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Abstract:  

There	
  are	
  thirteen	
  known	
  endogenous	
  ligands	
   for	
   the	
  Epidermal	
  Growth	
  Factor	
  Receptor	
  

(EGFR)	
  and	
  its	
  closely	
  related	
  ErbB	
  receptor	
  family	
  members.	
  We	
  previously	
  reported	
  that	
  

Betacellulin	
   (BTC)	
   is	
  more	
   efficacious	
   than	
  Epidermal	
   Growth	
   Factor	
   (EGF)	
   in	
  mediating	
  

corneal	
  wound	
  healing	
  [Peterson	
  et	
  al.	
  (2014)	
  IOVS	
  55(5):2870-­‐‑80],	
  although	
  the	
  molecular	
  

basis	
  for	
  this	
  difference	
  was	
  unknown.	
  For	
  the	
  most	
  part,	
  differences	
  between	
  ligands	
  can	
  be	
  

attributed	
   to	
   variability	
   in	
   binding	
   properties,	
   such	
   as	
   each	
   ligand’s	
   unique	
   rate	
   of	
  

association	
  and	
  dissociation,	
  pH	
  sensitivity,	
  and	
  selective	
  binding	
  to	
  individual	
  ErbB	
  family	
  

members.	
  However,	
  this	
  was	
  not	
  the	
  case	
  for	
  BTC.	
  Despite	
  being	
  better	
  at	
  promoting	
  wound	
  

healing	
  via	
  enhanced	
  cell	
  migration,	
  BTC	
  has	
  reduced	
  receptor	
  affinity	
  and	
  weaker	
  induction	
  

of	
  EGFR	
  phosphorylation.	
  These	
  data	
  indicate	
  that	
  BTC’s	
  response	
  is	
  not	
  due	
  to	
  enhanced	
  

affinity	
  or	
  kinase	
  activity.	
  Receptor	
  phosphorylation	
  and	
  proximity	
  ligation	
  assays	
  indicate	
  

that	
   BTC	
   treatment	
   significantly	
   increases	
   ErbB3	
   phosphorylation	
   and	
   EGFR:ErbB3	
  

heterodimers	
  when	
  compared	
  to	
  EGF	
  treatment.	
   	
  We	
  observed	
  EGFR:ErbB3	
  heterodimers	
  

contribute	
   to	
   cell	
  migration,	
   as	
   the	
   addition	
   of	
   an	
   ErbB3	
   antagonist	
   (MM-­‐‑121)	
   or	
   RNAi-­‐‑

mediated	
  knockdown	
  of	
  ErbB3	
  attenuates	
  BTC-­‐‑stimulated	
  cell	
  migration	
  as	
   compared	
   to	
  

EGF.	
  Thus,	
  we	
  demonstrate	
  that	
  despite	
  both	
  ligands	
  binding	
  to	
  the	
  EGFR,	
  BTC	
  biases	
  the	
  

EGFR	
  to	
  dimerize	
  with	
  ErbB3	
  to	
  regulate	
  the	
  biological	
  response.	
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Introduction:	
  

The	
   ErbB	
   family	
   of	
   receptor	
   tyrosine	
   kinases	
   (RTKs)	
   have	
   well-­‐‑established	
   roles	
   in	
  

developmental	
  biology,	
  tissue	
  homeostasis,	
  and	
  cancer	
  biology	
  (Chen	
  et	
  al.,	
  2016;	
  Wieduwilt	
  

and	
  Moasser,	
  2008).	
  All	
  four	
  family	
  members	
  [ErbB1	
  (Epidermal	
  Growth	
  Factor	
  Receptor-­‐‑	
  

EGFR),	
   ErbB2,	
   ErbB3,	
   and	
   ErbB4]	
   share	
   a	
   number	
   of	
   structural	
   and	
   functional	
   features	
  

including	
  their	
  size,	
  transmembrane	
  orientation	
  of	
  the	
  protein,	
  and	
  mechanism	
  of	
  activation.	
  	
  

Activation	
  of	
  ErbB	
  receptors	
  begins	
  with	
  ligand	
  binding	
  that	
  induces	
  receptor	
  dimerization,	
  

transphosphorylation	
   of	
   cytoplasmic	
   tyrosines,	
   and	
   docking	
   of	
   downstream	
   effectors	
   to	
  

those	
  phosphotyrosines.	
  These	
  activated	
  effectors	
  induce	
  biochemical	
  changes	
  that	
  lead	
  to	
  

modifications	
  in	
  cell	
  biology.	
  Each	
  ErbB	
  family	
  member	
  is	
  unique	
  in	
  its	
  activating	
  ligands,	
  

degree	
  of	
  kinase	
  activity,	
  and	
  cadre	
  of	
  downstream	
  effectors.	
  	
  These	
  features	
  confer	
  receptor-­‐‑

specific	
  biochemical	
  signals,	
  which	
  regulate	
  the	
  resulting	
  cell	
  biology.	
  

Receptor	
  specific	
  ligands	
  initiate	
  ErbB	
  RTK	
  signaling.	
  	
  There	
  are	
  13	
  known	
  ligands	
  for	
  the	
  

ErbB	
  family	
  of	
  proteins,	
  each	
  encoded	
  by	
  a	
  distinct	
  gene	
  (Pathak	
  et	
  al.,	
  1995).	
  These	
  ligands	
  

differ	
  in	
  their	
  tissue	
  distribution	
  as	
  well	
  as	
  their	
  rates	
  of	
  association	
  and	
  dissociation	
  to	
  each	
  

receptor.	
  Not	
  only	
  do	
  ligands	
  drive	
  the	
  specificity	
  of	
  receptor:effector	
  interactions,	
  but	
  also	
  

the	
   duration	
   and	
   magnitude	
   of	
   effector	
   response	
   through	
   differences	
   in	
   membrane	
  

trafficking	
  (Wang	
  and	
  Hung,	
  2012;	
  Wiley,	
  2003).	
  Ultimately,	
  the	
  ligand	
  specific	
  mechanisms	
  

influence	
  the	
  cellular	
  and	
  physiological	
  responses.	
  	
  

Despite	
   the	
  appreciation	
  that	
   ligands	
  can	
   induce	
  receptor-­‐‑specific	
  signaling	
  events,	
   the	
  

molecular	
  basis	
   for	
   these	
  differences	
  are	
  not	
  always	
  clear	
  due	
  to	
  the	
   intrinsic	
  barriers	
   to	
  

ligand	
   analysis.	
   Knockdown	
  of	
   the	
   EGFR	
   results	
   in	
   embryonic	
   lethality	
   in	
  mice,	
   or	
   death	
  

shortly	
  after	
  birth,	
  highlighting	
  its	
  role	
  in	
  embryonic	
  development	
  (Threadgill	
  et	
  al.,	
  1995).	
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In	
   contrast,	
   mice	
   engineered	
   to	
   individually	
   knock	
   out	
   epidermal	
   growth	
   factor	
   (EGF)	
  

(Luetteke	
  et	
  al.,	
  1999),	
  transforming	
  growth	
  factor-­‐‑a (Mann	
  et	
  al.,	
  1993),	
  epigen	
  (Dahlhoff	
  

et	
  al.,	
  2013),	
  heparin	
  binding-­‐‑EGF	
  (Jackson	
  et	
  al.,	
  2003),	
  betacellulin	
  (BTC)	
  (Jackson	
  et	
  al.,	
  

2003),	
  or	
  amphiregulin	
  (Luetteke	
  et	
  al.,	
  1999)	
  reveal	
  no	
  lethal,	
  ligand-­‐‑specific	
  phenotypes	
  

and	
  all	
  mice	
  were	
  viable	
  and	
  fertile.	
  More	
  subtle	
  phenotypes	
  include	
  minor	
  defects,	
  such	
  as	
  

altered	
  epithelial	
  tissue	
  homeostasis,	
  mammary	
  tissue	
  development,	
  or	
  a	
  “wavy”	
  phenotype	
  

of	
  the	
  hair	
  (Ceresa	
  et	
  al.,	
  2016).	
  The	
  distinct	
  knockout	
  phenotypes	
  indicate	
  ligand-­‐‑specific	
  

roles	
   in	
   tissue	
  development	
  and	
  homeostasis.	
  Absence	
  of	
   lethality	
  when	
  a	
  single	
   ligand	
   is	
  

knocked	
  out	
  is	
  consistent	
  with	
  functional	
  redundancy	
  among	
  the	
  ligands	
  for	
  the	
  EGFR’s	
  most	
  

critical	
  functions.	
  While	
  the	
  overlapping	
  roles	
  of	
  the	
  ligands	
  are	
  likely	
  beneficial	
  to	
  animals,	
  

analysis	
   of	
   the	
   physiological	
   contributions	
   of	
   individual	
   ligands	
   is	
   difficult.	
   In	
   order	
   to	
  

circumvent	
  the	
  limitations	
  of	
  in	
  vivo	
  analysis	
  we,	
  like	
  many	
  others,	
  have	
  turned	
  to	
  cell	
  biology	
  

and	
  biochemical	
  assays	
  to	
  understand	
  ligand-­‐‑specific	
  signaling.	
  	
  

Among	
  the	
  endogenous	
  EGFR	
  ligands,	
  BTC	
  is	
  one	
  of	
  the	
  most	
  poorly	
  understood.	
  It	
  was	
  

first	
  identified	
  as	
  a	
  secreted	
  growth	
  factor	
  from	
  pancreatic  b-­‐cell  insulinomas	
  (Sasada	
  et	
  al.,	
  

1993;	
  Shing	
  et	
  al.,	
  1993),	
  and	
  has	
  been	
  implicated	
  in	
  a	
  number	
  of	
  physiological	
  processes,	
  

including	
  b-­‐cell	
  proliferation	
   (Li	
   et	
   al.,	
   2001),	
  keratinocyte	
  proliferation	
   (Schneider	
  et	
   al.,	
  

2008b),	
   and	
   angiogenesis	
   (Schneider	
   et	
   al.,	
   2008a).	
   In	
   endometrial,	
   liver,	
   and	
   pancreatic	
  

cancers,	
  BTC	
  levels	
  are	
  elevated	
  (Moon	
  et	
  al.,	
  2006;	
  Srinivasan	
  et	
  al.,	
  1999;	
  Yokoyama	
  et	
  al.,	
  

1995).	
  	
  BTC	
  is	
  a	
  dual-­‐‑specificity	
  ligand	
  that	
  binds	
  both	
  EGFR	
  and	
  ErbB4	
  (Singh	
  et	
  al.,	
  2016;	
  

Singh	
  and	
  Coffey,	
  2013).	
  It	
  has	
  been	
  argued	
  that	
  BTC	
  also	
  binds	
  ErbB3	
  (Lopez-­‐‑Torrejon	
  et	
  

al.,	
  2002).	
  	
  The	
  most	
  compelling	
  evidence	
  for	
  this	
  comes	
  from	
  32D	
  myeloid	
  progenitor	
  cells	
  

that	
  lack	
  endogenous	
  ErbB	
  RTKs.	
  When	
  ErbB2	
  and	
  ErbB3	
  are	
  exogenously	
  expressed,	
  there	
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is	
   ErbB2	
   and	
  ErbB3	
   tyrosine	
   phosphorylation	
   and	
   increased	
   3H-­‐‑thymidine	
   incorporation	
  

(DNA	
  synthesis)	
   (Alimandi	
  et	
   al.,	
   1997).	
  However,	
   a	
  more	
   systematic	
   analysis	
  used	
  ErbB	
  

RTKs	
   expressed	
   individually	
   or	
   in	
   pairs;	
   these	
   studies	
   demonstrated	
   that	
   measurable	
  

binding	
  of	
  BTC	
  only	
  occurs	
  when	
  EGFR	
  and	
  ErbB4	
  are	
  expressed	
  (Jones	
  et	
  al.,	
  1999).	
  	
  

BTC-­‐‑null	
   mice	
   are	
   viable	
   and	
   exhibit	
   no	
   overt	
   phenotypes	
   or	
   problems	
   with	
   fertility;	
  

however,	
  the	
  life	
  span	
  of	
  these	
  mice	
  is	
  reduced	
  (Jackson	
  et	
  al.,	
  2003).	
  Overexpression	
  of	
  BTC	
  

causes	
   abnormal	
   hair	
   follicle	
   development	
   (Schneider	
   et	
   al.,	
   2008a),	
   increased	
   glucose	
  

tolerance	
  (Dahlhoff	
  et	
  al.,	
  2009),	
  and	
  altered	
  corneal	
  development	
  (Schneider	
  et	
  al.,	
  2005).	
  

In	
   corneal	
   epithelial	
   cells,	
  BTC	
   is	
  more	
   efficacious	
   than	
  EGF	
   in	
  mediating	
  wound	
  healing	
  

(Peterson	
   et	
   al.,	
   2014).	
   Despite	
   evidence	
   that	
   BTC	
   enhances	
   wound	
   healing	
   under	
   both	
  

physiological	
  and	
  pathological	
  conditions,	
  the	
  molecular	
  mechanism	
  by	
  which	
  BTC	
  enhances	
  

this	
  process	
  is	
  unclear.	
  These	
  data	
  illustrate	
  the	
  long-­‐‑standing,	
  inherent	
  confusion	
  regarding	
  

BTC-­‐‑mediated	
  signaling,	
  and	
  the	
  need	
  for	
  a	
  unifying	
  model.	
  

In	
  this	
  study,	
  we	
  found	
  that	
  BTC	
  is	
  a	
  better	
  mediator	
  of	
  cell	
  migration	
  than	
  EGF,	
  despite	
  a	
  

lower	
  affinity	
   for	
  and	
  reduced	
  phosphorylation	
  of	
   the	
  EGFR	
   (Watanabe	
  et	
   al.,	
   1994).	
  The	
  

reduced	
  receptor	
  phosphorylation	
  is	
  due	
  to	
  the	
  EGFR’s	
  formation	
  of	
  heterodimers	
  with	
  the	
  

kinase	
  impaired	
  ErbB3.	
  Importantly,	
  BTC	
  promotes	
  ErbB3	
  phosphorylation	
  in	
  the	
  absence	
  

of	
   ErbB2.	
   Proximity	
   ligation	
   assays	
   directly	
   reveal	
   the	
   formation	
   of	
   EGFR:ErbB3	
  

heterodimers.	
  When	
  ErbB3	
  signaling	
   is	
  antagonized	
  or	
  depleted	
  using	
  an	
  ErbB3	
  antibody	
  

MM-­‐‑121	
  (Schoeberl	
  et	
  al.,	
  2009)	
  or	
  siRNA,	
  cell	
  migration	
  is	
  reduced	
  more	
  in	
  response	
  to	
  BTC	
  

than	
  EGF;	
  further	
  indicating	
  BTC	
  mediates	
  migration	
  through	
  ErbB3.	
  Together,	
  these	
  data	
  

provide	
  a	
  new	
  model	
  in	
  which	
  a	
  ligand	
  can	
  bias	
  dimerization	
  partners	
  of	
  the	
  EGFR	
  and	
  affect	
  

cell	
  physiology.	
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Materials  and  Methods:  

Cell	
  lines	
  –	
  hTCEpi	
  cells	
  were	
  obtained	
  from	
  Geron	
  Corp.	
  (Menlo	
  Park,	
  CA).	
  Human	
  corneal	
  

epithelial	
  cells	
  were	
  immortalized	
  by	
  the	
  stable	
  transfection	
  of	
  human	
  telomerase	
  reverse	
  

transcriptase	
   (Robertson	
   et	
   al.,	
   2005).	
   	
   Cells	
   were	
   grown	
   in	
   growth	
   media	
   (Defined	
  

Keratinocyte	
   with	
   growth	
   supplement;	
   Invitrogen,	
   Carlsbad,	
   CA)	
   at	
   37°C	
   and	
   were	
  

maintained	
   at   5%   CO2.	
   	
   MDA-­‐‑MB-­‐‑468	
   cells	
   were	
   acquired	
   from	
   the	
   ATCC.	
   Cells	
   were	
  

maintained	
   in	
  growth	
  media	
  [Dulbecco’s	
  Modified	
  Eagle	
  Medium	
  (DMEM)]	
  supplemented	
  

with	
  10%	
  Fetal	
  Bovine	
  Serum	
  (FBS),	
  1%	
  penicillin,	
  1%	
  streptomycin,	
  and	
  2	
  mM	
  glutamine	
  

all	
  acquired	
  from	
  Life	
  Technologies	
  (Grand	
  Island,	
  NY).	
  Cells	
  were	
  maintained	
  at	
  of	
  37  ºC	
  in	
  

5%	
  CO2.	
  	
  

Materials	
   –	
   EGF,	
   BTC,	
   and	
   NRG4	
   were	
   purchased	
   from	
   Prospec-­‐‑Tany	
   TechnoGene	
   Ltd	
  

(Rehovot,	
   Israel).	
   MM-­‐‑121	
   (seribantumab)	
   was	
   a	
   kindly	
   provided	
   by	
   Merrimack	
  

Pharmaceuticals,	
   Inc,	
   (Cambridge,	
  MA)(Schoeberl	
  et	
  al.,	
  2009).	
   	
   	
  All	
  other	
  chemicals	
  were	
  

purchased	
  from	
  Sigma-­‐‑Aldrich	
  unless	
  otherwise	
  noted.	
  

Single	
  cell	
  growth	
  assay	
  -­‐‑	
  hTCEpi	
  cells	
  were	
  plated	
  at	
  a	
  density	
  of	
  30	
  cells/well	
  in	
  a	
  12	
  well	
  

tissue	
  culture	
  dish	
   in	
   low	
  serum	
  media	
  (25%	
  growth	
  media	
  and	
  75%	
  serum	
  free	
  media).	
  

Cells	
  were	
  grown	
  to	
  the	
  eight	
  cell	
  stage	
  then	
  treated	
  with	
  EGF	
  or	
  BTC	
  [1.6	
  nM]	
  or	
  no	
  ligand.	
  

Photographs	
  of	
  the	
  cell	
  colonies	
  were	
  taken	
  every	
  24	
  hours.	
  At	
  each	
  time	
  point,	
  the	
  number	
  

of	
  cells	
  per	
  colony	
  were	
  counted	
  and	
  the	
  area	
  the	
  colony	
  covered	
  was	
  measured	
  using	
  Image	
  

J	
  software	
  (Schneider	
  et	
  al.,	
  2012).	
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Competition	
   binding	
   –	
   All	
   radioligand	
   binding	
   experiments	
   used	
   binding	
   buffer	
   (DMEM	
  

(without	
   bicarbonate),	
   10mM	
  NaHEPES,	
   0.1%	
  BSA,	
   pH	
  7.4).	
   	
   Confluent	
  12-­‐‑well	
   dishes	
   of	
  

hTCEpi	
  cells	
  were	
  incubated	
  with	
  varying	
  concentrations	
  of	
  cold	
  ligand	
  (EGF,	
  BTC,	
  NRG4)	
  

and	
   125I-­‐‑EGF	
   (Perkin	
   Elmer	
   Life	
   Sciences,	
   catalog	
   no.	
   NEX160;	
   specific	
   activity	
   150-­‐‑200	
  

µCi/µg,	
  ~10,000	
  cpm/10μl).	
  Cells	
  were	
  incubated	
  on	
  ice	
  for	
  2	
  hours	
  allowing	
  a	
  steady  state	
  

binding	
  while	
  preventing	
  membrane	
  trafficking.	
  Cells	
  were	
  washed	
  4	
  times	
  with	
  radioligand	
  

binding	
  buffer,	
  solubilized	
  in	
  0.1%	
  SDS/0.1N	
  NaOH	
  and	
  radioactivity	
  level	
  of	
  each	
  sample	
  

was	
  determined	
  using	
  a	
  Beckman	
  Coulter	
  gamma	
  counter	
  (Brea,	
  CA).	
  Data	
  are	
  plotted	
  as	
  the	
  

percentage	
  of	
  maximal	
   radioactivity	
  as	
  determined	
   from	
  cells	
  with	
  no	
   competitive	
   ligand	
  

added.	
   IC50	
  values	
  were	
  calculated	
  using	
  a	
  one-­‐‑site	
  model	
  using	
  GraphPad	
  Prism	
  6.05	
  (La	
  

Jolla,	
  CA).	
  	
  

pH	
  dissociation	
  binding	
  –	
  Confluent	
  12-­‐‑well	
  dishes	
  of	
  hTCEpi	
  cells	
  were	
  incubated	
  with	
  125I-­‐‑

EGF	
  (Perkin	
  Elmer	
  Life	
  Sciences,	
  catalog	
  no.	
  NEX160;	
  specific	
  activity	
  150-­‐‑200	
  µCi/µg)	
  or	
  

125I-­‐‑BTC	
   (Perkin	
   Elmer	
   Life	
   Sciences,	
   custom	
   synthesis;	
   specific	
   activity	
   94	
   µCi/µg),	
  	
  

(~10,000	
   cpm/10μl).	
   Cells	
   were	
   incubated	
   on	
   ice	
   for	
   2	
   hours	
   allowing	
   a	
   steady	
   state	
  

distribution	
  of	
  the	
  ligands.	
  The	
  pH	
  of	
  radioligand	
  binding	
  buffer	
  was	
  adjusted	
  with	
  NaOH	
  or	
  

HCl	
  to	
  bring	
  the	
  buffer	
  to	
  the	
  desired	
  pH	
  (2	
  –	
  8).	
  pH-­‐‑adjusted	
  buffer	
  was	
  used	
  to	
  wash	
  the	
  

cells	
   to	
   remove	
   excess	
   ligand	
   and	
   dissociate	
   the	
   ligand	
   from	
   the	
   receptor.	
   Cells	
   were	
  

solubilized	
   in	
  0.1%	
  SDS/0.1N	
  NaOH	
   and	
   the	
   associated	
   radioactivity	
   in	
   each	
   sample	
  was	
  

determined	
  using	
  a	
  Beckman	
  Coulter	
  gamma	
  counter.	
  Data	
  are	
  plotted	
  as	
  the	
  average	
  (±	
  S.D.)	
  

percentage	
  of	
  radioactivity	
  relative	
  to	
  maximal	
  binding.	
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Western	
  blot	
  with	
  phospho-­‐‑specific	
  antibodies	
  –	
  hTCEpi	
  cells	
  were	
  washed	
  twice	
  with	
  PBS	
  pH	
  

7.4	
  and	
  incubated	
  with	
  serum-­‐‑free	
  KSFM	
  for	
  2h.	
  Cells	
  were	
  treated	
  with	
  the	
  indicated	
  ligand	
  

concentration	
  at	
  the	
  indicated	
  time.	
  Treated	
  cells	
  were	
  subjected	
  to	
  two	
  quick	
  washes	
  with	
  

PBS	
  pH	
  7.4,	
  equilibrated	
  to	
  4°C	
  on	
  ice.	
  Cells	
  were	
  harvested	
  in	
  lysis	
  buffer	
  (150	
  mM	
  NaCl,	
  1%	
  

Nonidet	
   P-­‐‑40,	
   0.5%	
   deoxycholate,	
   0.1%	
   SDS,	
   50	
   mM	
   Tris,	
   pH	
   8.0,	
   10	
   mM	
   sodium	
  

pyrophosphate,	
  100	
  mM	
  sodium	
  fluoride)	
  supplemented	
  with	
  2	
  mM	
  Phenylmethylsulfonyl	
  

fluoride	
  (PMSF),	
  solubilized	
  with	
  end	
  over	
  end	
  rotation	
  for	
  10	
  min	
  at	
  4°C.	
  Insoluble	
  material	
  

was	
  removed	
  by	
  centrifugation	
   for	
  10	
  min	
  at	
  4°C	
  and	
  maximum	
  speed	
  (21,130	
  rcf)	
   in	
  an	
  

Eppendorf	
  5424R	
  (Hamburg,	
  Germany).	
  Equivalent	
  amounts	
  of	
  cell	
  lysate	
  were	
  resolved	
  by	
  

SDS-­‐‑PAGE	
   and	
   transferred	
   to	
   nitrocellulose.	
   The	
   indicated	
   proteins	
  were	
   immunoblotted	
  

using	
   the	
   following	
  antibodies:	
  EGFR	
   (SC-­‐‑03)	
  and	
  EGFR	
   (A-­‐‑10)	
  antibodies	
  obtained	
   from	
  

Santa	
   Cruz	
   Biotechnology	
   (Dallas,	
   TX),	
   site	
   specific	
   phosphoEGFR	
   antibodies	
   (pY998,	
  

pY1045,	
  pY1068,	
  and	
  pY1148)	
  were	
  from	
  Cell	
  Signaling	
  (Danvers,	
  MA),	
  a-­‐‑tubulin	
  antibodies	
  

were	
   from	
   Sigma-­‐‑Aldrich	
   (St.	
   Louis,	
   MO).	
   Following	
   incubation	
   with	
   the	
   appropriate	
  

horseradish	
   peroxidase-­‐‑conjugated	
   secondary	
   antibody,	
   immunoreactive	
   proteins	
   were	
  

visualized	
  with	
  Enhanced	
  Chemiluminescence	
  and	
  a	
  Fotodyne	
   Imaging	
  system	
  (Hartland,	
  

WI).	
  

Immunoprecipitations	
  -­‐‑	
  Cell	
  lysates	
  (500  µg,	
  see	
  “Western	
  Blot”)	
  were	
  incubated	
  with	
  either	
  

a	
   pool	
   of	
   phosphotyrosine	
   antibodes	
   (pY20,	
   sc-­‐‑508;	
   pY99,	
   sc-­‐‑7020	
   from	
   Santa	
   Cruz	
  

Biotechnology,	
  Santa	
  Cruz,	
  CA	
  and	
  4G10,	
  05-­‐‑321	
  from	
  EMD	
  Millipore,	
  Billerica,	
  MA)	
  or	
  ErbB3	
  

antibodies	
  (sc-­‐‑285,	
  sc-­‐‑7390,	
  sc-­‐‑415,	
  Santa	
  Cruz	
  Biotechnology,	
  Santa	
  Cruz,	
  CA)[HER3/ErbB3	
  

(D22C5)	
  XP,	
  Cell	
  Signaling]	
  while	
  rotated	
  end	
  over	
  end	
  at	
  4oC	
  overnight.	
  Protein	
  A/G	
  agarose	
  

beads	
   (Santa	
   Cruz	
   Biotechnology,	
   Dallas,	
   TX)	
  washed	
   with	
   lysis	
   buffer	
   were	
   added	
   and	
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rotated	
   end	
   over	
   end	
   at	
   4oC	
   for	
   2	
   hours.	
   Lysates	
   were	
   centrifuged	
   and	
   a	
   sample	
   of	
   the	
  

supernatant	
  was	
  kept	
  as	
  pass	
  through	
  (PT),	
  the	
  rest	
  discarded.	
  Then,	
  lysis	
  buffer	
  was	
  used	
  

to	
  wash	
  the	
  beads	
  three	
  times.	
  To	
  elute	
  the	
  protein	
  from	
  the	
  beads,	
  SDS	
  sample	
  buffer	
  was	
  

added	
  to	
  the	
  samples	
  and	
  heated	
  to	
  100◦C	
  for	
  three	
  minutes.	
  The	
  immunoprecipitates	
  were	
  

divided	
  into	
  thirds,	
  separated	
  by	
  SDS-­‐‑PAGE,	
  transferred	
  to	
  nitrocellulose,	
  and	
  detected	
  with	
  

the	
  indicated	
  antibody:	
  EGFR	
  (Santa	
  Cruz	
  Biotechnology,	
  Dallas,	
  TX);	
  ErbB2	
  and	
  ErbB3,	
  (Cell	
  

Signaling);	
   ErbB3	
   (Santa	
   Cruz	
   Biotechnology,	
   Dallas,	
   TX,	
   Cell	
   Signaling),	
   or	
  

PY99/phosphotyrosine	
  (Santa	
  Cruz	
  Biotechnology,	
  Dallas,	
  TX)	
  as	
  described	
  previously.	
  

PLA	
  Proximity	
  Ligation	
  Assay	
  (PLA)	
  -­‐‑	
  hTCEpi	
  cells	
  were	
  plated	
  on	
  NaOH	
  cleaned	
  12mm	
  round	
  

#1	
  coverslips	
  in	
  a	
  24-­‐‑well	
  plate	
  and	
  grown	
  to	
  70-­‐‑80%	
  confluency.	
  	
  Serum-­‐‑starved	
  cells	
  were	
  

treated	
  with	
  media,	
  EGF	
  (16	
  nM),	
  or	
  BTC	
  (16	
  nM)	
  at	
  37◦C	
  for	
  15	
  min.	
  	
  Coverslips	
  were	
  washed	
  

with	
   PBS++	
   (PBS	
   pH	
   7.4	
   /0.25	
   M	
   CaCl2/0.25M	
   MgCl2)	
   and	
   fixed	
   with	
   4%	
  

paraformaldehyde/PBS++	
   for	
   5	
  min	
   on	
   ice	
   and	
   15min	
   at	
   room	
   temperature.	
   	
   Cells  were	
  

permeabilized	
  with	
   0.1%	
   saponin/0.5%	
   fetal	
   bovine	
   serum/PBS++	
   for	
   15	
  min,	
  washed	
   3	
  

times	
  in	
  PBS++.	
  EGFR:ErbB3	
  heterodimers	
  were	
  detected	
  using	
  Proximity	
  Ligation	
  Assay	
  kit	
  

(DuoLink,	
  Sigma	
  Aldrich)	
  according	
  to	
  manufacturer’s	
  directions.	
  Primary	
  antibodies	
  EGFR	
  

(E114,	
  RabMAb	
  Abcam)	
  and	
  ErbB3	
  (2F12,	
  Thermo	
  Scientific)	
  were	
  used	
  independently	
  and	
  

jointly	
  as	
  indicated	
  in	
  experiments.	
  Fluorescence	
  images	
  and	
  quantification	
  were	
  acquired	
  

using	
  a	
  Nikon	
  Eclipse	
  Ti-­‐‑E	
  widefield	
  microscope	
  using	
  Nikon	
  NIS	
  Elements	
  software	
  (Nikon,	
  

Melville,	
  NY).	
  

Transwell	
  migration	
  assay	
  -­‐‑	
  100,000	
  hTCEpi	
  cells	
  in	
  serum-­‐‑	
  free	
  media	
  (Keratinocyte	
  Defined	
  

Media	
  without	
  growth	
  supplement,	
  100  µL;	
  Invitrogen)	
  with	
  or	
  without	
  170  µg/ml	
  MM-­‐‑121.	
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were	
   plated	
   in	
   the	
   upper	
   chamber	
   of	
   an	
   8	
  µm	
  polycarbonate	
  membrane,	
   6.5-­‐‑mm	
   insert	
  

(Corning,	
   Inc.,	
  Corning,	
  NY)	
   for	
  2	
  hours	
  at	
  37°C.	
  Following	
   incubation,	
   the	
  lower	
  chamber	
  

contained	
  600	
  µL	
  serum-­‐‑free	
  media	
  containing	
  the	
  indicated	
  concentrations	
  of	
  growth	
  factor	
  

with	
  or	
  without	
  MM-­‐‑121	
  (seribantumab,	
  a	
  gift	
  of	
  Merrimack	
  Pharmaceuticals,	
  Cambridge,	
  

MA).	
  Cells	
  were	
  allowed	
   to	
  migrate	
   for	
  16	
  hours	
  at	
  37°C	
   in	
  5%	
  CO2.	
  Migrated	
  cells	
  were	
  

determined	
  by	
  fixing	
  the	
  cells	
  in	
  methanol,	
  staining	
  in	
  Giemsa,	
  and	
  counting	
  the	
  migrated	
  

cells	
  under	
  a	
  microscope	
  (TE-­‐‑2000;	
  Nikon,	
  Tokyo,	
  Japan)	
  with	
  a	
  60X	
  objective(Vedham	
  et	
  al.,	
  

2005).	
  

siRNA	
   –	
   The	
   siRNA	
   were	
   obtained	
   from	
   the	
   following	
   sources:	
   scramble	
   control	
   siRNA	
  

(siCON),	
  EGFR	
  and	
  ErbB2	
  were	
  acquired	
  from	
  IDTDNA	
  (Coralville,	
  IA),	
  ErbB3	
  Silencer	
  Select	
  

was	
  acquired	
  from	
  ThermoFisher	
  Scientific,	
  Waltham,	
  MA)	
  .	
  	
  hTCEpi	
  cells	
  were	
  transfected	
  

with	
   the	
   indicated	
   siRNA	
   by	
   Amaxa	
   electroporation	
   as	
   described	
   previously	
   (Rush	
   and	
  

Ceresa,	
  2013).	
  Cells	
  were	
  allowed	
  to	
  recover	
  for	
  48	
  hours.	
  Cells	
  were	
  assayed	
  by	
  western	
  

blot	
  for	
  knockdown,	
  phosphorylation	
  of	
  receptors	
  or	
  cell	
  migration	
  as	
  described	
  in	
  materials	
  

and	
  methods.	
  

Statistical	
  analyses	
  –	
  Statistical	
  tests	
  are	
  indicated	
  in	
  the	
  figure	
  legends	
  and	
  were	
  performed	
  

using	
  GraphPad	
  Prism	
  5.0	
  (La	
  Jolla,	
  CA).	
  

	
  

Results:	
  

BTC	
  induces	
  more	
  cell	
  migration	
  than	
  EGF	
  

Our	
  previous	
  studies	
  identified	
  BTC-­‐‑mediated	
  in	
  vitro	
  corneal	
  epithelial	
  wound	
  healing	
  as	
  

significantly	
   more	
   robust	
   than	
   EGF-­‐‑mediated	
   (Peterson	
   et	
   al.,	
   2014).	
   Corneal	
   epithelial	
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wound	
   healing	
   is	
   a	
   multi-­‐‑faceted	
   process	
   that	
   includes	
   cell	
   migration	
   and	
   proliferation	
  

(Stepp	
  et	
  al.,	
  2014).	
  The	
  first	
  goal	
  for	
  understanding	
  the	
  molecular	
  basis	
  for	
  BTC’s	
  enhanced	
  

activity	
  was	
  to	
  determine	
  if	
  the	
  ligand	
  was	
  augmenting	
  cell	
  migration,	
  cell	
  proliferation,	
  or	
  

both	
  processes.	
  To	
  assess	
   ligand	
  effect	
  on	
  proliferation	
  and	
  migration,	
  hTCEpi	
   cells	
  were	
  

plated	
  as	
  single	
  cells	
  and	
  cultured	
  in	
  media	
  alone	
  or	
  media	
  supplemented	
  with	
  EGF	
  or	
  BTC.	
  

The	
  same	
  colony	
  was	
  photographed	
  over	
  72	
  hours	
  (Fig	
  1A).	
  From	
  these	
  images,	
  the	
  number	
  

of	
  cells	
  and	
  their	
  total	
  area	
  was	
  determined	
  (Fig	
  1B,	
  1C).	
  Despite	
  no	
  increase	
  in	
  cell	
  number,	
  

BTC-­‐‑treated	
  cultures	
  covered	
  a	
  larger	
  area	
  of	
  the	
  dish	
  as	
  compared	
  to	
  those	
  grown	
  in	
  EGF	
  or	
  

media	
  alone,	
  	
  indicating	
  the	
  BTC-­‐‑treated	
  cells	
  were	
  more	
  migratory.	
  

To	
  supplement	
  that	
  assay,	
  a	
  Transwell	
  assay	
  was	
  used	
  to	
  directly	
  measure	
  cell	
  migration	
  

in	
  response	
  to	
  the	
  growth	
  factors	
  (Fig	
  1D).	
  BTC	
  had	
  a	
  6-­‐‑fold	
   increase	
   in	
  cell	
  migration	
  as	
  

compared	
   to	
   4-­‐‑fold	
   increase	
   with	
   EGF.	
   Together,	
   these	
   assays	
   demonstrate	
   that	
   BTC	
  

stimulates	
  cell	
  migration	
  more	
  than	
  EGF.	
  

	
  

BTC	
  binds	
  EGFR	
  with	
  lower	
  affinity.	
  

BTC	
  is	
  universally	
  accepted	
  to	
  bind	
  both	
  EGFR	
  and	
  ErbB4	
  (Beerli	
  and	
  Hynes,	
  1996;	
  Riese	
  

et	
  al.,	
  1996),	
  but	
  others	
  report	
  that	
  BTC	
  can	
  bind/activate	
  ErbB2	
  and	
  ErbB3	
  as	
  well	
  (Alimandi	
  

et	
  al.,	
  1997;	
  Oh	
  et	
  al.,	
  2011).	
  hTCEpi	
  cells	
  do	
  not	
  express	
  ErbB4	
  (Peterson	
  et	
  al.,	
  2014),	
  so	
  we	
  

restricted	
   our	
   focus	
   to	
   the	
   EGFR.	
   To	
   determine	
   if	
   EGF	
   and	
   BTC	
  were	
   binding	
   the	
   same	
  

receptor,	
  we	
  performed	
  an	
  125I-­‐‑EGF	
  competition	
  binding	
  assay.	
  EGF,	
  BTC,	
  and	
  Neuregulin	
  4	
  

(NRG4)	
  as	
  a	
  negative	
  control,	
  were	
  used	
  to	
  compete	
  for	
  radiolabeled	
  EGF	
  (Fig	
  2A).	
  EGF	
  (IC50=	
  

~2	
  nM)	
  was	
  able	
   to	
  compete	
   for	
  125I-­‐‑EGF	
  binding	
  with	
  a	
  30-­‐‑fold	
  higher	
  affinity	
   than	
  BTC	
  

(IC50=	
  ~60	
  nM);	
  100	
  nM	
  NRG4	
  was	
  unable	
  to	
  displace	
  125I-­‐‑EGF	
  binding,	
  consistent	
  with	
  its	
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role	
  as	
  an	
  ErbB4	
  specific	
  ligand	
  (Fig	
  2A).	
  These	
  data	
  indicate	
  that	
  EGF	
  and	
  BTC	
  compete	
  for	
  

the	
  same	
  binding	
  site	
  and	
  BTC	
  has	
  a	
  lower	
  affinity	
  for	
  the	
  EGFR.	
  	
  	
  

Next,	
  we	
  examined	
  whether	
  EGFR	
  binding	
  of	
  BTC	
  and	
  EGF,	
  had	
  differing	
  sensitivities	
  to	
  

pH.	
   As	
   the	
   ligand:receptor	
   complex	
   progresses	
   through	
   the	
   endocytic	
   pathway,	
   it	
  moves	
  

through	
   an	
   increasingly	
   acidic	
   environment.	
   Ligand	
   binding	
   is	
   one	
   of	
   the	
   factors	
   that	
  

determines	
  whether	
  the	
  receptor	
  recycles	
  back	
  to	
  the	
  plasma	
  membrane	
  or	
  is	
  targeted	
  to	
  the	
  

lysosome.	
  	
  Approximately	
  50%	
  of	
  bound	
  125I-­‐‑EGF	
  dissociated	
  at	
  pH	
  5.8,	
  whereas	
  a	
  pH	
  of	
  4.3	
  

was	
   required	
   to	
   dissociate	
   50%	
   of	
   the	
   bound	
   125I-­‐‑BTC	
   (Fig	
   2B).	
   These	
   values	
   led	
   to	
   the	
  

prediction	
   that	
  ~50%	
  of	
   EGF:EGFR	
   complexes	
  will	
   dissociate	
   in	
   the	
   early	
   endosome	
   [pH	
  

~5.9-­‐‑6.8	
  (Yamashiro	
  and	
  Maxfield,	
  1987)],	
  whereas,	
  the	
  BTC:EGFR	
  is	
  not	
  predicted	
  to	
  have	
  

appreciable	
   dissociation,	
   even	
   in	
   the	
   lysosome	
   [pH	
   ~	
   4.5-­‐‑5.0	
   (Yamashiro	
   and	
   Maxfield,	
  

1987)].	
  

	
  

BTC	
  induces	
  less	
  EGFR	
  phosphorylation	
  but	
  more	
  ErbB3	
  phosphorylation	
  

Consistent	
  with	
  the	
  reduced	
  affinity,	
  BTC	
  was	
  a	
  weaker	
  activator	
  of	
  EGFR,	
  as	
  compared	
  to	
  

EGF.	
   Using	
   ligand	
   concentrations	
   that	
   produced	
  maximal	
   cell	
  migration	
   (Peterson	
   et	
   al.,	
  

2014),	
  a	
  time	
  course	
  of	
  tyrosine	
  phosphorylation	
  was	
  used	
  as	
  a	
  read-­‐‑out	
  of	
  EGFR	
  activity	
  

(Fig	
  3).	
  hTCEpi	
  cells	
  treated	
  with	
  BTC	
  as	
  compared	
  to	
  those	
  treated	
  with	
  EGF	
  had	
  reduced	
  

EGFR	
  phosphorylation	
  at	
  all	
  four	
  of	
  the	
  tyrosine	
  residues	
  examined	
  (Fig	
  3A).	
  Similar	
  trends	
  

were	
  observed	
  in	
  MDA-­‐‑MB-­‐‑468	
  cells,	
  a	
  metastatic	
  breast	
  cancer	
  cell-­‐‑line	
  with	
  comparable	
  

levels	
  of	
  EGFR	
  (Fig	
  3B).	
  It	
  should	
  be	
  noted	
  that	
  supraphysiological	
  concentrations	
  of	
  BTC	
  and	
  

EGF	
   produce	
   comparable	
   levels	
   of	
   EGFR	
   phosphorylation	
   (Peterson	
   et	
   al.,	
   2014).	
   The	
  

differences	
   in	
  EGFR	
  phosphorylation	
  were	
   revealed	
  using	
   ligand	
  concentrations	
   (1.6	
  nM)	
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that	
  produce	
  the	
  greatest	
  biological	
  response	
  (Peterson	
  et	
  al.,	
  2014),	
  more	
  closely	
  reflect	
  

physiological	
  concentrations	
  (Peterson	
  et	
  al.,	
  2014),	
  and	
  are	
  closer	
  to	
  the	
  ligands’	
  Kd’s	
  for	
  the	
  

EGFR	
  (Schlessinger,	
  1986;	
  Watanabe	
  et	
  al.,	
  1994).	
  	
  

The	
   decrease	
   in	
   EGFR	
   phosphorylation	
   led	
   us	
   to	
   an	
   alternative	
   explanation.	
   We	
  

hypothesized	
   that	
   EGF	
   promoted	
  EGFR	
  homodimers,	
  whereas	
  BTC	
  preferentially	
   formed	
  

EGFR:ErbB3	
  heterodimers.	
  The	
  model	
  accounts	
  for	
  the	
  observation	
  that	
  1)	
  the	
  ligands	
  can	
  

compete	
  for	
  binding	
  with	
  one	
  another	
  (Jones	
  et	
  al.,	
  1999;	
  Macdonald-­‐‑Obermann	
  and	
  Pike,	
  

2014),	
  2)	
  the	
  EGFR:ErbB3	
  heterodimers	
  would	
  have	
  reduced	
  EGFR	
  phosphorylation	
  due	
  to	
  

ErbB3	
  being	
  kinase	
  impaired	
  (Guy	
  et	
  al.,	
  1994),	
  and	
  3)	
  ErbB3	
  activation	
  is	
  associated	
  with	
  

induced	
  proliferation	
  and	
  migration	
  (Lyons	
  et	
  al.,	
  2005;	
  Reschke	
  et	
  al.,	
  2008;	
  Sathyamurthy	
  

et	
  al.,	
  2015).	
  	
  

To	
   test	
   whether	
   BTC	
   could	
   differentially	
   signal	
   through	
   other	
   ErbB	
   receptors,	
   we	
  

examined	
   receptor	
   tyrosine	
   phosphorylation	
   (Fig	
   4A-­‐‑C).	
   hTCEpi	
   cells	
   were	
   treated	
   with	
  

media	
  alone,	
  or	
  media	
  supplemented	
  with	
  EGF	
  or	
  BTC.	
  For	
  these	
  biochemical	
  experiments,	
  

higher	
  concentrations	
  of	
  ligand	
  were	
  used	
  to	
  drive	
  receptor	
  dimerization	
  and	
  enhance	
  the	
  

signal	
   to	
   noise	
   ratio.	
   Denatured	
   cell	
   lysates	
   were	
   immunoprecipitated	
   with	
   an	
   anti-­‐‑

phosphotyrosine	
   antibody	
   and	
   probed	
   for	
   the	
   presence	
   of	
   the	
   three	
   endogenous	
   ErbB	
  

receptors	
   (Fig	
  4A).	
   	
  BTC	
   treatment	
   led	
   to	
  decreased	
  phosphorylation	
  of	
  EGFR	
  and	
  ErbB2	
  

when	
   compared	
   to	
   EGF,	
   whereas	
   only	
   BTC	
   treatment	
   resulted	
   in	
   significant	
   ErbB3	
  

phosphorylation	
   (Fig	
   4D).	
   Significant	
   ErbB3	
   phosphorylation	
   by	
   BTC	
   was	
   also	
   observed	
  

when	
  cell	
   lysates	
  were	
   immunoprecipitated	
  using	
  an	
  ErbB3	
  antibody	
  and	
   immunoblotted	
  

with	
  an	
  anti-­‐‑phosphotyrosine	
  antibody	
  (Fig	
  4B,	
  4E).	
  	
  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 24, 2018 as DOI: 10.1124/mol.118.113399

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


   MOL  Manuscript  #113399  

   15  

hTCEpi	
  cells	
  were	
  transduced	
  using	
  ErbB2-­‐‑specific	
  shRNA	
  to	
  examine	
  the	
  possibility	
  of	
  

ErbB2	
   involvement	
   in	
   ErbB3	
   phosphorylation.	
   	
   BTC-­‐‑mediated	
   activation	
   of	
   ErbB3	
   is	
  

unaffected	
  by	
  the	
  loss	
  of	
  ErbB2	
  (calculated	
  to	
  be	
  86%	
  knockdown),	
  further	
  indicating	
  that	
  

ErbB2	
  is	
  dispensable	
  in	
  BTC	
  activation	
  of	
  ErbB3	
  (Fig	
  4C,	
  4F).	
  	
  To	
  determine	
  whether	
  these	
  

observations	
  were	
  specific	
  to	
  hTCEpi	
  cells,	
  we	
  treated	
  MDA-­‐‑MB-­‐‑468	
  cells	
  with	
  EGF	
  and	
  BTC,	
  

and	
  then	
   immunoprecipitated	
  phosphorylated	
  tyrosines	
  and	
   immunoblotted	
   for	
   the	
  same	
  

three	
  ErbB	
  receptors	
  available	
  in	
  hTCEpi	
  cells	
  (Supplemental	
  Fig	
  1A-­‐‑D).	
  MDA-­‐‑MB-­‐‑468	
  cells	
  

express	
  EGFR	
  and	
  ErbB3,	
  but	
  do	
  not	
  express	
  detectable	
  levels	
  of	
  ErbB2	
  or	
  ErbB4	
  (Khan	
  et	
  

al.,	
   2010).	
   As	
   with	
   the	
   hTCEpi	
   cells,	
   BTC	
   treatment	
   resulted	
   in	
   less	
   EGFR	
   tyrosine	
  

phosphorylation,	
  and	
  induced	
  ErbB3	
  tyrosine	
  phosphorylation.	
  	
  

	
  

BTC	
  promotes	
  ErbB3	
  phosphorylation	
  and	
  EGFR:ErbB	
  heterodimers	
  

These	
  biochemical	
  data	
  provide	
  evidence	
  that	
  BTC	
  causes	
  ErbB3	
  phosphorylation,	
  but	
  do	
  

not	
   demonstrate	
   a	
   direct	
   interaction.	
   Another	
   possibility	
   is	
   ErbB3	
   phosphorylation	
   is	
  

mediated	
  by	
  a	
  non-­‐‑receptor	
  kinase	
  that	
  is	
  activated	
  by	
  the	
  liganded	
  EGFR.	
  	
  To	
  determine	
  if	
  

BTC	
   caused	
   an	
   increase	
   in	
   EGFR:ErbB3	
   heterodimers,	
   we	
   performed	
   proximity	
   ligation	
  

assays	
   (PLA)	
   (Fig	
   5).	
   	
   PLA	
   is	
   an	
   antibody	
   based	
   detection/amplification	
   system	
   that	
  will	
  

reveal	
  protein:protein	
  interactions	
  when	
  they	
  are	
  within	
  40	
  nm.	
  hTCEpi	
  cells	
  were	
  treated	
  

with	
  media	
  alone,	
  or	
  media	
  supplemented	
  with	
  EGF	
  or	
  BTC,	
  fixed	
  and	
  subjected	
  to	
  the	
  PLA	
  

protocol	
   (see	
   Experimental	
   Procedures).	
   When	
   cells	
   were	
   screened	
   for	
   the	
   presence	
   of	
  

EGFR:ErbB3	
   heterodimers,	
   EGF	
   produced	
   a	
   1.1	
   fold	
   increase	
   in	
   heterodimers,	
   and	
   BTC	
  

produced	
   a	
   2.6-­‐‑fold	
   increase.	
   	
   Together,	
   the	
   receptor	
   phosphorylation	
   data	
   and	
   the	
   PLA	
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support	
   the	
  notion	
  that	
  EGF	
  treated	
  cells	
  have	
   less	
  EGFR:ErbB3	
  heterodimer	
   interactions	
  

when	
  compared	
  to	
  those	
  treated	
  with	
  BTC.	
  	
  

	
  

Inhibition	
  of	
  ErbB3	
  preferentially	
  attenuates	
  BTC-­‐‑mediated	
  cell	
  migration	
  

Finally,	
  we	
  wanted	
  to	
  determine	
  if	
  the	
  EGFR:ErbB3	
  heterodimers	
  were	
  responsible	
  for	
  the	
  

increase	
  in	
  cell	
  mobility	
  that	
  was	
  seen	
  with	
  BTC	
  treatment.	
  We	
  monitored	
  ligand-­‐‑dependent	
  

cell	
  migration	
  using	
  a	
  Transwell	
  migration	
  assay	
  in	
  the	
  absence	
  and	
  presence	
  of	
  the	
  ErbB3	
  

antagonist	
  antibody,	
  MM-­‐‑121	
  (seribantumab)(Schoeberl	
  et	
  al.,	
  2009)(Fig	
  6).	
  In	
  the	
  presence	
  

MM-­‐‑121,	
  BTC	
  treated	
  cells	
  no	
  longer	
  migrated	
  more	
  than	
  EGF	
  treated	
  cells.	
  	
  

To	
  determine	
  the	
  contribution	
  of	
  ErbB	
  family	
  members	
  on	
  BTC-­‐‑mediated	
  migration,	
  we	
  

knocked	
  down	
  EGFR,	
  ErbB2,	
  and	
  ErbB3	
  (Fig.	
  6B)	
  individually.	
  	
  Transfection	
  of	
  hTCEpi	
  cells	
  

with	
  these	
  siRNA	
  attenuated	
  expression	
  of	
  EGFR,	
  ErbB2	
  and	
  ErbB3	
  by	
  49%,	
  78%	
  and	
  91%	
  

respectively.	
   	
   The	
   decreased	
   levels	
   of	
   ErbB3	
   eliminated	
   the	
   significant	
   BTC	
   mediated	
  

migration	
  advantage	
  when	
  compared	
  to	
  EGF	
  (Fig.	
  6C).	
  	
  The	
  loss	
  of	
  any	
  of	
  the	
  three	
  ErbB	
  RTKs	
  

decreases	
  the	
  advantage	
  of	
  BTC	
  treatment	
  over	
  EGF	
  (Fig.	
  6C).	
  These	
  data	
  are	
  consistent	
  with	
  

all	
  ErbB	
  family	
  members	
  contributing	
  to	
  BTC-­‐‑mediated	
  signaling.	
  	
  

	
  

Discussion:	
  	
  

In	
  this	
  manuscript,	
  we	
  demonstrate	
  that	
  EGFR-­‐‑related	
  growth	
  factors	
  differ	
  in	
  their	
  ability	
  

to	
  induce	
  phosphorylation,	
  direct	
  specific	
  receptor	
  dimerization	
  and	
  effect	
  cell	
  physiology.	
  	
  

Multiple	
  labs	
  have	
  reported	
  that	
  BTC	
  treatment	
  can	
  generate	
  a	
  greater	
  response	
  than	
  EGF	
  

(Beerli	
  and	
  Hynes,	
  1996;	
  Knudsen	
  et	
  al.,	
  2014;	
  Peterson	
  et	
  al.,	
  2014;	
  Schoeberl	
  et	
  al.,	
  2009).	
  

We	
  show	
  that	
  in	
  line	
  with	
  those	
  findings,	
  BTC	
  enhances	
  cell	
  migration	
  more	
  than	
  EGF	
  (Fig	
  1	
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and	
   6),	
   which	
   is	
   a	
   fundamental	
   component	
   of	
   corneal	
   wound	
   healing	
   (Fig	
   1	
   and	
   6).	
  

Furthermore,	
   this	
  effect	
   is	
  not	
  due	
  to	
  enhanced	
  BTC	
  binding	
  to	
  or	
  phosphorylation	
  of	
   the	
  

EGFR	
  (Fig	
  2	
  -­‐‑	
  4),	
  as	
  these	
  responses	
  are	
  reduced	
  with	
  BTC	
  treatment.	
  	
  

Rather,	
   BTC	
   binding	
   to	
   the	
   EGFR	
   biases	
   the	
   receptor	
   to	
   heterodimerize	
   with	
   ErbB3,	
  

resulting	
   in	
   ErbB3	
   phosphorylation	
   (Fig	
   3-­‐‑5,1S).	
   Importantly,	
   BTC-­‐‑mediated	
   ErbB3	
  

phosphorylation	
  is	
  independent	
  of	
  ErbB2.	
  These	
  heterodimers	
  contribute	
  to	
  cell	
  migration,	
  

as	
  ErbB3	
  antagonists	
  and	
  knockdown	
  inhibit	
  BTC-­‐‑mediated	
  migration	
  to	
  a	
  greater	
  extent	
  

than	
  EGF-­‐‑mediated	
  migration	
  (Fig	
  6).	
  	
  

We	
  propose	
  a	
  model	
  in	
  which	
  EGF	
  and	
  BTC	
  both	
  bind	
  the	
  EGFR,	
  but	
  differentially	
  bias	
  the	
  

dimerization	
   partner	
   of	
   the	
   ligand-­‐‑bound	
   receptor.	
   This	
   ligand-­‐‑biased	
   signaling	
   is	
   well	
  

established	
   among	
   G-­‐‑protein	
   coupled	
   receptors	
   (Kinzer-­‐‑Ursem	
   and	
   Linderman,	
   2007;	
  

Luttrell	
  and	
  Kenakin,	
  2011;	
  Zidar	
  et	
  al.,	
  2009).	
  In	
  the	
  cell,	
  monomeric	
  ErbB	
  RTKs	
  and	
  their	
  

ligands	
  are	
  in	
  a	
  biochemical	
  equilibrium.	
  	
  The	
  binding	
  of	
  ligand	
  shifts	
  the	
  equilibrium	
  of	
  the	
  

receptors	
  from	
  a	
  monomeric	
  to	
  a	
  dimeric	
  form.	
  Our	
  data	
  here	
  support	
  a	
  model	
  in	
  which	
  the	
  

ligand:EGFR	
   directs	
   whether	
   the	
   dimers	
   are	
   homodimers	
   or	
   heterodimers.	
   There	
   is	
   an	
  

additional	
   layer	
   of	
   complexity	
   to	
   this	
   model	
  when	
   applying	
   it	
   to	
   other	
   cell	
   lines,	
   which	
  

express	
  the	
  ErbB	
  RTKs	
  at	
  different	
  levels.	
  	
  

Reports	
   in	
   the	
   literature	
   have	
   been	
   inconsistent	
   regarding	
   how	
   BTC	
   induces	
   ErbB3	
  

phosphorylation	
  (Chiba,	
  2004;	
  Pinkas-­‐‑Kramarski	
  et	
  al.,	
  1996;	
  Riese	
  et	
  al.,	
  1996;	
  Riese	
  et	
  al.,	
  

1995;	
  Steinkamp	
  et	
  al.,	
  2014).	
  We	
  postulate	
  that	
  the	
  absolute	
  and	
  relative	
  amounts	
  of	
  EGFR	
  

and	
  ErbB3	
   in	
  different	
  cell	
  lines	
  are	
  a	
  potential	
  source	
   for	
   these	
  discrepancies.	
  Since	
  BTC	
  

drives	
   the	
   formation	
   of	
   EGFR:ErbB3	
  heterodimers,	
   if	
   EGFRs	
   are	
   in	
   vast	
   excess,	
   once	
   the	
  

maximum	
  number	
  of	
  heterodimers	
  are	
  formed,	
  the	
  remaining	
  liganded	
  EGFRs	
  are	
  able	
  to	
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form	
   homodimers	
   or	
   ErbB2	
   heterodimers.	
   These	
   dimers	
   may	
   mask	
   the	
   contribution	
   of	
  

EGFR:ErbB3	
  heterodimer.	
  	
  Our	
  data	
  support	
  this	
  hypothesis,	
  as	
  the	
  loss	
  of	
  EGFR	
  and	
  ErbB2	
  

also	
  decreased	
  the	
  significant	
  advantage	
  BTC	
  treatment	
  had	
  on	
  migration	
  (Fig	
  6).	
   	
  hTCEpi	
  

cells	
   have	
   sufficient	
   levels	
   of	
   EGFR	
   and	
   ErbB3	
   to	
   produce	
   functional	
   EGFR:ErbB3	
  

heterodimers,	
  as	
  evident	
  by	
  the	
  decreased	
  cell	
  migration	
  in	
  response	
  to	
  ErbB3	
  antagonist	
  

and	
   ErbB3	
   knockdown.	
   	
   Cells	
   that	
   do	
   not	
   express	
   ErbB3	
   may	
   not	
   show	
   differences	
   in	
  

responses	
  to	
  EGF	
  and	
  BTC.	
  

Several	
  previous	
  studies	
  support	
  this	
  model.	
  First,	
  Liu	
  et	
  al.	
  report	
  that	
  a	
  single	
  ligand	
  is	
  

sufficient	
  to	
  activate	
  EGFR	
  dimers	
  (Liu	
  et	
  al.,	
  2012).	
  While	
  this	
  is	
  well	
  accepted	
  for	
  ErbB	
  RTKs	
  

that	
  heterodimerize	
  with	
  the	
  ligandless	
  ErbB2,	
  it	
  is	
  important	
  to	
  note	
  that	
  it	
  can	
  extend	
  to	
  

the	
  other	
   family	
  members	
   that	
  undergo	
  conformational	
   changes	
  to	
  dimerize.	
   Second,	
  our	
  

findings	
   that	
   receptors	
   preferentially	
   form	
   dimer	
   partners	
   is	
   supported	
   by	
   the	
   work	
   of	
  

MacDonald-­‐‑Oberman	
  et	
  al.	
   (Macdonald-­‐‑Obermann	
  et	
  al.,	
  2013;	
  Macdonald-­‐‑Obermann	
  and	
  

Pike,	
  2014).	
  Our	
  endogenous	
  receptor	
  model	
  proposes	
  that	
  these	
  preferences	
  can	
  be	
  shifted	
  

by	
  the	
  activating	
  ligand.	
  As	
  indicated	
  from	
  our	
  PLA	
  experiments,	
  BTC	
  preferentially	
  drives	
  

the	
  formation	
  of	
  EGFR:ErbB3.	
  	
  

It	
  was	
  fortunate	
  that	
  hTCEpi	
  and	
  MDA-­‐‑MB-­‐‑468	
  cells	
  do	
  not	
  express	
  ErbB4,	
  another	
  target	
  

for	
  BTC	
  binding.	
  With	
  the	
  addition	
  of	
  ErbB4,	
  the	
  model	
  would	
  have	
  to	
  take	
  into	
  consideration	
  

the	
   binding	
   affinities	
   for	
   EGFR	
   versus	
   ErbB4.	
   Although	
   ErbB2	
   does	
   not	
   bind	
   BTC,	
   its	
  

contribution	
  cannot	
  be	
  overlooked.	
  It	
  is	
  likely	
  that	
  ErbB2	
  is	
  also	
  competing	
  for	
  binding	
  to	
  the	
  

liganded	
   EGFRs.	
   ErbB3	
   phosphorylation	
   was	
   unaffected	
   by	
   the	
   loss	
   of	
   ErbB2,	
   further	
  

supporting	
   EGFR	
   as	
   the	
   sole	
   ligand	
   binding	
   receptor	
   in	
   our	
   system.	
   	
   The	
   incomplete	
  

inhibition	
  of	
  ErbB3	
  initiated	
  migration	
  in	
  response	
  to	
  MM-­‐‑121	
  may	
  be	
  due	
  to	
  compensatory	
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ErbB2	
  effects.	
  The	
  knockdown	
  of	
  each	
  ErbB	
  RTK	
  had	
  an	
  increase	
  in	
  protein	
  levels	
  of	
  the	
  other	
  

ErbB	
  RTKs	
  when	
  compared	
  to	
  control	
  lysates,	
  especially	
  with	
  EGFR	
  knockdown	
  (Fig.	
  6B).	
  	
  

Other	
   groups	
   show	
   that	
   compensatory	
   protein	
   effects	
   following	
   knockdown	
   of	
   similar	
  

proteins	
  are	
  possible	
  and	
  support	
  this	
  phenomenon	
  (Krumins	
  and	
  Gilman,	
  2006;	
  Rossi	
  et	
  al.,	
  

2015).	
  This	
  effect	
  was	
  also	
  supported	
  in	
  the	
  receptor	
  knockout	
  cell	
  lines	
  where	
  the	
  loss	
  of	
  

EGFR,	
  ErbB2	
  and	
  ErbB3	
  decreased	
  the	
  migration	
  advantage	
  BTC	
  has	
  over	
  EGF.	
  	
  While	
  ErbB2	
  

is	
   not	
   necessary	
   to	
   activate	
   ErbB3	
   with	
   BTC,	
   it	
   contributes	
   to	
   BTC-­‐‑mediated	
   migration,	
  

similar	
  to	
  ErbB3	
  (Fig	
  6C).	
  	
  More	
  rigorous	
  mathematical	
  modeling	
  and	
  experimentation	
  are	
  

required	
  to	
  account	
  for	
  the	
  complexities	
  of	
  the	
  entire	
  ErbB	
  RTK	
  family.	
  	
  

While	
  it	
  has	
  been	
  previously	
  appreciated	
  that	
  ligands	
  can	
  direct	
  dimer	
  formation,	
  it	
  was	
  

largely	
   attributed	
   to	
   differences	
   between	
   which	
   receptor	
   the	
   ligand	
   bound	
   (Macdonald-­‐‑

Obermann	
  and	
  Pike,	
  2014);	
  our	
  model	
  proposes	
  that	
  two	
  different	
  ligands	
  are	
  binding	
  the	
  

same	
  receptor,	
  but	
  forming	
  different	
  heterodimer	
  populations.	
  How	
  would	
  ligand	
  binding	
  

direct	
   the	
  dimerization	
  partner?	
  One	
  possibility	
   is	
   that	
  human	
  EGF	
  and	
  BTC	
  have	
   limited	
  

sequence	
  similarity	
  (~36%)	
  as	
  well	
  as	
  low	
  predicted	
  three-­‐‑dimensional	
  structural	
  homology	
  

as	
  measured	
  by	
  solvent	
  accessibility	
  surfaces	
  (Lopez-­‐‑Torrejon	
  et	
  al.,	
  2002).	
  Alternatively,	
  the	
  

size	
  of	
  the	
  ligand	
  may	
  affect	
  receptor	
  conformation.	
  The	
  processed	
  form	
  of	
  BTC	
  is	
  9	
  kDa	
  and	
  

EGF	
  is	
  6.6	
  kDa	
  (Harris	
  et	
  al.,	
  2003).	
  A	
  stretch	
  of	
  ~50	
  amino	
  acids	
  directly	
  binds	
  to	
  the	
  ligand-­‐‑

binding	
  domain	
  of	
  the	
  receptor	
  (Seno	
  et	
  al.,	
  1996).	
  The	
  size	
  and/or	
  charge	
  of	
  the	
  remaining	
  

30	
  amino	
  acids	
  may	
  sterically	
  hinder	
  BTC:EGFR	
  homodimerization.	
  Fundamental	
  differences	
  

in	
  binding	
  are	
  supported	
  by	
  our	
  observed	
  differences	
  in	
  radioligand	
  competition	
  binding	
  and	
  

pH	
  sensitivity	
  for	
  the	
  two	
  ligands	
  (Fig	
  2).	
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Conclusion:	
  

The	
   physiological	
   significance	
   of	
   individual	
   ErbB	
   RTK	
   ligands	
   is	
   likely	
   important	
   as	
  

indicated	
  by	
  knockout	
  animals.	
  	
  Using	
  cell	
  culture	
  models,	
  we	
  were	
  able	
  to	
  dissect	
  how	
  EGF	
  

and	
  BTC	
   can	
   form	
  different	
   ErbB	
   receptor	
   combinations	
   and	
   elicit	
   specific	
   cell	
   biological	
  

responses.	
   We	
   propose	
   a	
   new	
  model	
   for	
   how	
   BTC	
   binding	
   to	
   the	
   EGFR	
   biases	
   it	
   in	
   the	
  

formation	
   of	
   EGFR:ErbB3	
   heterodimers.	
   These	
   heterodimers	
   are	
   distinct	
   from	
   EGFR	
  

homodimers	
   in	
   their	
  ability	
   to	
  enhance	
  cell	
  migration	
  despite	
  less	
  EGFR	
  phosphorylation.	
  

This	
  model	
  may	
  have	
  important	
  implications	
  in	
  the	
  prognosis	
  of	
  cancer.	
  Many	
  cancers	
  are	
  

characterized	
  by	
  the	
  overexpression	
  of	
  individual	
  ErbB	
  family	
  members	
  and	
  specific	
  ErbB	
  

ligands	
   (Hynes	
   and	
  MacDonald,	
   2009).	
   Based	
  on	
   the	
   evidence	
   that	
   ligand	
   binding	
   affects	
  

receptor	
  dimerization	
  and	
  the	
  resulting	
  cell	
  biology,	
  assessing	
  receptor	
  levels	
  and	
  local	
  levels	
  

of	
  growth	
  factor	
  may	
  predict	
  the	
  invasiveness	
  of	
  the	
  cancer.	
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Figure	
  Legends.	
  	
  

	
  

Figure	
  1.	
  BTC	
  is	
  a	
  more	
  efficacious	
  activator	
  of	
  cell	
  migration	
  than	
  EGF.	
  A-­‐‑C)	
  hTCEpi	
  

cells	
  were	
  plated	
  as	
  single	
  cells	
  (30	
  cells/35	
  mm	
  dish)	
  in	
  media	
  alone,	
  1.6	
  nM	
  EGF,	
  or	
  1.6	
  nM	
  

BTC.	
  A)	
  Once	
  cell	
  colonies	
  formed,	
  they	
  were	
  imaged	
  at	
  24	
  hour	
  intervals	
  for	
  72	
  hours.	
  Shown	
  

are	
  representative	
  data	
  from	
  an	
  experiment	
  repeated	
  three	
  times	
  (~25-­‐‑70	
  colonies	
  for	
  each	
  

condition).	
  Scale	
  bar	
  =	
  200	
  µm.	
  B)	
  Data	
   from	
  three	
  separate	
  experiments	
  were	
  plotted	
  as	
  

average	
   ±	
   S.D.	
   fold	
   change	
   as	
   number	
   of	
   cells	
   per	
   colony.	
   C)	
   Data	
   from	
   three	
   separate	
  

experiments	
  were	
   plotted	
   as	
   average	
   ±	
   S.D.	
   fold	
   change	
   in	
   area	
   per	
   cell.	
   D)	
   hTCEpi	
   cell	
  

migration	
  was	
  measured	
  using	
  a	
  Transwell	
  assay	
  after	
  migrating	
  for	
  16	
  hours	
  as	
  described	
  

in	
  Experimental	
  Procedures.	
  Cells	
  were	
   incubated	
   in	
  serum	
  free	
  media	
  with	
  no	
  additions	
  

(Media),	
  serum	
  (Serum),	
  1.6	
  nM	
  EGF,	
  or	
  1.6	
  nM	
  BTC.	
  Plotted	
  are	
  the	
  fold	
  changes	
  (average	
  ±	
  

S.D.)	
  in	
  cell	
  migration	
  (relative	
  to	
  serum	
  free	
  media)	
  for	
  each	
  condition	
  (n=6).	
   	
  Data	
  were	
  

analyzed	
   using	
   a	
   two-­‐‑way	
  ANOVA	
  with	
   a	
   Tukey’s	
   post-­‐‑hoc	
   analysis.	
   	
   *=	
   p<0.05	
   and	
   **	
   =	
  

p<0.01.	
  	
  

	
  

Figure	
  2.	
  BTC	
  and	
  EGF	
  bind	
  EGFRs	
  with	
  different	
  affinities	
  and	
  pH	
  sensitivities.	
  A)	
  125I-­‐‑

EGF	
  competition	
  binding	
  using	
  varying	
  concentrations	
  of	
  EGF,	
  BTC,	
  or	
  NRG4	
  as	
  indicated.	
  B)	
  

pH	
  sensitivity	
  of	
  125I-­‐‑EGF	
  and	
  125I-­‐‑BTC	
  binding.	
  Cells	
  were	
  incubated	
  with	
  radioligand	
  at	
  pH	
  

7.4	
  and	
  4°C	
  until	
  steady-­‐‑state	
  binding	
  was	
  achieved.	
  Cells	
  were	
  then	
  incubated	
  in	
  binding	
  

buffer	
  at	
  varying	
  pH	
  at	
  4°C	
  for	
  30	
  minutes,	
  then	
  washed	
  three	
  times	
  in	
  ice	
  cold	
  buffer	
  of	
  the	
  

same	
  pH.	
  Cells	
  were	
  solubilized	
  and	
  associated	
  radioactivity	
  was	
  measured.	
  For	
  (A-­‐‑B),	
  data	
  

are	
  plotted	
  as	
  the	
  percent	
  of	
  maximal	
  radioligand	
  binding	
  (average	
  ±	
  S.D.,	
  n=3).	
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Figure	
  3.	
  BTC	
  induces	
  less	
  EGFR	
  phosphorylation	
  than	
  EGF	
  in	
  hTCEpi	
  and	
  MDA-­‐‑MB-­‐‑

468	
  cells.	
  A-­‐‑B)	
  Cells	
  were	
  treated	
  with	
  1.6	
  nM	
  EGF	
  or	
  1.6	
  nM	
  BTC	
  for	
  the	
  indicated	
  times.	
  

Cell	
   lysates	
  were	
   prepared	
   and	
   immunobloted	
  with	
   the	
   indicated	
  EGFR	
  phosphotyrosine	
  

specific	
  antibodies	
  (pY998,	
  pY1045,	
  pY1068,	
  pY1148),	
  total	
  EGFR,	
  or  a-­‐‑tubulin.	
  A)	
  hTCEpi	
  

cell	
  representative	
  blots	
  from	
  three	
  experiments.	
  	
  B)	
  MDA-­‐‑MB-­‐‑468	
  cell	
  representative	
  blots	
  

from	
  three	
  experiments.	
  

	
  

Figure	
   4.	
   	
   BTC	
   induces	
   ErbB3	
   phosphorylation	
   in	
   hTCEpi	
   cells	
   without	
   ErbB2	
  

interaction.	
  	
  A-­‐‑C)	
  hTCEpi	
  were	
  treated	
  with	
  serum	
  free	
  media	
  alone,	
  16	
  nM	
  EGF,	
  or	
  16	
  nM	
  

BTC	
  for	
  15	
  min	
  as	
  indicated.	
  Cell	
  lysates	
  were	
  prepared	
  under	
  denaturing	
  conditions	
  and	
  the	
  

indicated	
   proteins	
   were	
   immunoprecipitated	
   using	
   A)	
   anti-­‐‑phosphotyrosine	
   or	
   B)	
   anti-­‐‑

ErbB3	
  antibodies.	
  The	
  pass-­‐‑through	
  (PT)	
  and	
  immunoprecipitates	
  were	
  resolved	
  by	
  7.5%	
  

SDS-­‐‑PAGE,	
   and	
   immunoblotted	
  with	
   the	
   indicated	
   antibodies.	
   	
   Shown	
   are	
   representative	
  

blots	
  from	
  an	
  experiment	
  performed	
  at	
  least	
  three	
  times.	
  	
  C)	
  Transduced	
  ErbB2-­‐‑shRNA	
  and	
  

shRNA	
  control	
  (materials	
  and	
  methods)	
  hTCEpi	
  cells	
  were	
  treated	
  the	
  same	
  as	
  A-­‐‑B.	
  	
  Shown	
  

are	
  representative	
  blots	
  from	
  three	
  replicates.	
  D-­‐‑F)	
  Immunoblots	
  from	
  A-­‐‑C	
  were	
  quantified	
  

using	
  NIH	
  Image	
  J.	
  	
  Data	
  are	
  presented	
  as	
  the	
  average	
  ratio	
  (±	
  S.D.)	
  of	
  each	
  treatment	
  to	
  the	
  

most	
  abundant	
  protein.	
  Blots	
  were	
  analyzed	
  with	
  a	
  two-­‐‑way	
  ANOVA,	
  Holm-­‐‑Sidak’s	
  multiple	
  

comparisons	
  test.	
  *	
  =	
  p	
  <	
  0.05,	
  **	
  =	
  p	
  <	
  0.01,	
  ***	
  =	
  p	
  <	
  0.001	
  	
  NS=	
  not	
  significant.	
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Figure	
   5.	
   BTC	
   induces	
   EGFR:ErbB3	
   heterodimers	
   in	
   hTCEpi	
   cells.	
   	
   EGFR:EGFR	
   or	
  

EGFR:ErbB3	
  dimerization	
  was	
  visualized	
  by	
  proximity	
   ligation	
  assay	
   (PLA).	
   	
  After	
   serum	
  

starving	
  cells	
  for	
  2	
  hrs,	
  hTCEpi	
  cells	
  were	
  treated	
  with	
  serum	
  free	
  media	
  alone	
  or	
  with	
  16nM	
  

EGF	
   or	
   BTC	
   for	
   15min	
   at	
   37◦C.	
   	
   After	
   treatment,	
   cells	
   were	
   fixed	
   and	
   probed	
   using	
   the	
  

proximity	
   ligation	
   assay	
   (PLA)	
   as	
   described	
   in	
  Material	
   and	
  Methods.	
   A)	
   Representative	
  

micrographs	
  of	
  cells	
  probed	
  for	
  EGFR:ErbB3	
  heterodimers.	
  B)	
  Data	
  from	
  three	
  independent	
  

experiments	
  were	
   quantified	
   (50-­‐‑100	
   cells/experiment)	
   and	
   are	
   presented	
   as	
   a	
   box	
   and	
  

whisker	
  plot	
  of	
   the	
  total	
  number	
  of	
  signals	
  per	
  cell	
  and	
  analyzed	
  with	
  a	
  one-­‐‑way	
  ANOVA,	
  

Holm-­‐‑Sidak’s	
  multiple	
  comparisons	
  test.	
  *	
  =	
  p	
  <	
  0.05.	
  

	
  

Figure	
  6.	
  ErbB3	
  antagonist	
  MM-­‐‑121	
  and	
  knockdown	
  inhibit	
  BTC-­‐‑mediated	
  migration	
  

to	
  a	
  greater	
  extent	
  than	
  EGF-­‐‑mediated	
  migration.	
   	
  A)	
  hTCEpi	
  cells	
  were	
  plated	
  on	
  the	
  

upper	
  chamber	
  of	
  transwells	
  (0.8	
  nm	
  pore)	
  and	
  pre-­‐‑treated	
  without	
  or	
  with	
  170  µg/ml	
  MM-­‐‑

121	
  for	
  2	
  hours.	
  The	
  media	
  was	
  replaced	
  with	
  1)	
  serum	
  free	
  media	
  alone,	
  2)	
  EGF	
  (1.6	
  nM)	
  or	
  

3)	
  BTC	
  (1.6	
  nM)	
  in	
  the	
  absence	
  or	
  presence	
  of	
  MM-­‐‑121.	
  Cells	
  were	
  incubated	
  for	
  16	
  hours	
  

and	
  migration	
  to	
  the	
  lower	
  chamber	
  was	
  measured	
  by	
  counting	
  the	
  number	
  of	
  migrated	
  cells	
  

on	
  the	
  underside	
  of	
  the	
  membrane.	
  Shown	
  are	
  the	
  results	
  of	
  6	
  independent	
  experiments	
  for	
  

each	
  condition.	
  B)	
  hTCEpi	
  cells	
  were	
  transfected	
  with	
  either	
  control	
  siRNA	
  (siCON)	
  or	
  siRNA	
  

specific	
   for	
   EGFR,	
   ErbB2	
   or	
   ErB3	
   as	
   described	
   in	
  Materials	
   and	
  Methods.	
   After	
   recovery	
  

(72h),	
  B)	
   immunoblots	
   from	
   cell	
   lysates	
  were	
  prepared	
   from	
  hTCEpi	
   samples,	
   and	
   equal	
  

amounts	
  of	
  total	
  protein	
  loaded.	
  	
  Samples	
  were	
  resolved	
  by	
  SDS-­‐‑PAGE	
  and	
  immunoblotted	
  

with	
   the	
   indicated	
   antibody.	
   	
   Immunoblots	
   shown	
   are	
   representative	
   from	
   experiments	
  

performed	
  at	
  least	
  6	
  times.	
  	
  C)	
  transwells	
  were	
  loaded	
  with	
  transfected	
  cells	
  as	
  described	
  in	
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Materials	
  and	
  Methods.	
  	
  Migrated	
  cells	
  were	
  quantified	
  and	
  each	
  experiment	
  normalized	
  to	
  

media	
  treated	
  cells	
  independently.	
  	
  Each	
  y-­‐‑axis	
  indicates	
  a	
  different	
  transfected	
  hTCEpi	
  cell-­‐‑

line.	
  	
  The	
  results	
  are	
  plotted	
  as	
  mean	
  +	
  S.D.	
  Data	
  were	
  analyzed	
  with	
  a	
  two-­‐‑way	
  ANOVA	
  with	
  

Holm-­‐‑Sidak’s	
  post-­‐‑hoc	
  analysis,	
  *	
  =	
  p	
  <	
  0.05,	
  NS=	
  not	
  significant.	
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A. 125I-EGF Competition binding

B. pH Dissociation

Figure 2
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