two	
  


other	
  probes.	
  	
  MTA2	
  is	
  co-­‐expressed	
  with	
  SATB2	
  in	
  early	
  postnatal	
  cortical	
  cells,	
  


and	
  is	
  a	
  part	
  of	
  the	
  same	
  chromatin	
  remodeling	
  complex	
  (Gyorgy	
  et	
  al.,	
  2008).	
  	
  


Identification	
  of	
  the	
  pair	
  of	
  proteins	
  by	
  MS	
  provides	
  further	
  evidence	
  that	
  Satb2	
  


represents	
  a	
  true	
  positive	
  result,	
  and	
  reconfirms	
  its	
  selection	
  as	
  a	
  top	
  choice	
  for	
  


validation.	
  


	
  


Assessment	
  of	
  technique	
  and	
  results	
  


The	
  combination	
  DNA-­‐affinity	
  column-­‐MS	
  method	
  employed	
  in	
  this	
  study	
  has	
  


several	
  advantages	
  over	
  approaches	
  employed	
  previously	
  to	
  identify	
  Met-­‐binding	
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transcriptional	
  regulators.	
  	
  First,	
  it	
  is	
  unbiased	
  and	
  does	
  not	
  rely	
  on	
  pre-­‐selected	
  


putative	
  regulatory	
  proteins.	
  	
  Given	
  that	
  there	
  is	
  a	
  paucity	
  of	
  known	
  Met-­‐regulators,	
  


and	
  that	
  they	
  were	
  identified	
  mostly	
  in	
  cancer	
  cells,	
  the	
  unbiased	
  screen	
  provides	
  a	
  


rich	
  list	
  of	
  neurodevelopmentally-­‐pertinent	
  candidates	
  upon	
  which	
  to	
  follow	
  up.	
  	
  We	
  


note	
  that	
  the	
  protein	
  pool	
  from	
  which	
  candidates	
  are	
  identified	
  is	
  biologically	
  


relevant,	
  having	
  been	
  harvested	
  directly	
  from	
  the	
  tissue	
  of	
  interest.	
  	
  This	
  property	
  


permits	
  interactions	
  between	
  necessary	
  cofactors	
  and	
  restricts	
  the	
  search	
  to	
  


proteins	
  that	
  are	
  expressed	
  at	
  the	
  time	
  and	
  place	
  of	
  interest.	
  Despite	
  its	
  advantages,	
  


however,	
  the	
  DNA-­‐affinity	
  column-­‐MS	
  approach	
  is	
  not	
  flawless,	
  and	
  both	
  pieces	
  of	
  


the	
  technique	
  carry	
  technical	
  caveats.	
  	
  DNA-­‐protein	
  binding	
  in	
  an	
  in	
  vitro	
  


environment	
  does	
  not	
  necessarily	
  reflect	
  binding	
  in	
  an	
  in	
  vivo	
  environment	
  due	
  to	
  


differences	
  in	
  physical,	
  spatial,	
  and	
  kinetic	
  parameters.	
  	
  Additionally,	
  the	
  long	
  


oligonucleotides	
  may	
  predispose	
  to	
  false	
  positives	
  resulting	
  from	
  nonspecific	
  DNA	
  


binding.	
  	
  On	
  the	
  MS	
  side,	
  protein	
  quantity	
  is	
  a	
  factor	
  in	
  identification,	
  so	
  important,	
  


but	
  low-­‐abundance	
  proteins	
  can	
  be	
  missed.	
  	
  Additionally,	
  some	
  proteins	
  are	
  


inherently	
  more	
  suited	
  to	
  digestion	
  and	
  analysis	
  than	
  others,	
  introducing	
  another	
  


potential	
  layer	
  of	
  bias.	
  	
  For	
  a	
  candidate	
  approach,	
  however,	
  an	
  exhaustive	
  list	
  is	
  not	
  


necessary,	
  and	
  this	
  technique	
  is	
  well	
  suited	
  for	
  generating	
  an	
  initial	
  set	
  of	
  candidate	
  


proteins.	
  


In	
  this	
  study,	
  we	
  identified	
  200	
  proteins	
  from	
  P7	
  mouse	
  cortex	
  that	
  bind	
  to	
  


various	
  segments	
  of	
  the	
  Met	
  promoter	
  in	
  an	
  in	
  vitro	
  binding	
  assay.	
  	
  Of	
  this	
  group,	
  


seven	
  proteins	
  are	
  particularly	
  noteworthy	
  as	
  they	
  have	
  GO	
  annotations	
  related	
  to	
  


both	
  transcriptional	
  regulation	
  and	
  CNS	
  development/physiology.	
  	
  An	
  additional	
  42	
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proteins	
  are	
  also	
  highlighted	
  as	
  strong	
  candidates	
  due	
  to	
  their	
  membership	
  in	
  one	
  of	
  


these	
  categories.	
  	
  A	
  risk	
  of	
  prioritizing	
  candidates	
  based	
  on	
  GO	
  category	
  


membership	
  is	
  that	
  the	
  strategy	
  relies	
  on	
  pre-­‐existing	
  classifications	
  that	
  may	
  be	
  


incomplete.	
  	
  It	
  is	
  possible	
  that	
  an	
  important	
  transcriptional	
  regulator	
  has	
  never	
  


before	
  shown	
  DNA-­‐binding	
  or	
  transcriptional	
  effects	
  and	
  is,	
  therefore,	
  excluded	
  


from	
  consideration.	
  	
  There	
  is	
  a	
  particular	
  risk	
  for	
  errors	
  of	
  this	
  type	
  when	
  


considering	
  complexed	
  proteins	
  that	
  affect	
  gene	
  regulation	
  via	
  interaction	
  with	
  


another	
  protein.	
  	
  For	
  example,	
  a	
  particular	
  kinase	
  may	
  not	
  be	
  assigned	
  a	
  


transcriptionally	
  relevant	
  GO	
  term,	
  but	
  its	
  role	
  in	
  phosphorylating	
  a	
  transcription	
  


factor	
  may	
  be	
  critical	
  to	
  the	
  downstream	
  protein’s	
  regulatory	
  function,	
  and	
  thus	
  the	
  


role	
  of	
  the	
  kinase	
  in	
  regulating	
  transcription	
  is	
  also	
  critical.	
  


Despite	
  the	
  associated	
  caveats,	
  the	
  approach	
  demonstrated	
  here	
  is	
  an	
  


effective	
  method	
  for	
  identifying	
  candidate	
  proteins	
  involved	
  in	
  controlling	
  Met	
  


expression	
  by	
  binding	
  to	
  its	
  5’-­‐regulatory	
  region.	
  Candidates	
  chosen	
  for	
  further	
  


analysis	
  can	
  be	
  validated	
  subsequently	
  using	
  in	
  vitro	
  and	
  in	
  vivo	
  techniques.	
  	
  Our	
  


laboratory	
  is	
  currently	
  pursuing	
  these	
  studies.	
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SUMMARY	
  OF	
  RESULTS	
  


	
  


The	
  broad	
  aims	
  of	
  this	
  research	
  project	
  were	
  to	
  define	
  the	
  expression	
  


patterns	
  of	
  Met	
  in	
  the	
  developing	
  mammalian	
  forebrain	
  and	
  to	
  understand	
  the	
  


transcriptional	
  regulatory	
  networks	
  involved	
  in	
  establishing	
  them.	
  This	
  work	
  was	
  


motivated	
  by	
  a	
  series	
  of	
  recent	
  findings	
  suggesting	
  that	
  the	
  Met	
  receptor	
  tyrosine	
  


kinase	
  is	
  involved	
  in	
  multiple	
  facets	
  of	
  neurodevelopment	
  and	
  by	
  a	
  set	
  of	
  human	
  


genetics	
  studies	
  demonstrating	
  that	
  a	
  functional	
  variant	
  in	
  the	
  gene’s	
  5’-­‐regulatory	
  


region	
  is	
  associated	
  with	
  susceptibility	
  for	
  autism	
  spectrum	
  disorders	
  (ASD)	
  


(Campbell	
  et	
  al.,	
  2007;	
  Campbell	
  et	
  al.,	
  2006;	
  Judson	
  et	
  al.,	
  2009;	
  Judson	
  et	
  al.,	
  


2010b).	
  	
  


Although	
  reports	
  addressing	
  the	
  functional	
  roles	
  for	
  Met	
  indicate	
  that	
  it	
  is	
  a	
  


pleiotropic	
  molecule	
  with	
  putative	
  roles	
  in	
  multiple	
  neurodevelopmental	
  processes	
  


(Birchmeier	
  et	
  al.,	
  2003;	
  Ma	
  et	
  al.,	
  2003),	
  the	
  actual	
  roles	
  for	
  the	
  protein	
  in	
  vivo	
  are	
  


poorly	
  understood.	
  	
  We	
  anticipated	
  that	
  insight	
  into	
  these	
  roles	
  could	
  be	
  achieved	
  


by	
  characterizing	
  Met	
  expression	
  throughout	
  forebrain	
  development,	
  and	
  that	
  this	
  


understanding	
  would	
  provide	
  the	
  bases	
  for	
  future	
  experiments	
  designed	
  to	
  


elucidate	
  the	
  in	
  vivo	
  roles	
  for	
  the	
  receptor	
  and	
  to	
  clarify	
  the	
  biological	
  


underpinnings	
  of	
  the	
  Met-­‐ASD	
  association.	
  Comprehensive	
  mapping	
  of	
  Met	
  


expression	
  throughout	
  peri-­‐	
  and	
  post-­‐natal	
  development	
  (as	
  detailed	
  in	
  Chapter	
  II),	
  


led	
  to	
  the	
  hypothesis	
  that	
  Met	
  is	
  involved	
  in	
  neurite	
  outgrowth,	
  synaptogenesis,	
  and,	
  


broadly,	
  the	
  early	
  establishment	
  of	
  forebrain	
  connectivity,	
  with	
  a	
  more	
  prominent	
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role	
  in	
  circuits	
  related	
  to	
  social	
  and	
  emotional	
  dimensions	
  of	
  behavior	
  (Judson	
  et	
  al.,	
  


2009).	
  	
  


Our	
  efforts	
  to	
  characterize	
  the	
  regulatory	
  network	
  involved	
  in	
  coordinating	
  


Met	
  expression	
  were	
  fueled	
  by	
  two	
  key	
  findings.	
  	
  First,	
  the	
  mapping	
  analysis	
  


revealed	
  remarkably	
  restricted	
  patterns	
  of	
  expression	
  in	
  both	
  time	
  and	
  space,	
  thus	
  


highlighting	
  the	
  requirement	
  for	
  precise	
  regulation	
  of	
  the	
  gene’s	
  transcription.	
  	
  


Second,	
  the	
  discovery	
  of	
  a	
  MET	
  promoter	
  variant	
  conferring	
  ASD	
  susceptibility	
  


suggested	
  that	
  tight	
  regulation	
  of	
  MET	
  expression	
  is	
  required	
  for	
  normal	
  brain	
  


development	
  and	
  underscores	
  the	
  importance	
  of	
  defining	
  the	
  transcriptional	
  


network	
  controlling	
  this	
  expression.	
  	
  Our	
  approach	
  for	
  evaluating	
  transcriptional	
  


control	
  of	
  Met	
  expression	
  combined	
  in-­‐depth	
  validation	
  and	
  analysis	
  of	
  one	
  Met-­‐


regulating	
  transcription	
  factor	
  (TF),	
  Sp4,	
  with	
  a	
  screen	
  intended	
  to	
  identify	
  


additional	
  regulators	
  for	
  later	
  study.	
  	
  The	
  work	
  on	
  Sp4	
  points	
  toward	
  this	
  TF	
  as	
  a	
  


bona	
  fide	
  Met-­‐regulating	
  protein,	
  and	
  the	
  screen	
  identified	
  157	
  putative	
  regulators	
  


from	
  postnatal	
  day	
  (P)7	
  cortical	
  tissue.	
  	
  We	
  propose	
  a	
  series	
  of	
  experiments	
  


designed	
  to	
  validate	
  and	
  further	
  characterize	
  both	
  Sp4	
  and	
  the	
  newly	
  identified	
  


putative	
  regulators	
  both	
  in	
  affecting	
  Met	
  expression	
  and,	
  more	
  generally,	
  


contributing	
  to	
  forebrain	
  development.	
  	
  


	
  


VALIDATION	
  OF	
  PUTATIVE	
  MET-­REGULATING	
  FACTORS	
  


	
  


Using	
  a	
  DNA	
  pulldown-­‐mass	
  spectrometric	
  approach,	
  we	
  identified	
  157	
  


putative	
  Met-­regulating	
  proteins	
  from	
  P7	
  cortical	
  tissue.,	
  of	
  which	
  we	
  considered	
  49	
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to	
  be	
  of	
  particular	
  interest.	
  	
  Because	
  mass	
  spectrometry	
  (MS)	
  carries	
  significant	
  risk	
  


of	
  false	
  positive	
  results	
  (Mallick	
  and	
  Kuster,	
  2010),	
  we	
  will	
  initially	
  validate	
  


candidate	
  regulators	
  by	
  separating	
  the	
  eluted	
  fractions	
  by	
  gel	
  electrophoresis	
  and	
  


probing	
  for	
  the	
  candidates	
  using	
  specific	
  antibodies.	
  	
  This	
  verification	
  process	
  


serves	
  a	
  secondary	
  purpose	
  in	
  establishing	
  antibody	
  specificity,	
  a	
  prerequisite	
  for	
  


the	
  chromatin	
  immunoprecipitation	
  	
  (ChIP)	
  experiments	
  described	
  below.	
  	
  	
  


The	
  western	
  blot	
  experiments	
  can	
  validate	
  the	
  subset	
  of	
  proteins	
  identified	
  


by	
  MS	
  that	
  bind,	
  either	
  directly	
  or	
  in	
  a	
  complex,	
  to	
  the	
  5’-­‐Met	
  promoter	
  in	
  vitro.	
  	
  


Further	
  experiments	
  will	
  be	
  necessary	
  to	
  determine	
  1),	
  whether	
  this	
  binding	
  occurs	
  


in	
  vivo	
  and	
  2),	
  whether	
  this	
  binding	
  is	
  functionally	
  relevant.	
  	
  To	
  address	
  the	
  former	
  


question,	
  we	
  propose	
  ChIP	
  experiments	
  in	
  tissue	
  harvested	
  from	
  P7	
  cortex.	
  	
  In	
  these	
  


experiments,	
  protein-­‐DNA	
  complexes	
  are	
  cross-­‐linked	
  with	
  formaldehyde,	
  and	
  the	
  


DNA	
  is	
  sheared	
  into	
  fragments	
  approximately	
  200-­‐600	
  base	
  pairs	
  (bp)	
  in	
  length.	
  	
  


The	
  protein	
  of	
  interest	
  is	
  immunoprecipitated,	
  and	
  after	
  reversing	
  the	
  cross-­‐links,	
  


the	
  captured	
  DNA	
  is	
  subjected	
  to	
  polymerase	
  chain	
  reaction	
  using	
  primers	
  that	
  


amplify	
  segments	
  of	
  the	
  Met	
  promoter.	
  	
  This	
  approach	
  offers	
  several	
  advantages	
  


over	
  the	
  pulldown	
  approach.	
  	
  First,	
  DNA	
  is	
  found	
  in	
  its	
  native	
  state	
  instead	
  of	
  


existing	
  as	
  a	
  short	
  oligonucleotide.	
  	
  The	
  three	
  dimensional	
  structure	
  allows	
  distant	
  


regions	
  of	
  the	
  sequence	
  to	
  be	
  brought	
  into	
  close	
  proximity,	
  facilitating	
  interactions	
  


among	
  proteins	
  that	
  bind	
  to	
  disparate	
  segments	
  of	
  the	
  DNA,	
  and	
  permitting	
  single	
  


proteins	
  to	
  bind	
  regions	
  that	
  are	
  physically	
  close	
  despite	
  large	
  stretches	
  of	
  


intervening	
  sequence.	
  	
  Second,	
  in	
  vitro	
  experiments	
  can	
  facilitate	
  interactions	
  that	
  


are	
  not	
  biologically	
  relevant	
  due	
  to	
  prohibitive	
  stoichiometric	
  or	
  physical	
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constraints	
  imposed	
  by	
  the	
  in	
  vivo	
  environment.	
  	
  ChIP	
  experiments	
  circumvent	
  this	
  


problem.	
  	
  


While	
  the	
  ChIP	
  experiments	
  can	
  establish	
  that	
  binding	
  occurs	
  in	
  vivo,	
  they	
  do	
  


not	
  give	
  insight	
  into	
  whether	
  these	
  interactions	
  are	
  functional.	
  	
  To	
  address	
  this	
  


issue,	
  we	
  propose	
  reporter	
  gene	
  assays	
  in	
  which	
  activity	
  at	
  the	
  Met	
  promoter	
  is	
  


measured	
  following	
  manipulation	
  of	
  the	
  levels	
  of	
  candidate	
  regulators	
  by	
  


transfection	
  of	
  either	
  overexpression	
  constructs	
  or	
  siRNA	
  in	
  immortalized	
  mouse	
  


cell	
  lines.	
  	
  We	
  have	
  designed	
  a	
  reporter	
  construct	
  that	
  contains	
  1388bp	
  of	
  Met	
  


sequence	
  (1051bp	
  upstream	
  and	
  336bp	
  downstream	
  of	
  the	
  transcription	
  start	
  site)	
  


upstream	
  of	
  the	
  luciferase	
  gene.	
  	
  Measurement	
  of	
  luminescence	
  in	
  cells	
  24	
  hours	
  


after	
  transfection	
  of	
  this	
  construct	
  serves	
  as	
  a	
  proxy	
  for	
  activity	
  at	
  the	
  Met	
  promoter	
  


since	
  luciferase	
  expression	
  is	
  being	
  driven	
  by	
  the	
  promoter,	
  and	
  is	
  directly	
  


proportional	
  to	
  luminescence.	
  	
  	
  Preliminary	
  experiments	
  using	
  this	
  reporter	
  


construct	
  in	
  the	
  EL4	
  mouse	
  lymphoblastic	
  cell	
  line	
  demonstrate	
  that	
  the	
  included	
  


region	
  of	
  the	
  Met	
  promoter	
  acts	
  as	
  a	
  repressor	
  in	
  this	
  context.	
  	
  Over	
  five	
  trials,	
  the	
  


Met-­containing	
  vector	
  produced	
  luminescence	
  levels	
  17%	
  +/-­‐4%	
  of	
  those	
  produced	
  


by	
  the	
  empty	
  vector	
  (Bergman	
  and	
  Levitt,	
  unpublished	
  observations).	
  	
  In	
  other	
  


culture	
  systems,	
  the	
  same	
  sequence	
  may	
  act	
  as	
  a	
  repressor	
  or	
  an	
  activator	
  and	
  must	
  


be	
  determined	
  empirically.	
  	
  After	
  establishing	
  the	
  effect	
  of	
  the	
  Met	
  promoter	
  in	
  a	
  cell	
  


line	
  of	
  choice,	
  we	
  will	
  determine	
  the	
  effect	
  of	
  manipulating	
  candidate	
  regulator	
  


levels	
  prior	
  to	
  reporter	
  transfection	
  as	
  described	
  above.	
  	
  While	
  the	
  finding	
  that	
  a	
  


particular	
  protein	
  functions	
  to	
  regulate	
  Met	
  expression	
  in	
  one	
  cell	
  type	
  does	
  not	
  


imply	
  the	
  same	
  function,	
  or	
  any	
  function,	
  in	
  another	
  cell	
  type,	
  it	
  does	
  provide	
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evidence	
  that	
  the	
  protein	
  is	
  capable	
  of	
  exerting	
  a	
  functional	
  influence	
  on	
  the	
  Met	
  


promoter.	
  	
  


	
  


CHARACTERIZATION	
  OF	
  MET-­REGULATING	
  FACTORS	
  	
  


	
  


The	
  validation	
  experiments	
  proposed	
  above	
  seek	
  to	
  identify	
  the	
  candidate	
  


regulators	
  that	
  1)	
  bind	
  the	
  Met	
  promoter	
  in	
  vivo	
  in	
  the	
  tissue	
  of	
  interest	
  and	
  2)	
  are	
  


capable	
  of	
  exerting	
  a	
  functional	
  influence	
  on	
  its	
  transcription	
  in	
  vitro.	
  	
  After	
  


establishing	
  this	
  set	
  of	
  regulators,	
  we	
  aim	
  to	
  better	
  characterize	
  the	
  way	
  in	
  which	
  


each	
  of	
  these	
  proteins	
  regulates	
  Met	
  expression	
  in	
  the	
  developing	
  forebrain.	
  


	
   To	
  inform	
  subsequent	
  studies,	
  we	
  plan	
  first	
  to	
  generate	
  maps	
  of	
  these	
  


regulators’	
  expression	
  patterns	
  in	
  the	
  developing	
  forebrain	
  by	
  


immunohistochemistry.	
  	
  These	
  data	
  will	
  enable	
  us	
  to	
  predict	
  the	
  specific	
  regions	
  and	
  


developmental	
  epochs	
  during	
  which	
  each	
  factor	
  is	
  most	
  relevant	
  to	
  Met	
  expression.	
  	
  


We	
  do	
  not	
  expect	
  that	
  TF-­‐Met	
  expression	
  will	
  be	
  entirely	
  identical	
  or	
  entirely	
  


nonoverlapping,	
  but	
  the	
  TF	
  must	
  be	
  expressed	
  to	
  have	
  an	
  effect	
  –	
  activating	
  or	
  


repressing	
  –	
  in	
  a	
  particular	
  cell.	
  	
  By	
  assessing	
  expression	
  in	
  situ	
  over	
  a	
  wide	
  


developmental	
  period,	
  we	
  will	
  obtain	
  information	
  critical	
  to	
  planning	
  subsequent	
  


experiments,	
  and	
  we	
  will	
  gain	
  insight	
  into	
  the	
  regions	
  and	
  processes	
  that	
  might	
  be	
  


affected	
  by	
  dysregulation	
  of	
  Met	
  by	
  a	
  particular	
  regulatory	
  protein.	
  	
  It	
  will	
  be	
  


interesting	
  to	
  repeat	
  the	
  DNA	
  pulldown	
  experiments	
  and	
  subsequent	
  western	
  blots	
  


using	
  starting	
  material	
  harvested	
  from	
  different	
  regions	
  of	
  the	
  brain	
  or	
  at	
  different	
  


developmental	
  time	
  points	
  in	
  accordance	
  with	
  the	
  expression	
  data.	
  These	
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experiments	
  will	
  provide	
  information	
  regarding	
  the	
  spatial	
  and	
  temporal	
  dynamics	
  


of	
  each	
  transcription	
  factor’s	
  contribution	
  to	
  Met	
  expression.	
  	
  	
  	
  	
  


	
   The	
  DNA	
  pulldown	
  experiments	
  as	
  performed	
  limit	
  the	
  resolution	
  of	
  the	
  DNA	
  


binding	
  site	
  to	
  about	
  200bp,	
  based	
  on	
  the	
  length	
  of	
  the	
  oligonucleotide	
  probes.	
  	
  


Honing	
  in	
  on	
  a	
  more	
  narrow	
  region	
  where	
  binding	
  occurs	
  would	
  be	
  beneficial	
  in	
  


establishing	
  regions	
  of	
  the	
  promoter	
  where	
  sequence	
  integrity	
  is	
  more	
  critical	
  and	
  


other	
  regions	
  where	
  variation	
  can	
  be	
  tolerated.	
  	
  Additionally,	
  knowledge	
  of	
  specific	
  


factors’	
  binding	
  sites	
  would	
  inform	
  predictions	
  regarding	
  the	
  consequences	
  of	
  single	
  


nucleotide	
  polymorphisms	
  (SNPs)	
  on	
  protein-­‐DNA	
  binding.	
  	
  To	
  achieve	
  this	
  level	
  of	
  


resolution,	
  we	
  propose	
  complementary	
  DNA	
  pulldown	
  experiments	
  and	
  luciferase	
  


assays	
  using	
  mutated	
  versions	
  of	
  the	
  oligonucleotide	
  bait	
  and	
  reporter	
  construct,	
  


respectively.	
  	
  For	
  transcription	
  factors	
  whose	
  binding	
  sites	
  are	
  well-­‐characterized,	
  


and	
  for	
  those	
  belonging	
  to	
  a	
  family	
  whose	
  site	
  is	
  well-­‐characterized,	
  mutating	
  two	
  or	
  


three	
  critical	
  bases	
  should	
  be	
  sufficient	
  to	
  significantly	
  disrupt	
  binding.	
  	
  For	
  other	
  


transcription	
  factors,	
  generating	
  truncated	
  versions	
  of	
  the	
  existing	
  probes	
  and	
  


constructs	
  is	
  more	
  practical.	
  	
  


	
  


NETWORK	
  OF	
  GENES	
  REGULATED	
  BY	
  SP4	
  


	
  


	
   Just	
  as	
  Met	
  expression	
  is	
  controlled	
  by	
  a	
  combination	
  of	
  factors,	
  each	
  Met-­‐


regulating	
  factor	
  similarly	
  acts	
  on	
  an	
  array	
  of	
  downstream	
  genes.	
  	
  Any	
  perturbation	
  


to	
  the	
  transcription	
  factor	
  itself	
  would	
  be	
  expected	
  to	
  affect	
  the	
  expression	
  of	
  many,	
  


if	
  not	
  all,	
  of	
  these	
  targets.	
  	
  It	
  would	
  be	
  interesting	
  to	
  know	
  which	
  genes	
  are	
  co-­‐
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regulated	
  with	
  Met,	
  as	
  the	
  effects	
  of	
  Met	
  disruption	
  may	
  occur	
  in	
  the	
  context	
  of	
  these	
  


other	
  disruptions.	
  	
  To	
  identify	
  Sp4	
  targets	
  that	
  may	
  be	
  co-­‐regulated	
  with	
  Met,	
  we	
  


suggest	
  ChIP	
  using	
  P7	
  mouse	
  cortical	
  tissue.	
  	
  	
  The	
  DNA	
  that	
  is	
  precipitated	
  with	
  Sp4	
  


will	
  be	
  hybridized	
  against	
  a	
  genome-­‐wide	
  array	
  to	
  identify	
  bound	
  target	
  genes.	
  	
  


Given	
  recent	
  studies	
  implicating	
  Sp4	
  as	
  an	
  etiological	
  contributor	
  to	
  several	
  


neurodevelopmental	
  disorders	
  including	
  major	
  depressive	
  disorder	
  (Shi	
  et	
  al.,	
  2010;	
  


Shyn	
  et	
  al.,	
  2009),	
  bipolar	
  disorder	
  (Zhou	
  et	
  al.,	
  2009),	
  schizophrenia	
  (Tam	
  et	
  al.,	
  


2010;	
  Zhou	
  et	
  al.,	
  2010;	
  Zhou	
  et	
  al.,	
  2009),	
  and	
  Alzheimer’s	
  disease	
  (Boutillier	
  et	
  al.,	
  


2007),	
  these	
  findings	
  will	
  be	
  particularly	
  valuable.	
  	
  It	
  is	
  possible	
  that	
  several	
  of	
  the	
  


same	
  Sp4	
  targets	
  will	
  be	
  involved	
  in	
  multiple	
  disorders,	
  and	
  that	
  the	
  differential	
  


outcomes	
  will	
  result	
  from	
  the	
  timing	
  of	
  the	
  insult	
  or	
  from	
  the	
  presence	
  or	
  absence	
  of	
  


co-­‐occurring	
  disruptions.	
  


	
  


IN	
  VIVO	
  MANIPULATION	
  OF	
  SP4	
  DURING	
  DEVELOPMENT	
  


	
  


	
   To	
  better	
  understand	
  the	
  role	
  of	
  Sp4	
  in	
  regulating	
  Met	
  and	
  contributing	
  to	
  


forebrain	
  development	
  in	
  vivo,	
  we	
  propose	
  in	
  utero	
  electroporation	
  to	
  introduce	
  


expression	
  plasmids	
  or	
  siRNA	
  into	
  the	
  developing	
  embryonic	
  cortex.	
  	
  By	
  enhancing	
  


or	
  reducing,	
  respectively,	
  expression	
  of	
  Sp4	
  at	
  an	
  early	
  stage,	
  we	
  will	
  be	
  able	
  to	
  


evaluate	
  the	
  in	
  vivo	
  contribution	
  of	
  Sp4	
  to	
  Met	
  expression	
  and	
  the	
  overall	
  impact	
  of	
  


Sp4	
  perturbations	
  on	
  cortical	
  development.	
  	
  These	
  manipulations	
  typically	
  yield	
  


changes	
  in	
  expression	
  that	
  persist	
  for	
  several	
  weeks	
  postnatally	
  (Tabata	
  and	
  


Nakajima,	
  2008),	
  thus	
  allowing	
  the	
  study	
  of	
  an	
  extended	
  alteration	
  in	
  transcription	
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factor	
  expression	
  rather	
  than	
  an	
  acute	
  change.	
  	
  Analysis	
  of	
  Met	
  expression	
  will	
  


indicate	
  whether	
  Sp4	
  functions	
  as	
  an	
  activator	
  or	
  a	
  repressor	
  in	
  this	
  context.	
  	
  


Additionally,	
  these	
  studies	
  will	
  provide	
  a	
  more	
  detailed	
  understanding	
  of	
  the	
  


relationship	
  between	
  Sp4	
  and	
  Met	
  in	
  the	
  cortex	
  than	
  could	
  be	
  achieved	
  from	
  the	
  


DNA	
  pulldown	
  experiments.	
  	
  In	
  the	
  pulldown	
  experiments,	
  cortex	
  was	
  considered	
  


en	
  masse,	
  but	
  by	
  evaluating	
  changes	
  in	
  Met	
  expression	
  by	
  in	
  situ	
  hybridization,	
  we	
  


will	
  be	
  able	
  to	
  appreciate	
  layer-­‐specific	
  and	
  region-­‐specific	
  differences	
  in	
  the	
  


regulatory	
  relationship.	
  	
  To	
  assess	
  the	
  broad	
  influences	
  of	
  Sp4	
  disruption	
  on	
  cortical	
  


development	
  we	
  will	
  examine	
  cell	
  differentiation,	
  laminar	
  differentiation,	
  and	
  


anterior-­‐posterior	
  (A-­‐P)	
  patterning	
  by	
  evaluating	
  expression	
  of	
  well-­‐described	
  


markers	
  that	
  distinguish	
  neurons	
  from	
  progenitors	
  and	
  glia	
  or	
  deep	
  layers	
  from	
  


superficial	
  layers,	
  or	
  that	
  show	
  A-­‐P	
  gradients.	
  	
  Given	
  the	
  network	
  of	
  downstream	
  


genes	
  that	
  Sp4	
  is	
  predicted	
  to	
  regulate,	
  any	
  changes	
  along	
  these	
  dimensions	
  cannot	
  


necessarily	
  be	
  attributed	
  to	
  changes	
  in	
  Met	
  expression.	
  	
  However,	
  such	
  changes	
  may	
  


track	
  with	
  alterations	
  in	
  Met	
  expression	
  when	
  Sp4	
  is	
  the	
  causative	
  agent	
  due	
  to	
  the	
  


variety	
  of	
  downstream	
  targets	
  affected	
  by	
  changes	
  in	
  its	
  expression.	
  


	
  	
  	
  	
  	
  


POSSIBLE	
  ROLES	
  FOR	
  MET-­REGULATING	
  FACTORS	
  IN	
  CONTRIBUTING	
  TO	
  ASD	
  
RISK	
  
	
  
	
  
	
  
	
   It	
  has	
  been	
  established	
  in	
  five	
  independent	
  cohorts	
  that	
  the	
  MET	
  (human	
  


ortholog	
  of	
  Met)	
  single	
  nucleotide	
  polymorphism	
  rs1858830	
  (G/C)	
  C	
  allele	
  is	
  


associated	
  with	
  increased	
  risk	
  of	
  developing	
  an	
  ASD	
  (Campbell	
  et	
  al.,	
  2008;	
  


Campbell	
  et	
  al.,	
  2006;	
  Jackson	
  et	
  al.,	
  2009;	
  Sousa	
  et	
  al.,	
  2009;	
  Thanseem	
  et	
  al.,	
  2010).	
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This	
  variant	
  is	
  found	
  in	
  the	
  gene’s	
  5’-­‐regulatory	
  region,	
  and	
  several	
  pieces	
  of	
  


evidence	
  suggest	
  that	
  it	
  is	
  a	
  functional	
  variant	
  that	
  affects	
  gene	
  transcription.	
  	
  


Campbell	
  et	
  al.	
  (2006)	
  demonstrated	
  by	
  electromobility	
  shift	
  assay	
  (EMSA)	
  that	
  the	
  


complex	
  of	
  proteins	
  binding	
  to	
  the	
  promoter	
  varies	
  depending	
  on	
  the	
  nucleotide	
  at	
  


that	
  site	
  and	
  used	
  luciferase	
  assays	
  to	
  show	
  that	
  transcription	
  driven	
  by	
  the	
  MET	
  


promoter	
  decreases	
  when	
  the	
  promoter	
  contains	
  a	
  C	
  rather	
  than	
  a	
  G	
  at	
  the	
  SNP.	
  	
  


Further,	
  expression	
  of	
  MET	
  protein	
  in	
  the	
  superior	
  temporal	
  gyrus	
  is	
  reduced	
  in	
  


individuals	
  with	
  a	
  C/C	
  genotype	
  at	
  this	
  locus	
  relative	
  to	
  those	
  with	
  a	
  G/G	
  genotype.	
  


	
   Given	
  that	
  aberrant	
  MET	
  expression	
  is	
  associated	
  with	
  increased	
  risk	
  of	
  ASD,	
  


it	
  is	
  logical	
  to	
  propose	
  that	
  alterations	
  in	
  the	
  factors	
  that	
  control	
  MET	
  expression	
  


may	
  also	
  confer	
  risk	
  for	
  the	
  disorder.	
  	
  Such	
  alterations	
  include	
  changes	
  in	
  the	
  level,	
  


timing,	
  or	
  place	
  of	
  expression,	
  aberrant	
  post-­‐translational	
  modifications,	
  or	
  


mutations	
  affecting	
  interaction	
  of	
  the	
  protein	
  with	
  other	
  proteins	
  or	
  with	
  promoter	
  


DNA.	
  	
  We	
  propose	
  using	
  preexisting	
  data	
  sets	
  to	
  evaluate	
  whether	
  the	
  Met	
  


regulators	
  show	
  relevance	
  to	
  ASD	
  susceptibility.	
  	
  Loci	
  associated	
  with	
  ASD	
  due	
  to	
  


the	
  presence	
  of	
  linkage	
  peaks	
  or	
  overrepresented	
  gains	
  or	
  losses	
  of	
  genetic	
  material	
  


in	
  individuals	
  with	
  the	
  disorder	
  are	
  found	
  on	
  every	
  chromosome	
  (reviewed	
  in	
  


Abrahams	
  and	
  Geschwind,	
  2008).	
  	
  Determining	
  whether	
  the	
  putative	
  Met	
  regulators	
  


are	
  located	
  at	
  any	
  of	
  these	
  loci	
  provides	
  a	
  simple	
  test	
  of	
  potential	
  relatedness	
  to	
  ASD	
  


risk	
  and	
  may	
  aid	
  in	
  prioritizing	
  candidates	
  for	
  future	
  study.	
  	
  A	
  more	
  explicit	
  


approach	
  would	
  use	
  microarray	
  data	
  to	
  compare	
  gene	
  expression	
  between	
  


individuals	
  with	
  ASD	
  and	
  matched	
  neurotypical	
  controls.	
  	
  Although	
  this	
  type	
  of	
  


analysis	
  carries	
  caveats,	
  most	
  notably	
  the	
  inability	
  to	
  choose	
  the	
  brain	
  region	
  and	
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developmental	
  age	
  of	
  interest	
  for	
  study	
  and	
  the	
  difficulty	
  in	
  matching	
  samples	
  


precisely,	
  it	
  also	
  provides	
  a	
  powerful	
  method	
  for	
  identifying	
  changes	
  in	
  the	
  ASD	
  


brain,	
  and	
  consistent	
  expression	
  differences	
  are	
  likely	
  meaningful.	
  


The	
  proposed	
  analyses	
  assume	
  that	
  the	
  factors	
  regulating	
  Met	
  expression	
  in	
  


the	
  mouse	
  are	
  homologous	
  to	
  those	
  regulating	
  MET	
  expression	
  in	
  the	
  human.	
  	
  While	
  


it	
  is	
  unlikely	
  that	
  the	
  set	
  of	
  regulatory	
  factors	
  is	
  identical	
  between	
  the	
  species,	
  three	
  


pieces	
  of	
  evidence	
  suggest	
  that	
  there	
  may	
  be	
  substantial	
  overlap.	
  	
  First,	
  the	
  5’-­‐	
  


regulatory	
  regions	
  of	
  mouse	
  Met	
  and	
  human	
  MET	
  share	
  68%	
  homology	
  over	
  the	
  


~1kb	
  segment	
  (-­‐771	
  -­‐	
  +225	
  relative	
  to	
  the	
  mouse	
  TSS)	
  covered	
  in	
  the	
  pulldown	
  


experiments	
  used	
  to	
  generate	
  the	
  candidate	
  regulators.	
  	
  Second,	
  a	
  recent	
  study	
  


comparing	
  Met/MET	
  expression	
  in	
  the	
  mouse	
  and	
  macaque	
  forebrains	
  revealed	
  


many	
  similarities	
  in	
  the	
  two	
  species,	
  suggesting	
  evolutionary	
  conservation	
  of	
  the	
  


mechanisms	
  regulating	
  its	
  patterning.	
  	
  Specifically,	
  in	
  both	
  species,	
  expression	
  was	
  


maximal	
  during	
  the	
  period	
  of	
  synaptogenesis	
  (P7	
  in	
  the	
  mouse	
  and	
  gestational	
  day	
  


150	
  in	
  the	
  macaque),	
  and	
  enriched	
  in	
  limbic	
  nodes	
  and	
  pathways,	
  suggesting	
  a	
  role	
  


in	
  emotional	
  information	
  processing	
  (Judson	
  et	
  al.,	
  2010a).	
  	
  It	
  should	
  be	
  noted	
  that	
  


this	
  study	
  analyzed	
  protein	
  expression,	
  and	
  it	
  is	
  unknown	
  whether	
  the	
  underlying	
  


transcript	
  expression	
  is	
  correspondingly	
  similar,	
  but	
  the	
  results	
  remain	
  suggestive	
  


of	
  conserved	
  regulatory	
  mechanisms.	
  	
  Finally,	
  a	
  preliminary	
  informatics	
  analysis	
  of	
  


SP	
  binding	
  sites	
  reveals	
  significant	
  overlap	
  in	
  predicted	
  sites	
  between	
  the	
  mouse	
  


and	
  human	
  Met/MET	
  promoters	
  (Fig.	
  1).	
  	
  Although	
  this	
  example	
  considers	
  a	
  single	
  


TF	
  subfamily,	
  it	
  demonstrates	
  that	
  the	
  notion	
  of	
  shared	
  transcriptional	
  regulatory	
  


mechanisms	
  between	
  the	
  promoters	
  is	
  realistic.	
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Figure	
  1.	
  	
  TFScan	
  predictions	
  of	
  Sp	
  factor	
  binding	
  sites	
  along	
  the	
  mouse	
  (pink)	
  
and	
  human	
  (blue)	
  Met/MET	
  promoters.	
  	
  The	
  promoter	
  sequences	
  were	
  aligned	
  
based	
  on	
  homology,	
  and	
  positions	
  are	
  relative	
  to	
  the	
  transcription	
  start	
  site	
  (+1).	
  	
  
With	
  a	
  few	
  exceptions,	
  the	
  locations	
  and	
  relative	
  strength	
  of	
  predicted	
  Sp	
  factor	
  
binding	
  sites	
  are	
  very	
  similar	
  between	
  the	
  two	
  species’	
  promoters.	
  
	
  
	
  


ENVIRONMENTAL	
  INFLUENCES	
  ON	
  MET	
  REGULATION	
  


	
  


	
   Disruption	
  to	
  the	
  transcriptional	
  regulation	
  of	
  a	
  gene	
  may	
  be	
  rooted	
  in	
  


genetic	
  alterations	
  to	
  the	
  gene	
  itself	
  or	
  to	
  the	
  regulator,	
  as	
  discussed	
  above.	
  	
  


Additionally,	
  environmental	
  factors	
  may	
  shape	
  the	
  ways	
  in	
  which	
  regulatory	
  


proteins	
  interact	
  with	
  their	
  target	
  genes	
  to	
  affect	
  transcription.	
  	
  This	
  phenomenon	
  


has	
  been	
  demonstrated	
  in	
  the	
  literature	
  numerous	
  times.	
  	
  For	
  example,	
  in	
  cultured	
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cerebellar	
  granule	
  neurons,	
  toxic	
  concentrations	
  of	
  glutamate	
  alter	
  the	
  binding	
  


profile	
  of	
  transcription	
  factor	
  YY1	
  to	
  its	
  consensus	
  sequence	
  in	
  EMSA.	
  	
  Specifically,	
  


the	
  binding	
  of	
  one	
  regulatory	
  complex	
  is	
  reduced,	
  whereas	
  the	
  binding	
  of	
  a	
  second	
  


regulatory	
  complex	
  is	
  enhanced	
  (Korhonen	
  et	
  al.,	
  2005).	
  	
  Similar	
  effects	
  can	
  be	
  seen	
  


in	
  vivo.	
  	
  Hood	
  et	
  al.	
  demonstrated	
  that	
  in	
  utero	
  exposure	
  to	
  benzo(a)pyrene	
  (BaP),	
  a	
  


toxin	
  associated	
  with	
  automobile	
  exhaust	
  fumes	
  and	
  coal	
  tar,	
  among	
  others,	
  results	
  


in	
  altered	
  Sp-­‐factor	
  binding	
  in	
  early	
  postnatal	
  rat	
  pups.	
  	
  In	
  the	
  cerebellum	
  of	
  BaP-­‐


exposed	
  pups,	
  Sp-­‐binding	
  peaks	
  earlier	
  and	
  remains	
  at	
  maximum	
  intensity	
  for	
  a	
  


longer	
  period	
  relative	
  to	
  unexposed	
  control	
  animals	
  (Hood	
  et	
  al.,	
  2000).	
  	
  Especially	
  


in	
  light	
  of	
  the	
  recent	
  expansion	
  in	
  our	
  awareness	
  and	
  understanding	
  of	
  gene-­‐


environment	
  interactions	
  in	
  the	
  pathogenesis	
  of	
  autism	
  (reviewed	
  in	
  Herbert,	
  


2010),	
  investigation	
  of	
  environmental	
  effects	
  on	
  individual	
  TF-­‐Met	
  binding	
  will	
  be	
  of	
  


great	
  interest	
  in	
  the	
  future.	
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