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The ERBB network facilitates KRAS-driven lung tumorigenesis  
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One	  Sentence	  Summary:	  G12	  Mutant	  KRAS	  requires	  tonic	  ERBB	  network	  activity	  for	  initiation	  

and	  maintenance	  of	  lung	  cancer	  
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Abstract:	  KRAS	  is	  the	  most	  frequently	  mutated	  driver	  oncogene	  in	  human	  adenocarcinoma	  of	  

the	  lung.	  There	  are	  presently	  no	  clinically	  proven	  strategies	  for	  treatment	  of	  KRAS-‐driven	  lung	  

cancer.	   	   Activating	   mutations	   in	   KRAS	   are	   thought	   to	   confer	   independence	   from	   upstream	  

signaling,	  however	  recent	  data	  suggest	  that	  this	  independence	  may	  not	  be	  absolute.	  	  Here	  we	  

show	   that	   initiation	   and	   progression	   of	   KRAS-‐driven	   lung	   tumors	   requires	   input	   from	   ERBB	  

family	   RTKs:	   	  Multiple	   ERBB	   RTKs	   are	   expressed	   and	   active	   from	   the	   earliest	   stages	   of	   KRAS	  

driven	   lung	   tumor	   development,	   and	   treatment	   with	   a	   multi-‐ERBB	   inhibitor	   suppresses	  

formation	  of	   KRasG12D-‐driven	   lung	   tumors.	   	  We	  present	   evidence	   that	   ERBB	   activity	   amplifies	  

signaling	  through	  the	  core	  RAS	  pathway,	  supporting	  proliferation	  of	  KRAS	  mutant	  tumor	  cells	  in	  

culture	   and	   progression	   to	   invasive	   disease	   in	   vivo.	   	   Importantly,	   brief	   pharmacological	  

inhibition	  of	  the	  ERBB	  network	  significantly	  enhances	  the	  therapeutic	  benefit	  of	  MEK	  inhibition	  

in	   an	   autochthonous	   tumor	   setting.	   	   Our	   data	   suggest	   that	   lung	   cancer	   patients	   with	   KRAS-‐

driven	   disease	   may	   benefit	   from	   inclusion	   of	   multi-‐ERBB	   inhibitors	   in	   rationally	   designed	  

treatment	  strategies.	  	  
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Introduction	  
	  
Cancers	   of	   the	   lung	   account	   for	   over	   1.5	   million	   deaths	   per	   annum	   worldwide	   and	   5-‐year	  

survival	  rates	  remain	  between	  10	  &	  15%	  in	  many	  developed	  countries	  [1].	  	  The	  majority	  of	  lung	  

cancers	   are	   classified	   as	   non-‐small	   cell	   (NSCLC)	   and	   adenocarcinoma	   is	   the	   most	   common	  

histological	   subtype	   of	   NSCLC.	   Activating	   mutations	   in	   KRAS	   occur	   in	   a	   third	   of	   lung	  

adenocarcinoma	  (LuAd)	  cases	  [2].	  RAS	  proteins	  have	  historically	  proven	  to	  be	  elusive	  targets	  for	  

selective	   inhibition,	   although	   the	   recent	   development	   of	   G12	   mutant	   KRAS-‐selective	   tool	  

compounds	  suggests	  that	  therapeutic	  targeting	  of	  KRAS	  may	  in	  time	  be	  possible	  [3,	  4].	  	  In	  the	  

interim,	  there	  is	  a	  pressing	  need	  to	  develop	  alternative	  strategies	  for	  more	  effective	  treatment	  

of	  KRAS-‐driven	  disease.	  

	   The	  ERBB	  family	  of	  receptor	  tyrosine	  kinases	  comprises	  4	  members,	  EGFR	  (ERBB1),	  HER2	  

(ERBB2,	  NEU),	  ERBB3	  and	  ERBB4,	  all	  of	  which	  can	  homo-‐	  or	  heterodimerize,	  and	  dimerization	  is	  

required	  for	  signaling	  activity.	   	  ERBB	  dimers	  are	  activated	  upon	  binding	  a	  spectrum	  of	  soluble	  

ligands	   including	   EGF,	   Epiregulin,	   Amphiregulin	   and	   Neuregulin,	   amongst	   others,	   together	  

forming	  a	  network	  for	  ERBB-‐driven	  signal	  transduction	  [5].	  EGFR	  is	  a	  well-‐recognized	  driver	  of	  

lung	  adenocarcinoma	  with	   genetic	   alterations	  present	   in	  up	   to	  18%	  of	   cases	   [2].	   	   ERBB2	  and	  

ERBB3	  are	  highly	  expressed	  in	  embryonic	  lungs	  of	  humans	  and	  rodents	  and	  expression	  in	  both	  

persists	  into	  adulthood	  [6,	  7].	  	  Overexpression	  of	  ERBB2	  in	  the	  absence	  of	  gene	  amplification	  is	  

common	   in	   human	   LuAd	   [8,	   9]	   and	   functionality	   of	   ERBB2/ERBB3	   heterodimers	   in	   NSCLC-‐

derived	   cell	   lines	   was	   previously	   shown	   [10].	   	   Amplification	   of	   any	   of	   the	   4	   ERBB	   RTKs	   is	  

associated	  with	  poor	  prognosis	   in	   lung	  cancer	   [11],	  while	  high	  expression	  of	   the	  promiscuous	  
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ERBB	   ligand	   Epiregulin	   has	   previously	   been	   linked	   to	   disease	   progression	   and	   aggressive	  

phenotypes	  in	  models	  of	  EGFR	  and	  KRAS-‐driven	  lung	  cancer	  [12,	  13].	  

	   In	  a	  wild-‐type	  setting,	  ligand-‐activated	  signaling	  through	  ERBB	  RTKs	  activates	  KRAS	  [14].	  

Mutation	   of	   KRAS	   is	   generally	   thought	   to	   confer	   independence	   from	   upstream	   regulation,	   a	  

view	  that	   is	   reinforced	  by	   the	  mutual	  exclusivity	  of	  activating	  mutations	   in	  KRAS	  and	  EGFR	   in	  

LuAd,	  and	  by	  the	  failure	  of	  EGFR-‐selective	  inhibitors	  to	  show	  therapeutic	  benefit	  against	  KRAS-‐

driven	   cancers	   [15,	   16].	   	   However,	   several	   recent	   results	   suggest	   that	   the	   independence	   of	  

mutant	  KRAS	  from	  upstream	  signaling	  may	  not	  be	  absolute:	   	   In	  KRAS	  mutant	  NSCLC	  cell	   lines,	  

activation	  of	  PI3K	  is	  contingent	  upon	  basal	  activity	  of	  wild-‐type	  IGFR,	  establishing	  an	  important	  

precedent	  for	  coordination	  of	  oncogenic	  and	  normal	  signal	  transduction	  [17];	  genetic	  deletion	  

of	   EGFR	   was	   shown	   to	   suppress	   development	   of	   KRasG12D-‐driven	   pancreatic	   ductal	  

adenocarcinoma	  [18,	  19]	  while	  induced	  expression	  of	  ERBB2	  and	  ERBB3	  was	  found	  to	  underlie	  

resistance	  of	  KRAS	  mutant	  lung	  and	  colorectal	  cell	  lines	  to	  MEK	  inhibition	  [20].	  Strikingly,	  in	  the	  

latter	   study,	   MEK	   inhibitor-‐induced	   ERBB2/3	   expression	   was	   associated	   with	   recovery	   of	  

phosphor-‐ERK	  levels	  downstream	  of	  KRAS,	  suggesting	  a	  surprising	  role	  for	  upstream	  signaling	  in	  

sustaining	  pathway	  activity	  despite	  the	  presence	  of	  activated	  KRAS.	  	  	  

	   We	   therefore	   examined	   the	   requirement	   for	   ERBB	   activity	   in	   an	   inducible	   model	   of	  

progressive	   autochthonous	   LuAd,	   driven	   by	   the	   combination	   of	   endogenously	   expressed	  

KRasG12D	   and	   modest	   overexpression	   of	   c-‐MYC.	   	   Here	   we	   present	   evidence	   that	   redundant	  

signal	   transduction	   through	   multiple	   ERBB	   RTKs	   supports	   development	   and	   progression	   of	  

mutant	  KRAS-‐driven	  lung	  tumors.	  	  Our	  data	  suggest	  that	  front-‐line	  use	  of	  multi-‐ERBB	  inhibitors	  

may	  show	  clinical	  benefit	  in	  KRAS-‐driven	  LuAd.	  
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Results	  

ERBB	  activity	  is	  required	  for	  KRasG12D-‐driven	  lung	  tumor	  formation	  

Induced	   expression	   of	   ERBB-‐family	   receptor	   tyrosine	   kinases	   (RTKs)	   is	   associated	   with	  

resistance	   of	   KRAS	  mutant	   NSCLC	   cell	   lines	   to	  MEK	   inhibition	   [20].	   	  We	   therefore	   examined	  

expression	  of	  ERBB	  RTKs	  and	  their	   ligands	   in	  micro-‐dissected	  early-‐stage	   lung	  tumors,	  using	  a	  

CRE-‐inducible	   mouse	   model	   of	   autochthonous	   lung	   adenocarcinoma	   driven	   by	   KRasG12D	  

combined	  with	  modestly	  elevated	  levels	  of	  MYC	  (lsl-‐KRasG12D;Rosa26-‐lsl-‐MYC	  –	  henceforth	  KM),	  

the	  latter	  expressed	  from	  the	  Rosa26	  locus	  at	  levels	  that	  alone	  fail	  to	  provoke	  a	  phenotype	  (Fig.	  

S1)[21].	  	  In	  tumor	  samples	  harvested	  6	  weeks	  after	  allele	  activation	  we	  found	  strong	  expression	  

of	   Erbb2	   and	   Erbb3	  mRNA,	  while	   Egfr	  was	  weakly	   expressed	   and	   Erbb4	  was	   not	   detected	   in	  

tumors	  from	  2	  of	  4	  KM	  mice	  (Fig.	  1A).	  	  Multiple	  ERBB	  ligands	  were	  expressed,	  with	  Areg,	  Tgfa	  

and	   Hbegf	   showing	   strongest	   expression	   while	   Egf,	   Ereg,	   Nrg3	   and	   Nrg4	   were	   also	   clearly	  

detected	   (Fig.	   1B).	   	   The	   presence	   of	   both	   RTKs	   and	  multiple	   cognate	   ligands	   suggested	   that	  

ERBB	   RTKs	  may	   actively	   signal	   in	   developing	   KRasG12D-‐driven	   lung	   tumors.	   	   Lysates	   prepared	  

directly	  from	  multiple	  individual	  tumors,	  harvested	  6	  weeks	  post	  induction	  and	  immunoblotted	  

for	   phosphor-‐ERBB	   RTKs,	   consistently	   showed	   readily	   detectable	   levels	   of	   phospho-‐Egfr,	  

phospho-‐Erbb2	  and	  phospho-‐Erbb3,	  suggesting	  that	  these	  RTKs	  are	  indeed	  active	  in	  developing	  

KRasG12D-‐driven	  lung	  tumors	  (Fig.	  1C).	  To	  determine	  if	  ERBB	  signaling	  functionally	  contributes	  to	  

tumor	   development,	   we	   treated	   tumor-‐bearing	   mice	   acutely	   with	   a	   multi-‐ERBB	   inhibitor,	  

Neratinib	  [22].	  	  Treatment	  of	  mice	  for	  3	  days	  with	  Neratinib	  suppressed	  activity	  of	  ERBB	  RTKs,	  

significantly	   reduced	   tumor	   cell	   proliferation	   and	   increased	   apoptosis,	   suggesting	   that	   ERBB	  

activity	   promotes	   growth	   of	   KRasG12D-‐driven	   tumors	   (Fig.	   1D-‐F).	   	   Strikingly,	   continuous	   daily	  
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treatment	   of	   mice	   from	   2	   weeks	   post	   allele	   induction	   almost	   completely	   suppressed	   the	  

emergence	  of	  tumors,	  indicating	  that	  the	  combination	  of	  endogenously	  expressed	  KRasG12D	  and	  

constitutively	  expressed	  MYC	  requires	  input	  from	  ERBB	  RTKs	  in	  order	  to	  give	  rise	  to	  lung	  tumors	  

(Fig.	   1G,	  H).	   	   In	   contrast,	   daily	   Erlotinib	   treatment	   failed	   to	   show	   the	   same	  effect,	   consistent	  

with	  reports	  that	  EGFR	  inhibition	  in	  isolation	  is	  ineffective	  in	  KRAS-‐driven	  lung	  cancer	  [15,	  18].	  

	  

Progression	  of	  KRas-‐driven	  lung	  tumors	  is	  associated	  with	  increased	  ERBB	  network	  expression	  

The	   above	   analysis	   was	   performed	   on	   tumors	   at	   5-‐6	  weeks	   post	   Adeno-‐CRE-‐mediated	   allele	  

activation.	   	   At	   this	   time	   post	   induction,	   the	   lungs	   of	   all	   induced	   KM	  mice	   contain	   dozens	   of	  

individual	   tumors	   that	   present	   with	   uniform	   histology	   resembling	   human	   papillary	  

adenocarcinoma	   in	   situ	   (Fig.	   2A,	   panel	   i).	   	   A	   small	   minority	   of	   tumors	   (2-‐5%)	   also	   contain	   a	  

second,	   more	   disorganized	   population	   with	   more	   aggressive	   histological	   features,	   including	  

increased	   cytosolic	   and	   nuclear	   volume,	   prominent	   nucleoli,	   and	   increased	   morphological	  

heterogeneity	   (Fig.	   2A,	   panel	   ii).	   	   IHC	   analysis	   revealed	   continuous	   expression	   of	   the	   same	  

lineage	   markers	   across	   both	   populations	   in	   individual	   tumors,	   suggesting	   that	   the	   second	  

populations	   represent	   the	   emergence	   of	   aggressive	   sub-‐clones	   (Fig.	   S1B).	   	   Progression	   of	  

KRasG12D-‐driven	   lung	   tumors	   to	   more	   aggressive	   disease	   is	   associated	   with	   a	   pronounced	  

increase	   in	  Erk1/2	  phosphorylation	   [23,	  24].	   	  Accordingly,	   IHC	  analysis	  of	  phospho-‐Erk	   (p-‐Erk)	  

levels	   revealed	  sharply	  higher	  expression	  of	  p-‐Erk	   in	   these	  disorganized	  sub-‐clones	  compared	  

with	  the	  rest	  of	  the	  same	  tumors,	  and	  indeed	  across	  the	  entire	  tumor	  population	  (Fig.	  2A	  &	  B).	  	  

By	   comparison,	   KM	   tumors	   harvested	   at	   4-‐6	   months	   post-‐induction	   showed	   widespread	  

expression	  of	  p-‐Erk,	  as	  these	  more	  aggressive	  sub-‐clones	  gradually	  come	  to	  predominate	  (Fig.	  
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2B,	  panel	   iii).	   	  Moreover,	  KM	  metastases	   to	   the	   liver	  also	   show	  high	   levels	  of	  epithelial	  p-‐Erk	  

staining	  (Fig.	  2C).	  

	   Increased	  p-‐Erk	  levels	  were	  previously	  shown	  to	  be	  associated	  with	  amplification	  of	  the	  

mutant	  KRas	  locus	  in	  a	  KP	  lung	  cancer	  model	  wherein	  KRasG12D	  expression	  was	  combined	  with	  

loss	   of	   functional	   p53	   [25].	   	   We	   used	   laser-‐capture	   micro-‐dissection	   coupled	   with	   RNA-‐SEQ	  

analysis	   to	   compare	   gene	   expression	   in	   p-‐ErkLow	   with	   p-‐ErkHigh	   KM	   tumor	   regions	   from	   4	  

individual	  mice	  (see	  schematic,	  Fig.	  S1C).	  	  Expression	  of	  KRas	  was	  modestly	  higher	  (<	  2	  fold)	  in	  

pErkHigh	   tumor	   regions,	   suggesting	   that	   locus	   amplification	   is	   not	   the	   underlying	   driver	   of	  

progression	  in	  the	  KM	  model	  (Fig.	  3A).	  	  Strikingly,	  we	  detected	  a	  sharp	  increase	  in	  expression	  of	  

promiscuous	  ERBB-‐family	   ligands,	  Epiregulin	   (Ereg)	  and	  Amphiregulin	   (Areg),	  along	  with	  more	  

modest	  but	  significant	  increases	  in	  HbEgf	  and	  Tgfa	  (Fig.	  3B-‐D	  and	  Fig.	  S1D).	  	  Elevated	  expression	  

of	  Ereg	  and	  Areg	  were	  previously	  reported	  to	  be	  associated	  with	  more	  aggressive	  tumors	  in	  a	  

titrated	  model	   of	   KRas-‐driven	  mammary	   cancer	   [26]	   and	   in	   human	   NSCLC	   cells	   enriched	   for	  

metastatic	  behavior	  [27].	  	  In	  situ	  hybridization	  revealed	  a	  clear	  overlap	  between	  expression	  of	  

Ereg,	  Areg	  and	  high	  levels	  of	  p-‐Erk	  (by	  IHC),	  confirming	  the	  RNA-‐SEQ	  data	  (Fig.	  3C).	  	  Additionally,	  

RNA-‐SEQ	  analysis	   revealed	  significantly	   increased	  expression	  of	  Adam9	  &	  Adam10	  sheddases,	  

which	   process	   membrane-‐bound	   ERBB	   ligands	   into	   their	   more	   potent	   soluble	   forms	   [28];	  

increased	   expression	   of	   the	   signaling	   scaffold	   Iqgap2;	   and	   increased	   expression	   of	   LamC2,	  

Fabp5	  and	  Keratin19,	  all	  recently	  shown	  to	  enhance	  signaling	  through	  EGFR/ERBB	  family	  RTKs	  

[27,	  29,	  30].	  	  Expression	  of	  Erbb2	  and	  Erbb3	  also	  increased	  in	  p-‐ErkHigh	  regions,	  albeit	  not	  quite	  

reaching	  statistical	  significance	  (Fig.	  3D	  &	  E).	  	  	  
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	   These	  data	   suggest	  an	  alternative	   route	   to	   increased	  RAS	  pathway	  signaling	   that	  does	  

not	   require	   KRas	   amplification	   but	   rather	   involves	   increased	   activity	   of	   the	   ERBB	   network,	  

defined	   here	   as	   comprising	   ERBB	   ligands,	   RTKs	   and	   RTK	   accessory	   molecules	   (eg.	   LamC2	   &	  

Fabp5).	  Notably,	  examination	  of	  the	  TCGA	  lung	  adenocarcinoma	  (LuAd)	  dataset	  via	  cBioPortal	  

[31]	   revealed	   overexpression	   and/or	   amplification	   of	   one	   or	   more	   constituents	   of	   the	   ERBB	  

network	  in	  the	  majority	  of	  KRAS	  mutant	  human	  LuAd	  (Fig.	  S2).	  	  By	  comparison,	  amplification	  of	  

the	   mutant	   KRAS	   locus	   occurs	   in	   a	   rather	   smaller	   proportion	   of	   KRAS	   mutant	   LuAd	   and	  

amplification	  shows	  a	  tendency	  towards	  mutual	  exclusivity	  with	  ERBB	  ligand	  overexpression.	  

	  

ERBB	  signaling	  amplifies	  RAS	  pathway	  activity	  in	  KRAS	  mutant	  human	  NSCLC	  cells	  

Combined	   inhibition	   of	   both	   EGFR	   and	   ERBB2	   is	   required	   to	   prevent	   outgrowth	   of	   MEK	  

inhibitor-‐resistant	  clones	  of	  human	  KRAS	  mutant	  NSCLC	  cells,	  however	  the	  effect	  of	  multi-‐ERBB	  

inhibition	   on	   treatment-‐naïve	   cells	   was	   not	   previously	   explored	   [20].	   	   Treatment	   of	  multiple	  

KRAS	   mutant	   human	   NSCLC	   lines	   with	   the	   multi-‐ERBB	   inhibitor	   Neratinib	   suppressed	  

proliferation	  in	  a	  dose-‐dependent	  manner	  (Fig.	  4A).	  	  In	  contrast,	  inhibition	  of	  EGFR	  in	  isolation	  

showed	   little	   effect.	   	   Immunoblotting	   confirmed	   that	   the	   doses	   of	   Neratinib	   used	   strongly	  

suppressed	   activity	   of	   ERBB	   RTKs	   (Fig.	   4B).	   	   Consistent	   with	   previous	   reports	   that	   Neratinib	  

drives	  increased	  ERBB	  turnover	  [32],	  ERBB2	  and	  ERBB3	  protein	  expression	  were	  also	  reduced	  by	  

Neratinib	   in	  multiple	   cell	   lines.	   	   Despite	   the	   presence	   of	   G12	  mutant	   KRAS	   in	   all	   such	   cells,	  

Neratinib	  consistently	  reduced	  levels	  of	  phosphor-‐ERK,	  suggesting	  that	  ERBB	  signaling	  amplifies	  

RAS	   pathway	   activity	   even	   in	   cells	   expressing	   mutant	   KRAS	   (Fig.	   4B	   &	   S3A).	   	   We	   therefore	  

examined	   RAF	   binding	   as	   a	   direct	   measure	   of	   RAS	   signaling	   activity	   in	   A549	   cells	   that	   are	  
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homozygous	  for	  mutant	  KRAS.	   	  Acute	  ERBB	  inhibition	  reduced	  RAS:RAF	  binding	  by	  some	  50%,	  

consistent	  with	   the	  observed	  partial	   reduction	   in	  p-‐ERK	   levels	   (Fig.	   4C).	   	  Additionally,	  murine	  

lung	   tumor	   cells	   carrying	  a	   spontaneously	  amplified	  KRasG12D	  allele	  also	   showed	  sensitivity	   to	  

Neratinib,	  albeit	  somewhat	  lower	  than	  that	  of	  cells	  carrying	  a	  single	  copy	  of	  the	  allele	  (Fig.	  S3B).	  	  

Together	   these	   results	   suggest	   that	   sensitivity	   to	  ERBB	   suppression	   is	   imparted	   through	  both	  

mutant	  and	  wild-‐type	  KRAS.	  

To	  gain	   further	  mechanistic	   insight	   into	   the	  growth	   inhibitory	  effects	  of	  Neratinib,	  we	  

performed	  unbiased	  transcriptomic	  analysis	  after	  overnight	  treatment	  of	  3	  KRAS	  mutant	  NSCLC	  

cell	   lines.	  Metacore	   GeneGO	   pathway	   analysis	   revealed	   a	   remarkable	   degree	   of	   consistency	  

across	   the	  3	   cell	   lines	   tested.	   	  Most	   strikingly,	  18	  of	   the	  20	  most	  highly	  modulated	  pathways	  

associated	   with	   progression	   of	   murine	   KM	   tumors	   to	   p-‐ErkHigh	   disease	   were	   reciprocally	  

modulated	  in	  the	  human	  cells	  upon	  Neratinib	  treatment	  (Fig.	  4D	  &	  Table	  S1).	  	  	  Significantly,	  in	  

all	  three	  cell	  lines,	  ERBB	  inhibition	  reduced	  expression	  of	  the	  same	  ERBB	  ligands	  that	  increased	  

as	   KM	   tumors	   progress	   to	   p-‐ErkHigh	   disease.	   Taken	   together,	   ERBB	   activity	   thus	   establishes	   a	  

feed-‐forward	   loop	   that	   sustains	   KRAS	   mutant	   NSCLC	   proliferation	   in	   vitro	   and	   drives	   tumor	  

progression	  in	  vivo,	  at	  least	  in	  part	  by	  amplifying	  signaling	  through	  the	  core	  RAS-‐ERK	  module.	  

	  

ERBB	  inhibition	  enhances	  the	  potency	  of	  MEK	  inhibition	  in	  vitro	  and	  extends	  survival	  of	  mice	  

with	  LuAd	  

With	  the	  exception	  of	  H358	  cells,	  ERBB	  inhibition	  did	  not	  alone	  result	  in	  death	  of	  KRAS	  mutant	  

NSCLC	  cells	   in	  vitro,	  however,	  Neratinib	  significantly	  increased	  apoptosis	   induced	  by	  inhibition	  

of	  MEK	  downstream	  of	   KRAS	   in	  multiple	   cell	   lines	   (Fig.	   5A).	   	   Substitution	  of	  Neratinib	  with	   a	  
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second	  multi-‐ERBB	   inhibitor,	  Afatinib,	  perfectly	   replicated	  the	  effects	  of	  Neratinib,	  confirming	  

the	  on-‐target	  specificity	  of	   the	  drug	   (Fig.	  S3C,	  D).	   	  Moreover,	  both	  drugs	  combined	  with	  MEK	  

inhibition	   to	   suppress	   colony	   formation	   (Fig.	   5B).	   Consistent	  with	   published	   results	   [20]	  MEK	  

inhibition	   alone	   increased	   expression	   of	   ERBB2	   and	   ERBB3	   in	   vitro,	   although	   the	   effect	   on	  

ERBB2	   phosphorylation	   was	   variable	   across	   the	   cell	   lines	   tested.	   	   Importantly,	   co-‐treatment	  

with	  Neratinib	  continued	  to	  suppress	  both	  expression	  and	  activity	  of	  ERBB2	  and	  ERBB3,	  while	  

also	  suppressing	  EGFR	  activity	  (Fig.	  5C).	  

The	   combination	  of	  MEK	  and	  multi-‐ERBB	   inhibition	  was	  previously	   shown	   to	   suppress	  

the	   growth	   of	   sub-‐cutaneous	   NSCLC	   xenografts	   under	   continuous	   daily	   treatment	   [20],	  

however,	  cell	  lines	  xenografts	  have	  a	  poor	  track	  record	  of	  accurately	  predicting	  human	  patient	  

responses.	  	  We	  therefore	  tested	  the	  therapeutic	  efficacy	  of	  transient	  inhibition	  of	  ERBB	  and/or	  

MEK	   in	   our	   fully	   immuno-‐competent	   KM	   model	   of	   autochthonous	   lung	   adenocarcinoma.	  	  

Tumors	  were	  induced	  in	  adult	  KM	  mice	  and	  allowed	  to	  develop	  for	  6	  weeks.	  	  The	  presence	  of	  

an	  IRFP	  Cre-‐reporter	  allele	  [33]	  in	  a	  subset	  of	  such	  animals	  allowed	  us	  to	  confirm	  the	  presence	  

of	  tumors	  by	  Licor	  PEARL	  fluorescence	  imaging	  prior	  to	  initiating	  therapy	  (Fig.	  S4).	  	  Mice	  were	  

treated	   daily	   for	   1	   week	   with	   Neratinib,	   alone	   or	   in	   combination	   with	   Trametinib,	   then	   left	  

untreated	  to	  determine	  the	  effect	  on	  overall	  survival.	  	  Transient	  ERBB	  blockade	  alone	  showed	  

little	  influence	  on	  overall	  survival	  whereas	  MEK	  inhibition	  alone	  significantly	  extended	  survival	  

of	   KM	   mice.	   	   Importantly,	   the	   combination	   of	   Neratinib	   and	   Trametinib	   further	   extended	  

survival	  significantly	  over	  that	  achieved	  by	  MEK	  inhibition	  alone	  (Fig.	  5D).	  Fluorescence	  imaging	  

of	   IRFP	  positive	  KM	  mice	  showed	  pronounced	  suppression	  of	   lung	  tumor	  growth	   in	   individual	  

mice	  treated	  with	  combination	  therapy	  (Fig.	  S4).	  	  We	  conclude	  from	  these	  data	  that	  multi-‐ERBB	  
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inhibition	  may	  benefit	  LuAd	  patients	  with	  mutant	  KRAS-‐driven	  disease,	   if	  used	  in	  combination	  

with	  other	  agents	  such	  as	  MEK	  inhibitors.	  
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Discussion	  	  
EGFR-‐selective	  inhibitors	  have	  failed	  to	  show	  clinical	  benefit	  in	  mutant	  KRAS-‐driven	  cancers.	  In	  

contrast	  with	  targeted	  inhibition	  of	  EGFR	  in	  isolation,	  we	  show	  here	  that	  broad	  inhibition	  of	  the	  

ERBB	   network,	   using	   the	   multi-‐ERBB	   inhibitor	   Neratinib,	   almost	   completely	   suppresses	  

formation	   of	   KRasG12D-‐driven	   lung	   tumors.	   	   We	   show	   that	   ERBB	   activity	   enhances	   signaling	  

though	   the	   core	   RAS-‐>ERK	   pathway,	   establishing	   a	   feed-‐forward	   loop	   that	   is	   associated	  with	  

progression	  to	  invasion	  and	  metastasis.	  Importantly,	  we	  show	  that	  brief,	  transient	  inhibition	  of	  

ERBB	   signaling	   significantly	   enhances	   the	   therapeutic	   benefit	   of	   MEK	   inhibition	   in	   the	  

autochthonous	   setting.	   	   Although	   this	   latter	   result	   is	   broadly	   supportive	   of	   the	   clinical	  

implications	  of	  a	  prior	  study	  showing	  that	  increased	  ERBB	  activity	  underlies	  resistance	  to	  MEK	  

inhibition	  [20],	  our	  data	  are	  fundamentally	  distinct	  in	  that	  we	  demonstrate	  a	  clear	  role	  for	  ERBB	  

activity	   from	   the	   very	   outset	   of	   KRAS-‐driven	   tumor	   initiation,	   as	   opposed	   to	   in	   reaction	   to	  

targeted	  inhibition	  of	  MEK.	  	  

In	  the	  course	  of	  preparing	  this	  manuscript	  we	  became	  aware	  of	  an	   independent	  study	  

that	   strongly	   complements	   our	   observations	   and	   underscores	   our	   conclusions:	   The	   work	   by	  

Moll	   and	   colleagues	   similarly	   demonstrates	   a	   requirement	   for	   ERBB	   signaling	   to	   support	  

progression	   of	   KRasG12D-‐driven	   lung	   cancer	   in	   vivo	   [34].	   	   Importantly,	   their	   study	   utilized	   an	  

independent	   pan-‐ERBB	   inhibitor,	   Afatinib,	   in	   the	   context	   of	   both	   KRasG12D-‐only	   and	  

KRasG12D;p53Fl/Fl	  -‐driven	  tumor	  models.	  	  The	  striking	  similarities	  in	  the	  two	  studies	  attests	  to	  the	  

on-‐target	  specificity	  of	  the	  2	  drugs	  used	  while	  also	  showing	  that	  the	  effects	  are	  independent	  of	  

the	   genetic	   strategy	   used	   to	   accelerate	   KRas-‐driven	   disease	   and	   are	   therefore	   likely	   to	   have	  

broader	  potential	  application.	  
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Previous	   work	   has	   revealed	   that	   threshold	   levels	   of	   KRAS	   signaling	   are	   required	   for	  

tumor	  initiation	  and	  progression.	  In	  a	  titratable	  model	  of	  HRasG12V	  overexpression	  in	  mammary	  

glands,	   focal	   tumors	   arising	   spontaneously	   from	   non-‐transformed	   epithelium	   that	   expressed	  

the	  transgene	  at	  low	  levels	  exhibited	  a	  pronounced	  increase	  in	  expression	  of	  both	  the	  HRasG12V	  

transgene	   and	   of	  multiple	   ERBB	   ligands,	   including	   Ereg,	   Tgfa	   and	   HbEgf,	   again	   suggestive	   of	  

feed-‐forward	   signal	   amplification	   [26].	  More	   recently,	   this	   same	  “activity	   threshold”	  principle	  

was	  shown	  to	  apply	  to	  MAPK	  (ERK)	  signaling	  as	  the	  key	  oncogenic	  effector	  pathway	  of	  KRAS	  in	  

the	  lung	  [35].	  	  Through	  pharmacological	  enhancement	  of	  MAPK	  activity,	  this	  study	  showed	  that	  

different	   airway	   cell	   types	   require	   distinct	   levels	   of	   MAPK	   signaling	   for	   oncogenic	  

transformation	   by	  mutant	   KRas,	   and	   that	   a	   second,	   higher,	   threshold	   signal	   was	   needed	   for	  

progression	   to	   carcinoma.	   	   The	   existence	   of	   this	   higher	   threshold	   in	   KRas-‐driven	   LuAd	   was	  

already	   clear	   from	   the	   pronounced	   increase	   in	   phosphor-‐Erk	   levels	   associated	   with	   tumor	  

progression	   [26]	  which,	   in	   the	  KP	  model,	   is	  driven	  by	   spontaneous	  amplification	  of	   the	  G12D	  

mutated	  allele	  [25].	  	  Our	  data	  suggest	  that	  ratcheting	  up	  ERBB	  signal	  transduction	  provides	  an	  

alterative	  route	  to	  RAS	  pathway	  signal	  amplification,	  independent	  of	  KRAS	  gene	  amplification.	  	  

This	  is	  supported	  by	  our	  analysis	  of	  human	  data	  that	  shows	  a	  trend	  towards	  mutual	  exclusivity	  

of	  ERBB	  ligand	  overexpression	  and	  amplification	  of	  mutant	  KRAS.	  	  It	  is	  important	  to	  note	  that,	  

from	   the	   human	   data,	   there	   does	   not	   appear	   to	   be	   a	   preferred	   mechanism	   of	   ERBB	   signal	  

enhancement	   –	   overexpression	   of	   ligands,	   amplification	   of	   RTKs	   and/or	   accessory	  molecules	  

could	  all	  plausibly	  achieve	  the	  same	  effect.	  	  What	  is	  clear	  from	  these	  data	  is	  that	  the	  potential	  

to	  increase	  ERBB	  signaling	  appears	  to	  be	  widespread	  in	  KRAS	  mutant	  human	  LuAd.	  
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	   Perhaps	   the	   most	   surprising	   observation	   is	   that	   endogenously	   expressed	   KRasG12D	  

requires	   basal	   signaling	   from	   ERBB	   RTKs	   in	   order	   to	   initiate	   lung	   tumors,	   even	   when	  

accompanied	  by	  MYC	  overexpression.	   	  Note	   that	  we	  previously	   showed	  that	  expression	   from	  

the	  Rosa26	  locus	  is	  refractory	  to	  growth	  factor	  signaling	  [36]	  –	  thus	  the	  requirement	  for	  ERBB	  

activity	  does	  not	  reflect	  an	  artificial	  need	  for	  ERBB	  to	  sustain	  expression	  of	  the	  MYC	  transgene.	  	  

Instead,	  these	  data	  suggest	  that	  G12	  mutant	  KRAS	  requires	  a	  push	  from	  upstream	  RTKs	  in	  order	  

to	  breach	  the	   initial	  threshold	  needed	  for	  tumor	   initiation.	   	  Supporting	  this	  hypothesis,	   it	  was	  

recently	  shown	  that	  G12	  mutant	  KRAS,	  although	  no	  longer	  responsive	  to	  RAS-‐GAPs,	  does	  retain	  

some	   level	   of	   intrinsic	   GTPase	   activity	   and	   thus	   cycles	   slowly	   between	   on	   and	   off	   states	   [4],	  

opening	   the	   possibility	   for	   upstream	   signaling	   to	   influence	   activity,	   either	   directly	   or	   by	  

promoting	  activity	  of	  RAS	  guanonucleotide	  exchange	  factors	  (GEFs).	  	  Alternatively,	  tonic	  signal	  

transduction	   through	   wild-‐type	   RAS	   isoforms	   may	   need	   to	   combine	   with	   that	   from	   mutant	  

KRAS	   to	   likewise	   breach	   the	   threshold	   for	   transformation	   [37].	   	   Our	   data	   presently	   do	   not	  

distinguish	  between	  these	  possibilities	  and,	  indeed,	  they	  may	  not	  be	  mutually	  exclusive.	  

 Activating	  mutations	  in	  KRAS	  are	  currently	  considered	  grounds	  for	  exclusion	  from	  

clinical	  treatment	  with	  EGFR/ERBB	  inhibitors,	  while	  single-‐agent	  trials	  of	  the	  same	  drugs	  have	  

failed	  to	  show	  efficacy	  outwith	  of	  cohorts	  with	  activating	  mutations	  in	  EGFR	  or	  ERBB	  

amplification	  [38].	  	  Indeed,	  our	  data	  concur	  that	  multi-‐ERBB	  inhibitors	  are	  unlikely	  to	  benefit	  

KRAS-‐driven	  cancer	  patients	  if	  used	  in	  isolation.	  	  However,	  we	  show	  here	  the	  potential	  for	  such	  

drugs	  to	  sensitize	  autochthonous	  KRAS-‐driven	  tumors	  to	  additional	  therapeutic	  agents,	  in	  this	  

case	  to	  the	  MEK	  inhibitor	  Trametinib.	  	  Our	  data	  argue	  that	  clinical	  use	  of	  multi-‐ERBB	  inhibitors	  

as	  part	  of	  an	  inhibitor	  cocktail	  to	  treat	  KRAS-‐driven	  LuAd	  deserves	  re-‐examination.	  
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Materials and Methods 
Genetically	  Engineered	  Mice	  &	  Mouse	  Procedures:	  Procedures	  involving	  mice	  were	  performed	  

in	   accordance	  with	  Home	  Office	   license	   numbers	   60/4183	  &	  70/7950	   (CRUK	  BICR,	  UK).	   	   LSL-‐

KRasG12D	   mice	   [39]	   were	   obtained	   from	   the	   NCI	   mouse	   repository	   at	   Fredrick,	   MD,	   USA.	  

Rosa26DM.lsl-‐MYC	  mice	  were	  generated	  as	  previously	  described	  [36]	  with	  the	  ATG-‐initiated	  human	  

c-‐MYC	   (MYC2)	   cDNA,	   devoid	   of	   5'	   and	   3'	  UTRs,	   replacing	   the	  MYC-‐Estrogen	   Receptor	   ligand-‐

binding	   domain	   fusion	   cDNA.	   Targeted	   insertion	   into	   the	   Rosa26	   locus	   was	   confirmed	   by	  

Southern	  blotting	  and	  genotyping	  was	   initially	  performed	  using	   the	   following	  primers:	  A)	  CCC	  

AAA	  GTC	  GCT	  CTG	  AGT	  TG	  (common);	  B)	  GCG	  AAG	  AGT	  TTG	  TCC	  TCA	  ACC	  (targeted	  locus);	  C)	  

GGA	   GCG	   GGA	   GAA	   ATG	   GAT	   ATG	   A	   (wild-‐type	   locus).	   All	   genotyping	   was	   subsequently	  

performed	   by	   Transnetyx	   Inc..	   A	  more	   detailed	   description	   of	   this	  mouse	   is	   the	   subject	   of	   a	  

separate	  manuscript,	   in	   preparation	   at	   the	   time	   of	   writing	   [21].	   The	   Hprt-‐lsl-‐IRFP	   allele	   was	  

previously	  described	  [33].	  	  Mice	  were	  maintained	  on	  a	  mixed	  FVBN/C57Bl6	  background,	  housed	  

on	  a	  12hr	  light/dark	  cycle	  and	  fed	  and	  watered	  ad	  libitum.	  	  Recombinant	  Adenovirus	  expressing	  

Cre	  was	  purchased	  from	  the	  University	  of	  Iowa	  gene	  therapy	  facility.	  For	  Adeno-‐Cre	  installation,	  

young	   adult	   (8-‐10	   week	   old)	   mice	   were	   sedated	   with	   a	   mixture	   of	   Domitor	   and	   Ketamine,	  

injected	   IP.	  For	  most	  experiments,	  1x107	  pfu	  Adeno-‐CRE	  were	  administered	   intranasally	  using	  

the	   calcium	   phosphate	   precipitation	  method,	   as	   described	   previously	   [36].	   	   For	   lower	   tumor	  

burden,	   3x105	   pfu	   were	   administered.	   For	   survival	   analysis,	   impaired	   breathing	   and/or	  

hunching	  with	  no	  more	  than	  10%	  weight	  loss	  was	  chosen	  as	  an	  endpoint.	  	  Neratinib	  (Medchem	  

Express)	  was	  administered	  by	  twice-‐daily	  gavage	  of	  40mg/kg	  for	  up	  to	  4	  weeks,	  or	  a	  single	  daily	  

IP	   injection	   of	   80mg/kg	   for	   short-‐term	   (3-‐7	   days)	   experiments.	   For	   gavage,	   0.5%	  

methylcellulose,	   0.4%	   Tween-‐80,	   in	   H2O	   was	   used	   as	   vehicle;	   peanut	   oil	   was	   used	   for	   IP.	  
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Trametinib	   was	   administered	   in	   peanut	   oil	   at	   1mg/kg.	   	   Live	   imaging	   of	   iRFP	   positive	   tumor-‐

bearing	  mice	  was	   performed	   using	   a	   PEARL	   imaging	   system	   (Licor).	   	   All	  mice	  were	   sacrificed	  

humanely	  using	  a	  schedule	  1	  procedure.	  

Immunohistochemistry	  and	  Tissue	  Analysis	  

Mouse	  tissues	  were	  perfusion	  fixed	  in	  zinc	  formalin	  overnight.	  4µm	  paraffin	  sections	  were	  de-‐

paraffinized	  and	  rehydrated:	  3	  x	  5	  minutes	  xylene,	  2	  minutes	   in	  each	  2x100%;	  2x95%;	  2x70%;	  

1x50%	  ethanol;	  dH2O.	  Peroxidase	  blocking	  was	  performed	  for	  10	  min	  in	  3%	  H2O2	  diluted	  in	  H2O,	  

followed	  by	  antigen	  retrieval	   in	  10mM	  citrate	  buffer,	  pH	  6,	  10	  min	  near	  boiling	  by	  microwave	  

heating	  at	   low	  power.	  Non-‐specific	  antibody	  binding	  was	  blocked	  with	  up	  to	  3%	  BSA	  or	  up	  to	  

5%	   normal	   goat	   serum	   for	   1h	   at	   RT	   or	   overnight	   at	   40C.	   Primary	   antibody	   incubation	   was	  

performed	  overnight	  at	  40C	  or	  2h	  at	  370C.	  Secondary	  biotinylated	  antibody	  was	  incubated	  1h	  at	  

room	   temperature	   and	   stain	   was	   developed	   with	   stable	   DAB	   (Invitrogen)	   followed	   by	  

counterstaining	  with	  Gil	   1	   hematoxylin	   (Sigma	  MH216)	   and	   Scotts	   tab	  water	   substitute.	   	   The	  

following	   antibodies	   were	   used	   at	   the	   indicated	   dilution:	   p-‐Erk	   (P44/42	   MAPK	   phosphor-‐

Thr202/Tyr204),	  Cell	  Signaling	  CS4370,	  1:500;	  Ki67	  (Sp6),	  Fisher	  Scientific	  RM9106S	  1:200;	  SP-‐C,	  

Millipore	  AB3786,	  1:1000;	  CC10,	  Millipore	  07-‐623,	  1:1000;	  TUNEL	  ApopTag	  kit,	  Millipore	  S7100;	  

Vectorlabs	  VECTASTAIN	  ABC	  kit;	  anti-‐Rabbit	   IgG,	  PK-‐4001	  ECL;	  anti	  Rat,	  GE	  Healthcare	  NA935.	  	  

Quantification	  of	  Ki67	  and	  TUNEL	  labeling	  was	  scored	  manually	  on	  5	  tumors	  from	  each	  mouse	  

and	   graphs	   show	  mean	   values	   ±	   SE	   from	   the	   indicated	   number	   of	  mice.	   Tumor	   burden	  was	  

determined	  using	  Leica	  software	  as	  the	  %	  area	  of	  lung	  tissue	  occupied	  by	  tumors,	  measured	  on	  

3	  Hematoxylin	  &	  Eosin	  (H&E)	  stained	  sections,	  separated	  by	  at	  least	  100mm,	  from	  each	  of	  the	  
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indicated	   numbers	   of	   mice.	   Histological	   classification	   of	   tumours	   as	   adenocarcinoma	   was	  

determined	  independently	  by	  2	  clinical	  pathologists.	  

	  

Laser-‐Capture	  Microdissection	  &	  RNA-‐SEQ	  analysis	  

For	  micro-‐dissection,	  10mm	  FFPE	  sections	  were	  mounted	  on	  framed	  membrane	  slides	  (Leica).	  	  

Adjacent	  sections	  were	  mounted	  on	  standard	  poly-‐L-‐lysine-‐coated	  glass	  slides	  and	  stained	  for	  

p-‐Erk.	   	  Membrane	  slide-‐mounted	  tissue	  was	  de-‐paraffinized,	  rehydrated	  and	  stained	  with	   ice-‐

cold	  1%	  cresyl	  violet.	  	  Selected	  tissue	  was	  micro-‐dissected	  using	  a	  Leica	  DM	  6000B	  microscope	  

and	  total	  time	  for	  staining	  and	  micro-‐dissection	  was	  under	  20	  minutes	  per	  sample.	  P-‐ErkLow	  and	  

p-‐ErkHigh	   tumor	   regions	  were	  harvested	   into	  separate	   tubes	  and	   tissue	   from	  multiple	   sections	  

was	  pooled	  for	  each	  of	  4	  mice.	   	  Harvested	  tissue	  was	  suspended	  in	  30ml	  PKD	  buffer	  (Qiagen,	  

RNEasy	  FFPE	  kit)	  and	  flash	  frozen	  for	  storage.	  	  Total	  tissue	  RNA	  was	  isolated	  using	  the	  RNEasy	  

FFPE	   kit	   according	   to	  manufacturer’s	   directions	   and	   ribosomal	   RNA	  was	   depleted	  with	   Ribo-‐

Zero	   (Epicentre).	   Synthesis	   of	   cDNA	   was	   performed	   using	   the	   SMARTER	   Stranded	   random	  

primed	  RNA-‐SEQ	  kit	  (Takara/Clontech),	  resulting	  in	  cDNA	  libraries	  flanked	  by	  Illumina	  indexing	  

primers.	   Following	   library	   quantification	   (Quant-‐IT	   Pico	   green	   kit,	   Invitrogen),	   libraries	   were	  

standardized	   to	   10nM,	   denatured,	   diluted	   to	   10pM	   and	   analyzed	   by	   paired-‐end	   sequencing	  

using	   an	   Illumina	   GA11X	   deep	   sequencer.	   	   The	   raw	   RNA-‐sequencing	   data	   files	   underwent	  

quality	  checks	  using	  FastQC	  and	  FastQ-‐Screen	  software.	  RNA-‐sequencing	  reads	  were	  aligned	  to	  

the	  GRCm38	  [40]	  version	  of	  the	  mouse	  genome	  using	  Tophat2	  version	  2.0.10	  [41]	  with	  Bowtie	  

version	  2.1.0	   [42].	   Relative	   expression	   levels	  were	  determined	   and	   statistically	   analyzed	  by	   a	  

combination	  of	  HTSeq	  and	  the	  R	  3.0.2	  environment,	  utilizing	  packages	  from	  the	  Bioconductor	  
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data	   analysis	   suite	   and	   differential	   gene	   expression	   analysis	   based	   on	   the	   negative	   binomial	  

distribution	  using	  the	  EdgeR	  package	  [43].	  	  Pathway	  modulation	  analysis	  was	  performed	  using	  

Metacore	  GeneGO	  (Thompson	  Reuters).	  For	  analysis	  of	   individual	  gene	  expression,	  data	  were	  

normalized	  internally	  to	  B2M	  for	  each	  mouse,	  and	  fold	  change	  and	  false	  discovery	  rates	  were	  

recalculated.	   	  RNA-‐SEQ	  analysis	  of	  human	  cell	   lines:	  Total	  RNA	  was	   isolated	  using	  the	  RNEasy	  

Mini	   Kit	   (Qiagen)	   according	   to	   manufacturer’s	   instructions	   and	   DNA	   was	   depleted	   with	   the	  

RNase-‐Free	  DNase	   Set	   (Qiagen).	   RNA-‐integrity	  was	   checked	   using	   the	   RNA	   ScreenTape	   assay	  

(Agilent	  Technologies)	  and	  cDNA	  was	  synthesized	  with	  the	  TruSeq	  Stranded	  mRNA	  Library	  Prep	  

Kit	   (Illumina).	   Following	   library	   quantification	   (D1000	   ScreenTape,	   Agilent	   Technologies),	  

libraries	  were	  standardized	  to	  10nM,	  denatured,	  diluted	  to	  10pM	  and	  analyzed	  by	  paired-‐end	  

sequencing	  using	  an	  Illumina	  NextSeq500	  platform.	  RNA-‐Sequencing	  reads	  were	  aligned	  to	  the	  

GRCh37	   version	   of	   the	   human	   genome	   and	   differential	   expression	   determined	   using	  DESeq2	  

[44].	  	  

	  

Cell	  Culture	  and	  Related	  Assays	  

Human	  lung	  cancer	  cell	  lines	  (A549,	  H2009,	  H358)	  were	  validated	  in-‐house	  and	  grown	  in	  RPMI	  

with	   10%	   FBS	   &	   penn/strep.	   For	   immunoblotting,	   cells	   were	   lysed	   in	   RIPAHi	   buffer	   (150mM	  

NaCl,	   50mM	   Tris	   [pH	   7.5],	   1%	   NP-‐40,	   0.5%	   sodium	   deoxycholic	   acid,	   1%	   SDS	   plus	   cOmplete	  

protease/phosphatase	   inhibitor	   cocktails	   [Sigma-‐Aldrich])	   and	   after	   western	   blotting	   probed	  

with	  the	  following	  primary	  antibodies:	  p-‐ERK	  Thr202;Tyr204	  (E-‐4),	  Santa	  Cruz	  SC7383;	  p-‐EGFR	  

Tyr1068,	   Cell	   Signaling	   3777;	   p-‐ERBB2	   Tyr	   1248,	   Millipore	   06-‐229;	   p-‐ERBB3	   Tyr	   1197	   Cell	  

Signaling	  4561;	  ERK1/2	  Cell	  Signaling	  4695;	  EGFR	  Millipore	  06-‐847;	  ERBB2	  Merck	  OP15L;	  ERBB3	  
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Millipore	   05-‐390.	   RAS:RAF	   binding	   assays	   were	   performed	   using	   a	   commercial	   RAS	   activity	  

assay	   kit	   (Cytoskeleton).	   	   Cell	   propagation	   and	   death	   was	   analyzed	   by	   Incucyte	   time-‐lapse	  

video-‐microscopy	   in	   the	   presence	   of	   Sytox	   green.	   Cell	   death	  measurements	  were	   performed	  

after	  48hrs	  drug	  treatment	  and	  corrected	  for	  confluence.	   	  All	  experiments	  were	  performed	  in	  

biological	  triplicate,	  except	  where	  noted.	  	  	  

	  

Statistical	  Analysis	  

Raw	  data	  obtained	  from	  quantitative	  Real	  Time	  PCR,	  FACS	  and	  Incucyte	  assays	  were	  copied	  into	  

Excel	   (Microsoft)	  or	  Prism	  (Graphpad)	  spreadsheets.	   	  All	  Mean	  values,	  SD,	  and	  SEM	  values	  of	  

biological	  replicates	  were	  calculated	  using	  the	  calculator	  function.	  Graphical	  representation	  of	  

such	  data	  was	  also	  produced	  in	  Excel	  or	  in	  Prism.	  	  Statistical	  significance	  for	  pairwise	  data	  was	  

determined	  by	  the	  Student’s	  T	  test.	  For	  multiple	  comparisons,	  ANOVA	  was	  used	  with	  a	  post-‐hoc	  

Tukey	  test.	  	  *	  denotes	  P<0.05;	  **	  denotes	  P<0.01;	  ***	  denotes	  P<0.001.	  	  For	  Kaplan-‐Meier	  plots	  

Mantel	  Cox	  logrank	  P	  values	  are	  presented.	  	  	  
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Supplementary	  Materials	  

Fig.	  S1.	  Characterization	  of	  KM	  lung	  tumors.	  	  Relates	  to	  main	  figures	  1,	  2	  &	  3.	  

Fig.	  S2.	  Genomic	  alterations	  and	  expression	  data	  of	  ERBB	  network	  genes	  in	  human	  KRAS	  mutant	  

Lund	  Adenocarcinoma.	  	  Relates	  to	  main	  figure	  3.	  

Figure	  S3.	  Figure	  S3:	  ERBB	  blockade	  enhances	  MEK	  inhibitor	  induced	  NSCLC	  cell	  death.	  	  Relates	  

to	  main	  figures	  4	  &	  5.	  

Figure	  S4.	  Longitudinal	  in-‐vivo	  imaging	  of	  nascent	  lung	  tumors.	  	  Relates	  to	  main	  figure	  5.	  

Table	  S1.	  Summary	  of	  Metacore	  GeneGO	  pathway	  analysis.	  	  Relates	  to	  main	  figure	  4.	  	  	  
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Figure	  1:	  ERBB	  activity	  is	  required	  for	  KRAS-‐driven	  lung	  tumour	  formation	  

A)	  Expression	  of	  ERBB	  family	  RTKs	  in	  KM	  lung	  tumors	  harvested	  6	  weeks	  post	  allele	   induction	  

(PI),	   measured	   by	   RNA-‐SEQ.	   	   Mean±SD	   read	   counts	   in	   tumours	   from	   4	   mice	   shown.	   	   B)	  

Expression	   of	   ERBB	   family	   ligands	   in	   KM	   lung	   tumors	   harvested	   6	   weeks	   PI,	   as	   per	   (A).	   	   C)	  

Immunoblots	  of	   lysates	  generated	  from	  10	  individual	  KM	  tumors,	  harvested	  6	  weeks	  PI,	  using	  

the	  indicated	  antibodies.	   	  D)	  Representative	  images	  of	  IHC	  for	  Ki67	  and	  TUNEL	  staining	  of	  KM	  

mice	  treated	  for	  3	  days	  with	  Neratinib	  (N=3)	  or	  vehicle	  control	  (N=3).	  	  Scale	  bars	  =	  100µm.	  	  E)	  

Quantification	  (Mean	  ±	  SEM)	  of	  staining	  in	  5	  tumours	  from	  each	  mouse	  as	  per	  (D).	  	  Left	  panel	  

shows	  %	  of	  tumor	  cells	  expressing	  Ki67;	  right	  panel	  shows	  %	  of	  TUNEL	  positive	  tumor	  cells;	  	  vc	  =	  

vehicle	  control.	  	  P	  values	  are	  from	  2-‐tailed	  T	  tests.	  	  F)	  Immunoblots	  of	  3	  individual	  KM	  tumors	  

from	  mice	  treated	  for	  3	  days	  with	  Neratinib	  or	  vehicle	  control.	  	  G)	  Representative	  H&E	  images	  

from	   KM	  mice	   treated	   daily	   as	   indicated,	   commencing	   2	  wks	   PI,	   and	   harvested	   at	   6	  wks	   PI.	  	  

Scale	  bar	  =	  1mm.	  	  H)	  Quantification	  of	  tumor	  burden	  from	  (G).	  	  Each	  data	  point	  represents	  the	  

mean	   value	   across	   3	   sections,	   separated	   by	   100µm,	   from	   each	  mouse.	   	   ANOVA	   followed	   by	  

Tukey	  test.	  	  Ns=not	  significant.	  
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Figure	  2:	  KM	  lung	  tumor	  progression	  is	  associated	  with	  increased	  ERK	  phosphorylation	  

A)	   Images	   of	   H&E	   (upper	   panels)	   and	   phospho-‐Erk	   (lower	   panels)	   stained	   KM	   lung	   tumors	  

harvested	  at	  6	  wks	  PI	  illustrating	  histological	  changes	  associated	  with	  tumor	  progression:	  Panels	  

i	   &	   iii	   are	   representative	   of	   >95%	   of	   KM	   lung	   tumor	   area	   at	   6wks;	   panels	   ii	   &	   iv	   are	  

representative	   of	   2-‐5%	   of	   total	   tumor	   area	   at	   6	   wks.	   	   Scale	   bar	   =	   50µm.	   	   B)	   Phospho-‐ERK	  

staining	  in	  KM	  tumors	  harvested	  at	  6wks	  PI	  (i	  &	  ii)	  versus	  5	  months	  PI	  (iii).	  	  Scale	  bars	  =	  1mm	  (i	  

&	  iii)	  and	  200µm	  (ii).	  	  C)	  Primary	  lung	  tumors	  (i)	  and	  dissected	  liver	  fragment	  with	  metastasis	  (ii-‐

v)	  in	  a	  KM	  mouse	  harvested	  6	  months	  PI.	  	  Panels	  i	  &	  ii	  show	  fluorescent	  detection	  of	  a	  Hprt-‐lsl-‐

IRFP	  CRE-‐reporter	  allele	   induced	  concomitantly	  with	  R26-‐lsl-‐MYCDM	   and	   lsl-‐KRasG12D	   alleles	  by	  

intra-‐nasal	  Adeno-‐CRE	  installation	  (same	  magnification).	  	  Also	  shown:	  H&E	  (iii),	  SPC	  (iv)	  and	  p-‐

Erk	  (v)	  staining	  of	  liver	  metastasis.	  	  Scale	  bar	  =	  50µm.	  	  Images	  are	  representative	  of	  3	  mice.	  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted April 9, 2018. ; https://doi.org/10.1101/290700doi: bioRxiv preprint 

https://doi.org/10.1101/290700


Kruspig et al. 

 32 

Figure 3
A

1

2

re
la

tiv
e 

m
R

N
A 

le
ve

ls

KRas NRas HRas

p-Erk Hi
p-Erk Lo

ns

FDR=0.037 ns

D
High-p-Erk associated gene expression
ERBB family ligands
 Transforming Growth Factor alpha
 Heparin-bound EGF
ERBB ligand sheddases
 Adam9
 Adam10
ERBB Receptors/Receptor Tyrosine kinases
 Erbb2
 Erbb3
ERBB Accesory proteins
 IQGAP2
 LamC2 
 Keratin 19
 FABP5
RAS pathway
 ARaf
 BRaf
 CRaf

Δ (fold)

2.69
2.31

2.00
1.89

1.55
1.53

5.30
3.48
2.96
2.79

1.86
1.52
1.80

FDR

0.0048
0.020

0.0001
0.0016

0.060
0.054

0.0004
2.56e-9
2.06e-6
6.15e-3

0.0178
0.063
0.0037

EGFR

ERBB2

ERBB3

EREG

AREG

TGFa

HbEGF

K19
Adam

Fabp5

RAS

RAF

MEK

ERK

La
m

C
2

IQ
GA

P

E

C p-ERK EREG AREG
i ii iii

iv v vi

B

R
N

A 
Se

q.
 R

ea
ds

Low High
Ereg

p-Erk

350

280

210

140

70

p<0.0001

Low High
Areg

800

600

400

200

p<0.0001

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted April 9, 2018. ; https://doi.org/10.1101/290700doi: bioRxiv preprint 

https://doi.org/10.1101/290700


Kruspig et al. 

 33 

Figure	   3:	   Increased	   expression	   of	   the	   ERBB	   network	   during	   progression	   from	  p-‐Erklow	   to	   p-‐

Erkhigh	  KM	  tumors	  

A)	  Normalised	   expression	   of	   RAS	   genes	   in	   laser-‐capture	   micro-‐dissected	   (LCM)	   p-‐ErkHigh	   KM	  

tumor	  regions	  relative	  to	  p-‐ErkLow	  regions	  from	  tumors	  in	  the	  same	  mice	  (N	  =	  4	  mice),	  measured	  

by	  RNA-‐SEQ.	   	   False	  discovery	   rate	   (FDR)	   shown	   for	  KRAS;	  ns	  =	  not	   statistically	   significant.	   	  B)	  

Mean	   and	   SEM	  RNA-‐SEQ	   reads	   of	   Ereg	   and	   Areg	  mRNA	   from	   p-‐ErkLow	  &	   p-‐ErkHigh	   KM	   tumor	  

regions	  from	  4	  mice.	  	  Adjusted	  p	  values	  were	  calculated	  in	  R.	  	  C)	  Serial	  sections	  of	  KM	  tumors	  

stained	  by	  IHC	  for	  p-‐Erk	  (i,	  iv)	  or	  by	  in	  situ	  hybridization	  for	  Ereg	  (ii,	  v)	  or	  Areg	  (iii,	  vi).	  	  Scale	  bars	  

=	  200µm	  (panels	  i-‐iii)	  &	  25µm	  (panles	  iv-‐vi).	  	  D)	  Normalised	  expression	  of	  ERBB	  network	  genes	  

showing	  mean	   fold	   increase	   in	   expression	   in	   p-‐ErkHigh	   relative	   to	   p-‐ErkLow	   KM	   tumor	   regions	  

from	   4	   mice	   as	   per	   (A).	   	   FDR	   =	   false	   discovery	   rate.	   	   E)	   Diagramatic	   representation	   of	  

significantly	  up-‐regulated	  components	  of	  the	  ERBB-‐RAS-‐ERK	  pathway	  associated	  with	  KM	  tumor	  

progression.	  
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Figure 4
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Figure	   4:	   A	   feed-‐forward	   ERBB	   signalling	   loop	   drives	   proliferation	   of	   KRAS	  mutant	   human	  

NSCLC	  cells	  

A)	  Growth	  curves	  of	  3	  KRAS	  mutant	  human	  NSCLC	  lines	  upon	  treatment	  with	  increasing	  doses	  

of	  the	  EGFR-‐selective	  inhibitor	  Erlotinib	  or	  the	  dual	  EGFR/ERBB2	  inhibitor,	  Neratinib,	  measured	  

by	  Incucyte	  time-‐lapse	  video-‐microscopy.	  Error	  bars	  show	  SD	  for	  technical	  triplicates.	  Data	  are	  

representative	   of	   at	   least	   2	   independent	   experiments.	   	  B)	   Lysates	   from	   KRAS	  mutant	   NSCLC	  

cells	  treated	  with	  increasing	  doses	  of	  Neratinib,	  immunoblotted	  with	  the	  indicated	  antibodies.	  	  

Asterisks,	  where	  present,	   indicate	   the	  correct	  band.	   	  C)	  RAS	   immunoblot	  of	  RAF-‐coated	  bead	  

precipitates	  (top	  panel)	  from	  lysates	  of	  A549	  cells	  treated	  with	  Neratinib	  or	  vehicle	  control	  for	  1	  

or	   16	   hrs.	   	   Lysate	   input	   aliquots	   were	   immunoblotted	   with	   the	   indicated	   antibodies.	   	   Right	  

panel	   shows	  Mean±SEM	   quantification	   of	   band	   intensities	   from	   3	   independent	   experiments	  

(arbitrary	  units).	  P	  values	  are	  from	  2-‐tailed	  T-‐tests.	  D)	  Top	  20	  significantly	  modulated	  pathways	  

associated	  with	  the	  transition	  to	  p-‐ErkHigh	  disease	   in	  the	  KM	  model,	   identified	  using	  Metacore	  

GeneGO	  analysis	  of	  RNA-‐SEQ	  expression	  data.	  	  Segment	  size	  in	  the	  pie-‐chart	  reflects	  ranking	  of	  

the	  pathways	  by	  false	  discovery	  rate	  (FDR).	   	  Lower	  panel	  shows	  18	  of	  the	  same	  pathways	  are	  

significantly	  modulated	  in	  each	  of	  3	  KRAS	  mutant	  human	  NSCLC	  lines	  after	  overnight	  treatment	  

with	  Neratinib.	  Numbers	  and	  pie	  segment	  size	   reflect	   ranking	  by	  FDR.	   	  E)	  Expression	  of	  ERBB	  

ligands	  in	  the	  indicated	  cells	  treated	  overnight	  with	  vehicle	  (black)	  or	  Neratinib	  (red),	  measured	  

by	  RNA-‐SEQ	  as	  per	  (D).	  Mean	  &	  SEM	  of	  biological	  triplicates	  shown.	  	  P	  values	  are	  from	  2-‐tailed	  

T-‐tests,	  abbreviated	  as	  follows:	  *	  =<0.05;	  **	  =	  <0.01;	  ***	  <0.0001;	  ns	  =	  not	  significant.	  
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Figure 5
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Figure	   5:	   ERBB	   blockade	   enhances	  MEK	   inhibitor-‐driven	   apoptosis	   in	   vitro	   and	   therapeutic	  

impact	  in	  vivo	  

A)	  Apoptosis	  induced	  in	  human	  NSCLC	  cells,	  measured	  48hrs	  after	  treatment	  with	  the	  indicated	  

doses	   of	   Neratinib	   (Nera)	   and/or	   Trametinib	   (Tram).	   	   Mean	   ±	   SEM	   of	   3	   independent	  

experiments	  shown.	  ANOVA	  followed	  by	  Tukey	  test.	  	  B)	  Clonogenic	  assay	  showing	  suppression	  

of	  colony	  formation	  in	  A549	  and	  H358	  cells	  after	  48hr	  treatment	  with	  the	  indicated	  inhibitors.	  	  

C)	  Lysates	  from	  the	  indicated	  cells	  treated	  for	  24hrs	  with	  increasing	  doses	  of	  Trametinib	  alone	  

or	  the	  combination	  of	  Trametinib	  and	  Neratinib,	  immunoblotted	  with	  the	  indicated	  antibodies.	  

Asterisks,	  where	   present,	   indicate	   the	   correct	   band.	   	  D)	   Overall	   survival,	  measured	   from	   the	  

first	   day	   of	   treatment,	   of	   tumor-‐bearing	   KM	   mice	   treated	   daily	   for	   1	   week	   (tan	   bar)	   with	  

Neratinib	   (80mg/kg),	  Trametinib	   (1mg/kg)	  or	   the	  combination	  of	  both,	   then	   followed	  without	  

further	   intervention.	   Treatment	   was	   commenced	   at	   5	   weeks	   PI.	   	   Cohorts	   shown	   are	   vehicle	  

(N=9);	   Neratinib	   (N=7);	   Trametinib	   (N=10);	   Trametinib	   +	   Neratinib	   (N=10).	   	   Logrank	   hazard	  

ratios	  (HR±95%	  CI)	  &	  p	  values	  are	  shown	  for	  comparisons	  of	  T+N	  versus	  vehicle	  and	  T+N	  versus	  

T	  alone	  (dashed	  lines).	  
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