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 Zusammenfassung 

 Wissenschaftler  untersuchen  seit  langem  die  Signalwege  des  epidermalen 
 Wachstumsfaktorrezeptors  (EGFR)  in  vielen  verschiedenen  Zelltypen  und  Geweben.  Sie 
 haben  erkannt,  wie  wichtig  sie  für  die  Regulierung  aller  Aspekte  der  Biologie  einer  lebenden 
 Zelle  sind,  angefangen  bei  ihrer  Fähigkeit  zu  wachsen,  sich  zu  teilen  und  zu  differenzieren 
 bis  hin  zu  ihrer  Entscheidung,  sich  der  Apoptose  zu  unterziehen.  Die  Rolle,  die  diese 
 Signalwege  bei  menschlichen  Krankheiten,  insbesondere  bei  Krebs,  spielen,  ist  ebenfalls 
 gut  bekannt.  Das  Netzwerk  von  Proteinen,  die  an  der  EGFR-Signalübertragung  beteiligt 
 sind,  ist  nach  wie  vor  das  am  umfassendsten  und  gründlichsten  untersuchte  in  der  gesamten 
 Zellsignalbiologie.  Trotz  all  der  im  Laufe  der  Jahre  erworbenen  Kenntnisse  über  die 
 EGFR-Signalübertragung  sind  einige  Aspekte  immer  noch  nicht  im  Fokus  der  allgemeinen 
 Signalforschung.  Ein  solcher  Aspekt  ist,  wie  sich  intrazelluläre  Signalnetzwerke  in  einer 
 Umgebung  verhalten,  in  der  aktivierende  Liganden  fehlen  oder  unzureichend  sind.  Entgegen 
 der  weit  verbreiteten  Annahme,  dass  Signalwege  in  Abwesenheit  dieser  Liganden  völlig 
 inaktiv  sind,  gibt  es  genügend  Beweise  dafür,  dass  in  verschiedenen  Zelltypen  über 
 autokrine  Signalmechanismen  ein  Grundniveau  der  Signalaktivität  aufrechterhalten  wird. 
 Insbesondere  EGFR-Liganden  sind  nachweislich  an  der  autokrinen  Signalübertragung  in 
 vielen  Epithelzelltypen  beteiligt.  Der  am  meisten  untersuchte  dieser  Liganden  ist  EGF,  der 
 sich  als  grundlegender  Treiber  der  Stammzellproliferation  und  Selbsterneuerung  in  allen 
 Epithelgeweben,  insbesondere  im  Darmepithel,  erwiesen  hat.  Ziel  der  vorliegenden  Studie 
 ist  es  daher,  die  Auswirkungen  eines  EGF-Entzugs  auf  die  Signal-  und 
 Transkriptomlandschaft  von  Darmepithelzellen  zu  untersuchen,  um  zu  verstehen,  wie  sie  auf 
 diese  Form  von  Stress  reagieren  und  wie  sie  ihre  Signalnetzwerke  neu  verschalten  um  ihr 
 Überleben  und  ihre  Homöostase  aufrechtzuerhalten.  Zu  diesem  Zweck  wurden  aus  dem 
 Zwölffingerdarm  abgeleitete  Epithelorganoide  von  Mäusen  24  Stunden  lang  EGF-frei 
 gehalten  und  mit  verschiedenen  Techniken  wie  Western  Blot, 
 Time-of-flight-Massenzytometrie  (CyTOF),  Durchflusszytometrie  und 
 Einzelzell-RNA-Sequenzierung  (scRNA-seq)  analysiert,  um  zu  verstehen,  wie  sich  die 
 Aktivität  von  Signalproteinen  und  die  globale  Genexpression  als  Reaktion  auf  EGF-Entzug 
 verändern.  Entgegen  allen  Erwartungen  konnte  gezeigt  werden,  dass  EGF-Entzug  die 
 Phosphorylierung  von  EGFR,  MEK1/2  und  ERK1/2  erhöht,  was  auf  eine  Zunahme  der 
 Aktivität  der  MAPK-Signalachse  hindeutet.  Diese  Veränderungen  waren  besonders  deutlich 
 in  den  CD44-reichen  Basalzellen  der  Krypta,  zu  denen  Stammzellen  und  undifferenzierte 
 Vorläuferzellen  gehören.  Die  durch  EGF-Starvation  induzierte  Zunahme  der  MAPK-Aktivität 
 führte  zu  einer  Hochregulierung  der  Expression  einer  Untergruppe  von  ERK-Zielgenen,  die 
 als  primäre  Antwort  dienen,  wie  Egr1,  Egr2,  Egr3,  Fos,  Fosb  und  Junb,  insbesondere  in 
 Stammzellen  und  Transit-amplifizierenden  Zellclustern,  und  in  einem  viel  geringeren 
 Ausmaß  in  Enterozytenclustern.  Interessanterweise  zeigten  Darmorganoide,  die  bei  denen 
 das  EGF  für  24  Stunden  entzogen  wurde,  eine  Verringerung  der  ERK1/2-Phosphorylierung 
 auf  das  in  Kontrollorganoiden  gemessene  Ausgangsniveau.  Zusammen  mit  dem  Anstieg  der 
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 Genexpression  des  EGFR-Liganden  Heparin-bindender  EGF-ähnlicher  Wachstumsfaktor 
 (HBEGF)  und  Fibroblasten-Wachstumsfaktor  1  (FGF1)  in  EGF-starvten  Organoiden  deuten 
 diese  Ergebnisse  darauf  hin,  dass  die  kompensatorische  Ligandensekretion  durch 
 EGF-starvierte  Organoide  für  die  beobachteten  Veränderungen  der 
 EGFR-Signalübertragung  verantwortlich  sein  könnte.  Eine  Bestätigung  der  erhöhten 
 HBEGF-Sekretion  aus  EGF-starvierten  Zellen  auf  Proteinebene  war  jedoch  mit  dem 
 Sandwich-ELISA  nicht  möglich.  Wichtig  ist,  dass  die  EGF-induzierten  Veränderungen  der 
 MAPK-Aktivität  nicht  mit  einer  Zunahme  des  apoptotischen  Zelltods  der  EGF-starvierten 
 Zellen  einhergingen.  Ein  fehlendes  Puzzlestück  in  dieser  Studie  ist  jedoch  die  Frage,  wie  die 
 durch  EGF-Entzug  induzierten  Signalveränderungen  im  Darmepithel  mit  dem  Prozess  der 
 Autophagie  und  ihren  verschiedenen  Komponenten  verbunden  sind.  Insgesamt  schlagen  wir 
 vor,  dass  eine  erhöhte  MAPK-Aktivität  in  Darmepithelzellen,  denen  EGF  vorenthalten  wurde, 
 ein  überlebensförderndes  Programm  darstellen  könnte,  das  durch  die  Expression  anderer 
 Liganden  wie  HBEGF  und  FGF1  und  Schutzfaktoren  wie  das  regenerierende  Inselprotein 
 3-beta  (Reg3b)  und  Mucin  3  (Muc3)  vermittelt  wird,  die  die  Regeneration  und  das  Überleben 
 des  Darms  fördern  und  die  Zellen  angesichts  des  Stresses  durch  EGF-Entzugs  vor 
 Apoptose  schützen  könnten.  Die  Rolle  der  Autophagie  und  anderer  wichtiger 
 Stoffwechselwege  in  diesem  Programm  muss  in  künftigen  Studien  noch  weiter  untersucht 
 werden. 

 Stichwörter 

 Wachstumsfaktor-Starvation, EGFR-Signalweg, Einzelzell-Transkriptomik, Darm-Organoide 
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 Abstract 

 Scientists  have  long  studied  the  epidermal  growth  factor  receptor  (EGFR)  signaling 
 pathways  in  many  different  cell  types  and  tissues  and  realized  their  importance  in  regulating 
 all  aspects  of  a  living  cell’s  biology  starting  from  its  ability  to  grow,  divide  and  differentiate  all 
 the  way  to  its  decision  to  undergo  apoptosis.  The  roles  these  pathways  play  in  human 
 disease,  especially  cancer  are  also  well  established.  In  fact,  the  network  of  proteins  involved 
 in  EGFR  signaling  remains  the  most  widely  and  thoroughly  studied  in  the  whole  of  cell 
 signaling  biology.  Despite  all  the  knowledge  about  EGFR  signaling  acquired  over  the  years, 
 some  aspects  are  still  out  of  focus  of  mainstream  signaling  research.  One  such  aspect  is 
 how  intracellular  signaling  networks  behave  in  an  environment  where  activating  ligands  are 
 missing  or  deficient.  Contrary  to  the  popular  belief  that  signaling  pathways  are  completely 
 inactive  in  the  absence  of  these  ligands,  sufficient  evidence  proves  that  a  basal  level  of 
 signaling  activity  is  usually  maintained  in  various  kinds  of  cells  via  autocrine  signaling 
 mechanisms.  EGFR  ligands  in  particular  were  shown  to  be  involved  in  autocrine  signaling  in 
 many  epithelial  cell  types.  The  most  widely  studied  of  these  ligands  is  EGF  which  was  found 
 to  be  a  fundamental  driver  of  stem  cell  proliferation  and  self-renewal  in  all  epithelial  tissues, 
 especially  the  intestinal  epithelium.  Thus,  the  aim  of  the  present  study  is  to  explore  the  effect 
 of  EGF  starvation  on  both  the  signaling  and  transcriptomic  landscapes  of  intestinal  epithelial 
 cells  to  understand  how  they  respond  to  this  form  of  stress  and  how  they  rewire  their 
 signaling  networks  to  maintain  their  survival  and  homeostasis.  To  achieve  this,  mouse 
 intestinal  epithelial  organoids  derived  from  the  duodenum  were  starved  of  EGF  for  a  duration 
 of  24  hours  and  analyzed  using  various  techniques  including  Western  blot,  Time-of-flight 
 mass  cytometry  (CyTOF),  flow  cytometry  and  single-cell  RNA  sequencing  (scRNA-seq)  to 
 understand  how  the  activity  of  signaling  proteins  and  how  global  gene  expression  change  in 
 response  to  EGF  starvation.  Contrary  to  all  expectations,  EGF  starvation  was  shown  to 
 increase  the  phosphorylation  of  EGFR,  MEK1/2  and  ERK1/2  pointing  to  an  increase  in  the 
 activity  of  the  MAPK  signaling  axis.  These  changes  were  particularly  evident  in  CD44-high 
 crypt  basal  cells  which  include  stem  cells  and  undifferentiated  progenitors.  EGF 
 starvation-induced  increase  in  MAPK  activity  was  translated  into  an  upregulation  of  the 
 expression  of  a  subset  of  primary-response  ERK  target  genes  such  as  Egr1  ,  Egr2  ,  Egr3  , 
 Fos  ,  Fosb  and  Junb,  especially  in  stem  cell  and  transit-amplifying  cell  clusters,  and  to  a 
 much  lower  extent  in  enterocyte  clusters.  Intriguingly,  intestinal  organoids  treated  with  EGF 
 after  a  24-hour  starvation  period  exhibited  a  reduction  in  ERK1/2  phosphorylation  to  the 
 baseline  level  measured  in  non-starved  organoids.  Taken  together  with  the  increase  in  gene 
 expression  of  the  EGFR  ligand  heparin-binding  EGF-like  growth  factor  (HBEGF)  and 
 fibroblast  growth  factor  1  (FGF1)  in  EGF-starved  organoids,  these  findings  suggest  that 
 compensatory  ligand  secretion  by  EGF-starved  organoids  may  account  for  the  observed 
 changes  in  EGFR  signaling.  Nevertheless,  confirmation  of  increased  HBEGF  secretion  from 
 starved  cells  on  the  protein  level  was  not  possible  using  sandwich  ELISA.  Importantly,  EGF 
 starvation-induced  changes  in  MAPK  activity  were  not  accompanied  by  an  increase  in 
 apoptotic  cell  death  of  starved  cells.  One  missing  puzzle  piece  in  this  study,  however,  is  how 
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 signaling  changes  induced  by  EGF  starvation  in  the  intestinal  epithelium  are  linked  to  the 
 process  of  autophagy  and  its  various  pathway  components.  Overall,  we  propose  that 
 elevated  MAPK  activity  in  intestinal  epithelial  cells  starved  of  EGF  may  represent  a 
 pro-survival  program  that  is  mediated  by  the  expression  of  other  ligands  such  as  HBEGF 
 and  FGF1  and  protective  factors  as  regenerating  islet-derived  protein  3-beta  (Reg3b)  and 
 mucin  3  (Muc3)  which  may  promote  intestinal  regeneration  and  survival  and  protect  cells 
 from  apoptosis  in  the  face  of  the  starvation  stress.  The  role  of  autophagy  and  other  important 
 pathways in this program remains to be further investigated in future studies. 

 Keywords 

 Growth  factor  starvation,  EGFR  signaling,  Single-cell  transcriptomics,  Intestinal  epithelial 
 organoids 
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 1 Introduction 

 1.1 The epidermal growth factor and its receptor family 

 Epidermal  growth  factor  (EGF)  is  one  of  the  most  widely  studied  growth  factors  in  biology.  It 
 was  first  discovered  by  Stanely  Cohen  and  his  colleagues  when  they  were  studying  how 
 injections  of  crude  salivary  gland  extracts  caused  early  eyelid  opening  in  newborn  mice  and 
 were  able  to  isolate  a  53  amino  acid-long  polypeptide  responsible  for  this  effect  (S.  Cohen 
 1962)  .  Because  of  its  ability  to  stimulate  epidermal  cell  proliferation  and  growth  in  mice 
 eyelids  as  well  as  in  organ  cultures  of  chick  embryonic  skin,  this  protein  was  later  called 
 epidermal  growth  factor.  EGF  was  found  to  exert  its  biological  effects  by  binding  to 
 membrane-bound  receptors  that  possess  a  tyrosine  kinase  activity  and  were  named  EGF 
 receptors  (EGFR)  (Stanley  Cohen  2008)  .  These  receptors  belong  to  a  large  family  of 
 tyrosine  kinase  receptors  known  as  ERBB  or  HER  which  includes  EGFR/ERBB1/HER1, 
 ERBB2/HER2,  ERBB3/HER3  and  ERBB4/HER4  (Lemmon,  Schlessinger,  and  Ferguson 
 2014)  .  EGFR  consists  of  three  domains:  an  extracellular  ligand-binding  domain  of  about  620 
 amino  acid  residues,  a  transmembrane  domain  and  an  intracellular  domain  consisting  of 
 about  540  amino  acid  residues  and  containing  both  a  tyrosine  kinase  domain  and  a  230 
 amino  acid-long  flexible  cytoplasmic  tail  (Lemmon,  Schlessinger,  and  Ferguson  2014)  .  In  the 
 absence  of  EGF,  the  extracellular  domain  of  its  receptor  folds  back  on  itself.  Once  EGF 
 binds,  the  domain  opens  up  and  two  copies  of  ligand-bound  receptors  are  brought  together 
 to  form  a  dimer.  This  can  be  a  homodimer  consisting  of  two  identical  receptor  molecules  or  a 
 heterodimer  made  of  two  different  receptors  of  the  ERBB  family.  This  dimerization  process 
 brings  the  intracellular  tyrosine  kinase  domains  of  the  two  receptor  molecules  in  close 
 proximity  which  allows  them  to  phosphorylate  tyrosine  residues  in  the  cytoplasmic  tails  of 
 one  another  in  a  process  called  trans-autophosphorylation.  The  phosphorylated  tails  in  turn 
 serve  as  docking  sites  for  proteins  with  Src  Homology  2  (SH2)  and  phosphotyrosine-binding 
 (PTB)  domains  initiating  a  signaling  cascade  via  several  pathways  that  are  discussed  below 
 (Fig.  1.1).  The  signal  is  then  terminated  by  protein  tyrosine  phosphatases  such  as  protein 
 tyrosine  phosphatase  non-receptor  type  1  (PTPN1)  which  dephosphorylate  the  flexible  tails 
 of the receptor  (Young and Kim 2019)  . 

 ERBB  family  members  were  found  to  play  pivotal  roles  in  embryonic  development 
 particularly  development  of  the  nervous  system  and  the  heart  (Lemmon,  Schlessinger,  and 
 Ferguson  2014)  .  Knockouts  of  the  EGFR  gene  in  mice  were  lethal  to  developing  embryos 
 and  newborns  and  were  associated  with  defects  in  all  vital  organs  and  tissues  as  the  brain, 
 heart,  lungs,  eyes  and  bone  (Sibilia  et  al.  2007)  .  Similarly,  knockouts  of  Erbb2  ,  Erbb3  or 
 Erbb4  were  all  fatal  to  mice  embryos  and  caused  severe  neurodevelopmental  and  cardiac 
 deficits  (Burgess  2008)  .  Moreover,  ERBB2/3/4  signaling  was  shown  to  be  vital  not  only  for 
 early  cardiac  development,  but  also  to  maintain  normal  cardiac  function  in  adults 
 (Pentassuglia and Sawyer 2009)  . 
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 There  are  six  known  ligands  in  humans  that  activate  EGFR  other  than  EGF  namely 
 transforming  growth  factor  alpha  (TGFA),  betacellulin  (BTC),  heparin-binding  EGF-like 
 growth  factor  (HBEGF),  amphiregulin  (AREG),  epiregulin  (EREG)  and  epigen  (EPGN) 
 (Lemmon,  Schlessinger,  and  Ferguson  2014)  .  Three  of  these  EGFR  ligands  (BTC,  EREG 
 and  HBEGF)  also  bind  and  activate  ERBB4  and  are  thus  considered  “bispecific”  ligands 
 (Riese  and  Stern  1998;  Wilson  et  al.  2009)  .  ERBB3  and  ERBB4  are  activated  by  another 
 family  of  ligands  called  neuregulins  (NRGs)  or  heregulins  (HRGs)  that  are  encoded  by  4 
 different  genes  (  NRG1-4  )  (Falls  2003)  .  NRG1  and  NRG2  have  affinity  for  both  ERBB3  and 
 ERBB4,  while  NRG3  and  NRG4  seem  to  bind  specifically  to  ERBB4  (Wilson  et  al.  2009)  .  As 
 for  ERBB2,  it  is  considered  an  orphan  receptor  for  which  no  soluble  ligands  have  been  so  far 
 identified.  Yet,  it  can  still  heterodimerize  with  other  ERBB  family  receptors  and  transmit 
 signals  intracellularly  (Tzahar  et  al.  1996)  .  All  ERBB  receptor  ligands  possess  an  EGF-like 
 domain  that  is  responsible  for  receptor  binding  and  activation  and  they  are  all  synthesized  as 
 membrane-bound  precursor  proteins  that  get  cleaved  at  the  cell  surface  by  proteases  to  give 
 rise to the active growth factor  (Lemmon, Schlessinger, and  Ferguson 2014)  . 
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 Figure  1.1  ERBB  receptor  tyrosine  kinase  family  signaling.  There  are  four  known  members  of  the  ERBB 
 receptor  tyrosine  kinase  family:  ERBB1/EGFR/HER1,  ERBB2/HER2,  ERBB3/HER3,  and  ERBB4/HER4.  Upon 
 ligand  binding,  these  receptors  are  activated  by  dimerization.  Seven  ligands  are  known  so  far  to  bind  to  members 
 of  this  receptor  family:  EGF,  TGFA,  AREG,  and  EPGN  bind  EGFR,  NRG1-4  bind  ERBB3  and  ERBB4,  while 
 HBEGF,  EREG,  and  BTC  bind  EGFR  and  ERBB4.  ERBB2  has  no  known  ligands  and  its  structure  resembles  a 
 ligand-activated  receptor  enabling  it  to  dimerize  with  other  ERBB  receptors.  ERBB  receptors  signal  through 
 MAPK,  AKT  and  many  other  pathways  that  regulate  cell  proliferation,  differentiation,  migration,  motility  and 
 apoptosis.  In  addition  to  their  function  as  cell  surface  receptors,  these  proteins  are  also  present  in  the  nucleus 
 where  they  act  as  kinases  and  transcription  regulators  by  interacting  with  numerous  transcription  factors.  ERBB 
 receptor  signaling  is  controlled  via  many  positive  and  negative  feedback  and  feed  forward  loops.  It  was  found  that 
 activated  receptors  can  be  switched  off  through  dephosphorylation,  ubiquitination  and  removal  of  receptors  from 
 the  cell  surface  via  endosomal  sorting  and  lysosomal  degradation.  Illustration  courtesy  of  Cell  Signaling 
 Technology, Inc. and reproduced with permission (source: https://www.cellsignal.de/pathways/erbb-her-signaling) 
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 1.2 Signaling pathways triggered by EGFR activation 

 1.2.1 RAS-RAF-MEK-ERK MAPK pathway 

 This  is  regarded  as  the  most  important  pathway  in  mediating  the  biological  response  to 
 EGFR  activation,  particularly  cell  proliferation  and  survival  (Wee  and  Wang  2017)  .  Following 
 receptor  phosphorylation  and  activation,  the  adaptor  proteins  growth  factor  receptor-bound 
 protein  2  (GRB2)  and  Src  homology  and  collagen  adaptor  protein  1  (SHC1)  bind  to  specific 
 phosphotyrosine  residues  on  the  receptor’s  cytoplasmic  tail  via  GRB2  SH2  (Lowenstein  et 
 al.  1992;  Buday  and  Downward  1993;  Jiang  et  al.  2003)  and  SHC1  PTB  and  SH2  domains 
 (Batzer  et  al.  1994;  Sakaguchi  et  al.  1998;  Okabayashi  et  al.  1994;  Pelicci  et  al.  1992)  . 
 GRB2  also  has  affinity  for  particular  phosphotyrosine  residues  on  SHC1  itself  allowing  the 
 two  proteins  to  associate  together  (Salcini  et  al.  1994;  van  der  Geer  et  al.  1995)  .  GRB2 
 further  interacts  via  its  SH3  domains  with  a  guanine  nucleotide  exchange  factor  called  Son 
 of  sevenless  homolog  1  (SOS1)  causing  it  to  undergo  a  conformational  change  (Chardin  et 
 al.  1993;  N.  Li  et  al.  1993;  Egan  et  al.  1993;  Rozakis-Adcock  et  al.  1993;  Simon  and 
 Schreiber  1995)  .  As  a  result,  SOS1  interacts  with  the  small  guanosine  triphosphatase 
 (GTPase),  rat  sarcoma  protein  (RAS)  converting  it  from  the  inactive  GDP  binding  form  to  the 
 active  GTP  binding  one  (Boriack-Sjodin  et  al.  1998)  .  That  is  why  SOS1  is  classified  as  a 
 guanine  nucleotide  exchange  factor.  RAS-GTP  in  turn  binds  to  the  serine/threonine  protein 
 kinase,  rapidly  accelerated  fibrosarcoma  protein  (RAF1)  at  its  RAS-GTP-binding  domain 
 facilitating  its  activation  (Brtva  et  al.  1995)  .  Activated  RAF1  then  binds  to  the  dual-specificity 
 tyrosine  and  serine/threonine  protein  kinases  MAP2K1/MEK1  and  MAP2K2/MEK2  and 
 activates  them  by  phosphorylation  at  specific  serine  residues  S217  and  S221  (Bondzi, 
 Grant,  and  Krystal  2000)  .  Active  MEK1/2  activate  extracellular  signal  regulated  protein 
 kinases  (which  are  also  known  as  mitogen  activated  protein  kinases  and  after  which  the 
 whole  pathway  is  named),  ERK1/MAPK3  and  ERK2/MAPK1  by  phosphorylating  the 
 threonine-glutamate-tyrosine  motif  in  their  activation  loop,  specifically  at  threonine  T202  and 
 tyrosine  Y204  (Dhanasekaran  and  Premkumar  Reddy  1998)  .  ERK1/2  phosphorylate  a  large 
 collection  of  target  proteins  at  serine/threonine-proline  residues.  ERK  targets  vary  in 
 subcellular  localization  covering  cytoplasmic,  nuclear  and  membrane-bound  proteins  as  well 
 as  in  function  including  transcription  factors,  RNA-binding  proteins  and  signaling  proteins. 
 Phosphorylation  of  this  diverse  array  of  substrates  by  ERK  ultimately  triggers  various  cellular 
 responses  (Ünal, Uhlitz, and Blüthgen 2017)  . 

 1.2.2 PI3K-AKT-MTOR pathway 

 This  pathway  is  involved  in  controlling  cell  growth,  proliferation,  metabolism,  survival  and 
 motility  (Dibble  and  Cantley  2015)  .  Phosphatidylinositol  3-kinase  (PI3K)  is  a  dimeric  enzyme 
 consisting  of  2  subunits:  a  regulatory  p85  subunit  that  is  responsible  for  receptor  binding  and 
 a  catalytic  p110  subunit  that  phosphorylates  the  membrane  lipid 
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 phosphatidylinositol-4,5-bisphosphate  (PIP2)  to  the  potent  secondary  messenger 
 phosphatidylinositol-3,4,5-triphosphate  (PIP3)  (Vivanco  and  Sawyers  2002)  .  PI3K  binds 
 directly  to  activated  ERBB3  and  ERBB4  receptors  via  the  SH2  domain  of  its  p85  subunit 
 (Soltoff  et  al.  1994;  H.  H.  Kim,  Sierke,  and  Koland  1994)  .  PI3K  can  also  indirectly  interact 
 with  activated  EGFR/ERBB1  and  ERBB2  receptors  via  the  docking  protein 
 GRB2-associated-binding  protein  1  (GAB1)  which  contains  the  canonical  PI3K-binding  sites 
 (Mattoon  et  al.  2004)  .  PIP3  binds  to  the  pleckstrin  homology  (PH)  domain-containing 
 serine/threonine  kinase  AKT  (also  known  as  protein  kinase  B  or  PKB)  and  recruits  it  to  the 
 plasma  membrane  (Franke  et  al.  1997)  .  Once  localized  at  the  membrane,  AKT  is 
 phosphorylated  at  threonine  T308  and  serine  S473  and  becomes  active  (Wee  and  Wang 
 2017)  .  AKT  then  activates  the  mechanistic  target  of  rapamycin  kinase  (MTOR)  complexes: 
 MTORC1  and  MTORC2.  AKT  directly  phosphorylates  and  deactivates  the  GTPase  activating 
 protein  tuberin  which  acts  as  a  negative  regulator  of  MTORC1  signaling  (Manning  et  al. 
 2002;  Inoki  et  al.  2002;  Tee  et  al.  2002)  .  Moreover,  AKT  directly  phosphorylates  MTORC1  at 
 serine  S2448  (P.  H.  Scott  et  al.  1998)  .  Both  these  actions  increase  the  activity  of  MTORC1 
 which  phosphorylates  and  activates  eukaryotic  translation  initiation  factor  4E-binding  protein 
 1  (4E-BP1)  and  ribosomal  protein  S6  kinase  B1  (RPS6KB1)  (Tee  et  al.  2002)  .  These 
 effectors  enhance  protein  synthesis  and  promote  cell  growth  as  4E-BP1  is  an  inhibitor  of 
 translational inhibition and RPS6KB1 is an activator of translation  (Dibble and Cantley 2015)  . 

 1.2.3 Phospholipase C-gamma-1-protein kinase C pathway 

 Phospholipase  C-gamma-1  (PLCG1),  one  of  the  13  phospholipase  C  isozymes  that  have 
 been  cloned  so  far  from  mammalian  species  (Y.  Nakamura  and  Fukami  2009)  ,  binds  directly 
 to  activated  EGFR  via  its  SH2  domain  (Ji  et  al.  1997;  Rotin  et  al.  1992;  D.  Anderson  et  al. 
 1990;  Chattopadhyay  et  al.  1999)  .  PLCG1  can  also  be  recruited  to  the  plasma  membrane  by 
 using  its  PH  domain  to  bind  to  PIP3  formed  as  a  result  of  the  enzymatic  activity  of  PI3K 
 (Falasca  et  al.  1998;  Nishibe  et  al.  1990)  .  At  the  plasma  membrane,  PLCG1  gets  activated 
 by  phosphorylation  at  a  number  of  tyrosine  residues  and  in  turn  catalyzes  the  hydrolysis  of 
 PIP2  into  the  two  secondary  messengers:  inositol-1,4,5-triphosphate  (IP3)  and  diacylglycerol 
 (DAG)  (Wee  and  Wang  2017)  .  IP3  binds  to  IP3  receptors  in  the  endoplasmic  reticulum  and 
 triggers  intracellular  release  of  calcium  ions  which  together  with  DAG  activate  protein  kinase 
 C  (PKC).  PKC  phosphorylates  a  host  of  protein  substrates  that  include  EGFR,  H-RAS  and 
 RAF1  (Kang  et  al.  2012)  .  PKC-dependent  phosphorylation  of  EGFR  at  threonine  residue 
 T654  was  found  to  block  EGF-induced  EGFR  activation  and  may  serve  as  a  negative 
 feedback  control  mechanism  (Lund  et  al.  1990)  .  Another  interesting  substrate  of  PKC  is 
 phospholipase  D  (PLD)  which  gets  activated  by  phosphorylation  and  breaks  down 
 phosphatidylcholine  into  phosphatidic  acid  (PA)  and  choline  (Y.  Kim  et  al.  1999;  J.  Song, 
 Jiang,  and  Foster  1994)  .  The  generated  PA  can  recruit  and  activate  multiple  downstream 
 molecules  (J.  B.  Park  et  al.  2012)  .  For  example,  PA  recruits  RAF  to  the  plasma  membrane  to 
 activate  MAPK  signaling  (Rizzo  et  al.  1999)  .  PA  also  recruits  SOS1  to  the  plasma  membrane 
 and  activates  RAS,  which  promotes  cell  proliferation  and  transformation  (C.  Zhao  et  al. 
 2007)  .  In  addition  to  activating  RAS-MAPK  signaling,  PA  can  also  contribute  to  MTOR 
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 signaling  by  directly  interacting  with  MTOR  complexes  and  increasing  the  phosphorylation  of 
 RPS6KB1 and 4E-BP1  (Fang et al. 2001; Toschi et al.  2009)  . 

 1.2.4 Src kinase pathway 

 Cellular  Src  (c-Src)  was  the  first  protein  discovered  to  have  tyrosine  kinase  activity.  It  was 
 named  after  its  viral  isoform  v-Src  which  was  discovered  by  Francis  Peyton  Rous  in  1911 
 and  found  to  induce  sarcomas  in  chickens  (and  hence,  the  name  Src  came  from  sarcoma) 
 (Rous  1911)  .  Today,  c-Src  belongs  to  the  Src  family  of  non-receptor  tyrosine  kinases  which 
 includes  10  members  along  with  c-Src.  The  other  kinases  are  Fyn,  Yes,  Blk,  Yrk,  Frk  (also 
 known  as  Rak),  Fgr,  Hck,  Lck,  Srm,  and  Lyn  (Sen  and  Johnson  2011)  .  c-Src  is  involved  in 
 EGFR  signaling  in  various  ways.  It  was  found  to  directly  phosphorylate  EGFR,  RAS  and 
 RAF  at  their  tyrosine  residues  Y845,  Y32  and  Y341  respectively  (Wee  and  Wang  2017)  .  The 
 tyrosine  residue  Y845  in  EGFR  has  been  suggested  to  regulate  the  autonomous  lateral 
 propagation  of  EGFR  signals  from  one  EGFR  molecule  to  another  without  requiring  binding 
 of  the  ligand,  and  thus  potentiating  EGFR  kinase  activity  (Shan  et  al.  2012)  .  Moreover,  both 
 EGFR  and  ERBB4  possess  binding  sites  for  c-Src  (Wilson  et  al.  2009)  .  Phosphorylation  of 
 RAS  at  Y32  by  c-Src  markedly  reduces  its  binding  to  RAF  and  concomitantly  promotes  its 
 GTPase  activity.  Therefore,  c-Src  inhibition  leads  to  an  increase  in  RAS-mediated  activation 
 of  RAF  (Bunda  et  al.  2014)  .  On  the  other  hand,  EGF  stimulation  leads  to  c-Src  activation 
 which  is  likely  mediated  by  RAS  and  RAS-related  protein  Ral-A  (Tice  et  al.  1999;  Goi  et  al. 
 2000)  . 

 1.2.5 Signal transducers and activators of transcription (STAT) pathway 

 Cell  responses  to  many  cytokines  and  growth  factors  are  mediated  by  the  evolutionary 
 conserved  Janus  kinase/  signal  transducers  and  activators  of  transcription  (JAK/STAT) 
 signaling  pathway  (Harrison  2012)  .  This  pathway  is  essential  for  numerous  biological 
 processes  including  hematopoiesis,  immune  cell  development,  stem  cell  maintenance, 
 organismal  growth  and  mammary  gland  development  (Ghoreschi,  Laurence,  and  O’Shea 
 2009)  .  In  mammals,  four  members  of  the  JAK  family  of  non-receptor  tyrosine  kinases  and 
 seven  STATs  have  been  identified  to  date  (Harrison  2012)  .  JAKs  possess  two  domains:  a 
 catalytic  domain  responsible  for  their  tyrosine  kinase  activity  and  a  second  kinase-like 
 domain  with  an  autoregulatory  function,  and  hence  they  got  the  name  of  the  two-faced 
 Roman  god  “Janus”  (Harrison  2012)  .  Upon  ligand-receptor  interaction,  JAKs  associated  with 
 the  receptor’s  intracellular  domain  get  activated  and  phosphorylate  one  another. 
 Transphosphorylated  JAKs  then  phosphorylate  a  number  of  downstream  substrates 
 including  the  receptor  itself  and  STATs.  STAT1,  STAT3  and  STAT5  are  most  commonly 
 phosphorylated  at  tyrosine  residues  Y701,  Y705  and  Y694  respectively  (Quesnelle,  Boehm, 
 and  Grandis  2007)  .  Upon  activation  by  tyrosine  phosphorylation,  STAT  proteins  dimerize  to 
 form  homodimers  such  as  the  SIF-A  complex  (a  STAT3/STAT3  dimer)  or  heterodimers  such 
 as  the  SIF-B  complex  (a  STAT1/STAT3  dimer)  (J.  I.  Song  and  Grandis  2000)  .  Activated 
 STAT  complexes  translocate  into  the  nucleus  and  bind  as  dimers  or  possibly  even  oligomers 
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 to  enhancer  sequences  in  target  genes,  eventually  modifying  their  transcription  (Harrison 
 2012)  . 

 Some  receptors  such  as  EGFR  can  directly  bind  to  SH2  domains  of  STATs  and 
 phosphorylate  them  (Silvennoinen  et  al.  1993)  .  EGFR  can  also  activate  STATs  indirectly  via 
 activation  of  Src  family  kinases  which  in  turn  phosphorylate  STATs  (C.  M.  Silva  2004)  .  In  line 
 with  this,  EGFR  stimulation  with  ligands  such  as  EGF  and  TGFA  was  shown  to  activate 
 STATs  in  numerous  cancer  cell  lines  (Schrump  and  Nguyen  2001;  Kijima  et  al.  2002; 
 Olayioye  et  al.  1999)  .  EGF-mediated  phosphorylation  of  STAT3  at  Y705  in  breast  cancer 
 cells  was  shown  to  involve  the  recruitment  of  the  tyrosine  kinases,  protein  tyrosine  kinase  2 
 beta  (PTK2B)  and  c-Src  to  EGFR  where  both  enzymes  phosphorylate  STAT3  (Shi  and  Kehrl 
 2004)  .  Interestingly,  EGF  treatment  of  breast  cancer  cells  was  shown  to  induce  STAT5 
 phosphorylation  at  tyrosine  residues  Y694,  Y725,  Y740  and  Y743;  all  of  which  differ  from  the 
 previously  described  JAK  phosphorylation  site  at  Y699  (C.  M.  Silva  2004)  .  Moreover, 
 another  mechanism  was  proposed  for  EGFR-induced  activation  of  STAT5b  where  c-Src  was 
 shown  to  phosphorylate  the  receptor  at  Y845  which  in  turn  activates  STAT5b  among  other 
 signaling molecules  (Boerner et al. 2005)  . 

 Competitive  binding  has  been  proposed  as  a  mechanism  that  regulates  EGFR-mediated 
 activation  of  STATs.  GRB2  was  shown  to  compete  with  STAT1  and  STAT3  for  the  same 
 tyrosine  phosphorylation  sites  (Y1086  and  Y1068)  on  EGFR.  Having  higher  affinity  for  the 
 receptor,  GRB2  can  thus  negatively  regulate  the  EGFR-dependent  activity  of  both  STATs  (T. 
 Zhang,  Ma,  and  Cao  2003)  .  Additionally,  STAT1  and  STAT3  are  known  to  bind  across 
 multiple  domains  in  the  C-terminus  of  EGFR.  Suppressors  of  Cytokine  Signaling  (SOCS) 
 family  members  SOCS1  and  SOCS3  also  bind  to  the  cytoplasmic  domain  of  the  receptor 
 inducing  its  ubiquitination  and  degradation,  and  thus  decreasing  STAT1  and  STAT3 
 activation  (L.  Xia  et  al.  2002)  .  Moreover,  SOCS1  and  SOCS3  can  directly  suppress  STAT 
 activity  by  binding  via  their  SH2  domains  to  JAK  and  inhibiting  JAK-mediated 
 phosphorylation of STATs  (Endo et al. 1997)  . 

 1.2.6 Nuclear EGFR pathway 

 Treatment  of  cells  with  a  number  of  stimuli  such  as  EGF,  hydrogen  peroxide,  ultraviolet 
 radiation,  ionizing  radiation  and  therapeutic  agents  was  shown  to  induce  translocation  of 
 EGFR  from  the  cell  surface  into  the  nucleus.  Signaling  via  these  nuclear  EGFR  receptors 
 was  found  to  play  a  role  in  cell  proliferation,  tumor  progression  and  DNA  repair  (S.  Y.  Lin  et 
 al.  2001;  Cao  et  al.  1995;  Hui-Wen  Lo  et  al.  2005;  H-W  Lo  and  Hung  2006;  Y-N  Wang  et  al. 
 2010;  H.-J.  Lee  et  al.  2015;  Kamio  et  al.  1990)  .  The  mechanism  by  which  EGFR  translocates 
 into  the  nucleus  is  still  being  studied.  EGFR  possesses  a  nuclear  localization  signal  (NLS) 
 which  allows  the  receptor  to  interact  with  the  carrier  proteins  importin  alpha-1  and  beta-1  and 
 bind  to  the  nucleoporins  of  nuclear  pore  complexes  (Hui-Wen  Lo  et  al.  2006)  .  Following 
 internalization,  EGFR  was  also  shown  to  colocalize  with  endosomal  markers  which  indicates 
 that  internalized  EGFR  appears  to  sort  into  the  endosome  before  its  translocation  into  the 
 nucleus  (Hui-Wen  Lo  et  al.  2006)  .  It  was  also  shown  that  EGFR  translocation  into  the  nuclei 
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 of  liver  cells  is  dependent  on  both  clathrin  and  dynamin  which  are  involved  in  the  process  of 
 endocytosis  (De  Angelis  Campos  et  al.  2011)  .  Clathrin  is  a  protein  involved  in  the  formation 
 of  coated  vesicles  which  are  used  to  transport  molecules  within  cells  (Pearse  1976)  ,  while 
 dynamin  is  a  100  kilodalton  (kDa)  GTPase  responsible  for  the  scission  of  newly  formed 
 vesicles  from  the  membrane  of  one  cellular  compartment  and  targeting  them  to  another 
 compartment  (Henley,  Cao,  and  McNiven  1999)  .  Interestingly,  EGFR  was  found  to  interact 
 with  the  gamma  subunit  of  the  coat  protein  complex  I  (COPI),  a  protein  complex  that  coats 
 vesicles  involved  in  retrograde  transport  of  proteins  from  the  Golgi  complex  back  to  the 
 rough  endoplasmic  reticulum.  This  type  of  trafficking  was  shown  to  play  an  important  role  in 
 the  nuclear  transport  of  EGFR  following  EGF  stimulation  (Ying-Nai  Wang  et  al.  2010)  .  EGFR 
 acts  as  a  transcriptional  co-activator  inside  the  nucleus.  In  particular,  it  promotes  the 
 transcription  of  important  genes  involved  in  cell  cycle  progression  as  cyclin  D1  and  MYC 
 among  other  proto-oncogenes  (S.  Y.  Lin  et  al.  2001;  Jaganathan  et  al.  2011)  .  For  example, 
 EGFR  interacts  with  the  promoter  of  cyclin  D1  gene  after  binding  to  two  important  proteins, 
 Mucin 1 and RNA helicase A  (Bitler, Goverdhan,  and Schroeder 2010; Huo et al. 2010)  . 

 1.3 ERBB receptor family and cancer 

 1.3.1 Role of EGFR and ERBB receptor signaling in tumorigenesis 

 The  role  of  growth  factor-driven  signaling  particularly  EGF  in  the  pathogenesis  of  human 
 cancer  has  been  well-established.  It  was  shown  many  years  ago  that  cancer  cells  exhibit 
 reduced  requirements  for  exogenously  added  growth  factors  to  maintain  their  high 
 proliferation  rates  because  of  their  ability  to  produce  their  own  growth  factors  in  sufficient 
 amounts  (Sporn  and  Roberts  1985;  de  Larco  and  Todaro  1978)  .  Also,  cancer  cells  express 
 high  levels  of  growth  factor  receptors  such  as  EGFR  increasing  their  sensitivity  to  even  low 
 concentrations  of  host  or  tumor-derived  growth  factors.  Moreover,  several  proto-oncogenes 
 were  found  to  code  for  growth  factors,  growth  factor  receptors  or  proteins  involved  in  the 
 intracellular  signaling  pathways  of  growth  factors.  Other  activated  proto-oncogenes  are 
 involved  in  the  control  of  endogenous  growth  factor  production  as  well  as  the  response  of 
 cancer  cells  to  these  factors.  Not  only  do  growth  factors  sustain  the  growth  and  survival  of 
 tumor  cells,  but  they  also  promote  tumor-associated  angiogenesis.  Thus,  these  peptide 
 molecules  contribute  to  tumor  progression  via  different  mechanisms  (Nicola  Normanno  et  al. 
 2006)  . 

 Several  lines  of  evidence  emphasize  the  role  of  EGFR/ERBB  receptor  family  signaling  in 
 neoplastic  transformation  of  cells  in  vitro  and  in  vivo  .  It  was  found  that  overexpression  of 
 EGFR  or  its  ligand  TGFA  causes  neoplastic  transformation  of  numerous  cell  lines  in  vitro 
 including  NIH/3T3  mouse  fibroblasts  (Di  Fiore,  Pierce,  Kraus,  et  al.  1987;  Di  Fiore,  Pierce, 
 Fleming,  et  al.  1987;  Di  Marco  et  al.  1989)  ,  Fischer  rat  (Rat-1)  fibroblasts  (Rosenthal  et  al. 
 1986)  ,  normal  rat  kidney  epithelial  cells  (Watanabe,  Lazar,  and  Sporn  1987)  ,  and  human  and 
 mouse  mammary  epithelial  cells  (Shankar  et  al.  1989;  Ciardiello  et  al.  1990)  .  On  the  other 
 hand,  blockade  of  EGFR  and  ERBB2  receptor  signaling  inhibits  the  growth  of  human  cell 
 lines  derived  from  carcinomas  of  various  tissues  both  in  vitro  and  in  vivo  (N.  Normanno  et  al. 
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 2003)  .  Induced  overexpression  of  EGFR  in  mammary  glands  of  transgenic  mice  resulted  in 
 the  development  of  mammary  hyperplasias  that  progressed  to  dysplasias  and  tubular 
 adenocarcinomas  in  lactating  mice  (Brandt  et  al.  2000)  .  Contrarily,  induction  of  EGFR 
 overexpression  in  other  tissues  such  as  the  urothelium,  esophagus  and  glial  cells  caused  an 
 increase  in  cell  proliferation,  but  not  tumor  formation  (Andl  et  al.  2003;  Cheng  et  al.  2002;  H. 
 Ding  et  al.  2003)  .  Along  the  same  lines,  overexpression  of  wild-type  ERBB2/NEU  in  the 
 mammary  epithelium  of  transgenic  mice  resulted  in  the  formation  of  focal  mammary  tumors 
 after  a  long  latency  (Guy  et  al.  1992)  .  Overexpression  of  a  mutant  activated  form  of  ERBB2 
 in  transgenic  mice  had  an  even  more  profound  transforming  effect  where  mammary 
 adenocarcinomas  developed  much  more  rapidly  (Guy,  Cardiff,  and  Muller  1996;  Muller  et  al. 
 1988)  .  By  examining  mammary  tumors  developing  in  these  mice  as  a  result  of 
 overexpressing  ERBB2,  it  was  shown  that  they  harbor  somatic  mutations  in  the  extracellular 
 domain  of  ERBB2  promoting  its  dimerization  and  constitutive  activation  (P.  M.  Siegel  et  al. 
 1994;  P.  M.  Siegel  and  Muller  1996)  .  Transgenic  mice  carrying  these  altered  ERBB2 
 receptors  developed  multiple  mammary  carcinomas  that  frequently  metastasized  to  the 
 lungs  (Peter  M.  Siegel  et  al.  1999)  .  Furthermore,  postnatal  overexpression  of  the  wild-type 
 rat  ERBB2  receptor  in  the  skin  of  transgenic  mice  induced  the  formation  of  spontaneous 
 papillomas  and  some  of  them  progressed  into  squamous  cell  carcinomas  with  an  incidence 
 of more than 90% by 6 months  (Kiguchi et al. 2000)  . 

 Similar  to  ERBB  receptors,  the  high-affinity  ligand  TGFA  was  shown  to  have  a  remarkable 
 potential  for  neoplastic  transformation  in  vivo  .  Metallothionein-driven  overexpression  of 
 TGFA  in  transgenic  mice  resulted  in  epithelial  hyperplasia  in  multiple  organs,  namely  the 
 liver,  the  gastrointestinal  tract  (GIT)  and  the  pancreas  along  with  the  development  of 
 hepatocellular  and  breast  carcinoma  (Jhappan  et  al.  1990;  Eric  P.  Sandgren  et  al.  1990)  . 
 Likewise,  TGFA  overexpression  under  the  control  of  the  mouse  mammary  tumor  virus 
 (MMTV)  promoter  in  transgenic  mice  led  to  hyperplasia  in  the  terminal  ducts  and  alveolar 
 glands  and  the  occurrence  of  mammary  adenocarcinoma  (Matsui  et  al.  1990;  Halter  et  al. 
 1992)  .  A  very  similar  response  was  observed  when  TGFA  was  overexpressed  under  the 
 control  of  the  whey  acidic  protein  (WAP)  promoter  where  large  numbers  of  hyperplastic 
 alveolar  nodules  were  detected  within  the  mammary  gland  (E.  P.  Sandgren  et  al.  1995)  .  In 
 non-virgin  female  mice,  these  nodules  developed  into  well-defined  mammary  adenomas  and 
 adenocarcinomas.  Moreover,  targeted  overexpression  of  TGFA  in  the  epidermis  of 
 transgenic  mice  induced  the  formation  of  skin  papillomas,  but  not  carcinomas  (Vassar  and 
 Fuchs  1991;  Dominey,  Wang,  and  King  1993)  .  In  addition  to  TGFA,  overexpression  of  AREG 
 in  the  skin  of  transgenic  mice  resulted  in  the  appearance  of  psoriasis-like  lesions  without 
 formation  of  papillomas  or  carcinomas  (Cook  et  al.  1997)  .  Also,  overexpression  of  HRG 
 using  the  MMTV  promoter  in  the  mammary  glands  of  transgenic  mice  triggered  the  formation 
 of mammary adenocarcinomas  (Krane and Leder 1996)  . 

 Several  studies  further  show  that  when  different  members  of  the  ERBB  family  are 
 co-expressed  in  cell  lines  or  tissues,  the  probability  of  neoplastic  transformation  in  vitro  and 
 in  vivo  is  greatly  enhanced  (Nicola  Normanno  et  al.  2006)  .  For  example,  co-expression  of 
 rodent  p185  c-neu  (ERBB2)  and  EGFR  in  NIH-3T3  cells  was  found  to  be  essential  to 
 achieve  their  full  neoplastic  transformation  (Kokai  et  al.  1989)  .  While  overexpressing  either 
 ERBB2  or  ERBB3  in  NIH-3T3  cells  did  not  bring  about  their  transformation,  co-expression  of 
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 the  two  receptors  completely  transformed  them  (Alimandi  et  al.  1995)  .  Along  the  same  lines, 
 HRG  treatment  induced  only  hyperproliferation,  but  not  neoplastic  transformation  of  NIH-3T3 
 overexpressing  either  ERBB3  or  ERBB4  (K.  Zhang  et  al.  1996)  .  However,  it  did  efficiently 
 induce  transformation  of  cells  co-expressing  EGFR  or  ERBB2  with  ERBB3  or  ERBB4 
 (Wallasch  et  al.  1995;  K.  Zhang  et  al.  1996)  .  Using  a  clone  of  NIH-3T3  cells  that  lack 
 endogenous  ERBB  receptors,  it  was  shown  that  for  neoplastic  transformation  to  take  place 
 in  vitro  ,  combined  expression  of  any  two  members  of  the  ERBB  receptor  family  is  necessary 
 in  the  presence  of  a  ligand  (B.  D.  Cohen  et  al.  1996)  .  However,  EGFR/ERBB2  heterodimer 
 was  the  only  receptor  dimer  shown  to  efficiently  induce  an  aggressive  tumorigenic 
 phenotype  in vivo  (B. D. Cohen et al. 1996)  . 

 Of  all  ERBB  receptors,  ERBB2  appears  to  be  particularly  interesting  in  the  sense  that  it 
 cooperates  with  other  receptors  to  induce  tumorigenesis  in  transgenic  animals  (Nicola 
 Normanno  et  al.  2006)  .  For  instance,  breast  tumors  in  transgenic  mice  that  were  engineered 
 to  overexpress  ERBB2/NEU  also  exhibited  overexpression  of  endogenous  EGFR 
 (DiGiovanna  et  al.  1998)  .  Also,  transgenic  mice  expressing  an  activated  form  of  ERBB2/NEU 
 developed  progressive  mammary  tumors  that  displayed  elevated  levels  of 
 tyrosine-phosphorylated  ERBB2  and  ERBB3  (Peter  M.  Siegel  et  al.  1999)  .  Additionally,  both 
 ERBB2  and  TGFA  showed  a  synergistic  interplay  in  terms  of  tumor  induction  in  the 
 mammary  epithelium  of  transgenic  mice  where  mice  co-expressing  the  two  of  them 
 developed  multifocal  breast  tumors  with  a  significantly  shorter  latency  period  compared  to 
 each  parental  strain  that  expresses  either  ERBB2  or  TGFA  alone  (Muller  et  al.  1996)  . 
 Interestingly,  treatment  of  ERBB2  overexpressing  mice  with  the  EGFR  tyrosine  kinase 
 inhibitor gefitinib effectively inhibits the formation of mammary tumors  (Lu et al. 2003)  . 

 1.3.2 Genetic alterations of ERBB receptors in human cancer 

 Many  genetic  alterations  of  ERBB  receptors  have  been  described  in  human  solid  tumors 
 (Nicola  Normanno  et  al.  2006;  Arteaga  and  Engelman  2014)  .  One  prominent  example  is 
 EGFR  gene  amplification  which  was  found  in  different  types  of  human  carcinomas.  This  type 
 of  alteration  was  reported  to  occur  in  37%  to  58%  of  glioblastoma  multiforme  (GBM),  one  of 
 the  most  aggressive  forms  of  brain  tumors  (Wikstrand  et  al.  1998)  .  In  addition  to  gene 
 amplification,  many  other  mutations  in  the  EGFR  gene  were  reported  in  GBM  such  as 
 deletion  and  tandem  duplication  and  some  of  them  were  associated  with  ligand-independent 
 activity  of  the  receptor  (Frederick  et  al.  2000;  Kuan,  Wikstrand,  and  Bigner  2001)  .  The  most 
 frequent  of  these  mutations,  accounting  for  more  than  50%  of  EGFR  genetic  alterations  in 
 GBM,  is  a  constitutively  active  form  of  the  receptor  known  as  EGFRvIII  and  is  characterized 
 by  an  in-frame  deletion  of  exons  2-7  from  the  extracellular  region  (Kuan,  Wikstrand,  and 
 Bigner  2001)  .  EGFRvIII  overexpression  in  the  presence  of  EGFR  amplification  is  associated 
 with  the  worst  prognosis  in  GBM  patients  (Shinojima  et  al.  2003)  and  can  predict  therapeutic 
 response  to  EGFR  tyrosine  kinase  inhibitors  as  gefitinib  and  erlotinib  (Haas-Kogan  et  al. 
 2005;  Mellinghoff  et  al.  2005)  .  In  addition  to  GBM,  EGFRvIII  mutant  is  reported  to  occur  in 
 breast,  lung,  head  and  neck,  ovarian,  and  prostate  cancers  (Moscatello  et  al.  1995; 
 Pedersen et al. 2001)  . 

 18 

https://paperpile.com/c/5vEx4Y/gHZQj
https://paperpile.com/c/5vEx4Y/INthF
https://paperpile.com/c/5vEx4Y/bxlFf+INthF
https://paperpile.com/c/5vEx4Y/Nuwsc
https://paperpile.com/c/5vEx4Y/Nuwsc
https://paperpile.com/c/5vEx4Y/gC5H7
https://paperpile.com/c/5vEx4Y/gC5H7
https://paperpile.com/c/5vEx4Y/FhzYh
https://paperpile.com/c/5vEx4Y/E2IHa
https://paperpile.com/c/5vEx4Y/7MfFn
https://paperpile.com/c/5vEx4Y/qgbrw
https://paperpile.com/c/5vEx4Y/gC5H7+AI5P0
https://paperpile.com/c/5vEx4Y/0QhqT
https://paperpile.com/c/5vEx4Y/cxOWa+fZbx0
https://paperpile.com/c/5vEx4Y/fZbx0
https://paperpile.com/c/5vEx4Y/fZbx0
https://paperpile.com/c/5vEx4Y/Xc4my
https://paperpile.com/c/5vEx4Y/seyIH+4cBls
https://paperpile.com/c/5vEx4Y/seyIH+4cBls
https://paperpile.com/c/5vEx4Y/4IJPU+pka4L
https://paperpile.com/c/5vEx4Y/4IJPU+pka4L


 EGFR  amplification  and  high  gene  copy  number  was  also  found  in  22%  to  32%  of  primary 
 non-small  cell  lung  cancer  (NSCLC)  (Hirsch  et  al.  2003;  Cappuzzo  et  al.  2005)  and  in  6%  of 
 primary  breast  carcinomas  (Bhargava  et  al.  2005)  .  Moreover,  small  in-frame  deletions  and 
 point  mutations  in  the  tyrosine  kinase  domain  of  EGFR  (exons  18  through  21)  were  detected 
 in  NSCLC  (Lynch  et  al.  2004;  Pao  et  al.  2004;  Paez  et  al.  2004)  .  Such  mutations  affecting 
 the  receptor’s  tyrosine  kinase  domain  are  estimated  to  occur  in  around  17%  of  all  NSCLC 
 patients.  However,  they  are  more  prevalent  among  East  Asians,  females  and  non-smokers. 
 Patients  harboring  these  mutations  show  relatively  high  response  rates  of  55-75%  to 
 single-agent  EGFR  tyrosine  kinase  inhibitors  (Mok  et  al.  2009;  Rosell  et  al.  2012;  Sequist  et 
 al.  2013)  .  Similar  mutations  were  again  identified  in  around  7%  of  patients  with  head  and 
 neck  cancer  (J.  W.  Lee  et  al.  2005)  and  in  East  Asian  patients  with  colon  carcinomas 
 (Nagahara  et  al.  2005)  .  Blocking  EGFR  signaling  with  an  anti-EGFR  antibody  as  cetuximab 
 provides  a  significant  clinical  benefit  in  patients  with  KRAS  wild-type  colorectal  cancer  and 
 those  with  high  expression  levels  of  AREG  and  EREG  (Khambata-Ford  et  al.  2007; 
 Cunningham  et  al.  2004)  .  Similarly,  cetuximab  is  clinically  beneficial  when  combined  with 
 chemotherapy  or  radiotherapy  in  patients  with  squamous  cell  carcinoma  of  the  head  and 
 neck  (Vermorken  et  al.  2008;  Bonner  et  al.  2006)  .  These  findings  provide  further  evidence 
 for the importance of ligand-mediated EGFR signaling in these two types of carcinoma. 

 Beside  EGFR,  genetic  alterations  of  ERBB2  are  well  established  in  human  cancer.  ERBB2 
 gene  was  found  to  be  amplified  in  patients  with  breast,  gastric  and  esophageal  cancer 
 (Arteaga  and  Engelman  2014)  .  In  fact,  Slamon  and  colleagues  reported  that  ERBB2  gene 
 was  amplified  in  30%  of  breast  tumors  they  investigated,  making  this  study  one  of  the 
 earliest  reports  that  associated  an  oncogenic  genetic  alteration  with  poor  prognosis  in  cancer 
 patients  (Slamon  et  al.  1987)  .  In  addition,  somatic  mutations  of  ERBB2  have  been  found  in 
 different  kinds  of  human  cancer,  namely  lung  adenocarcinoma,  lobular  breast,  bladder, 
 gastric,  and  endometrial  cancers  (Stephens  et  al.  2004;  Shigematsu  et  al.  2005;  Cancer 
 Genome  Atlas  Network  2012)  .  Most  of  these  are  in-frame  insertions  or  missense 
 substitutions  in  the  tyrosine  kinase  and  extracellular  domains  of  the  receptor  or  duplications 
 and  inserts  in  a  small  stretch  within  exon  20.  Interestingly,  ERBB2  mutations  are  almost 
 exclusively  present  in  tumors  without  ERBB2  gene  amplification  and  several  of  them  result  in 
 constitutive  receptor  activation  and  increased  signaling  activity  (Cancer  Genome  Atlas 
 Network  2012)  .  Primary  breast  tumors  with  ERBB2  gene  amplification  were  found  to  be 
 inherently  heterogeneous  and  were  further  subdivided  into  ERBB2(HER2)-enriched  and 
 luminal  subtypes  based  on  their  gene  expression  pattern  (Cancer  Genome  Atlas  Network 
 2012)  .  Also,  not  all  tumors  with  ERBB2  overexpression  had  an  amplified  ERBB2  gene.  The 
 role  of  ERBB2  in  the  progression  of  these  breast  cancer  subtypes  is  supported  by  clinical 
 data  which  show  that  the  anti-ERBB2(HER2)  monoclonal  antibody,  trastuzumab  (Herceptin) 
 improves  the  survival  of  patients  with  HER2-amplified  early-stage  breast  cancer  (Arteaga 
 and  Engelman  2014)  .  Moreover,  an  alternatively  spliced  variant  of  ERBB2  was  detected  in 
 human  breast  cancer  tissue.  This  variant  resembles  constitutively  active  Neu  with  in-frame 
 deletion  mutations  that  were  shown  to  be  tumorigenic  in  transgenic  mice  and,  like  the  Neu 
 mutants,  is  believed  to  form  constitutively  active  dimers  that  contribute  to  the  development  of 
 mammary  tumors  (P.  M.  Siegel  and  Muller  1996;  Peter  M.  Siegel  et  al.  1999;  P.  M.  Siegel  et 
 al.  1994)  .  Another  interesting  feature  of  ERBB2  is  that  it  gets  activated  by  proteolytic 
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 cleavage  shedding  its  extracellular  domain  which  can  be  detected  in  cell  culture  media  or 
 sera  of  ERBB2-positive  breast  cancer  patients  (Pupa  et  al.  1993;  Y.  Z.  Lin  and  Clinton  1991)  . 
 The  resulting  truncated  version  of  the  receptor  (p95  ERBB2)  showed  higher  kinase  activity 
 and  enhanced  transforming  capacity  compared  to  the  full-length  receptor  (p185  ERBB2) 
 indicating  that  the  extracellular  domain  negatively  regulates  the  kinase  activity  of  ERBB2 
 (Segatto  et  al.  1988)  .  In  line  with  these  findings,  elevated  levels  of  the  extracellular  domains 
 of  ERBB2  in  the  sera  of  metastatic  breast  cancer  patients  were  found  to  correlate  with  a 
 poor  response  to  antiestrogen  therapy  as  well  as  chemotherapy  (Yamauchi  et  al.  1997; 
 Colomer  et  al.  2000)  .  In  addition,  the  expression  level  of  p95  ERBB2  (truncated  receptor) 
 was  shown  to  correlate  with  the  occurrence  of  lymph  node  metastasis  in  ERBB2-positive 
 breast cancer patients  (Christianson et al. 1998;  Molina et al. 2002)  . 

 Now  coming  to  the  less  commonly  known  ERBB  family  members  ERBB3  and  ERBB4,  both 
 have  been  linked  to  cancer  because  of  their  ability  to  dimerize  with  oncogenic  EGFR  and 
 ERBB2  and  help  transduce  their  growth  signals  (Arteaga  and  Engelman  2014)  .  Somatic 
 mutations  in  the  ERBB3  gene  were  identified  in  around  11%  of  colon  and  gastric  cancers 
 (Jaiswal  et  al.  2013)  .  ERBB3  mutants  were  found  to  induce  neoplastic  transformation  in 
 colon  and  breast  epithelial  cells  in  a  ligand-independent  manner.  However,  since  ERBB3  has 
 a  diminished  tyrosine  kinase  activity,  the  oncogenic  activity  of  its  mutants  requires 
 dimerization  with  ERBB2  and  is  dependent  on  its  kinase  activity  (Jaiswal  et  al.  2013)  . 
 Furthermore,  anti-ERBB  antibodies  and  small-molecule  kinase  inhibitors  were  shown  to 
 block  mutant  ERBB3-mediated  oncogenic  signaling  and  disease  progression  in  vivo  (Jaiswal 
 et  al.  2013)  .  As  with  other  ERBB  members,  ERBB4  mutations  were  identified  in  different 
 types  of  tumors,  particularly  in  melanoma  (Prickett  et  al.  2009)  ,  lung  adenocarcinoma  (L. 
 Ding  et  al.  2008)  and  medulloblastoma  (Gilbertson  et  al.  2001)  .  It  has  been  demonstrated  in 
 vitro  that  melanoma  cell  lines  that  harbor  ERBB4  mutations  are  sensitive  to  lapatinib,  a 
 tyrosine  kinase  inhibitor  that  targets  both  EGFR  and  ERBB2  (Prickett  et  al.  2009)  .  Despite 
 these  promising  findings,  the  clinical  effectiveness  of  small  molecules  and  antibodies  that 
 target  ERBB  family  members  in  treating  cancer  patients  carrying  ERBB3  and  ERBB4 
 mutations  still  needs  to  be  thoroughly  investigated  in  clinical  trials  (Arteaga  and  Engelman 
 2014)  . 

 1.4 The intestinal epithelium and its crypt-villus structure 

 Having  a  surface  area  greater  than  30  m  2  ,  the  human  intestinal  tract  represents  the  second 
 largest  epithelium  in  the  body  following  the  lungs  (Gehart  and  Clevers  2019)  .  Its  two  main 
 functions  are  absorption  of  nutrients  and  water  which  is  greatly  enhanced  by  its  large  surface 
 area  and  protection  against  environmental  insults.  The  small  intestinal  epithelium  consists  of 
 a  monolayer  of  cells  that  are  organized  into  finger-like  protrusions  known  as  villi  separated 
 by  small  invaginations  called  crypts.  The  largest  villi  are  present  in  the  duodenum  and  villus 
 length  decreases  down  the  intestinal  tract.  The  colon  completely  lacks  villi  and  consists  of  a 
 flat  epithelium  interspaced  by  crypts.  The  lifespan  of  mature  cells  in  the  intestinal  epithelium 
 is  very  short  (3-5  days).  Inside  the  crypt,  continuously  dividing  stem  cells  proliferate  giving 
 rise  to  progenitor  cells  or  transit-amplifying  cells  which  further  divide  and  differentiate  into 
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 various  mature  cell  types.  Cells  are  gradually  pushed  out  of  the  crypt  and  migrate  to  the  tip 
 of  the  villus  where  they  undergo  apoptosis  and  are  shed  into  the  intestinal  lumen  (Gehart 
 and  Clevers  2019)  .  Absorptive  enterocytes  are  the  most  abundant  cell  type  in  the  intestinal 
 epithelium  and  play  a  key  role  in  the  digestion  and  absorption  of  nutrients.  Goblet  cells  are 
 the  second  most  predominant  cell  type  and  secrete  mucin  that  forms  a  thick  layer  on  the 
 epithelial  cell  surface  where  bacteria  and  pathogens  are  trapped  before  they  could  attach  to 
 epithelial  cells.  Enteroendocrine  cells  are  rare  cell  types  that  in  response  to  neuroendocrine 
 signals  produce  important  hormones  which  control  the  secretion  of  digestive  enzymes  and 
 the motility of the intestinal tract  (Date and Sato 2015)  . 

 In  contrast  to  other  differentiated  cells  in  the  small  intestinal  epithelium,  Paneth  cells  migrate 
 downwards  not  upwards  following  differentiation  and  are  found  exclusively  at  the  bottom  of 
 the  crypts  in  immediate  contact  with  the  stem  cells  (Gehart  and  Clevers  2019;  Date  and  Sato 
 2015)  .  The  main  function  of  these  cells  is  to  nurture  and  protect  crypt  base  columnar  (CBC) 
 cells  which  serve  as  stem  cells.  Paneth  cells  produce  a  diverse  collection  of  antimicrobial 
 products  such  as  lysozyme,  α-defensins  and  phospholipase  A2  (Gassler  2017)  which  mix 
 with  goblet  cell-derived  mucus  forming  an  integral  component  of  mucosal  immunity  in  the 
 intestine  (Allaire  et  al.  2018)  .  At  the  base  of  the  crypt,  Paneth  cells  alternate  with  CBC  cells 
 such  that  each  CBC  cell  is  in  contact  with  at  least  one  Paneth  cell.  This  spatial  arrangement 
 is  important  because  Paneth  cells  provide  stem  cells  with  WNT  ligands,  EGF  and  NOTCH 
 stimuli  which  are  necessary  for  their  maintenance  and  self-renewal  (Sato,  van  Es,  et  al. 
 2011)  .  In  addition  to  these  paracrine  signals,  Paneth  cells  also  provide  stem  cells  with 
 essential  nutrients.  For  example,  it  was  found  that  stem  cells  rely  mainly  on  mitochondrial 
 oxidative  phosphorylation  for  energy  generation,  while  Paneth  cells  are  more  dependent  on 
 glycolysis  forming  lactate  as  the  end  product  (Rodríguez-Colman  et  al.  2017)  .  Paneth 
 cell-derived  lactate  can  serve  as  a  substrate  for  mitochondrial  metabolism  in  stem  cells  to 
 fuel  their  continuous  proliferative  capacity.  Moreover,  being  a  free  radical  scavenger 
 (Groussard  et  al.  2000)  ,  lactate  can  protect  stem  cells  from  excessive  oxidative  stress 
 generated  by  their  oxidative  metabolism  (Gehart  and  Clevers  2019)  .  Although  the  colon 
 lacks  Paneth  cells,  another  related  cell  type  known  as  the  deep  crypt  secretory  cell  carries 
 out the same function  (Sasaki et al. 2016)  . 

 1.5 Essential crypt signaling pathways 

 The  intestinal  epithelium  and  mesenchyme  together  provide  key  signals  that  regulate  the 
 fate  of  intestinal  epithelial  cells  via  4  main  signaling  pathways:  WNT,  NOTCH,  EGF  and  BMP 
 signaling. 

 1.5.1 WNT signaling 

 WNT  signaling  is  considered  the  most  crucial  pathway  for  stem  cell  maintenance  in  the 
 intestine.  WNT  ligands  bind  to  a  complex  of  Frizzled  receptor,  low-density  lipoprotein 
 receptor-related  protein  5  (LRP5)  and  LRP6  which  together  inhibit  the  continuous  destruction 
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 of  beta-catenin  by  the  cytoplasmic  adenomatous  polyposis  coli  (APC)  destruction  complex. 
 This  leads  to  accumulation  of  beta-catenin  in  the  cytoplasm  which  then  translocates  into  the 
 nucleus  and  binds  to  T  cell  factors  that  act  as  transcription  factors  and  directly  control  gene 
 expression  (Nusse  and  Clevers  2017)  .  Numerous  studies  have  shown  that  disruption  of 
 WNT  signaling  can  have  a  deleterious  effect  on  the  intestinal  epithelium.  Systemic  knockout 
 of  the  transcription  factor  Tcf4,  the  main  effector  of  canonical  WNT  signaling,  leads  to 
 complete  loss  of  intestinal  stem  cells  followed  by  disintegration  of  the  epithelial  tissue  in 
 neonatal  mice  (Korinek  et  al.  1998)  .  Also,  conditional  deletion  of  TCF-4  in  the  intestinal 
 epithelium  of  adult  mice  causes  rapid  loss  of  leucine-rich  repeat-containing  G-protein 
 coupled  receptor  5  (LGR5)-positive  CBC  cells  indicating  that  WNT  signaling  is  not  only 
 important  for  development  of  intestinal  stem  cells,  but  also  for  their  maintenance  (van  Es, 
 Haegebarth,  et  al.  2012)  .  Similarly,  overexpression  of  Dickkopf-related  protein  1  (DKK1) 
 which  is  a  secreted  inhibitor  of  WNT  signaling  in  the  intestinal  epithelium  by  adenoviral 
 transfection  (Kuhnert  et  al.  2004)  or  via  a  transgene  (Pinto  et  al.  2003)  results  in  loss  of 
 LGR5-positive  CBC  cells.  On  the  other  hand,  an  increase  in  WNT  signaling  activity  leads  to 
 excessive  growth  of  the  intestinal  epithelium.  Conditional  deletion  of  Apc  in  intestinal  stem 
 cells  is  associated  with  the  formation  of  large  adenomas  in  the  mouse  intestine  (Barker  et  al. 
 2009)  .  Likewise,  a  heterogenous  nonsense  mutation  of  the  Apc  locus  in  mice  triggers 
 spontaneous  adenoma  formation  in  the  intestine  and  mimics  human  familial  adenomatous 
 polyposis,  a  genetic  disease  characterized  by  the  development  of  multiple  adenomatous 
 polyps in the colon and rectum  (Moser et al. 1995)  . 

 Epithelial  WNT3  ligand  is  produced  by  Paneth  cells  and  binds  to  Frizzled  receptors  on 
 adjacent  stem  cells  activating  WNT  signaling  (Sato,  van  Es,  et  al.  2011)  .  In  fact,  a  gradient  of 
 WNT3  ligand  stretches  from  the  bottom  of  the  crypt  where  WNT3  is  abundant  towards  the 
 top  of  the  crypt  where  WNT3  is  gradually  lost.  This  WNT  gradient  serves  as  a  dynamic 
 feedback  loop.  When  proliferation  of  cells  in  the  stem  cell  zone  is  rapid,  many  cells  move 
 upwards  at  once  and  thus  the  gradient  is  stretched  and  the  amount  of  WNT  ligand  available 
 in  the  stem  cell  zone  decreases.  This  slows  down  the  proliferation  of  stem  cells  and  lowers 
 the  crypt  cell  output.  On  the  other  hand,  when  cell  proliferation  is  slow  because  of  stem  cell 
 loss,  the  WNT  gradient  shortens  and  increased  WNT  abundance  at  the  crypt  bottom  favors 
 symmetrical  stem  cell  division  or  de-differentiation  of  progenitors  into  stem  cells.  Accordingly, 
 cell  surface-bound  WNT  gradient  provides  a  mechanism  that  protects  against  tumor 
 formation  by  starving  rapidly  dividing  cells  of  WNT  signals,  while  promoting  regeneration  of  a 
 depleted or damaged stem cell pool  (Gehart and  Clevers 2019)  . 

 It  was  found  that  WNT3  derived  from  Paneth  cells  is  sufficient  to  maintain  intestinal 
 organoids  or  mini-guts  in  culture  when  the  WNT  potentiator  R-spondin  (RSPO)  is  added  to 
 the  culture  medium.  In  fact,  despite  the  abundance  of  WNT  ligands  at  the  bottom  of  the 
 crypt,  its  ability  to  trigger  WNT  signaling  is  dependent  on  RSPOs  (Gehart  and  Clevers  2019)  . 
 These  are  a  family  of  4  secreted  soluble  proteins  that  bind  to  receptors  of  the  LGR  family 
 namely  RSPO1-4  (Wim  de  Lau  et  al.  2011;  Glinka  et  al.  2011;  Carmon  et  al.  2011)  .  Intestinal 
 stem  cells  are  known  to  express  both  LGR4  and  LGR5.  When  RSPO  binds  to  these  LGRs 
 with  one  of  its  two  furin  domains,  the  resulting  complex  recruits  and  sequesters  two 
 transmembrane  E3  ubiquitin  ligases  namely  ZNRF3  and  RNF43.  These  ligases  control  the 
 turnover  of  Frizzled  receptors  on  the  cell  surface  where  they  bind  to  the  receptors  and 
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 ubiquitinate  them  causing  their  rapid  internalization  and  degradation  in  the  lysosomes. 
 Therefore,  by  sequestering  these  ligases,  RSPO-LGR  complex  prevents  the  degradation  of 
 Frizzled  receptors  and  increases  the  cell’s  sensitivity  to  WNT  stimulation  (W.  de  Lau  et  al. 
 2014)  .  Thus,  RSPOs  directly  control  the  length  of  the  WNT  gradient  in  the  intestinal  crypt, 
 and  without  these  proteins,  Frizzled  receptors  are  quickly  endocytosed  and  degraded 
 reducing  the  amount  of  cell  surface-bound  WNT  and  shortening  the  WNT  gradient  (Farin  et 
 al.  2016)  .  The  importance  of  RSPO-LGR  interaction  for  potentiation  of  WNT  signaling  and 
 maintenance  of  intestinal  stem  cells  is  now  confirmed.  Conditional  knockout  of  both  Lgr4  and 
 Lgr5  in  the  intestinal  epithelium  of  mice  results  in  loss  of  intestinal  stem  cells  and  gives  rise 
 to  a  phenotype  similar  to  that  resulting  from  a  loss  of  WNT  signaling  (Wim  de  Lau  et  al. 
 2011)  .  At  the  same  time,  blocking  the  activity  of  RSPO2  and  RSPO3  using  neutralizing 
 antibodies induces loss of the intestinal stem cell population  (Storm et al. 2016)  . 

 WNT  ligands  are  not  solely  produced  by  Paneth  cells  in  the  intestinal  epithelium,  but  also  by 
 the  underlying  mesenchyme.  It  was  observed  that  conditional  deletion  of  Wnt3  gene  in  the 
 intestinal  epithelium  in  mice  had  no  deleterious  effect  (Farin,  Van  Es,  and  Clevers  2012)  . 
 Likewise,  inhibition  of  WNT  secretion  via  conditional  deletion  of  Porcupine  (an  enzyme 
 required  for  WNT  secretion)  in  the  entire  intestinal  epithelium  or  in  smooth  muscle  cells  and 
 myofibroblasts  had  no  significant  effect  on  the  phenotypes  of  the  mice  (Gehart  and  Clevers 
 2019)  .  Recent  studies  have  described  GLI1  +  cells,  FOXL1  +  cells  and  CD34  +  GP38  +  aSMA  - 

 cells  as  mesenchymal  sources  of  WNT  ligands  that  reside  close  to  crypts  (Aoki  et  al.  2016; 
 Valenta  et  al.  2016;  Stzepourginski  et  al.  2017)  .  Regarding  RSPOs,  their  sources  in  the 
 intestine  are  not  yet  confirmed,  however,  it  is  worth  to  mention  that  a  mesenchymal  cell 
 population  was  found  to  secrete  several  niche  factors  including  RSPO1  (Stzepourginski  et 
 al. 2017)  . 

 1.5.2 EGFR signaling 

 EGF  is  one  of  the  fundamental  requirements  to  maintain  intestinal  organoids  in  culture  (Sato 
 et  al.  2009)  .  EGFR  is  highly  expressed  in  CBC  stem  cells  making  them  highly  responsive  to 
 stimulation  with  EGF  and  other  EGFR  ligands  as  TGFA.  It  was  found  that  EGF  and  TGFA 
 are  produced  by  Paneth  cells  (Sato,  van  Es,  et  al.  2011)  as  well  as  the  underlying 
 mesenchyme.  For  example,  enteric  glia  cells  were  found  to  secrete  EGF  and  promote 
 intestinal  mucosal  healing  (Van  Landeghem  et  al.  2011)  .  Increased  EGFR  signaling  activity 
 as  a  result  of  KRAS  mutations  significantly  increases  stem  cell  proliferation  and  allows 
 KRAS  mutant  stem  cells  to  dominate  other  non-mutant  populations  in  the  intestinal  crypts 
 (Snippert  et  al.  2014)  .  Because  overactivity  of  EGFR  signaling  can  promote  neoplastic 
 growth  and  set  the  stage  for  cancer  development,  the  activity  of  this  pathway  is  tightly 
 regulated.  For  example,  intestinal  stem  cells  were  found  to  co-express  EGFR  with 
 leucine-rich  repeats  and  immunoglobulin-like  domains  protein  1  (LRIG1)  which  acts  as  a 
 negative  regulator  of  EGFR  signaling.  Knockout  of  Lrig1  gene  in  mice  is  associated  with 
 dramatic  expansion  of  intestinal  crypts  and  enlargement  of  the  intestine  because  of 
 uncontrolled  EGFR  signaling  (Wong  et  al.  2012)  .  It  is  important  to  point  out  that  EGFR 
 signaling  controls  the  rate  of  division  of  intestinal  stem  cells,  but  it  is  not  necessary  to 
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 maintain  their  stem  cell  identity.  To  illustrate  this,  it  was  observed  that  inhibition  of  EGFR 
 signaling  in  intestinal  organoids  pushes  proliferative  LGR5  +  intestinal  stem  cells  into  a  state 
 of  quiescence  and  brings  organoid  growth  to  a  halt  (Basak  et  al.  2017)  .  However,  these  cells 
 keep  their  stem  cell  status  and  can  re-enter  the  cell  cycle  and  proliferate  as  soon  as  EGF 
 signaling  is  re-established.  This  feature  distinguishes  EGF  from  WNT  or  NOTCH  signaling 
 which are essential to preserve stem cell identity  (Gehart and Clevers 2019)  . 

 1.5.3 NOTCH signaling 

 For  NOTCH  signaling  to  be  active,  it  requires  direct  contact  between  two  neighboring  cells; 
 one  expressing  NOTCH  ligands  such  as  Delta-like  protein  1  (DLL1)  and  Delta-like  protein  4 
 (DLL4)  and  the  other  expressing  NOTCH  receptors  as  NOTCH1  (Sancho,  Cremona,  and 
 Behrens  2015)  .  Both  ligand  and  receptor  are  transmembrane  proteins,  therefore,  NOTCH 
 signaling  acts  at  the  shortest  range  among  all  signaling  cues  in  the  intestinal  crypts  (Gehart 
 and  Clevers  2019)  .  When  NOTCH  receptors  are  activated,  the  NOTCH  intracellular  domain 
 of  the  receptor  (NICD)  is  cleaved  by  gamma-secretase  and  released  into  the  cytoplasm. 
 NICD  then  translocates  into  the  nucleus  and  binds  to  the  transcription  factor  RBPJ/CSL.  This 
 activates  the  expression  of  the  basic  loop  helix  transcription  factor  hes  family  bHLH 
 transcription  factor  1  (HES1)  which  in  turn  suppresses  the  expression  of  another  basic  loop 
 helix  transcription  factor  known  as  atonal  bHLH  transcription  factor  1  (ATOH1).  When 
 ATOH1  expression  is  repressed  in  the  cell  receiving  the  NOTCH  signal,  its  ability  to  express 
 NOTCH  ligands  is  also  repressed.  This  mechanism  is  known  as  lateral  inhibition  since  a 
 central  cell  expressing  NOTCH  ligands  induce  NOTCH  activation  in  all  surrounding  cells 
 which  in  turn  prevent  activation  of  its  own  NOTCH  pathway.  Such  mechanism  can  enforce 
 robust  binary  cell  fate  decisions  and  achieve  constant  ratios  between  cell  lineages  because 
 it  translates  stochastic  differences  in  NOTCH  activity  in  a  cell  population  into  a  binary  on  or 
 off state  (Sancho, Cremona, and Behrens 2015)  . 

 In  the  intestine,  NOTCH  signaling  was  found  to  block  differentiation  of  stem  cells  into 
 secretory  cells  and  maintain  the  stem  cell  population  at  the  bottom  of  the  crypt  (Gehart  and 
 Clevers  2019)  .  In  this  way,  it  regulates  the  ratio  of  cells  of  the  secretory  lineage  to  those  of 
 the  absorptive  lineage.  Both  CBC  cells  as  well  as  transit-amplifying  cells  show  active 
 NOTCH  signaling  as  indicated  by  high  nuclear  NICD  staining  (Tian  et  al.  2015)  .  NOTCH 
 signaling  is  activated  in  stem  cells  by  DLL1  and  DLL4  provided  by  Paneth  cells  (Sato,  van 
 Es,  et  al.  2011)  ,  and  activated  in  transit-amplifying  cells  by  DLL1  expressed  on  secretory 
 progenitor  cells  (van  Es,  Sato,  et  al.  2012)  .  To  further  illustrate  the  role  of  NOTCH  signaling 
 in  the  intestinal  tissue,  it  was  found  that  inhibition  of  NOTCH  signaling  by  deletion  of  CSL 
 (Snippert  et  al.  2010)  or  inhibition  of  gamma-secretase  (van  Es  et  al.  2005;  Milano,  McKay, 
 and  Dagenais  2004)  causes  proliferative  cells  to  differentiate  into  postmitotic  secretory  cells. 
 Along  the  same  lines,  overexpression  of  the  transcription  factor  ATOH1  was  found  to  drive 
 the  differentiation  of  intestinal  cells  into  the  secretory  lineage  (VanDussen  and  Samuelson 
 2010)  ,  while  its  deletion  led  to  complete  loss  of  all  secretory  cells  (Shroyer  et  al.  2007)  . 
 Moreover,  overactivation  of  NOTCH  signaling  in  enteroendocrine  precursor  cells  positive  for 
 neurogenin  3  (NEUROG3)  in  mice  causes  their  differentiation  into  goblet  cells  and 
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 enterocytes  with  few  detectable  enteroendocrine  cells  (H.  J.  Li  et  al.  2012)  .  This 
 demonstrates  that  NOTCH  signaling  is  not  only  important  for  specification  of  absorptive 
 versus  secretory  cell  lineages,  but  also  for  further  differentiation  of  secretory  cell  precursors 
 into  goblet cells versus enteroendocrine cells  (Gehart  and Clevers 2019)  . 

 Interestingly,  the  outcome  of  NOTCH  signaling  is  heavily  influenced  by  crosstalk  from  WNT 
 signaling.  Normally,  NICD  turns  on  the  expression  of  the  transcription  factor  HES1  which 
 controls  its  own  expression  by  binding  to  its  own  promoter  establishing  a  negative  feedback 
 loop  (Takebayashi  et  al.  1994;  Hirata  et  al.  2002)  .  At  the  bottom  of  the  crypt  where  WNT 
 ligands  are  abundant  and  WNT  signaling  is  active,  stabilized  beta-catenin  can  bind  to  HES1 
 promoter  together  with  NICD  and  induce  stable  NOTCH  activation  which  determines  the 
 initial  differentiation  step  of  progenitor  cells  into  absorptive  versus  secretory  lineage  through 
 the  process  of  lateral  inhibition  (Yamamizu  et  al.  2010;  Kay  et  al.  2017)  .  In  the  upper  region 
 of  the  crypt  where  WNT  signaling  is  much  weaker,  the  negative  feedback  loop  by  the 
 transcription  factor  HES1  and  lack  of  nuclear  beta-catenin  triggers  oscillatory  NOTCH 
 activation  which  enables  stochastic  secondary  cell  fate  decisions  within  the  secretory  lineage 
 as  for  example  goblet  cells  versus  enteroendocrine  cells  (H.  J.  Li  et  al.  2012;  Kay  et  al. 
 2017)  .  This  switch  between  stable  and  oscillatory  NOTCH  activation  orchestrated  by  WNT 
 signaling  provides  a  very  plausible  model  for  cellular  differentiation  in  the  intestinal 
 epithelium.  In  this  model,  both  strict  lineage  specification  decisions  achieved  by  lateral 
 inhibition  and  subsequent  stochastic  differentiation  into  various  cell  types  are  controlled  by 
 the same signaling pathway  (Gehart  and Clevers 2019)  . 

 1.5.4 Bone Morphogenetic Protein (BMP) signaling 

 Bone  Morphogenetic  Proteins  (BMPs)  are  members  of  the  TGFB  superfamily  of  ligands. 
 BMP  signaling  is  activated  when  BMPs  bind  to  their  type  II  receptors  and  recruit  and 
 phosphorylate  type  I  receptors  forming  active  ligand-receptor  complexes.  These  in  turn 
 phosphorylate  mothers  against  decapentaplegic  homologue  1  (SMAD1),  SMAD5  or  SMAD8, 
 which  bind  to  the  common  SMAD  (SMAD4).  The  resulting  SMAD  dimers  translocate  into  the 
 nucleus,  where  they  regulate  gene  expression  (Massagué  2012)  .  The  main  ligands  for  BMP 
 receptors  in  the  intestine  are  BMP2  and  BMP4  which  are  both  secreted  by  mesenchymal 
 cells  in  between  crypts  and  villi  (Haramis  et  al.  2004;  Hardwick  et  al.  2004)  .  Signals  relayed 
 by  BMPs  oppose  proliferative  signals  in  the  intestinal  stem  cell  niche  and  promote  cell 
 differentiation.  Conditional  deletion  of  Bmpr1a  ,  encoding  the  main  receptor  for  BMPs  in  the 
 intestinal  epithelium,  in  the  mouse  intestine  increases  the  proliferation  of  stem  cells  and 
 transit-amplifying  cells  and  results  in  the  formation  of  benign  polyps  (X.  C.  He  et  al.  2004)  .  It 
 was  shown  that  myofibroblasts  and  smooth  muscle  cells  underneath  the  crypt  secrete  BMP 
 inhibitors  as  gremlin  1  &  2,  chordin-like  1  and  noggin,  creating  a  gradient  of  BMP  activity 
 which  increases  from  the  crypt  bottom  upwards  (Stzepourginski  et  al.  2017;  X.  C.  He  et  al. 
 2004;  Kosinski  et  al.  2007)  .  Expectedly,  overexpression  of  the  BMP  inhibitors  gremlin  1  or 
 noggin  in  the  mouse  intestinal  epithelium  induces  excessive  crypt  growth  and  polyp 
 formation  (Haramis  et  al.  2004;  H.  Davis  et  al.  2015)  .  Similar  to  loss  of  the  receptor 
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 BMPR1A,  these  mouse  models  resemble  the  phenotype  of  patients  with  juvenile  polyposis 
 which is caused by inactivating mutations in the BMP pathway  (Ma et al. 2018)  . 

 The  decrease  in  WNT  signals  and  increase  in  BMP  signals  along  the  crypt-villus  axis  shifts 
 cells  from  the  undifferentiated  to  the  differentiated  state  as  they  move  upwards  from  the  crypt 
 towards  the  villus  (Gehart  and  Clevers  2019)  .  It  was  suggested  that  BMPs  can  interfere  with 
 WNT  signaling  and  inhibit  self-renewal  of  intestinal  stem  cells  by  inhibiting  nuclear 
 accumulation  of  beta-catenin  in  a  process  dependent  on  phosphatase  and  tensin  homolog 
 (PTEN)  (X.  C.  He  et  al.  2004)  .  Another  mechanism  by  which  BMP  signaling  may  drive 
 differentiation  is  via  SMADs  which  can  directly  recruit  the  epigenetic  repressor  histone 
 deacetylase  1  (HDAC1)  to  promoters  of  stem  cell  signature  genes  such  as  Lgr5  ,  Sox9  , 
 Pdgfa  ,  Cdk6  and  Cdca7  (Qi et al. 2017)  . 

 1.6 Mature cell type specification in the intestinal epithelium 

 The  specification  of  an  epithelial  cell  fate  takes  place  when  it  leaves  the  stem  cell  zone  at  the 
 bottom  of  the  crypt.  The  first  decision  taken  is  whether  the  cell  shall  belong  to  the  secretory 
 lineage  (Paneth  cell,  goblet  cell,  enteroendocrine  cell  and  tuft  cell)  or  the  absorptive  lineage 
 (enterocyte  and  M  cell)  and  it  depends  to  a  great  extent  on  NOTCH  signaling.  Cells  in  which 
 NOTCH  signaling  is  active  differentiate  into  absorptive  cells,  whereas  those  with  inactive 
 NOTCH  signaling  express  increased  levels  of  ATOH1  and  are  driven  into  the  secretory 
 lineage.  The  ratio  of  cells  entering  each  differentiation  path  is  largely  dependent  on  the 
 process  of  lateral  inhibition  and  is  strongly  in  favor  of  the  absorptive  lineage  (Gehart  and 
 Clevers 2019)  . 

 1.6.1 Secretory lineage 

 Paneth cells 
 Contrary  to  other  mature  cell  types  in  the  intestinal  epithelium,  Paneth  cells  move 
 downwards  during  their  differentiation  path  and  reside  at  the  crypt  bottom  where  they  live  for 
 1-2  months.  As  mentioned  previously,  one  of  the  main  functions  of  Paneth  cells  is  to  protect 
 and  nurture  the  intestinal  stem  cells  and  provide  the  primary  niche  for  their  self-renewal 
 (Sato,  van  Es,  et  al.  2011;  Farin,  Van  Es,  and  Clevers  2012)  .  A  cell  in  an  environment  rich 
 with  WNT  ligands  and  not  receiving  stimulation  by  NOTCH  ligands  differentiates  into  a 
 Paneth  cell.  It  was  found  that  intestinal  crypts  can  develop  from  intestinal  stem  cells  even  in 
 the  absence  of  Paneth  cells.  When  Paneth  cells  are  lost,  CBC  cells  lose  NOTCH  signals 
 provided  by  Paneth  cells.  Since  they  exist  in  a  WNT  rich  environment,  the  default 
 differentiation  trajectory  of  these  cells  leads  to  Paneth  cells.  Once  the  first  Paneth  cell  is 
 formed,  it  provides  NOTCH  signals  to  all  surrounding  cells  and  maintains  their  stem  cell 
 identity  (Sancho, Cremona, and Behrens 2015)  . 

 Beside  WNT  signaling,  fibroblast  growth  factor  (FGF)  signaling  plays  an  important  role  in  the 
 differentiation  of  Paneth  cells.  Deletion  of  Fgfr3  gene  encoding  an  FGF  receptor  (FGFR) 

 26 

https://paperpile.com/c/5vEx4Y/HvQ4b
https://paperpile.com/c/5vEx4Y/89yHP
https://paperpile.com/c/5vEx4Y/xyu8q
https://paperpile.com/c/5vEx4Y/uBczS
https://paperpile.com/c/5vEx4Y/89yHP
https://paperpile.com/c/5vEx4Y/89yHP
https://paperpile.com/c/5vEx4Y/tnj1Q+O1Wnt
https://paperpile.com/c/5vEx4Y/ouvSX


 results  in  strong  depletion  of  Paneth  cells  in  mice  (Vidrich  et  al.  2009)  .  Interestingly,  MAPK 
 signaling  influences  the  decision  of  secretory  precursor  cells  to  differentiate  into  goblet  cells 
 versus  Paneth  cells.  Attenuation  of  MAPK  signaling  by  deletion  of  the  protein  tyrosine 
 phosphatase  PTPN11  in  mice  increases  the  numbers  of  Paneth  cells  at  the  expense  of 
 goblet  cells  (Heuberger  et  al.  2014)  .  On  the  other  hand,  boosting  MAPK  signaling  through 
 MEK1 activation has the exact opposite effect  (Heuberger et al. 2014)  . 

 Goblet cells 
 Goblet  cells  are  the  most  abundant  cells  of  the  secretory  lineage  in  the  intestinal  epithelium. 
 As  mentioned  previously,  they  continuously  secrete  mucus  which  forms  a  protective  layer 
 covering  the  intestinal  epithelium.  Inhibition  of  NOTCH  signaling  by  genetic  or  pharmacologic 
 means  drives  the  differentiation  of  proliferative  cells  in  the  crypt  towards  goblet  cells  (van  Es 
 et  al.  2005;  Milano,  McKay,  and  Dagenais  2004;  VanDussen  and  Samuelson  2010)  .  One 
 important  transcription  factor  that  is  necessary  for  the  formation  of  both  goblet  cells  and 
 Paneth  cells  is  SAM  pointed  domain-containing  Ets  transcription  factor  (SPDEF).  Deletion  of 
 this  transcription  factor  results  in  the  accumulation  of  immature  secretory  progenitor  cells 
 (Gregorieff  et  al.  2009;  Noah  et  al.  2010)  .  Other  key  regulators  of  goblet  cell  formation  are 
 interleukins.  In  particular,  IL4  and  IL13  are  produced  by  activated  tuft  cells  as  part  of  type  2 
 cell  mediated  immunity  and  induce  goblet  cell  hyperplasia  (Gerbe  et  al.  2016;  von  Moltke  et 
 al.  2015)  .  However,  the  mechanism  by  which  interleukins  influence  cell  fate  decisions  and 
 whether they act on stem cells or progenitor cells is not yet understood. 

 Enteroendocrine cells 
 Enteroendocrine  cells  are  secretory  cells  that  release  hormones  in  the  bloodstream  when 
 they  are  stimulated.  These  hormones  include  glucagon-like-peptides,  cholecystokinin, 
 somatostatin,  gastric  inhibitory  peptide,  serotonin,  ghrelin  and  tachykinin  (Worthington, 
 Reimann,  and  Gribble  2018)  .  Each  subtype  of  enteroendocrine  cells  is  distinguished  by  the 
 hormone  it  produces.  The  main  driver  for  enteroendocrine  cell  fate  is  the  basic 
 helix-loop-helix  transcription  factor  NEUROG3.  NEUROG3  expression  is  activated 
 downstream  of  ATOH1  in  the  common  secretory  progenitor  cells  pushing  their  differentiation 
 into  enteroendocrine  cells  (Gehart  and  Clevers  2019)  .  Forcing  the  expression  of  NEUROG3 
 in  the  mouse  intestinal  epithelium  has  no  effect  on  the  morphology  of  the  intestine,  but  shifts 
 differentiation  towards  enteroendocrine  cells  at  the  expense  of  goblet  cells  (López-Díaz  et  al. 
 2007)  .  On  the  other  hand,  loss  of  NEUROG3  completely  abolishes  enteroendocrine  cells  in 
 the  mouse  intestine  (Jenny  et  al.  2002)  .  Interestingly,  it  was  found  that  enteroendocrine  cells 
 can  be  efficiently  generated  in  intestinal  organoids  by  blocking  NOTCH  signaling  to  promote 
 differentiation  towards  the  secretory  lineage,  blocking  WNT  signaling  to  prevent  cells  from 
 differentiating  into  Paneth  cells  and  inhibiting  MEK  to  prevent  them  from  differentiating  into 
 goblet cells  (Basak et al. 2017)  . 

 Tuft cells 
 Tuft  cells  are  a  very  rare  cell  type  representing  less  than  0.4%  of  intestinal  epithelial  cells 
 (Gerbe,  Legraverend,  and  Jay  2012)  .  They  have  an  important  role  in  immunity  against 
 helminths  in  the  gut  (Gerbe  et  al.  2016;  von  Moltke  et  al.  2015)  .  Although  they  arise  from 
 DLL  +  secretory  progenitor  cells,  their  classification  as  secretory  cells  is  still  debatable. 
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 Contrary  to  other  secretory  cells,  formation  of  tuft  cells  is  not  dependent  on  ATOH1  or  the 
 other  major  secretory  cell  transcription  factors  namely  NEUROG3,  SOX9  and  SPDEF 
 (Bjerknes  et  al.  2012;  Gerbe  et  al.  2011)  .  However,  their  formation  requires  the  transcription 
 factor  POU  class  2  homeobox  3  (POU2F3)  which  is  very  specific  to  this  cell  type  (Gerbe  et 
 al.  2016)  .  The  number  of  tuft  cells  is  regulated  by  the  interleukins  IL4  and  IL13  which  are 
 secreted  by  type  2  innate  lymphoid  cells  in  response  to  helminth  infections.  These  two 
 interleukins  favor  differentiation  of  stem  cells  into  tuft  cells  and  goblet  cells  and  increase  tuft 
 cell  proliferation  (Gerbe  et  al.  2016;  von  Moltke  et  al.  2015)  .  Both  effects  are  annulled  in 
 mice lacking IL4 receptor alpha  (Gerbe et al. 2016)  . 

 1.6.2 Absorptive lineage 

 Enterocytes 
 Enterocytes  are  the  major  cell  type  in  the  intestinal  epithelium  representing  up  to  80%  of 
 cells.  They  are  the  primary  absorptive  cells  that  are  responsible  for  uptake  of  water,  ions, 
 sugar,  peptides  and  lipids  (Pawlina  and  Ross  2018)  .  The  determination  of  enterocyte  fate 
 depends  largely  on  NOTCH  signaling.  Stem  cells  that  leave  the  WNT-rich  stem  cell  zone  and 
 maintain  active  NOTCH  signaling  due  to  stimulation  by  neighboring  DLL  +  cells  change  into 
 absorptive  transit-amplifying  cells.  Differentiation  of  these  cells  into  the  secretory  lineage  is 
 prevented  due  to  NOTCH-dependent  repression  of  ATOH1  expression.  They  undergo 
 several  cell  divisions  in  the  transit-amplifying  cell  zone  and  then  leave  and  differentiate  into 
 enterocytes  (Gehart  and  Clevers  2019)  .  Deletion  of  Atoh1  gene  in  mice  drives  the 
 differentiation  of  all  intestinal  epithelial  cells  towards  the  absorptive  lineage  with  the 
 exception  of  tuft  cells  (Shroyer  et  al.  2007;  Bjerknes  et  al.  2012;  Q.  Yang  et  al.  2001)  .  On  the 
 contrary,  forced  expression  of  ATOH1  or  blockage  of  NOTCH  signaling  by  inhibiting 
 gamma-secretase  enzyme  turns  absorptive  transit-amplifying  cells  into  postmitotic  secretory 
 cells  (van  Es  et  al.  2005;  Milano,  McKay,  and  Dagenais  2004;  VanDussen  and  Samuelson 
 2010)  . 

 Microfold cells (M cells) 
 M  cells  are  specialized  absorptive  cells  that  overlie  Peyer’s  patches  which  are  groupings  of 
 lymphoid  follicles  found  throughout  the  small  intestine  that  contain  large  numbers  of  B  and  T 
 lymphocytes  and  mononuclear  cells.  M  cells  sample  the  lumen  of  the  intestine  and  transport 
 and  present  antigens  to  the  underlying  lymphoid  cells  (Mabbott  et  al.  2013)  .  M  cells  are 
 generated  in  mice  when  enterocytes  or  their  progenitors  are  exposed  to  receptor  activator  of 
 nuclear  factor-kappa  B  (RANK)  ligand  (RANKL)  presented  to  them  by  subepithelial  stromal 
 cells  that  cover  Peyer’s  patches  (Knoop  et  al.  2009)  .  Indeed,  the  differentiation  of 
 progenitors  into  M  cells  can  be  induced  in  vitro  by  addition  of  RANKL  to  intestinal  organoids 
 (W.  de  Lau,  Kujala,  and  Schneeberger  2012)  .  Activation  of  RANK  by  RANKL  triggers  the 
 expression  of  the  transcription  factor  SPIB  which  is  essential  for  M  cell  development. 
 Deletion  of  SPIB  leads  to  complete  ablation  of  M  cells  and  a  simultaneous  suppression  of  T 
 cell  reaction  to  oral  antigens  (Kanaya  et  al.  2012;  W.  de  Lau,  Kujala,  and  Schneeberger 
 2012)  . 
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 1.7 EGFR ligands and the intestinal epithelium 

 The  biological  effects  of  EGF  and  other  EGFR  ligands  have  been  studied  in  many  different 
 organs  and  tissues,  perhaps  the  most  important  of  which  is  the  GIT.  EGF  is  expressed  in 
 Brunner’s  glands  of  the  duodenum  and  in  Paneth  cells  of  the  lower  GIT  in  adult  rodents 
 (Dvořák  et  al.  1994;  Poulsen  et  al.  1986)  .  EGF  demonstrated  trophic  effects  in  the  GI 
 mucosa  particularly  that  of  the  small  intestine  in  a  large  number  of  animal  models  including 
 rats  (Marchbank  et  al.  1995)  ,  mice  (Jansen,  Ihse,  and  Axelson  1997)  ,  rabbits  (Buchmiller  et 
 al.  1993)  and  pigs  (Bedford  et  al.  2015)  .  Exogenous  EGF  administration  in  these  models 
 was  shown  to  stimulate  the  proliferation  of  enterocytes,  myocytes  and  goblet  cells  leading  to 
 an  increase  in  mucosal  and  muscular  thickness,  an  elongation  of  villi,  an  increase  in  the 
 depth  of  crypts  in  addition  to  enhanced  mucin  production  (Jansen,  Ihse,  and  Axelson  1997; 
 Bedford  et  al.  2015)  .  Such  trophic  effects  were  grossly  manifested  in  an  increase  in  the 
 overall  weight  of  the  small  intestine  with  its  three  different  segments:  the  duodenum,  jejunum 
 and  ileum  (Vinter-Jensen  et  al.  1996)  .  Thus,  this  growth  factor  has  been  proposed  as  a 
 possible  treatment  option  to  reverse  intestinal  hypoplasia  and  atrophy  observed  in  animals 
 on  total  parenteral  nutrition  (Goodlad,  Lee,  and  Wright  1992;  Marchbank  et  al.  1995;  Jacobs 
 et  al.  1988)  .  Moreover,  EGF  administration  was  shown  to  be  protective  against 
 ischemia-reperfusion  injury,  radiation-induced  injury  and  chronic  lipid  hydroperoxide  stress  in 
 the  intestinal  tissue  of  rats  and  mice  (Villa  et  al.  2002;  Oh  et  al.  2010;  Tsunada  et  al.  2003)  . 
 EGF  was  used  in  combination  with  growth  hormone  or  IL11  to  enhance  amino  acid  uptake 
 and  stimulate  a  potent  proliferative  response  following  massive  small  bowel  resection  in 
 rabbits  and  rats  (Ray  et  al.  2003;  Fiore  et  al.  1998)  .  In  addition,  EGF  was  reported  to 
 increase  the  activities  of  a  number  of  digestive  enzymes  in  the  small  intestine  mainly  lactase 
 (Bradbury  et  al.  1992;  Oka  et  al.  1983)  ,  maltase  and  sucrase  (Jacobs  et  al.  1988;  P.  S. 
 James  et  al.  1987)  and  to  enhance  polyamine  metabolism  by  increasing  the  activity  of 
 ornithine  decarboxylase  (Tsujikawa,  Bamba,  and  Hosoda  1990)  .  However,  these  seemingly 
 promising  effects  of  EGF  in  animal  models  did  not  push  forward  its  clinical  use  because  of  its 
 tumorigenic potential. 

 Other  EGFR  ligands  are  also  expressed  in  the  GI  epithelium.  TGFA  is  considered  the 
 predominant  EGFR  ligand  in  the  GIT  and  is  expressed  in  high  abundance  in  uninjured 
 intestinal  crypts  and  villi  (Dvořák  et  al.  1994;  Barnard  et  al.  1991)  .  AREG  and  EREG  are 
 expressed  at  low  levels  in  the  human  colonic  mucosa,  however,  their  expression  is 
 increased  in  inflammatory  conditions  such  as  inflammatory  bowel  disease  (IBD)  and  were 
 shown  to  prevent  mucosal  damage  in  rodent  colitis  (D.  Lee  et  al.  2004;  Nishimura  et  al. 
 2008)  .  EGFR  ligands  were  also  detected  in  the  intestinal  lumen  and  were  found  to  cross  the 
 compromised  intestinal  mucosal  barrier  and  activate  EGFR  molecules  on  the  basolateral 
 side  of  epithelial  cells  specifically  in  times  of  injury  (J.  W.  Konturek  et  al.  1989;  Rothenberg  et 
 al.  2012;  Thomas  et  al.  1992;  Barnard  et  al.  1991;  Wright,  Pike,  and  Elia  1990)  .  Moreover,  it 
 was  found  that  the  expression  of  EGFR  ligands  increases  in  several  animal  models  of 
 colonic  injury  (Nishimura  et  al.  2008;  Hsu  et  al.  2010;  Hormi  et  al.  2000;  Myhre  et  al.  2004) 
 and  that  loss  of  EGFR  signaling  impairs  epithelial  restitution  (the  process  by  which  epithelial 
 cells  migrate  to  wound  or  injury  sites  to  seal  the  damaged  area)  and  worsens  outcomes  of 
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 colitis  in  mice  (Yan  et  al.  2011;  Dubé  et  al.  2012)  .  In  human  IBD,  the  ERRFI1  gene  which 
 encodes  for  a  feedback  inhibitor  of  EGFR  signaling  was  identified  as  a  risk  factor  for  the 
 disease  (Jostins  et  al.  2012;  H.  Huang  et  al.  2017)  .  Remarkably,  one  clinical  trial  showed 
 that  treatment  of  ulcerative  colitis  patients  with  EGF  enemas  achieved  clinical  remission  in 
 almost  80%  of  the  treated  group  (Sinha  et  al.  2003)  .  All  of  these  studies  confirm  the 
 important  role  of  EGFR  ligands  and  EGFR  signaling  in  promoting  wound  healing  and  repair 
 processes  following  intestinal  injuries,  particularly  those  induced  by  inflammatory  diseases 
 such as IBD. 

 One  of  the  most  widely  studied  growth  factors  in  the  context  of  intestinal  injuries  is  HBEGF 
 (J.  Yang  et  al.  2014)  .  This  ligand  was  shown  to  protect  against  various  forms  of  intestinal 
 injury  in  animal  models  such  as  necrotizing  enterocolitis  (NEC),  ischemia-reperfusion  injury 
 and  injury  induced  by  hemorrhagic  shock  and  resuscitation  (J.  Yang  et  al.  2014)  .  Both 
 intravenous  and  intraluminal  administration  of  HBEGF  was  shown  to  protect  against 
 intestinal  injury  in  animals  particularly  at  a  dose  of  800  μg/kg  body  weight  (El-Assal, 
 Radulescu,  and  Besner  2007)  .  Early  enteral  administration  of  HBEGF  to  neonatal  rats 
 exposed  to  NEC  significantly  reduced  the  incidence,  severity  and  mortality  of  this  type  of 
 injury  suggesting  the  effectiveness  of  HBEGF  as  a  prophylactic  treatment  against  NEC  in 
 neonates  (Radulescu et al. 2009)  . 

 HBEGF  exerts  protective  effects  on  various  cell  types  in  the  intestine  which  helps  in 
 preserving  the  integrity  of  the  intestinal  mucosa  and  its  barrier  function  following  intestinal 
 injury  (J.  Yang  et  al.  2014)  .  HBEGF  protects  intestinal  epithelial  cells  against  hypoxia  in  vitro 
 (Pillai,  Turman,  and  Besner  1998)  and  decreases  the  generation  of  reactive  oxygen  species 
 in  purified  macrophages  and  neutrophils  exposed  to  stimuli  inducing  an  oxidative  burst  in 
 vitro  and  in  resident  macrophages  and  neutrophils  of  the  intestine  exposed  to 
 ischemia-reperfusion  injury  in  vivo  (Kuhn  et  al.  2002)  .  HBEGF  promotes  intestinal  restitution 
 and  accelerates  the  recovery  of  gut  barrier  function  following  ischemic  injury  in  PI3K-AKT 
 and  MEK-ERK-dependent  fashion  (El-Assal  and  Besner  2005)  .  HBEGF  enhances  intestinal 
 epithelial  cell  migration  from  the  crypt  base  up  the  crypt-villus  axis  in  vivo  which  is  important 
 for  the  process  of  restitution  (J.  Feng  and  Besner  2007)  .  In  addition,  HBEGF  increases 
 intestinal  epithelial  cell  proliferation  and  decreases  apoptosis  of  these  cells  when  exposed  to 
 hypoxia  in  vitro  (Michalsky  et  al.  2001)  and  in  animal  models  of  hemorrhagic  shock  and  NEC 
 (H.-Y.  Zhang  et  al.  2011;  H.-Y.  Zhang,  Radulescu,  and  Besner  2009;  J.  Feng,  El-Assal,  and 
 Besner 2006)  . 

 Not  only  does  HBEGF  protect  differentiated  epithelial  cells  of  the  intestine,  but  its  protection 
 is  also  extended  to  intestinal  stem  cells  that  reside  at  the  base  of  intestinal  crypts.  In  a  rat 
 pup  model  of  NEC,  enteral  HBEGF  administration  was  shown  to  protect  fluorescently 
 labeled  CBC  cells  that  are  believed  to  be  intestinal  stem  cells  against  NEC  (C.-L.  Chen  et  al. 
 2012)  .  HBEGF  also  preserved  the  viability  of  enterocytes,  goblet  cells  and  neuroendocrine 
 cells  in  pups  exposed  to  NEC  (C.-L.  Chen  et  al.  2012)  .  Moreover,  in  epithelial  organoid 
 cultures,  HBEGF  addition  to  the  culture  medium  was  essential  for  the  survival  and  growth  of 
 these  organoids  ex  vivo  (C.-L.  Chen  et  al.  2012)  .  In  addition  to  protecting  intestinal  stem 
 cells,  HBEGF  significantly  reduced  the  apoptosis  of  mesenchymal  stem  cells  exposed  to 
 hypoxia  in  vitro  (J.  Yang  et  al.  2014)  .  In  the  same  rat  model  of  NEC,  enterally  administered 
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 HBEGF  combined  with  intravenously  administered  mesenchymal  stem  cells  offered 
 maximum  protection  against  NEC  in  rat  pups  (J.  Yang  et  al.  2012)  .  One  possible  explanation 
 is  that  HBEGF  protects  mesenchymal  stem  cells  against  apoptosis  and  prolongs  their 
 viability allowing them to promote intestinal restitution following injury  (J.  Yang et al. 2014)  . 

 The  anti-inflammatory  activity  of  HBEGF  has  been  well  documented  in  several  studies.  In  an 
 animal  model  of  intestinal  ischemia-reperfusion  injury,  administration  of  HBEGF  reduced  the 
 expression  of  E-selectin,  P-selectin,  intercellular  adhesion  molecule  1  (ICAM1)  and  vascular 
 cell  adhesion  molecule  1  (VCAM1)  decreasing  the  recruitment  of  neutrophils  and 
 macrophages  to  the  site  of  injury  (Guliang  Xia,  Martin,  and  Besner  2003)  .  It  also  decreased 
 the  expression  of  proinflammatory  cytokine  genes  namely  tumor  necrosis  factor  (  Tnf  ),  Il6 
 and  Il1b  in  the  mucosal  tissue  1  hour  (h)  following  the  injury  and  accordingly  reduced  the 
 levels  of  these  cytokines  in  the  serum  a  few  hours  later  (Rocourt,  Mehta,  and  Besner  2007)  . 
 HBEGF  decreased  adhesion  of  neutrophils  to  endothelial  cells  exposed  to  anoxia  followed 
 by  reoxygenation  in  vitro  (Rocourt  et  al.  2007)  .  Similarly,  in  a  hemorrhagic 
 shock-resuscitation  model,  treatment  of  animals  with  HBEGF  preserved  gut  barrier  function 
 by  decreasing  neutrophil-endothelial  cell  adhesion  in  vivo  (H.-Y.  Zhang  et  al.  2012)  .  Possible 
 mechanisms  by  which  HBEGF  blocks  this  cell-to-cell  adhesion  include  suppressing  the 
 expression  of  platelet  and  endothelial  cell  adhesion  molecule  1  (PECAM1)  via  a 
 PI3K-AKT-dependent  pathway,  interfering  with  the  surface  mobilization  of  the  adhesion 
 molecule CD11b and inhibiting reactive oxygen species generation  (H.-Y. Zhang  et al. 2012)  . 

 Interestingly,  HBEGF  acts  as  a  vasodilator  in  rat  terminal  mesenteric  arterioles  and  human 
 submucosal  mesenteric  arterioles  (Y.  Zhou,  Brigstock,  and  Besner  2009)  .  By  virtue  of  this 
 vasodilatory  activity,  it  enhances  the  microvascular  blood  flow  in  intestinal  villi,  thus 
 preserving  their  architecture  following  hemorrhagic  shock-resuscitation  injury  (El-Assal, 
 Radulescu,  and  Besner  2007)  and  experimental  NEC  (Yu  et  al.  2009)  .  Furthermore,  HBEGF 
 promotes  angiogenesis  in  endothelial  cells  via  PI3K  and  MAPK  signaling  pathways  (Mehta 
 and  Besner  2007;  Mehta  et  al.  2008)  .  What  further  illustrates  the  importance  of  HBEGF  for 
 angiogenesis  is  the  observation  that  mice  with  HBEGF  knockout  exhibit  an  impairment  of  the 
 angiogenic  process  when  exposed  to  ischemia-reperfusion  injury  as  opposed  to  their 
 wild-type  counterparts  (El-Assal  et  al.  2008)  .  On  the  other  hand,  HBEGF-overexpressing 
 transgenic  mice  showed  more  efficient  angiogenesis  and  improved  anastomotic  healing 
 compared  to  their  wild-type  counterparts  (Radulescu  et  al.  2011)  .  Another  interesting  feature 
 of  HBEGF  is  that  it  was  found  to  promote  the  proliferation  and  prevent  apoptosis  of  pericytes 
 in  an  animal  model  of  intestinal  ischemia-reperfusion  injury  (Yu  et  al.  2012)  .  These  cells 
 reside  in  very  close  proximity  to  vascular  endothelial  cells  in  capillaries  and  post-capillary 
 venules  and  are  the  precursors  of  vascular  smooth  muscle  cells  (Hirschi  and  D’Amore 
 1996)  . 

 Beside  all  aforementioned  cell  types,  HBEGF  exerts  protective  effects  on  intestinal  neuronal 
 cells.  It  was  found  that  HBEGF  promotes  neurite  outgrowth  in  vitro  via  activation  of  EGFR 
 and  its  downstream  MAPK  axis,  and  exerts  neuroprotective  effects  on  neurons  deprived  of 
 oxygen  and  glucose  significantly  decreasing  their  apoptosis  and  release  of  lactate 
 dehydrogenase  (Y.  Zhou  and  Besner  2010)  .  In  addition,  HBEGF  administration  was  shown 
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 to  prevent  injury  to  the  enteric  nervous  system  induced  by  NEC  in  rats  and  remarkably 
 enhance intestinal motility following the injury  (J. Yang et  al. 2014)  . 

 One  key  mechanism  by  which  HBEGF  was  found  to  protect  the  intestinal  tissue  following 
 injury  is  through  its  ability  to  modulate  nitric  oxide  (NO)  production  via  the  different  isoforms 
 of  the  nitric  oxide  synthase  (NOS)  enzyme,  namely  inducible  NOS  (iNOS),  endothelial  NOS 
 (eNOS)  and  neuronal  NOS  (nNOS),  all  of  which  are  expressed  in  the  GIT  (Salzman  1995)  . 
 Intraluminal  administration  of  HBEGF  45  minutes  (min)  after  initiation  of  intestinal  ischemia 
 significantly  decreased  the  expression  of  iNOS  on  both  the  gene  and  protein  levels  and 
 resulted  in  a  significant  reduction  in  serum  NO  concentration  (G.  Xia  et  al.  2001)  .  In  vitro  , 
 HBEGF  treatment  of  cultured  intestinal  epithelial  cells  reduced  iNOS  expression  and  NO 
 production  upon  stimulation  of  these  cells  with  the  proinflammatory  cytokines  IL1B  and 
 interferon  gamma  (IFNG)  and  the  effect  of  HBEGF  was  dose-dependent  (Lara-Marquez  et 
 al.  2002)  .  It  was  further  demonstrated  that  HBEGF  attenuates  inflammatory  cytokine  and  NO 
 production  by  interfering  with  the  nuclear  factor  kappa  B  (NF-κB)  pathway  (Mehta  and 
 Besner  2003)  and  by  activating  the  PI3K  signaling  cascade  (Mehta  and  Besner  2005)  .  It  is 
 known  that  iNOS  is  significantly  upregulated  during  intestinal  injury  in  response  to 
 inflammatory  cytokines  and  results  in  massive  formation  of  NO  which  in  turn  gets  oxidized  to 
 reactive  nitrogen  species  such  as  peroxynitrite  (ONOO  -  ),  NO  2  ,  N  2  O  3  ,  NO  2 

 +  ,  NO  +  ,  and  NO  −  (J. 
 Yang  et  al.  2014;  Beckman  and  Koppenol  1996)  .  These  highly  reactive  products  can  cause 
 further  tissue  damage  and  contribute  to  intestinal  injury.  Thus,  by  mitigating 
 inflammation-induced  NO  production  via  iNOS,  HBEGF  may  protect  the  intestinal  tissue  from 
 this kind of damage. 

 In  contrast  to  iNOS,  HBEGF  was  found  to  activate  eNOS,  the  predominant  enzyme  isoform 
 in  the  vascular  endothelium,  via  phosphorylation  in  a  PI3K-dependent  manner  and  enhance 
 its  expression  stimulating  the  formation  of  endothelial  tubes  in  vitro  (Mehta  et  al.  2008)  . 
 Indeed,  eNOS  is  considered  a  very  important  regulator  of  angiogenesis  and  eNOS-derived 
 NO  is  a  very  potent  vasodilatory  stimulus  in  the  microvasculature  of  the  intestine  especially 
 in  newborns  (Nankervis,  Dunaway,  and  Nowicki  2001;  J.  Yang  et  al.  2014)  .  Lack  of  functional 
 eNOS  and  the  subsequent  insufficiency  of  NO  production  in  submucosal  arterioles  derived 
 from  the  intestines  of  patients  with  NEC  is  considered  one  of  the  pathological  features  that 
 contribute  to  arteriolar  vasoconstriction  in  these  patients’  guts  (Nowicki  et  al.  2007)  . 
 Therefore,  by  enhancing  eNOS-derived  NO  production  in  submucosal  blood  vessels, 
 HBEGF  can  promote  angiogenesis  and  vasodilation  in  the  intestinal  tissue  contributing  to  its 
 protective effects particularly in inflammatory conditions as NEC. 

 Similar  to  its  effect  on  eNOS,  HBEGF  was  found  to  increase  the  expression  of  nNOS  in 
 enteric  neuronal  cells  and  enhance  intestinal  motility  following  intestinal  injury  (J.  Yang  et  al. 
 2014)  .  This  isoform  of  NOS  is  expressed  in  both  the  central  and  peripheral  nervous  systems 
 including  the  enteric  nervous  system  of  the  gut  and  is  a  major  source  of  NO  in  the  gut 
 neuronal  cells  (Southan  and  Szabó  1996)  .  Expression  of  nNOS  was  found  to  be  significantly 
 decreased  in  animal  models  of  experimental  NEC  and  ischemia-reperfusion  injury.  Lack  of 
 NO  in  enteric  neuronal  cells  in  these  animals  may  account  for  reduced  motility  after  injury. 
 Again,  HBEGF-induced  expression  of  nNOS  and  the  resulting  increase  in  neuronal  NO  and 
 GI motility can be extremely beneficial in these kinds of injuries  (J. Yang et al. 2014)  . 
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 Interestingly,  the  protective  effects  of  HBEGF  is  not  only  limited  to  the  intestine,  but  it  is 
 extended  to  distal  organs  that  may  be  affected  following  intestinal  injury  such  as  the  lungs.  It 
 is  known  that  an  injury  to  the  intestinal  epithelium  increases  its  permeability  and  may  lead  to 
 a  systemic  inflammatory  response  syndrome  (SIRS)  (Deitch  1992;  Rotstein  2000;  Fink  and 
 Delude  2005)  .  The  lungs  are  the  first  distal  organs  that  get  affected  by  this  process  (Deitch 
 1992)  and  an  acute  respiratory  distress  syndrome  (ARDS)  may  develop  following  SIRS 
 (Hotchkiss  et  al.  1999)  .  HBEGF  was  found  to  decrease  the  severity  of  acute  lung  injury 
 following  intestinal  ischemia-reperfusion  injury  in  mice  where  it  significantly  reduced 
 intra-alveolar  infiltrates  of  inflammatory  cells,  hemorrhage  and  apoptosis  in  the  lungs  (I.  A.  O. 
 James  et  al.  2010)  .  These  favorable  effects  make  HBEGF  a  potential  anti-inflammatory 
 agent for prevention of SIRS-associated distal organ injury following intestinal damage. 

 Furthermore,  a  number  of  transgenic  mouse  studies  corroborate  the  protective  nature  of 
 HBEGF  on  the  GI  mucosa.  HBEGF  transgenic  mice  were  developed  to  specifically 
 overexpress  HBEGF  in  the  GIT  from  the  stomach  to  the  colon  under  the  control  of  the  villin 
 promoter  (C.-L.  Chen  et  al.  2010)  .  These  mice  were  more  resistant  to  hemorrhagic 
 shock-resuscitation  type  of  injury  (H.-Y.  Zhang  et  al.  2011)  as  well  as  experimentally  induced 
 NEC  (Radulescu,  Zhang,  et  al.  2010)  compared  to  wild-type  controls.  Moreover, 
 overexpression  of  HBEGF  in  HBEGF  transgenic  mice  enhanced  anastomotic  wound  healing 
 processes  in  the  intestine  as  previously  mentioned  (Radulescu  et  al.  2011)  .  Conversely, 
 transgenic  mice  with  Hbegf  gene  knockout  were  found  to  be  more  susceptible  to 
 hemorrhagic  shock-resuscitation  injury  (H.-Y.  Zhang,  Radulescu,  and  Besner  2009)  as  well 
 as experimental NEC  (Radulescu, Yu, et al. 2010)  . 

 1.8 Intestinal organoids as a model of the intestinal epithelium 

 The  term  “organoid”  was  initially  used  in  the  1940s  in  the  field  of  oncology  as  a  synonym  of 
 teratomas  such  as  dermal  cysts  (Smith  and  Cochrane  1946)  .  Starting  from  the  1960s,  the 
 term  was  used  by  developmental  biologists  to  refer  to  organotypic  cultures  that  had  the 
 capacity  of  self-organization  (Lancaster  and  Knoblich  2014;  Weiss  and  Taylor  1960)  .  The 
 term  was  reborn  more  than  10  years  ago  and  is  now  used  to  describe  3D  tissue  structures 
 grown  in  vitro  and  derived  from  pluripotent  stem  cells  or  adults  stem  cells  that  self-organize 
 into  a  micro-anatomy  very  close  to  what  is  found  in  vivo  with  organ-specific  differentiated  cell 
 types  (Kretzschmar and Clevers  2016)  . 

 In  2009,  a  mini-gut  organoid  culture  system  was  established  using  mouse  intestinal  stem 
 cells  (Sato  et  al.  2009)  .  Single  LGR5  +  stem  cells  were  shown  to  be  able  to  form  3D  organoid 
 structures  that  resemble  the  crypt-villus  structure  of  the  intestinal  tissue  and  could  self-renew 
 for  longer  than  one  year.  This  culture  system  does  not  require  addition  of  serum  or 
 mesenchymal  cells  and  is  based  on  the  growth  of  stem  cells  using  a  solubilized  basement 
 membrane  preparation  extracted  from  Engelbreth-Holm-Swarm  tumors  in  mice  and 
 commercialized  as  “Matrigel”.  Three  niche  factors  are  essential  supplements  that  should  be 
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 added  to  the  culture  medium  to  promote  stem  cell  self-renewal,  namely  EGF,  RSPO1  and 
 noggin.  The  advantage  of  these  epithelial  organoid  cultures  is  that  they  recapitulate  the  in 
 vivo  intestinal  epithelial  structure  where  single  cells  initially  form  villus-like  cysts  with  a  single 
 central  lumen  from  which  multiple  crypt-like  buds  start  to  grow  outwards  over  a  few  days 
 (Fig.  1.2).  The  entire  epithelium  consists  of  a  monolayer  of  fully  polarized  epithelial  cells  in 
 direct  contact  with  the  extracellular  matrix  provided  by  the  Matrigel.  These  multiple  budding 
 organoid  structures  contain  LGR5  +  stem  cells  and  all  differentiated  cell  types  including 
 enterocytes,  goblet  cells,  enteroendocrine  cells  and  Paneth  cells.  Interestingly,  the 
 localization  of  cells  within  the  organoid  structure  reflect  their  actual  localization  in  vivo  where 
 intestinal  stem  cells  and  Paneth  cells  are  located  at  the  bottom  of  the  crypt-like  budding 
 structures  and  mature  enterocytes  migrate  to  the  central  cyst  structure.  Organoids  also 
 recapitulate  different  absorptive  and  digestive  functions  determined  by  the  proximal-distal 
 intestinal  axis  (Middendorp  et  al.  2014)  .  Indeed,  it  was  recently  shown  by  single-cell  RNA 
 sequencing  (scRNA-seq)  of  intestinal  epithelial  organoids  that  they  harbor  a  heterogenous 
 population  of  cells  mirroring  the  in  vivo  epithelium  (Grün  et  al.  2015)  .  Furthermore,  it  was 
 shown  that  organoids  can  be  grown  from  individual  intact  stem  cell-rich  crypts  that  are 
 isolated  from  the  intestinal  tissue  using  ethylenediaminetetraacetic  acid  (EDTA)  digestion 
 (Sato et al. 2009)  . 

 Addition  of  WNT3A  to  the  culture  medium  described  above  allowed  the  growth  of  mouse 
 colon  organoids  from  individual  colon  crypts  as  well  as  LGR5  +  colonic  stem  cells  (Sato, 
 Stange,  et  al.  2011)  .  This  work  was  further  extended  to  create  the  optimum  culture  medium 
 for  long-term  culture  of  organoids  derived  from  primary  adult  human  small  intestine  and 
 colon  epithelial  tissues.  It  was  found  that  such  cultures  require  the  supplementation  of  the 
 essential  niche  factors:  WNT3A,  RSPO1,  EGF  and  noggin  together  with  nicotinamide, 
 A83-01,  a  small-molecule  inhibitor  of  the  kinase  activity  of  transforming  growth  factor  beta 
 receptor  1  (TGFBR1),  also  known  as  activin-like  kinase  5  (ALK5),  and  SB202190,  a  P38 
 MAPK  inhibitor  (P.  Jung  et  al.  2011;  Sato,  Stange,  et  al.  2011)  .  Later,  this  protocol  was 
 adapted  to  generate  organoid  cultures  from  both  mouse  and  human  fetal  intestinal 
 epithelium  (Fordham et al. 2013)  . 

 By  modifying  the  cocktail  of  growth  factors  provided  in  the  original  intestinal  organoid  culture 
 medium,  it  was  possible  to  establish  epithelial  organoid  cultures  from  several  other  human 
 and  mouse  GI  organs  such  as  stomach  (Bartfeld  et  al.  2015;  Barker  et  al.  2010;  Stange  et  al. 
 2013)  ,  liver  (Huch,  Dorrell,  et  al.  2013;  Huch  et  al.  2015)  ,  pancreas  (Boj  et  al.  2015;  Huch, 
 Bonfanti,  et  al.  2013)  and  gallbladder  (Lugli  et  al.  2016)  .  Furthermore,  using  similar 
 approaches,  organoid  cultures  were  established  from  epithelial  tissues  from  many  other 
 organs  including  esophagus  (DeWard,  Cramer,  and  Lagasse  2014)  ,  lungs  (Rock  et  al.  2009)  , 
 prostate  (Chua  et  al.  2014;  Karthaus  et  al.  2014)  ,  salivary  glands  (Maimets  et  al.  2016; 
 Nanduri  et  al.  2014)  ,  mammary  glands  (Linnemann  et  al.  2015;  L.  Zhang  et  al.  2017)  , 
 fallopian tubes  (Kessler et al. 2015)  and taste  buds  (Ren et al. 2014)  . 
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 Figure  1.2  Morphology  of  mouse  intestinal  epithelial  organoids.  (A)  Schematic  of  a  mature  intestinal 
 organoid  (left)  and  brightfield  image  of  a  mature  (day  5)  mouse  intestinal  organoid  (right).  The  central  lumen  is 
 surrounded  by  a  monolayer  of  epithelial  cells  with  crypt-like  domains  that  resemble  buds.  (B)  Representative 
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 images  of  mouse  intestinal  organoids  grown  from  individual  crypts:  passage  0  (day  3),  passage  1  (day  3), 
 passage  2  (day  3),  passage  5  (day  3)  demonstrating  maintenance  of  the  budding  phenotype  (scale  bar  =  200 
 μm).  Displayed  images  are  a  copyright  of  STEMCELL™  Technologies  and  have  been  used  with  permission 
 (source: https://www.stemcell.com/technical-resources/intestinal-organoid-culture-lp.html). 

 1.9 Growth factor starvation-induced cellular changes 

 Before  discussing  the  motivation  behind  this  research  work,  it  is  necessary  to  review  the 
 wide  variety  of  changes  that  were  observed  in  various  cell  types  when  they  are  starved  of 
 growth  factors  with  a  special  focus  on  EGF.  These  include  altered  cell  proliferation,  growth, 
 viability,  differentiation  and  signaling.  Being  named  “growth  factors”  i.e.  factors  that  stimulate 
 cells  to  grow  and  divide,  the  most  obvious  and  logical  effect  of  removing  these  factors  is  cell 
 cycle  interruption  and  growth  arrest.  Growth  factor  starvation  was  found  to  arrest  the  growth 
 of  numerous  cell  lines  in  vitro  including  mouse  and  human  breast  epithelial  cells  (Nass  and 
 Dickson  1998;  Takahashi  and  Suzuki  1996;  Suzuki,  Tsukatani,  and  Takahashi  1996; 
 Blagosklonny  et  al.  2000;  Chou  et  al.  1999;  Harvat  and  Jetten  1996)  ,  human  keratinocytes 
 (Segaert,  Degreef,  and  Bouillon  2000)  ,  human  cervical  adenocarcinoma,  melanoma  and 
 synovial  sarcoma  cell  lines  (Singletary  et  al.  1990)  ,  rat  hepatocytes  (Rana  et  al.  1994)  , 
 mouse  preadipocytes  (R.  E.  Scott,  Yun,  and  Florine  1983)  ,  mouse  embryonic  fibroblasts 
 (Takuwa,  Fukui,  and  Takuwa  1999;  Coats  et  al.  1996)  and  mouse  myoblasts  (Clegg  and 
 Hauschka  1987)  .  Cell  cycle  arrest  under  growth  factor  deprivation  was  associated  with  an 
 increase  in  the  level  of  cyclin-dependent  kinase  inhibitor  1B  (CDKN1B),  a  decrease  in  the 
 level  of  cyclin  D1  (CCND1)  and  a  strong  inhibition  of  cyclin-dependent  kinase  2  (CDK2)  and 
 CCND1-associated  kinase  activity  in  the  non-transformed  human  breast  epithelial  cell  line 
 MCF10A  (Chou  et  al.  1999)  and  in  mouse  fibroblasts  (Coats  et  al.  1996)  ,  along  with  a  loss  of 
 vitamin  D  receptor  expression  in  human  keratinocytes  (Segaert,  Degreef,  and  Bouillon 
 2000)  .  In  addition,  growth  factor  deprivation  was  found  to  activate  the  P53  pathway  in  a 
 similar  manner  to  DNA  damage  and  telomere  dysfunction  in  human  mammary  epithelial  cells 
 (Beliveau  et  al.  2007)  .  Interestingly,  the  effect  of  a  growth  factor  on  the  cell  cycle  of  one 
 generation  of  cells  extends  to  the  next  generations.  For  example,  it  was  found  that  the  cell 
 cycle  times  of  the  progeny  of  EGF-treated  mouse  fibroblasts  were  significantly  shorter  than 
 those of the progeny of cells not exposed to the growth factor  (Heath 1983)  . 

 Another  intuitive  effect  of  growth  factor  deprivation  is  the  induction  of  programmed  cell  death 
 or  “apoptosis”.  Indeed,  many  different  cell  types  were  found  to  undergo  apoptosis  when 
 deprived  of  growth  factors  for  varying  time  durations.  Examples  include  but  not  limited  to 
 serum-free  mouse  embryo  cells  (Rawson,  Cosola-Smith,  and  Barnes  1990;  Slinskey, 
 Barnes,  and  Pipas  1999;  Loo  et  al.  1998)  ,  multipotent  neural  precursor  cells  from  embryonic 
 mouse  forebrains  (Nakagaito  et  al.  1998)  ,  mouse  proximal  tubular  cells  (Lieberthal  et  al. 
 1998)  ,  mouse  embryonic  and  adult  olfactory  bulb  stem  cells  (Nieto-Estévez  et  al.  2013)  , 
 human  and  mouse  mammary  epithelial  cells  (J.  W.  Davis  2nd  et  al.  2001;  Nass  et  al.  1996; 
 S.  Park  and  Matsumura  2005;  Hopkins  et  al.  2012)  ,  dog  thyroid  cells  (Bechtner  et  al.  1999)  , 
 adult  rat  hepatocytes  (Jansing  and  Samsonoff  1984)  ,  cortical  progenitor  cells  from  rat 
 embryos  (Weng  et  al.  2011)  ,  astrocyte  progenitor  cells  from  neonatal  mouse  cerebrum 
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 (Yoshida  et  al.  1993)  ,  rat  oligodendrocyte  progenitor  cells  (Flores  et  al.  2000)  ,  neural 
 crest-derived  cells  from  the  rat  fetal  gut  (Chalazonitis  et  al.  2010)  ,  mouse  bone 
 marrow-derived  macrophages  (Xaus  et  al.  2001)  and  immortalized  human  keratinocytes 
 (Quadros  et  al.  2006)  .  The  mechanisms  by  which  growth  factor-starved  cells  undergo 
 apoptosis  were  also  explored.  Increased  oxidative  stress  and  generation  of  reactive  oxygen 
 species  was  observed  following  growth  factor  withdrawal  in  mouse  proximal  tubular  cells  and 
 neural  progenitors.  These  reactive  species  were  reported  to  activate  caspases  ultimately 
 resulting  in  apoptosis  (Lieberthal  et  al.  1998;  Niidome  et  al.  2006)  .  Moreover,  the  PI3K-AKT 
 signaling  axis  which  is  known  to  be  activated  by  factors  like  EGF,  heregulin,  insulin  and 
 insulin-like  growth  factor  1  (IGF1)  was  shown  to  be  critically  important  for  cell  survival  and 
 protection  against  growth  factor  withdrawal-induced  apoptosis  in  numerous  cell  types  (X. 
 Wang  et  al.  2000;  Flores  et  al.  2000)  .  Interestingly,  it  is  proposed  that  EGF  removal  from 
 primary  cultures  of  mouse  mammary  epithelial  cells  triggered  apoptosis  by  causing  the 
 multi-adaptor  protein  ERRFI1  (also  known  as  RALT)  to  dissociate  from  ERBB  receptors  and 
 bind  to  the  tyrosine  kinase  ABL1  activating  it.  Active  ABL1  was  then  shown  to  initiate 
 apoptosis  via  the  proapoptotic  protein  p73  (Hopkins  et  al.  2012)  .  Furthermore,  growth  factor 
 starvation  of  human  keratinocytes  was  shown  to  upregulate  the  expression  of  the 
 proapoptotic  protein  BCL2-like  protein  11  (also  known  as  BIM),  while  EGFR-MAPK  activation 
 reduced  BIM  expression  by  inducing  BIM  phosphorylation  and  degradation  by  proteasomes 
 (Quadros et al. 2006)  . 

 While  most  studies  consider  growth  factor  deprivation  an  established  proapoptotic 
 intervention,  some  studies  did  report  antiapoptotic  effects  associated  with  the  removal  of 
 some  factors.  For  example,  EGF  deprivation  renders  non-transformed  breast  epithelial  cells 
 resistant  to  apoptosis  induced  by  tumor  necrosis  factor-related  apoptosis  inducing  ligand 
 (TRAIL)  by  upregulating  the  long  isoform  of  caspase  8  inhibitor  FLICE-like  inhibitory  protein 
 (FLIP  L  )  (Yerbes  et  al.  2012)  .  EGF  treatment  was  even  shown  to  induce  apoptosis  in  some 
 types  of  cells  such  as  porcine  thyroid  follicles,  possibly  by  enhancing  the  expression  of  the 
 proapoptotic  TGFB1  (Bechtner  et  al.  1999)  .  Besides  apoptosis,  growth  factor  withdrawal  was 
 reported  to  induce  other  forms  of  cell  death.  Removal  of  EGF  for  instance  was  shown  to 
 promote  a  form  of  cell  death  in  neural  progenitor  cells  that  resembles  necrosis  or  necroptosis 
 (a programmed form of necrosis) by increasing oxidative stress  (Shiraishi  et al. 2009)  . 

 Another  important  biological  process  known  to  be  triggered  in  stressed  cells  as  a  means  of 
 self-protection  is  autophagy.  Autophagy  is  defined  as  a  regulated  self-eating  catabolic 
 process  in  which  cytoplasmic  contents  are  engulfed  and  digested  within  lysosomes  or 
 vacuoles  and  the  resulting  breakdown  products  are  recycled  (Y.  Feng  et  al.  2014)  .  Stress 
 cues  for  autophagy  could  be  a  deficiency  of  nutrients  and/or  growth  factors  or  a  state  of 
 hypoxia.  For  example,  withdrawal  of  FGF2  from  murine  mesencephalic  neural  progenitor  cell 
 cultures  triggered  an  autophagy-like  cell  death  characterized  by  the  formation  of 
 double-membrane  intracellular  vacuoles  containing  cell  debris.  Overexpression  of  the 
 anti-apoptotic  BCL2  protein  prevented  vacuole  formation  in  these  cells,  indicating  that  it  can 
 inhibit  this  autophagic  process  (Cárdenas-Aguayo  et  al.  2003)  .  In  a  similar  study,  withdrawal 
 of  EGF  and  FGF2  from  the  culture  medium  induced  the  formation  of  autophagic  vacuoles  in 
 rat  neural  stem  cells,  while  simultaneously  enhancing  the  outgrowth  of  their  axons  and 
 neurites  (Y.  Chen  et  al.  2013)  .  One  proposed  mechanism  to  explain  how  growth  factor 
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 starvation  can  trigger  autophagy  is  via  the  EGFR  itself.  It  was  shown  that  inactive  EGFR  can 
 form  a  complex  with  lysosomal-associated  transmembrane  protein  4B  (LAPTM4B)  at 
 endosomes  in  serum-starved  cells  and  recruit  the  Sec5  exocyst  subcomplex.  This  EGFR 
 complex  binds  the  autophagy  inhibitor  Rubicon  causing  its  dissociation  from  Beclin  1  and 
 releasing the Rubicon-free Beclin 1 complex which initiates autophagy  (Tan et al. 2015)  . 

 Equally  important  as  apoptosis  and  autophagy,  withdrawal  of  growth  factors  from  cell  culture 
 media  has  been  shown  to  drive  the  differentiation  of  various  progenitor  cell  types  into  more 
 differentiated  forms.  There  exists  plenty  of  evidence  to  support  this  phenomenon.  EGF 
 withdrawal  was  found  to  promote  the  differentiation  of  retinal  progenitor  cells  into  rod 
 photoreceptors  in  embryonic  rat  retinal  explants  (Ahmad,  Dooley,  and  Afiat  1998)  .  In  fact, 
 many  kinds  of  neural  progenitors  or  stem  cells  derived  from  various  regions  of  the 
 mammalian  central  nervous  system  (CNS)  were  observed  to  differentiate  in  vitro  into 
 different  cell  types:  neurons,  glial  cells  or  oligodendrocytes  when  they  are  deprived  of  EGF 
 and/or  FGF2.  Some  of  many  examples  are  mouse  and  rat  retinal  stem  cells  (Merhi-Soussi  et 
 al.  2006;  Czekaj  et  al.  2012;  Ahmad  et  al.  1999;  Gu  et  al.  2009)  ,  and  neural  precursor  cells 
 derived  from  mouse  embryonic  stem  cells  (Conti  et  al.  2005)  ,  embryonic  mouse  forebrains 
 (Nakagaito  et  al.  1998;  Schwindt  et  al.  2009)  ,  midbrains  (Reccia  et  al.  2021)  ,  striatum 
 (Benoit  et  al.  2001)  and  olfactory  bulb  (Armesilla-Diaz  et  al.  2008)  ,  adult  mouse 
 subventricular  zone  (Gonzalez-Perez  and  Quiñones-Hinojosa  2010)  ,  adult  and  embryonic 
 mouse  hippocampus  (Benninghoff  et  al.  2012;  M.  Jung  et  al.  1998)  ,  embryonic  rat  myenteric 
 ganglia  (A.  T.  Silva  et  al.  2008)  and  medial  ganglionic  eminence  (Romariz  et  al.  2017)  and 
 human  fetal  cortex  (L.  Anderson  et  al.  2007;  Ostenfeld  and  Svendsen  2004)  .  Even  rat 
 mesenchymal  stem  cells  derived  from  peripheral  blood  or  bone  marrow  were  shown  to 
 differentiate  into  neurons  or  glia  following  EGF  and  FGF2  withdrawal  (S.  Kim  et  al.  2006)  . 
 Beside  CNS  cells,  the  differentiation  potential  of  other  cell  types  and  lineages  was  found  to 
 be  influenced  by  growth  factor  withdrawal.  Epithelial  cells  from  the  mouse  mammary  gland 
 underwent  differentiation  in  vitro  following  EGF  withdrawal  and  gave  rise  to  lactogenic 
 hormone-responsive  cells  that  are  capable  of  synthesizing  milk  proteins  as  beta-casein 
 (Helguero  et  al.  2006;  Petersen  and  Haldosén  1998)  .  Similarly,  growth  factor  depletion 
 induced  terminal  differentiation  of  mouse  myoblasts  in  vitro  where  cells  become  irreversibly 
 postmitotic  and  refractory  to  mitogenic  stimulation  (Lim  and  Hauschka  1984;  Olwin  and 
 Hauschka  1988)  .  These  changes  were  accompanied  by  loss  of  growth  factor  receptors  such 
 as  EGFR  and  FGFR.  Furthermore,  erythroid  progenitors  derived  from  chicken  bone  marrow 
 were  found  to  terminally  differentiate  into  mature  erythrocytes  in  response  to  withdrawal  of 
 TGFA and TGFB1  (Gandrillon et al. 1999; Schroeder  et al. 1993)  . 

 There  are  plenty  of  other  effects  of  growth  factor  withdrawal  on  cells  and  tissues  that  have 
 been  reported  in  the  literature.  For  instance,  ion  channel  activity  in  cells  was  shown  to  be 
 significantly  affected  by  growth  factor  deficiency.  Deprivation  of  nerve  growth  factor  (NGF), 
 glial  cell-derived  neurotrophic  factor  (GDNF)  and  EGF  decreased  the  activity  of 
 voltage-gated  calcium  channels  and  inhibited  the  total  calcium  current  in  sensory  neurons  of 
 the  rat  dorsal  root  ganglion.  This  was  attributed  to  a  drop  in  ERK-mediated  expression  of 
 these  channels  (Woodall  et  al.  2007)  .  Similarly,  NGF  withdrawal  was  shown  to  negatively 
 affect  calcium  influx  through  L-type  calcium  channels  and  prevent  the  induction  of  prolactin 
 expression  in  rat  pituitary  epithelial  cells  (López-Domínguez  et  al.  2006)  .  Changes  in  the 
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 cytoskeleton  and  cell  morphology  induced  by  growth  factor  withdrawal  were  also  reported. 
 One  example  is  the  changes  observed  in  cultures  of  human  mammary  epithelial  cells  upon 
 long-term  EGF  withdrawal  where  cells  start  to  assume  an  interdigitated  morphology  and 
 become  rich  in  desmosomes  (intercellular  junctions)  through  which  actin  filaments  extend 
 from  one  cell  deep  into  its  neighbor.  These  changes  are  believed  to  protect  cellular  sheets 
 from  mechanical  disruption  and  greatly  limit  the  ability  of  cells  to  move  within  the  monolayer 
 under  conditions  of  growth  factor  deficiency  (W.  Y.  Y.  Tang  et  al.  2014)  .  Moreover,  the 
 deposition  of  extracellular  matrix  proteins  by  fibroblasts  can  be  altered  by  growth  factor 
 withdrawal.  One  study  showed  that  chronic  EGF  treatment  of  neonatal  rat  lung  fibroblasts 
 down  regulated  the  levels  of  tropoelastin  messenger  RNA  (mRNA)  and  protein  and  reduced 
 the  deposition  of  insoluble  elastin  and  these  effects  were  reversed  by  withdrawal  of  EGF 
 (DiCamillo  et  al.  2006)  .  Interestingly,  it  was  found  that  growth  factor  deprivation  may  trigger 
 certain  chromosomal  abnormalities  or  select  for  cells  with  these  abnormalities  in  an  in  vitro 
 culture.  For  example,  long-term  EGF  deprivation  was  found  to  induce  trisomy  7  (i.e.  cells 
 with  an  extra  copy  of  chromosome  7)  or  select  for  rare  cells  with  trisomy  7  in  a  human  neural 
 progenitor cell line derived from fetal brain cortical tissue  (Sareen et al. 2009)  . 

 In  addition  to  studying  the  effects  of  EGF  withdrawal  in  vitro  using  cell  culture,  it  is  also 
 possible  to  investigate  those  effects  in  vivo  .  Sialoadenectomy  (the  surgical  removal  of  a 
 salivary  gland)  is  one  method  that  can  be  used  for  this  purpose  since  salivary  glands  are  a 
 major  source  of  endogenous  EGF  (Helmrath  et  al.  1998)  .  Endogenous  EGF  deficiency 
 caused  by  sialoadenectomy  compromised  the  integrity  of  the  oral  and  gastric  mucosa, 
 reduced  its  thickness  and  significantly  decreased  the  amount  and  quality  of  the  secreted 
 mucus  in  rats  (Sarosiek  et  al.  1988)  .  Along  the  same  lines,  EGF  deprivation  of  rat  tracheal 
 epithelial  cells  reduced  the  percentage  of  mucus-secreting  cells  and  the  amount  of  secreted 
 mucus  (Guzman,  Randell,  and  Nettesheim  1995)  .  Sialoadenectomy  also  increased  the 
 susceptibility  of  the  gastric  mucosa  to  injury  induced  by  indomethacin  or  ethanol  in  rats 
 (Kohút  et  al.  1992;  Tepperman  and  Soper  1990)  .  All  these  findings  are  to  be  expected 
 knowing  the  trophic  effects  of  EGF  and  EGFR  ligands  on  the  GI  mucosa  and  the  protective 
 and  regenerative  roles  these  factors  play  as  discussed  in  section  1.7.  Along  these  lines, 
 EGF  deficiency  in  sialoadenectomized  rats  decreased  the  ability  of  hepatocytes  to 
 regenerate  or  delayed  the  regeneration  process  following  partial  hepatectomy  (Lambotte  et 
 al.  1997)  ,  and  exacerbated  liver  injury  induced  by  lipopolysaccharide  or  galactosamine  in 
 sialoadenectomized  mice  (Sánchez  et  al.  2008)  .  Furthermore,  sialoadenectomy  in  mice 
 aggravated  testicular  damage  following  acute  ischemia-reperfusion  stress.  Drop  in 
 circulating  EGF  because  of  sialoadenectomy  disrupted  anchoring  junctions  between  Sertoli 
 cells  and  germ  cells,  increased  apoptosis  of  germ  cells  and  impaired  spermatogenic 
 differentiation  after  ischemia-reperfusion  stress  (S.  Zhang  et  al.  2013)  .  The  protective  effect 
 of  EGF  following  ischemia-reperfusion  stress  in  testes  was  found  to  be  partly  mediated  via 
 the  PI3K-AKT  pathway.  Unsurprisingly,  the  harmful  impact  of  EGF  deprivation  on  the 
 development  of  the  male  reproductive  tract  was  reported  much  earlier  where  anti-EGF 
 serum  was  shown  to  inhibit  male  genital  tract  differentiation  in  mouse  fetal  testes  cultures 
 manifesting  as  a  disintegration  of  the  Wolffian  duct  (which  later  gives  rise  to  male 
 reproductive  organs).  Inhibition  of  masculine  differentiation  by  anti-EGF  serum  was  observed 
 even  in  the  presence  of  exogenous  testosterone  suggesting  that  the  effect  of  EGF  on  male 
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 reproductive  tract  differentiation  is  independent  of  testosterone  synthesis  (Gupta,  Siegel,  and 
 Ellis 1991)  . 

 After  presenting  the  detrimental  effects  growth  factor  deprivation  may  have  on  cells  and 
 tissues,  it  is  important  to  discuss  how  growth  factor  deprivation  has  been  exploited 
 therapeutically  specifically  for  treatment  of  cancer.  Here,  it  is  important  to  clarify  that  there 
 are  numerous  anti-cancer  drugs  that  work  by  directly  interacting  with  growth  factor  receptors 
 either  as  an  antibody  that  blocks  the  ligand-binding  site  of  the  receptor  or  as  a 
 small-molecule  inhibitor  that  suppresses  its  protein  kinase  activity  (Tsimberidou  2015;  Y.  T. 
 Lee,  Tan,  and  Oon  2018)  .  However,  the  discussion  here  will  not  address  these  kinds  of 
 therapeutics  and  will  focus  mainly  on  interventions  targeting  the  growth  factor  itself  not  the 
 growth  factor  receptor.  Removal  of  a  growth  factor  from  the  culture  medium  can  directly 
 attenuate  the  ability  of  cancer  cells  to  self-renew  in  vitro  .  One  clear  example  is 
 patient-derived  glioma  initiating  cells  whose  ability  to  form  spheres  in  culture  was  hampered 
 by  removing  EGF,  but  maintained  upon  replacement  of  EGF  with  TGFA  (von  Achenbach, 
 Weller,  and  Szabo  2018)  .  Instead  of  simply  removing  growth  factors  from  cell  culture  media, 
 it  is  possible  to  deprive  cells  of  a  growth  factor  by  either  inhibiting  translation  of  its  mRNA 
 into  a  functional  protein  or  directly  neutralizing  its  effect  using  anti-growth  factor  antibodies. 
 One  study  showed  that  antisense  oligonucleotides  which  targeted  mRNA  of  TGFA  and 
 EGFR  and  blocked  their  translation  were  capable  of  inhibiting  the  growth  of  breast  and 
 prostate  cancer  cell  lines  in  vitro  (Rubenstein  et  al.  1998)  .  The  same  study  showed  that 
 direct  inoculation  of  these  oligonucleotides  into  tumors  formed  by  these  cancer  cell  lines  in 
 nude  mice  caused  hemorrhagic  necrosis  of  the  tumors  within  2-3  days.  On  the  other  hand, 
 anti-growth  factor  antibodies  can  be  generated  through  active  immunization  with  specific 
 immunogenic  proteins  which  are  also  called  “cancer  vaccines”  since  they  can  be  used  for 
 cancer  prevention  and/or  treatment.  One  example  is  a  fusion  protein  of  human  TGFA  and 
 the  P64K  protein  from  the  bacterium  Neisseria  meningitidis  which  was  used  to  immunize 
 mice  to  generate  anti-human  TGFA  antibodies.  These  antibodies  were  shown  to  prevent 
 binding  of  TGFA  to  EGFR  and  hence  block  its  activation  and  downstream  signaling  and  were 
 able  to  inhibit  the  proliferation  of  human  lung  adenocarcinoma  and  colon  cancer  cell  lines 
 (Mulet  et  al.  2005)  .  A  second  example  is  a  fusion  protein  of  human  EGF  and  the  Neisseria 
 meningitidis  P64K  protein  emulsified  in  the  adjuvant  Montanide  ISA-51  (CIMAvax-EGF) 
 which  as  in  the  previous  example  induced  the  formation  of  antibodies  against  EGF  and 
 blocked  the  interaction  of  EGF  with  its  receptor  and  subsequent  receptor  phosphorylation 
 and  activation.  This  vaccine  has  been  tested  in  clinical  trials  in  patients  with  advanced 
 NSCLC  and  significantly  improved  survival  particularly  in  patients  with  high  baseline  EGF 
 concentrations  and  a  good  immune  status  (Saavedra  et  al.  2018)  .  These  are  just  a  few 
 examples  out  of  many  which  prove  how  growth  factor  deprivation  can  be  an  effective 
 therapeutic strategy for cancer. 

 1.10 ERBB receptor signaling in growth factor starved cells 

 After  exploring  the  effects  of  growth  factor  starvation  on  cells  and  tissues,  it  is  important  to 
 discuss  how  intracellular  signaling  may  be  altered  in  growth  factor  starved  cells. 
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 Undoubtedly,  understanding  how  a  cell  adapts  to  an  environment  deficient  in  growth  factors 
 in  terms  of  its  signaling  pathways  is  crucial  not  only  for  finding  out  about  basic  homeostatic 
 mechanisms  operating  in  living  cells  but  also  for  gaining  valuable  mechanistic  insights  to 
 guide  potential  uses  of  growth  factor  starvation  as  a  therapeutic  intervention  to  treat 
 diseases  like  cancer.  The  discussion  here  will  concentrate  on  EGFR/ERBB  receptor 
 signaling  as  this  is  the  primary  focus  of  the  current  study.  It  has  been  shown  in  several  cell 
 types  that  EGFR  signaling  activity  is  maintained  in  an  autocrine  fashion  in  settings  where 
 growth  factors  are  depleted  in  order  to  support  cell  proliferation  and  survival.  For  example, 
 EGF  withdrawal  from  cultures  of  normal  human  breast  epithelial  cells  was  found  to 
 upregulate  the  mRNA  expression  of  TGFA  which  constitutes  an  autoregulatory  autocrine 
 loop  in  these  cells  (Bates  et  al.  1990)  .  Also,  autocrine  AREG-mediated  EGFR  signaling  was 
 found  to  sustain  ERK  activation  in  normal  human  keratinocytes  under  growth  factor-starved 
 culture  conditions  (Kansra  et  al.  2004)  .  Similarly,  mammary  epithelial  cells  starved  of 
 external  growth  factors  were  able  to  maintain  a  strong  activation  of  ERK1/2  and  sustain  their 
 proliferation  and  survival  by  expressing  EGFR  ligands  such  as  HBEGF,  EREG  and  AREG 
 which  mediate  autocrine  signaling  (Morato  et  al.  2020)  .  Moreover,  serum-starved  mouse 
 airway  epithelial  cells  were  found  to  secrete  HBEGF  as  an  autocrine  signal  (Kumar, 
 Maronese,  and  Hassim  1998)  ,  and  serum  and  growth  factor-starved  MCF-10A  breast 
 epithelial  cells  exhibited  AREG  autocrine  signaling  (Tamazato  Longhi  et  al.  2016)  .  Finally,  in 
 growth  factor  starved  breast  cancer  cells,  E-cadherin  was  found  to  be  cleaved  by  the 
 metalloproteinase  ADAM15  and  the  resulting  fragment  was  shown  to  form  a  complex  with 
 ERBB2  and  ERBB3  receptors  resulting  in  their  heterodimerization  and  activation  of  the 
 downstream  MAPK  pathway  (Najy,  Day,  and  Day  2008)  .  All  of  these  examples  and  many 
 more  highlight  the  importance  of  endogenous  ligand  production  and  autocrine  signaling  as  a 
 mechanism  to  maintain  homeostasis  in  growth  factor-starved  cells  and  make  this 
 phenomenon very interesting for further inquiry and exploration. 

 1.11 Aim of the study 

 Since  previous  studies  show  that  starved  cells  can  indeed  maintain  the  activity  of 
 EGFR/ERBB  pathways  through  autocrine  signaling,  we  were  very  much  interested  to  study 
 in  greater  depth  the  exact  signaling  changes  that  take  place  in  cells  under  conditions  of 
 growth  factor  deprivation.  Specifically,  the  aim  of  this  study  is  to  characterize  changes  that 
 take  place  in  EGFR  signaling  pathways  in  the  mouse  small  intestinal  epithelium  in  an 
 EGF-deficient  environment.  The  ultimate  goal  is  to  understand  how  intestinal  epithelial  cells 
 respond  to  such  a  stressful  environment  and  how  the  signaling  network  might  rewire  to 
 adapt to these conditions. 
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 2 Study methodology 

 2.1 Methods 

 2.1.1 Preparation of 3D mouse small intestinal organoid cultures 

 Isolation of mouse intestinal crypts 
 Mice  are  sacrificed  according  to  approved  ethical  regulations.  The  abdomen  is  cut  open  and 
 approximately  10  cm  of  small  intestine  proximal  to  the  stomach  is  resected  and  placed  in 
 ice-cold  phosphate-buffered  saline  (PBS).  All  membrane,  blood  vessels  and  fat  tissue 
 attached  to  the  exterior  of  the  intestine  are  removed  using  pointed  forceps.  The  intestinal 
 section  is  transferred  to  a  10  cm  dish  with  ice-cold  PBS.  The  intestinal  lumen  is  thoroughly 
 flushed  with  ice-cold  PBS  to  remove  fecal  waste  and  the  section  is  cut  open  longitudinally 
 using  small  scissors  such  that  the  lumen  is  facing  up.  The  open  intestinal  sheet  is  again 
 thoroughly  washed  using  ice-cold  PBS.  Intestinal  villi  are  scraped  off  twice  using  a 
 non-polished  glass  slide  with  gentle  pressure.  The  intestine  is  washed  again  in  PBS  and 
 transferred  to  a  50  mL  conical  tube  with  25  mL  of  ice-cold  PBS.  The  tube  is  vortexed  or 
 mixed  by  hand  for  5  seconds  (s),  the  PBS  is  discarded  and  fresh  cold  PBS  is  added.  This 
 washing  step  is  repeated  10  times  to  get  rid  of  villi  and  unwanted  tissue  debris  as  much  as 
 possible.  The  intestinal  piece  is  transferred  to  a  fresh  50  mL  conical  tube  with  25  mL  of  2 
 mM  EDTA  in  PBS  and  the  tube  is  rotated  on  a  rotator  machine  at  4  °C  for  30  min.  Three 
 conical  tubes  each  with  25  mL  of  ice-cold  PBS  are  prepared  per  intestine.  Following  the 
 30-min  incubation  step,  the  intestinal  piece  is  slightly  shaken  to  dislodge  remaining  villi. 
 Then,  it  is  transferred  to  the  first  tube  and  mixed  5  times  to  release  the  intestinal  crypts  into 
 the  supernatant.  This  step  is  repeated  in  the  second  and  third  tubes  where  each  time  the 
 shaking force is increased to release more crypts into the supernatant solution. 

 Organoid culture preparation from isolated intestinal crypts 
 It  is  important  to  assess  the  quality  of  the  isolated  crypts  in  each  of  the  3  supernatants.  For 
 this  purpose,  10  μL  of  each  suspension  is  examined  under  the  microscope.  A  suspension 
 with  high  amounts  of  villi,  single  cells  or  cellular  debris  is  not  suitable  for  organoid  culture 
 and  is  discarded.  Only  those  suspensions  that  are  enriched  for  well-defined  crypts  are 
 selected  for  3D  culturing.  Crypts  are  typically  rectangular  or  circular  in  shape,  have  various 
 sizes  and  have  clear  smooth  edges.  They  resemble  small  folded  sections  of  an  epithelial 
 monolayer.  Usually,  the  first  or  second  suspension  are  the  preferred  ones.  The  selected 
 crypt-rich  suspension  is  now  filtered  through  a  70  μm  cell  strainer  into  a  fresh  50  mL  conical 
 tube.  The  crypts  are  spun  down  at  1000  rpm  for  5  min  or  faster  if  necessary.  The 
 supernatant  is  discarded  and  the  crypt  pellet  is  resuspended  in  10  mL  of  crypt  culture 
 medium  (CCM)  without  growth  factors  (advanced  Dulbecco's  modified  Eagle  medium/F12 
 supplemented  with  penicillin/streptomycin,  10  mmol/L  HEPES,  Glutamax,  1×  N2,  1×  B27, 
 and  1  mmol/L  N-acetylcysteine).  The  crypts  are  spun  down  again  and  the  supernatant  is 
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 removed.  The  pellet  is  resuspended  in  1.5  mL  of  CCM  without  growth  factors  and  transferred 
 to  a  bovine  serum  albumin  (BSA)-coated  low-binding  1.5  mL  microcentrifuge  tube.  Crypts 
 are  again  spun  down  and  resuspended  in  1  mL  of  CCM  to  which  Y-27632  (a  selective 
 inhibitor  of  Rho-associated  coiled-coil  containing  protein  kinase  (ROCK))  is  added  at  a  final 
 concentration  of  10  μmol/L  to  inhibit  dissociation-associated  anoikis  and  enhance  survival  of 
 single  crypt  cells.  The  concentration  of  crypts  in  the  suspension  is  determined  using  a 
 hemocytometer.  Aiming  for  100-300  crypts  per  well  of  a  48-well  plate,  the  desired  amount  of 
 crypts  is  spun  down  at  1000  rpm  for  5  min.  The  crypt  pellet  is  resuspended  in  cold  CCM 
 supplemented  with  the  growth  factors  mouse  recombinant  EGF  (50  ng/mL),  mouse 
 recombinant  noggin  (100  ng/mL),  RSPO1-conditioned  medium  and  the  ROCK  inhibitor 
 Y-27632.  Matrigel  is  then  added  at  a  medium-to-Matrigel  ratio  of  1:2.  The  crypts  are 
 thoroughly  mixed  in  the  CCM-Matrigel  suspension  and  15  μL  droplets  are  dispensed  one  in 
 each  well  of  a  pre-warmed  48-well  plate.  The  culture  plate  is  kept  at  37  °C  for  10  min  to 
 ensure  that  the  Matrigel  droplets  have  completely  solidified.  300  μL  of  CCM  +  growth  factors 
 +  ROCK  inhibitor  are  added  carefully  to  the  sidewalls  of  each  well  so  as  not  to  disturb  the 
 Matrigel  droplets.  The  plate  is  incubated  at  37  °C  and  5%  CO  2  and  the  culture  medium  is 
 exchanged  every  2-3  days.  Typically,  crypts  start  to  bud  after  2  days  in  culture  and  within  5 
 days, each individual crypt grows into a full-blown organoid with multiple crypt domains. 

 Passaging mouse intestinal organoids 
 Organoid  cultures  are  typically  splitted  every  5  days  to  avoid  excessive  accumulation  of 
 apoptotic  debris  within  the  lumens  of  these  organoid  structures.  Old  culture  medium  is  first 
 aspirated  and  ice-cold  PBS  is  added  to  each  well.  Organoid-Matrigel  domes  are  released 
 from  the  bottoms  of  the  wells  by  scraping  using  a  1000  mL  pipette  tip  or  a  plastic  cell 
 scraper.  The  organoid  suspensions  are  then  transferred  using  a  pre-wet  pipette  tip  to  a  15 
 mL  conical  tube  and  centrifuged  at  300  ×  g  for  5  min  at  4  °C.  The  supernatant  together  with 
 the  Matrigel  layer  directly  above  the  organoid  pellet  are  discarded.  The  pellet  is  then  washed 
 twice  with  ice-cold  PBS  to  remove  any  Matrigel  remnants  that  might  still  be  sticking  to  the 
 organoids.  Organoids  are  then  transferred  to  1.5  mL  microcentrifuge  tubes  that  are 
 pre-coated  with  BSA  which  minimizes  sticking  of  the  organoids  to  the  plastic  walls  of  the 
 tubes.  200  μL  of  2  mM  EDTA  in  PBS  are  added  to  each  organoid  pellet  and  organoids  are 
 mechanically  disintegrated  by  continuous  pipetting  up  and  down  for  2-3  min  at  room 
 temperature.  Being  an  effective  chelating  agent  of  divalent  metal  ions,  EDTA  is  able  to 
 chelate  Ca  2+  ions  in  the  solution  which  impairs  the  function  of  E-cadherin;  the  protein  that 
 holds  epithelial  cells  together.  This  facilitates  the  disintegration  of  crypts  from  one  another. 
 Following  this  disintegration  step,  1  mL  of  ice-cold  PBS  is  added  to  each  tube  to  dilute 
 EDTA.  Disintegrated  crypts  are  spun  down  and  washed  once  with  1  mL  of  ice-cold  PBS  to 
 completely  remove  any  EDTA  remnants.  Crypts  are  finally  resuspended  in  a  2:1  mixture  of 
 Matrigel  and  CCM  +  growth  factors  respectively  by  thorough  pipetting  to  allow  uniform 
 distribution  of  crypts  through  the  medium-Matrigel  mixture.  These  crypt  suspensions  are 
 quickly  dispensed  as  15  μL  droplets  into  the  wells  of  a  48-well  plate  (one  droplet  per  well)  or 
 a  6-well  plate  (8-10  droplets  per  well)  depending  on  the  downstream  experimental 
 application.  The  dispensing  step  has  to  be  as  quick  as  possible  because  Matrigel  solidifies 
 relatively  quickly  at  room  temperature.  Plates  are  then  kept  at  37  °C  for  10  min  to  ensure 
 complete  solidification  of  the  Matrigel.  CCM  +  growth  factors  are  added  slowly  to  the 
 sidewalls of each well (300 μL per well of a 48-well plate or 2.5 mL per well of a 6-well plate). 
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 Preparation of special organoid lines 
 Mouse  intestinal  organoids  expressing  FRA1-based  integrative  reporter  of  ERK  (FIRE),  a 
 live-cell  reporter  that  measures  the  activity  of  ERK1/2  in  terms  of  FRA1  phosphorylation  and 
 stabilization  (Albeck,  Mills,  and  Brugge  2013)  ,  were  developed  by  Markus  Morkel  and 
 Raphael  Brandt  at  the  Pathology  Institute  (Charité-Universitätsmedizin,  Berlin). 
 Patient-derived  colorectal  tumor  organoids  (P013T  and  OT302)  were  developed  from 
 resected  patient  tumors  by  Markus  Morkel  and  Dirk  Schumacher  at  the  Pathology  Institute 
 (Charité-Universitätsmedizin,  Berlin)  and  comprehensively  described  in  previous  studies 
 (Uhlitz et al. 2021; Schütte et al. 2017)  . 

 2.1.2 Experimental setup 

 For  starvation  experiments  involving  mouse  intestinal  epithelial  organoids,  intestinal  crypts 
 were  grown  in  CCM  +  growth  factors  for  3  days  such  that  they  develop  into  full-blown 
 organoids  with  three  or  more  crypt  domains.  On  day  3,  organoids  were  harvested  and 
 washed  in  ice-cold  PBS  and  plated  in  fresh  matrigel  droplets  in  4  different  medium 
 conditions:  -EGF/-RSPO1,  +EGF/-RSPO1,  -EGF/+RSPO1  and  +EGF/+RSPO1  (Fig.  2.1). 
 Following  an  incubation  period  of  24  h,  organoids  were  harvested  in  ice-cold  PBS  for 
 downstream  processing.  For  experiments  involving  the  use  of  small-molecule  kinase 
 inhibitors,  3-day-old  organoids  were  plated  in  the  4  described  culture  conditions  for  18  h  and 
 treated  with  gefitinib  (EGFR  inhibitor,  5-10  µM),  sapitinib  (ERBB1/2/3  inhibitor,  5  µM), 
 selumetinib  (MEK1/2  inhibitor,  10  µM),  pictilisib  or  GDC-0941  (PI3K  inhibitor,  1  µM), 
 LY294002  (PI3K  inhibitor,  10  µM),  SB-216763  (glycogen  synthase  kinase  3  beta  (GSK3B) 
 inhibitor,  5  µM)  or  Dimethyl  sulfoxide  (DMSO)  (1:1000,  solvent  control)  for  an  additional  6  h 
 prior  to  harvesting.  For  experiments  involving  re-addition  of  EGF  to  starved  organoids, 
 3-day-old  organoids  were  plated  for  23.8,  23.5,  23,  22  and  20  h  in  medium  without  EGF  and 
 EGF  (50  ng/mL)  was  then  added  for  10  min,  30  min,  1,  2  and  4  h  respectively  prior  to 
 harvesting.  Similarly,  in  experiments  involving  addition  of  other  ligands,  3-day-old  organoids 
 were  plated  for  23  h  in  medium  without  EGF  and  then  EGF  (50  ng/mL),  FGF2  (20  ng/mL), 
 IGF1  (100  ng/mL)  or  platelet-derived  growth  factor  subunit  A  (PDGFA)  (100  ng/mL)  were 
 added  for  1  h  prior  to  harvesting.  For  starvation  experiments  involving  patient-derived 
 colorectal  tumor  organoids,  organoids  were  grown  for  5  days  in  CCM  to  which  EGF,  noggin, 
 WNT3  and  RSPO1-conditioned  media  were  added.  On  day  5,  fully  developed  tumor 
 organoids  were  harvested,  washed  in  ice-cold  PBS  and  re-plated  in  4  different  medium 
 conditions:  -EGF/-WNT3/-RSPO1,  +EGF/-WNT3/-RSPO1,  -EGF/+WNT3/+RSPO1  and 
 +EGF/+WNT3/+RSPO1.  Organoids  were  incubated  in  the  4  medium  conditions  for  1  day,  3 
 days  and  5  days  prior  to  harvesting  and  tissue  lysis  for  capillary  Western  blot 
 measurements. 

 44 

https://paperpile.com/c/5vEx4Y/zJZVV
https://paperpile.com/c/5vEx4Y/NPJoY+vZrN9


 Figure  2.1  Illustration  of  the  4  culture  conditions  commonly  used  throughout  the  study.  Microscopic 
 images  of  mouse  intestinal  organoids  that  were  grown  for  3  days  in  complete  crypt  culture  medium  (CCM)  with  all 
 growth  factors,  and  then  washed  and  re-plated  on  day  3  in  medium  with  and  without  EGF  in  the  presence  or 
 absence  of  RSPO1  for  a  duration  of  24  h.  Images  of  organoids  were  taken  following  the  24  h  incubation  period 
 immediately prior to harvesting and downstream processing (scale bar, 300 μm). 

 2.1.3 Capillary & conventional Western blot analysis 

 Following  experimental  treatment,  organoids  were  harvested  and  washed  thoroughly  in 
 ice-cold  PBS  to  completely  remove  any  Matrigel  still  attached  to  the  organoid  tissue. 
 Organoids  were  then  lysed  in  Bio-Rad  cell  lysis  buffer  that  was  supplemented  with  inhibitors 
 of  protease  and  phosphatase  enzymes  to  preserve  the  phosphoproteins  in  their  native  state. 
 Organoid  lysates  were  stored  at  -80  °C  until  further  analysis  was  carried  out.  Protein 
 concentrations  of  lysates  were  measured  using  Pierce™  bicinchoninic  acid  (BCA)  protein 
 assay  (Thermo  Scientific).  For  capillary  Western  blot  analysis,  lysates  were  processed 
 according  to  the  instruction  manual  for  SimpleWestern™  assays  from  ProteinSimple.  Briefly, 
 lysates  were  mixed  with  fluorescent  markers  and  dithiothreitol  (DTT)  to  reduce  the  disulfide 
 bonds  in  proteins  and  denature  them  into  their  primary  linear  structure.  Lysates  were  boiled 
 at  95  °C  for  5  min  to  promote  the  denaturation  process  before  dispensing  in  specially 
 designed  well  plates  for  automated  capillary  Western  blot  application.  Primary  antibodies, 
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 secondary  antibodies,  a  special  antibody  diluent,  a  streptavidin-horseradish  peroxidase 
 (HRP)  conjugate  solution  and  a  luminol-S/peroxide  mixture  were  also  dispensed  in  their 
 designated  wells  according  to  the  instruction  manual.  For  conventional  Western  blotting, 
 lysates  were  prepared  in  the  same  manner  and  proteins  were  separated  using  sodium 
 dodecyl  sulfate–polyacrylamide  gel  electrophoresis  (SDS-PAGE).  Following  electrophoresis, 
 separated  proteins  were  electro-blotted  onto  polyvinylidene  fluoride  (PVDF)  membranes. 
 Membranes  were  blocked  using  5%  nonfat  dry  milk  in  PBS  for  2  h  at  room  temperature  and 
 incubated  with  primary  antibodies  overnight  at  4  °C.  Membranes  were  washed  thrice  before 
 incubation  with  secondary  antibodies  for  30  min  at  room  temperature.  Membranes  were 
 washed  again  several  times  and  scanned  using  Odyssey®  Fc  Imaging  System  (LI-COR 
 Biosciences). 

 2.1.4 Preparation of single cell suspensions from intestinal organoids 

 Following  experimental  manipulation,  organoids  were  harvested  and  washed  twice  in 
 ice-cold  PBS  to  remove  any  Matrigel  remnants  from  the  organoid  suspension.  Organoids 
 were  digested  using  a  1:1  mixture  of  TrypLE  Express  (Gibco)  and  Accutase  (StemCell 
 Technologies)  to  which  Benzonase  or  Pierce  Universal  nuclease  (Sigma  Aldrich)  was  added 
 (at  0.15  U  per  µL  of  digestion  mix,  100  μL  of  the  digestion  mixture  was  added  per  organoid 
 pellet)  for  15-20  min  at  37  °C.  The  addition  of  benzonase  is  important  here  to  digest  any 
 free-flowing  DNA  fragments  in  the  suspension  which  might  cause  cell  clumping  and  induce 
 apoptosis  of  individual  cells.  Organoids  were  thoroughly  mixed  by  pipetting  to  disintegrate 
 them  into  single  cells  and  the  digestion  reaction  was  stopped  by  adding  CCM  (or  PBS)  + 
 0.5%  BSA.  Cells  were  spun  down,  resuspended  in  fresh  CCM  and  cell  count  was 
 determined for downstream processing steps. 

 2.1.5 Time-of-flight mass cytometry (CyTOF) analysis of organoid cells 

 The  CyTOF  procedure  is  divided  into  4  major  steps:  digestion  of  organoids  into  single  cells, 
 staining  dead  cells  with  cisplatin  and  cell  fixation,  barcoding  cells  from  each  sample  and 
 finally  staining  them  with  the  antibody  cocktails.  Following  experimental  treatment,  organoids 
 are  harvested  and  washed  twice  in  ice-cold  PBS  to  completely  remove  any  Matrigel 
 remnants.  They  are  digested  into  single  cells  as  described  in  section  2.1.4  and  a  maximum 
 of 500,000 cells per sample are used in the next steps. 

 Cisplatin staining and cell fixation 
 Cells  are  stained  with  cisplatin  to  be  able  to  distinguish  dead  cells  with  compromised  cell 
 membranes  from  intact  cells.  Cells  are  resuspended  in  albumin-free  CCM  to  give  a 
 concentration  of  10  7  cells/  mL.  Cell-ID™  cisplatin  (Fluidigm)  is  added  to  a  final  concentration 
 of  5  μM.  Cells  are  incubated  at  37  °C  for  5  min  to  allow  cisplatin  to  diffuse  inside  cells  with 
 non-intact  membranes.  Cisplatin  is  then  quenched  by  adding  1  mL  of  CCM  +  0.5%  BSA. 
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 Cells  are  pelleted  and  supernatant  discarded.  They  are  then  resuspended  in  250  μL  of  a 
 freezing  buffer  (PBS  +  10%  BSA)  followed  by  350  μL  of  proteomic  Stabilizer  PROT1  buffer 
 from  Smart  Tube  Inc.  (ratio  of  the  stabilizer  buffer  to  the  freezing  buffer  should  be  1.4:1).  The 
 mixture  is  kept  at  room  temperature  for  10  min  to  allow  cells  to  get  fixed  and  then  stored  at 
 -80  °C  till  further  processing.  The  fixed  frozen  cells  are  thawed  in  a  37  °C  water  bath  for  1-2 
 min  and  diluted  in  an  excess  volume  of  Maxpar®  PBS  (Fluidigm)  in  a  15  mL  conical  tube  at 
 room  temperature.  Cells  are  mixed  and  centrifuged  at  800  ×  g,  4  °C  for  5  min.  Supernatants 
 are  discarded  and  cell  pellets  are  resuspended  in  1  mL  of  Maxpar®  cell  staining  buffer  (CSB, 
 Fluidigm).  Cell  count  is  determined  again  at  this  stage.  A  unified  cell  count  (e.g.  200,000)  is 
 transferred from each sample to a clean 1.5 mL tube to be barcoded. 

 Barcoding and sample pooling 
 Barcoding  is  a  very  important  step  in  this  procedure  where  cells  of  each  sample  are  tagged 
 with  a  unique  combination  of  3  Palladium  isotopes  allowing  cells  from  different  samples  to  be 
 mixed  together  in  one  tube  and  later  stained  together  with  antibodies  as  one  population.  This 
 makes  the  staining  step  very  uniform  and  consistent  and  eliminates  variability  arising  from 
 uneven  handling  of  samples.  Moreover,  pooling  reduces  the  costs  of  the  process  by 
 reducing  the  consumption  of  the  reagents.  Barcoding  is  performed  using  the  Cell-ID™ 
 20-Plex  Pd  Barcoding  kit  (Fluidigm)  according  to  the  manufacturer’s  protocol.  Briefly,  cells 
 are  washed  with  250  μL  of  Barcode  Perm  buffer.  Cells  are  spun  down,  supernatant  removed 
 and  pellets  resuspended  in  another  200  μL  of  Barcode  Perm  buffer.  25  μL  of  each  barcode 
 is  added  to  each  sample  to  be  barcoded  and  samples  are  mixed  immediately  and 
 completely.  Cells  are  incubated  with  barcodes  for  30  min  at  room  temperature.  Following  this 
 incubation,  cells  are  spun  down  and  washed  twice  with  1  mL  of  CSB  each.  Cells  are  finally 
 resuspended  in  100  μL  of  CSB  and  all  samples  combined  together  in  one  1.5  mL  tube.  Cell 
 count is determined and a total of 3 ×10  6  cells are collected to  be used in the next step. 

 Antibody staining of the cell pool 
 Cells  are  resuspended  in  50  μL  of  CSB  and  50  μL  of  the  surface  antibody  cocktail  such  that 
 the  total  staining  volume  is  100  μL.  Cells  are  mixed  with  the  antibodies  and  kept  for  30  min 
 at  room  temperature.  Cells  are  then  washed  once  with  CSB  and  fixed  again  in  2%  water-free 
 formaldehyde  solution  for  10  min  at  room  temperature.  CSB  is  added  to  stop  the  reaction. 
 Cells  are  spun  down,  supernatant  discarded  and  pellets  are  kept  on  ice  for  10  min  to  cool 
 down.  Cells  are  then  permeabilized  with  1  mL  of  ice-cold  methanol  and  kept  on  ice  for  15 
 min.  Cells  are  washed  twice  with  CSB  and  cell  pellets  are  resuspended  in  50  μL  of  CSB  and 
 50  μL  of  the  anti-phosphoprotein  antibody  cocktail.  As  in  the  first  staining  step,  cells  are 
 mixed  with  the  antibodies  and  left  for  30  min  at  room  temperature.  Cells  are  washed  twice 
 with  CSB  and  then  incubated  with  the  Cell-ID™  nucleic  acid  intercalator  solution  (Fluidigm) 
 for  20  min  at  room  temperature  with  gentle  mixing  to  allow  the  intercalator  to  penetrate  the 
 nuclei  and  interact  with  the  nucleic  acid.  Cells  are  washed  once  with  Maxpar®  PBS  and 
 fixed  in  2%  formaldehyde  in  Maxpar®  PBS  overnight  at  4  °C  with  continuous  mixing  to 
 achieve  better  fixation.  The  next  day,  cells  are  washed  in  an  excess  volume  of  CSB.  This  is 
 followed  by  2  washing  steps  in  ultrapure  water.  Cell  pellets  are  stored  on  ice  until  they  are 
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 ready  to  run  on  the  CyTOF  machine.  Immediately  prior  to  the  run,  cells  are  resuspended  in 
 ultrapure  water  to  a  final  concentration  of  2.5-5  ×10  6  cells/mL.  These  suspensions  are  finally 
 filtered  through  appropriate  cell  strainers  into  collection  tubes  and  run  through  the  mass 
 cytometer. 

 2.1.6  Flow  cytometry  analysis  of  FIRE  and  wild-type  intestinal  organoid 
 cells 

 Briefly,  FIRE  and  wild-type  organoids  were  plated  in  different  culture  conditions  for  24  h  as 
 described  under  experimental  setup  (section  2.1.2).  Following  the  incubation  period, 
 organoids  were  harvested  and  washed  in  ice-cold  PBS,  and  then  digested  into  a  single  cell 
 suspension  as  described  in  section  2.1.4.  Cells  were  spun  down,  supernatant  discarded  and 
 the  cell  pellet  resuspended  in  PBS.  Cell  suspensions  were  filtered  through  70  µm  cell 
 strainers  (CellTrics,  Sysmex)  and  spun  down.  For  staining  CD44,  cells  were  then  incubated 
 with  Alexa  Fluor  647-labeled  anti-CD44  antibody  (1:200;  #103017,  Biolegend)  or  Alexa 
 Fluor  647-labeled  rat  immunoglobulin  G  (IgG)  isotype  control  antibody  (1:200;  #400626, 
 Biolegend)  in  1×  PBS  +  0.5%  BSA  for  30  min  at  4  °C.  Following  antibody  incubation,  cells 
 were  washed  twice  in  1×  PBS  and  filtered  through  30  µm  cell  strainers  (CellTrics,  Sysmex) 
 before analyzing them using the Accuri™ C6 cytometer (BD Biosciences). 

 For  staining  phospho-ERK1/2  (pERK1/2)  in  cells  derived  from  FIRE  organoids,  the  CyTOF 
 protocol  was  adopted  with  modifications.  Cells  were  fixed  and  frozen  as  described  in  section 
 2.1.5.  One  day  prior  to  the  flow  cytometry  run,  cells  were  thawed  in  a  37   °C  water  bath  and 
 washed  with  CSB  to  remove  the  fixative.  Cells  were  then  permeabilized  in  4  °C  methanol  for 
 15  min  on  ice  and  washed  twice  in  CSB.  After  washing,  permeabilized  cells  were  incubated 
 with  Alexa  Fluor  647-labeled  anti-ERK1/2  pT202/pY204  antibody  (1:2.5;  #612593,  BD)  or 
 Alexa  Fluor  647-labeled  mouse  IgG1  isotype  control  antibody  (1:2.5;  #557783,  BD)  for  30 
 min  at  room  temperature.  Following  antibody  incubation,  cells  were  washed  twice  in  CSB 
 and  re-fixed  in  2%  methanol-free  formaldehyde  in  PBS  overnight  at  4 °C.  The  next  day,  cells 
 were  washed  once  in  CSB  and  twice  in  1×  PBS  before  filtering  them  through  30  µm  cell 
 strainers and analyzing them in the Accuri™ C6 cytometer. 

 For  staining  both  CD44  and  pERK1/2  in  cells  derived  from  wild-type  organoids,  the  CyTOF 
 protocol  was  again  adopted  with  modifications.  Cells  were  fixed  and  frozen  as  described  in 
 section  2.1.5.  One  day  prior  to  the  flow  cytometry  run,  cells  were  thawed  in  a  37  °C  water 
 bath  and  washed  with  CSB  to  remove  the  fixative.  Cells  were  incubated  with  Alexa  Fluor 
 647-labeled  anti-CD44  antibody  (1:200,  #103017)  or  Alexa  Fluor  647-labeled  rat  IgG  isotype 
 control  antibody  (1:200,  #400626)  for  30  min  at  room  temperature  in  a  total  volume  of  50  μL. 
 Cells  were  washed  in  1  mL  of  CSB  and  fixed  in  2%  formaldehyde  solution  in  PBS  for  10  min 
 at  room  temperature.  Fixation  reaction  was  stopped  by  adding  1  mL  of  CSB.  Cells  were  then 
 permeabilized  in  0.3  mL  of  4  °C  methanol  on  ice  for  15  min.  Cells  were  washed  twice  each  in 
 1  mL  of  CSB.  Permeabilized  cells  were  stained  with  Phycoerythrin-labeled  anti-ERK1/2 
 pT202/pY204  antibody  (1:2.5,  #612566)  or  Phycoerythrin-labeled  mouse  IgG1  isotype 
 control  antibody  (1:2.5,  #551436)  in  a  total  volume  of  50  μL  for  30  min  at  room  temperature. 
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 Cells  were  washed  twice  in  1  mL  of  CSB  and  fixed  in  2  %  formaldehyde  solution  in  PBS 
 overnight  at  4  °C.  Cells  were  washed  with  1  mL  CSB  to  dilute  the  fixative  and  twice  each  in  1 
 mL  of  PBS.  Cells  were  then  resuspended  in  PBS  and  filtered  through  30  µm  cell  strainers 
 before analyzing them in the Accuri™ C6 cytometer. 

 2.1.7 Single cell RNA sequencing (scRNA-seq) 

 Sample preparation and barcoding prior to sequencing library construction 
 Following  experimental  treatment,  organoids  were  harvested  and  washed  twice  in  ice-cold 
 PBS.  Single  cell  suspensions  were  prepared  from  organoids  as  described  previously  in 
 section  2.1.4.  Cells  from  different  samples  were  pooled  together  and  a  single  gene 
 expression  library  was  prepared  from  the  entire  cell  pool.  For  this  purpose,  cells  from  each 
 sample  were  tagged  with  unique  sample  barcodes  that  are  based  on  lipid-modified 
 oligonucleotides  (LMOs)  described  by  McGinnis  and  colleagues  (McGinnis  et  al.  2019)  . 
 Each  LMO  consists  of  an  anchor,  co-anchor  and  a  sample  barcode.  The  anchor  consists  of 
 an  oligonucleotide  with  a  fatty  acid  or  cholesterol  attached  to  its  5’  end.  The  co-anchor  is 
 another  oligonucleotide  with  a  fatty  acid  or  cholesterol  attached  to  its  3’  end.  The  5’ 
 sequence  of  the  anchor  is  complementary  to  the  3’  sequence  of  the  co-anchor  allowing  them 
 to  hybridize  to  each  other.  The  sample  barcode  oligonucleotide  consists  of  a  5’  PCR  handle 
 to  allow  barcode  amplification  and  library  preparation,  an  8  base  pair  (bp)  barcode  and  a  30 
 bp  poly-adenine  (poly(A))  tail  to  allow  hybridization  to  the  poly-deoxythymidine  (poly(dT)) 
 sequences  on  the  mRNA  capture  beads  used  in  the  Chromium  system  from  10x  Genomics 
 (discussed  below).  The  3’  sequence  of  the  anchor  hybridizes  to  the  5’  PCR  handle  of  the 
 sample  barcode.  MULTI-seq  multiplexing  approach  developed  by  McGinnis  and  colleagues 
 offers  several  advantages  (McGinnis  et  al.  2019)  .  It  is  highly  scalable  since  it  uses 
 inexpensive  reagents  and  involves  minimal  sample  handling.  It  is  universally  applicable  to  all 
 types  of  cells  and  nuclei  with  an  accessible  plasma  membrane.  Thus,  MULTI-seq  allows 
 barcoding  and  pooling  of  cells  from  multiple  species  such  as  human  and  mouse  and  is 
 suitable  for  tagging  cells  that  downregulate  surface  epitopes  commonly  targeted  by 
 antibody-based  multiplexing  techniques  such  as  major  histocompatibility  complex  class  1 
 (MHC-1).  Finally,  MULTI-seq  improves  scRNA-seq  data  quality  in  two  ways.  Firstly,  it 
 identifies  doublets/multiplets  as  cells  associated  with  more  than  one  sample  tag  and 
 secondly,  it  enables  the  differentiation  between  intact  cells  with  low  RNA  content  and 
 low-quality  damaged  cells.  Accordingly,  it  rescues  cell  types  with  low  RNA  content  from 
 being  excluded  by  quality  control  workflows  that  are  based  on  setting  RNA  unique  molecular 
 identifier (UMI) thresholds. 

 Preparation of single cell gene expression libraries for sequencing 
 To  generate  3’  gene  expression  libraries  from  single  cells  derived  from  organoids,  the 
 Chromium  single  cell  gene  expression  protocol  from  10x  Genomics  was  used.  This  protocol 
 allows  the  profiling  of  500-10000  individual  cells  per  sample  using  GemCode™  Technology 
 (by  10x  Genomics)  where  a  pool  of  ~3,500,000  10x  Barcodes  are  sampled  to  separately 
 index  each  cell’s  transcriptome.  It  does  so  by  partitioning  thousands  of  cells  into 
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 nanoliter-scale  Gel  beads-in-emulsion  (GEMs),  where  all  generated  complementary  DNA 
 (cDNA)  share  a  common  10x  Barcode.  Libraries  are  generated  and  sequenced  from  the 
 cDNA  and  10x  Barcodes  are  used  to  associate  individual  reads  back  to  the  individual 
 partitions.  This  protocol  is  divided  into  4  main  steps.  The  first  step  is  the  generation  of  GEMs 
 and  barcoding.  10x  barcoded  gel  beads  and  a  single  cell  suspension  with  the  reverse 
 transcription  (RT)  master  mix  are  loaded  into  separate  input  wells  and  partitioning  oil  is 
 added  to  a  recovery  well  on  a  Chromium  Single  Cell  B  microfluidic  chip.  During  the 
 Chromium  controller  run,  cells  and  gel  beads  are  combined  into  a  single  aqueous  stream  in 
 a  channel  within  the  chip.  Droplets  (or  GEMs)  are  formed  at  the  interface  of  the  aqueous 
 stream  with  the  oil  in  the  recovery  well  and  they  are  collected  from  the  recovery  well  after  the 
 run  is  completed.  To  achieve  single  cell  resolution,  cells  are  delivered  at  a  limiting  dilution 
 such  that  90-99%  of  generated  GEMs  contain  no  cells  and  only  a  minority  contain  mostly 
 one  cell  per  GEM.  Each  gel  bead  contains  millions  of  copies  of  an  oligonucleotide  sequence 
 which  consists  of  a  22-nucleotide-long  partial  Illumina  TruSeq  Read  1  (read  1  sequencing 
 primer),  a  16-nucleotide-long  GEM-specific  10x  barcode,  a  12-nucleotide-long  UMI  and  a 
 30-nucleotide-long  poly(dT)  sequence  to  capture  poly(A)  mRNA  transcripts  released  from 
 cells  as  well  as  the  sample  tagging  oligonucleotides  of  the  LMOs  that  are  used  to  label  cells 
 from  different  samples.  Following  GEM  formation,  the  gel  bead  is  dissolved,  gel  bead 
 oligonucleotides  are  released  and  the  enclosed  cell  is  lysed.  The  poly(dT)  sequences  of  the 
 gel  bead  oligonucleotides  bind  and  capture  the  poly(A)  tails  of  the  mRNA  transcripts  and  the 
 poly(A)  sequence  of  the  sample  tagging  oligonucleotides.  During  GEM  incubation,  the 
 reverse  transcriptase  enzyme  uses  the  mRNA  transcript  to  generate  a  full-length  first-strand 
 cDNA.  Three  non-templated  cytosine  bases  are  added  at  the  5’  end  of  the  cDNA  which 
 facilitates  priming  of  the  template  switch  oligonucleotide  (TSO).  TSO  ends  in  three  guanine 
 bases  which  anneal  to  the  cytosine  bases  and  enable  the  RT  enzyme  to  template  switch  and 
 incorporate  the  reverse  complement  of  TSO  at  the  end  of  the  first-strand  cDNA.  After 
 transcript  extension,  the  first-strand  cDNA  contains  the  partial  read  1  sequence,  10x 
 barcode,  UMI,  poly(dT)  sequence,  full-length  mRNA  insert  and  TSO.  Sample  tagging 
 oligonucleotides  are  captured  in  the  same  step  by  the  gel  bead  oligonucleotides  as  they 
 contain  a  poly(A)  sequence  which  is  complementary  to  the  poly(dT)  sequence  of  the  bead 
 oligonucleotides.  After  annealing,  both  strands  are  extended  inside  the  GEM  generating 
 DNA  fragments  that  contain  both  GEM-specific  10x  barcode  and  the  sample  tagging 
 barcode sequences. 

 The  second  step  in  the  procedure  is  post  GEM-RT  cleanup  and  cDNA  amplification.  When 
 the  RT  reaction  is  complete,  GEMs  are  broken  by  the  addition  of  a  recovery  agent  releasing 
 the  barcoded  cDNA  fragments  into  a  single  aqueous  bulk  pool.  The  first-strand  cDNA  is 
 purified  from  the  reaction  mixture  using  silane  magnetic  beads  and  is  amplified  by  PCR 
 using  primers  complementary  to  the  partial  read  1  and  TSO  sequences  present  on  the  cDNA 
 molecules  to  generate  sufficient  amounts  for  3’  gene  expression  library  construction.  DNA 
 fragments  with  sample  tagging  barcodes  are  also  amplified  using  specific  primers  for 
 constructing a library of sample tags. 

 The  third  step  of  the  protocol  is  the  generation  of  the  3’  gene  expression  library  as  well  as 
 the  sample  multiplexing  tag  library.  The  two  libraries  are  constructed  separately  using 
 sample  bifurcation.  Following  cDNA  amplification,  a  clean  up  step  using  magnetic  beads  is 
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 performed  to  separate  DNA  fragments  of  different  sizes.  The  pellet  from  this  clean  up 
 contains  the  longer  mRNA-derived  cDNA  fragments  which  are  used  to  generate  the  gene 
 expression  library,  while  the  supernatant  contains  shorter  DNA  fragments  derived  from 
 sample  tagging  oligonucleotides.  For  gene  expression  libraries  only,  enzymatic 
 fragmentation  and  size  selection  are  used  to  optimize  the  cDNA  amplicon  size  and  the  read 
 2  sequencing  adaptor  is  added  via  end  repair,  A-tailing  and  adaptor  ligation.  After  clean  up 
 and  priming,  a  sample  index  PCR  adds  unique  sample  indices  and  the  P5  and  P7  adaptor 
 sequences  to  the  mRNA-derived  cDNA  molecules.  In  a  similar  manner,  sample  indices  and 
 P5  and  P7  adaptors  are  also  added  to  the  sample  tag  containing  DNA  molecules.  The  final 
 libraries  contain  all  elements  needed  for  Illumina  bridge  amplification.  For  quality  control  of 
 the  constructed  libraries,  the  amplicon  size  was  determined  using  capillary  electrophoresis 
 (4200  TapeStation  system)  and  DNA  concentration  was  measured  using  Qubit  fluorometric 
 quantitation. 

 The  fourth  and  final  step  in  this  protocol  is  sequencing.  A  Chromium  single  cell  3’  gene 
 expression  library  comprises  standard  Illumina  paired-end  constructs  which  begin  and  end 
 with  P5  and  P7.  The  16  bp  10x  Barcode  and  12  bp  UMI  are  encoded  in  Read  1,  while  Read 
 2  is  used  to  sequence  the  cDNA  fragment.  Sample  index  sequences  are  incorporated  as  the 
 i7  index  read.  TruSeq  Read  1  and  TruSeq  Read  2  are  standard  Illumina  sequencing  primer 
 sites  used  in  paired-end  sequencing.  Detailed  explanation  of  each  step,  how  it  was 
 performed  and  all  reagents  used  are  comprehensively  described  in  Chromium  Single  Cell  3’ 
 Reagent Kits v3 user guide (available on  https://www.10xgenomics.com/  ). 

 2.1.8 Fluorescence microscopy 

 FIRE  mouse  intestinal  organoids  were  plated  in  different  culture  conditions  for  24  h  and  were 
 imaged  with  a  Leica  TSC  SPE  confocal  microscope  using  an  ACS  20×  oil-immersion 
 objective,  solid-state  lasers  (405,  488,  532  and  635 nm)  as  sources  of  excitation  and  LAS  X 
 operating software (Leica Microsystems). 

 2.1.9 Mass spectrometry (MS)-based proteomics 

 Following  experimental  treatment,  the  organoids  were  harvested  and  washed  four  times  in 
 ice-cold  PBS.  Organoids  were  processed  according  to  an  adapted  protocol  from  a  previously 
 published  workflow  by  Mertins  and  colleagues  (Mertins  et  al.  2018)  .  The  organoids  were 
 lysed  in  an  8  M  urea  lysis  buffer,  at  4  °C.  The  lysed  samples  were  reduced,  alkylated,  and 
 digested  with  a  combination  of  Lysyl  endopeptidaseR  (Lys-C,  Wako)  and  Trypsin  (Promega). 
 After  digestion,  samples  were  desalted  using  Sep-Pak®  Cartridges  (Waters)  and  peptide 
 amounts  were  measured  using  BCA  assay.  Samples  were  labeled  using  tandem  mass  tags 
 (TMTs)  of  the  TMT10plex™  Isobaric  Label  Reagent  set  from  Thermo  Fisher  Scientific  (100 
 μg  peptide  per  sample  was  labeled  with  160  μg  of  TMT  reagent).  Samples  were  randomly 
 assigned  to  the  channels  and  the  last  two  channels  were  kept  empty.  After  labeling,  samples 
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 were  desalted  using  Sep-Pak®  Cartridges.  14  ug  peptides  per  sample  were  used  for  labeling 
 and  quality  control  and  analyzed  using  the  Q-Exactive  HF-X  mass  spectrometer  (Thermo 
 Fisher  Scientific).  The  remaining  sample  was  mixed  and  fractionated  via  high-pH 
 fractionation  into  24  fractions.  From  each  fraction,  10%  (~3  μg  peptide)  was  used  for  full 
 proteome  analysis.  The  remaining  peptides  were  combined  into  8  fractions,  each  of  which 
 was  enriched  for  phosphorylated  peptides  via  immobilized  metal  affinity  chromatography  in 
 an  automated  fashion  on  the  Bravo  Automated  Liquid  Handling  Platform  using  AssayMAP 
 Fe(III)-NTA  cartridges  (Agilent  technologies)  prior  to  analysis  by  the  Q-Exactive  HF-X  mass 
 spectrometer. 

 All  samples  were  measured  on  the  Q-Exactive  HF-X  mass  spectrometer,  after  online 
 fractionation  using  an  EASY-nLC™  1200  System  (Thermo  Fisher  Scientific)  on  a  20  cm 
 reverse-phase  column,  packed  in-house.  The  samples  for  labeling  control  were  separated 
 over  a  44  min  gradient,  with  stepwise  increase  of  the  acetonitrile  concentration  to  55%  in 
 0.1%  formic  acid.  Samples  were  measured  using  data-dependent  acquisition  with  an  MS1 
 resolution  of  60,000,  an  MS1  automatic  gain  control  (AGC)  target  of  3  ×  10  6  ,  an  MS1 
 maximum  injection  time  of  10  ms  and  a  scan  range  of  350  to  1500  m/z.  MS2  scans  were 
 acquired  with  a  resolution  of  45,000,  an  AGC  target  of  1  ×  10  5  ,  maximum  injection  time  of  86 
 ms  and  a  scan  range  of  350  to  1500  m/z.  Only  peptides  with  charge-state  2  to  6  were 
 selected  for  fragmentation.  For  the  analysis  of  the  full  proteome  and  the  phosphorylation 
 enriched  proteome,  the  settings  were  similar  as  for  the  labeling  control,  except  that  a  110 
 min gradient was used for online fractionation. 

 2.1.10 Enzyme-linked immunosorbent assay (ELISA) 

 In  order  to  measure  the  amount  of  secreted  HBEGF  from  mouse  intestinal  organoids  into  the 
 surrounding  Matrigel,  the  culture  medium  was  removed  and  the  Matrigel  was  solubilized 
 using  Cultrex®  organoid  harvesting  solution  (Trevigen).  Organoid  pellets  were  separated 
 from  the  dissolved  Matrigel  and  were  further  lysed  in  order  to  measure  the  amount  of 
 HBEGF  produced  intracellularly  in  the  organoid  cells.  Mouse  HBEGF  was  measured  in 
 solubilized  Matrigel  from  mouse  intestinal  organoid  cultures  and  in  protein  lysates  of  these 
 organoids  using  DuoSet®  sandwich  ELISA  development  system  (R&D  Systems)  according 
 to  the  manufacturer’s  protocol.  Briefly,  the  capture  antibody  specific  for  HBEGF  was  diluted 
 in  PBS  and  added  to  coat  the  wells  of  a  96-well  plate  (100  μL/well)  overnight  at  room 
 temperature.  Plate  wells  were  washed  3  times  using  a  wash  buffer  (300  μL/well)  to  remove 
 excess  unbound  antibodies.  Plate  wells  were  blocked  using  a  reagent  diluent  (1%  BSA  in 
 PBS)  for  1  h  at  room  temperature.  Plate  wells  were  washed  3  times  to  remove  excess 
 blocking  solution.  Samples,  standards  and  blanks  were  prepared  using  the  appropriate 
 diluents  and  added  to  the  plate  wells  (100  μL/well)  for  2  h  at  room  temperature.  Plate  wells 
 were  washed  3  times.  The  detection  antibody  was  diluted  in  the  reagent  diluent  and  added 
 to  each  well  for  2  h  at  room  temperature  (100  μL/well).  Plate  wells  were  washed  3  times  to 
 remove  excess  unbound  antibodies.  A  solution  of  streptavidin  conjugated  to  HRP  was  added 
 to  each  well  for  20  min  at  room  temperature  (100  μL/well),  while  keeping  the  plate  in  the 
 dark.  Plate  wells  were  washed  3  times  to  remove  excess  streptavidin-HRP  conjugates.  A 
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 substrate  solution  consisting  of  a  mixture  of  tetramethylbenzidine  and  hydrogen  peroxide 
 was  added  to  each  well  for  20  min  at  room  temperature  (100  μL/well),  while  keeping  the 
 plate  in  the  dark.  Finally,  a  2  N  sulfuric  acid  solution  was  added  to  each  well  to  stop  the 
 enzymatic  reaction  (50  μL/well).  The  optical  density  of  each  well  was  immediately  measured 
 using  a  microplate  reader  set  to  450  nm  and  540  nm.  Absorbance  readings  at  450  nm  were 
 corrected  by  subtracting  readings  at  540  nm  to  adjust  for  optical  imperfections  in  the  plate. 
 The  corrected  absorbance  readings  of  the  standard  solutions  were  used  to  fit  a  4-parameter 
 logistic model which was then used to predict the concentrations of the unknown samples. 

 2.1.11 Data analysis 

 CyTOF data analysis 
 Cell  events  from  pooled  barcoded  samples  were  debarcoded  using  the  algorithm  provided 
 by  the  CATALYST  package  in  R  programming  language  (Crowell  et  al.  2022)  by  calculating  a 
 barcode  separation  score  which  represents  the  difference  between  the  third  and  fourth  most 
 abundant  Palladium  isotopes  in  each  cell  event.  Cell  events  that  could  not  be  confidently 
 assigned  to  a  unique  sample  were  excluded  from  further  analysis.  Next,  cell  events  with 
 abnormally  high  platinum  signals  were  considered  dead  cells  and  were  excluded.  In  addition, 
 events  with  abnormally  high  or  low  nucleic  acid  content  measured  by  iridium  191  and  iridium 
 193  signals  were  considered  doublets/multiplets  or  cellular  debris  and  were  also  excluded. 
 The  remaining  cell  events  were  further  gated  based  on  the  signal  intensity  of  the  apoptosis 
 marker  cleaved  caspase  3  (cCASP3)  where  only  cell  events  with  intensities  below  an 
 arbitrarily  defined  threshold  were  selected.  After  performing  all  these  gating  steps,  events 
 were  clustered  into  3  groups  based  on  the  signal  intensities  of  the  crypt  cell  surface  markers 
 CD24,  CD44  and  ephrin  B2  (EPHB2),  the  enterocyte  marker  keratin  20  (KRT20)  and  the  cell 
 proliferation  marker  Ki-67  using  the  k-means  clustering  algorithm  implemented  with  the 
 standard  R  function  kmeans  in  the  stats  package  (Fig.  3.3  &  3.4A).  A  principal  component 
 analysis  (PCA)  was  performed  using  the  signal  intensities  of  the  same  five  markers  as  input 
 variables by applying the  prcomp  function in the  stats  package (Fig. 3.3). 

 Flow cytometry data analysis 
 All  cell  events  from  the  same  experiment  were  clustered  into  3  groups  based  on  the 
 dimensions  of  the  forward  and  side  scatter  peaks  using  the  k-means  clustering  algorithm  of 
 the  standard  R  function  kmeans  in  the  stats  R  package.  Events  with  abnormally  high  or 
 abnormally  low  forward  and  side  scatter  peaks  were  considered  multiplets  or  cellular  debris 
 and  were  excluded  from  the  analysis.  Cell  events  with  CD44  signals  below  the  thirty-third 
 percentile  of  the  CD44  signal  distribution  were  defined  as  CD44-low  cells.  Conversely,  cell 
 events  with  CD44  signals  above  the  sixty-seventh  percentile  of  the  signal  distribution  were 
 defined  as  CD44-high  cells.  The  selection  of  these  two  percentiles  as  cut-offs  for  the 
 definition of the CD44-high and low cell populations was purely arbitrary. 

 scRNA-seq data analysis 
 scRNA-seq  data  were  analyzed  using  the  various  functionalities  available  in  Seurat  v3  R 
 package  (Stuart  et  al.  2019)  .  Cells  were  assigned  to  their  samples  of  origin  using  the 
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 demultiplexing  function  HTODemux  from  Seurat  .  Cells  with  a  total  number  of  unique  features 
 (genes)  less  than  1500  or  with  a  percentage  of  mitochondrial  genes  greater  than  15%  were 
 considered  of  low  quality  and  were  excluded  from  further  analysis.  After  removal  of 
 unwanted  cells,  the  gene  expression  measurements  for  each  cell  were  normalized  to  the 
 total  expression,  multiplied  by  a  scale  factor  of  10000  and  log-transformed  using  the 
 NormalizeData  function  in  Seurat  .  Genes  with  the  highest  cell-to-cell  variability  were 
 identified  using  the  FindVariableFeatures  function  in  Seurat  .  Prior  to  conducting 
 dimensionality  reduction  analysis,  gene  expression  data  were  scaled  using  the  ScaleData 
 function  in  Seurat  such  that  the  mean  expression  for  each  gene  across  cells  is  zero  and  the 
 variance  of  expression  across  cells  is  one.  This  step  gives  equal  weights  to  genes  in 
 downstream  analysis  such  that  highly  expressed  genes  do  not  dominate.  PCA  was 
 performed  on  the  scaled  data  using  the  RunPCA  function  in  Seurat  with  the  previously 
 identified  variable  genes  as  input.  Seurat  clusters  cells  based  on  their  PCA  scores  in  order  to 
 overcome  the  extensive  technical  noise  in  any  single  gene  in  scRNA-seq  datasets  where 
 each  principal  component  essentially  represents  a  ‘meta-feature’  that  combines  information 
 across  a  correlated  gene  set.  The  top  principal  components  thus  represent  a  robust 
 compression of the dataset. 

 A  k-nearest  neighbor  (KNN)  graph  was  constructed  with  the  FindNeighbors  function  in 
 Seurat  using  the  euclidean  distance  in  PCA  space  taking  the  top  14  principal  components  as 
 input.  Edge  weights  between  any  two  cells  were  refined  based  on  the  shared  overlap  in  their 
 local  neighborhoods  (Jaccard  similarity).  To  cluster  the  cells,  the  Louvain/Leiden  algorithm 
 for  modularity  optimization  (Traag,  Waltman,  and  van  Eck  2019)  was  applied  using  the 
 FindClusters  function  in  Seurat  to  iteratively  group  cells  together,  with  the  goal  of  optimizing 
 the  standard  modularity  function.  The  resolution  parameter  in  the  FindClusters  function 
 (which  controls  the  granularity  of  the  downstream  clustering)  was  set  to  0.5  and  this  resulted 
 in  a  total  of  11  clusters  of  cells.  Biomarker  genes  for  each  cluster  were  identified  by  testing 
 for  genes  that  were  differentially  expressed  in  each  cluster  compared  to  all  other  cells  in  the 
 dataset  using  the  FindAllMarkers  function  in  Seurat  .  Based  on  the  identified  cluster 
 biomarkers,  it  was  possible  to  assign  the  following  cell  type  identities  to  the  clusters:  resting 
 stem  cells,  cycling  stem  cells,  transit-amplifying  cells,  early  enterocytes  1,  early  enterocytes 
 2,  enterocytes  1,  enterocytes  2,  enterocytes  3,  secretory  cells  (which  was  characterized  by 
 markers  of  both  goblet  cells  and  Paneth  cells),  enteroendocrine  cells  and  tuft  cells.  These  11 
 clusters  were  merged  into  9  clusters,  namely,  resting  stem  cells,  cycling  stem  cells, 
 transit-amplifying  cells,  early  enterocytes,  enterocytes,  secretory  cells,  enteroendocrine  cells 
 and  tuft  cells.  The  identities  of  these  clusters  were  further  validated  by  scoring  cells  in  each 
 cluster  for  the  expression  of  literature-derived  intestinal  cell  type  marker  signatures  (Haber  et 
 al.  2017;  Merlos-Suárez  et  al.  2011)  (Fig.  3.9).  This  was  done  using  the  AddModuleScore 
 function  in  Seurat  which  calculates  the  average  expression  levels  of  each  specified  gene  set 
 on  a  single  cell  level,  subtracted  by  the  aggregated  expression  of  control  gene  sets.  The 
 same  function  was  used  to  score  cells  based  on  the  expression  levels  of  a  set  of  21 
 immediate-early  ERK  target  genes  (IEGs),  a  set  of  54  delayed-early  genes  (DEGs),  a  set  of 
 27  immediate-late  genes  (ILGs)  and  a  set  of  87  secondary  response  genes  (SRGs)  that 
 were  previously  described  (Uhlitz  et  al.  2017)  (Fig.  3.13).  The  Seurat  function 
 CellCycleScore  was  used  to  score  individual  cells  based  on  their  expression  of  cell  cycle 
 genes  specific  to  S  and  G2/M  phases  and  assign  them  based  on  these  scores  to  different 
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 cell  cycle  phases  (Fig.  3.10C).  Moreover,  in  order  to  compare  the  activity  of  different 
 signaling  pathways  in  the  different  culture  conditions,  single  cells  were  scored  based  on  the 
 expression  levels  of  pathway  responsive  genes  according  to  the  linear  PROGENy  model 
 (Schubert  et  al.  2018)  .  This  was  carried  out  using  the  progeny  function  provided  in  the 
 progeny  R package (Fig. 3.10A). 

 Pseudobulk  differential  gene  expression  analysis  in  -EGF  versus  +EGF  conditions  was 
 carried  out  using  the  DESeq2  approach  (Love,  Huber,  and  Anders  2014)  .  This  approach 
 estimates  the  variance-mean  dependence  of  read  counts  and  tests  for  differential  expression 
 using  a  model  that  is  based  on  the  negative  binomial  distribution.  The  likelihood  ratio  test 
 was  used  to  evaluate  the  difference  in  deviance  between  a  full  model  of  read  counts  as  a 
 function  of  the  biological  replicate,  the  cell  cluster,  the  cell  cycle  phase  and  the  experimental 
 condition  and  a  reduced  model  with  counts  being  a  function  of  the  replicate,  cluster  and 
 cycle  phase  factors  only.  The  DESeq2  algorithm  was  implemented  in  R  using  the  DESeq 
 function  in  the  DESeq2  package  with  the  test  argument  set  to  LRT  (which  stands  for 
 likelihood  ratio  test).  The  estimated  log2  fold  change  values  of  gene  expression  obtained 
 from  DESeq2  were  shrunken  using  the  Approximate  Posterior  Estimation  for  generalized 
 linear  model  (apeglm)  (Zhu,  Ibrahim,  and  Love  2019)  which  was  implemented  with  the 
 lfcShrink  function  in  DESeq2.  This  model  uses  a  heavy-tailed  Cauchy  prior  distribution  for 
 effect  sizes  and  allows  more  accurate  estimation  of  their  magnitude  in  terms  of  a  logarithmic 
 fold  change.  Pseudobulk  differential  gene  expression  analysis  was  further  implemented 
 within  each  cell  cluster  separately  using  the  same  methodology  described  here.  In  such  a 
 case,  the  full  model  of  read  counts  for  a  given  cell  cluster  was  defined  as  a  function  of  the 
 biological  replicate  and  experimental  condition,  while  the  reduced  model  was  defined  as  a 
 function of the biological replicate only. 

 Gene  set  enrichment  analysis  (GSEA)  was  then  implemented  using  the  fgsea  function 
 available  in  the  fgsea  R  package  (Korotkevich  et  al.  2021)  according  to  the  methodology 
 described  by  Subramanian  and  colleagues  (Subramanian  et  al.  2005)  .  A  list  of  genes  that 
 were  significantly  differentially  expressed  (adjusted  p-value  less  than  0.1)  in  -EGF  versus 
 +EGF  conditions  were  ranked  in  a  descending  order  based  on  their  estimated  log2  fold 
 change  values  following  logarithmic  fold  change  shrinkage.  This  ranked  list  was  tested  for 
 enrichment  of  hallmark  gene  sets  available  in  the  Molecular  Signatures  Database  (MSigDB) 
 (Liberzon  et  al.  2011,  2015)  .  It  is  worth  mentioning  that  the  gene  list  was  also  ranked  based 
 on  a  ranking  metric  that  is  calculated  as  -log10(p-value)  for  each  gene  multiplied  by  the  sign 
 of  the  fold  change  for  that  particular  gene.  Results  of  GSEA  using  lists  ranked  based  on  this 
 metric or based on log2 fold change values were very much similar. 

 Proteomic data analysis 
 The  raw  files  acquired  for  the  labeling  control  were  analyzed  using  Spectrum  Mill  (Agilent 
 technologies).  One  sample  was  excluded  from  downstream  analysis  because  of  its  low 
 quality  as  shown  by  the  labeling  control.  Analysis  of  the  raw  files  acquired  for  the  full 
 proteome  analysis  and  phospho-proteome  was  done  using  MaxQuant  1.6.7.0  (  Max  Planck 
 Institute  for  Biochemistry,  Martinsried)  .  The  correction  factors  for  the  TMT  labels  were 
 specified  according  to  the  vendor  information.  The  minimum  reporter  ion  fraction  was  set  to 
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 0.5.  Input  database  search  was  performed  against  the  Uniprot  mouse  reference  proteome 
 (downloaded  January  2018).  The  output  tables  were  filtered  to  exclude  contaminants,  and 
 hits  from  the  pseudo-reverse  database  generated  for  false  discovery  rate  (FDR)  control. 
 Additionally,  the  output  tables  from  the  analysis  of  the  phospho-proteome  were  filtered  for 
 phosphorylation  sites  with  a  localization  probability  above  0.75  (class  1  phosphorylation 
 sites).  Summed  intensities  of  laminin,  collagen  and  nidogen(-related  proteins)  were  used  to 
 estimate  matrigel  content  per  sample.  Matrigel  content  of  the  full  proteome  was  estimated  at 
 ~7%,  using  the  total  summed  intensities.  Matrigel  content  of  the  phospho-enriched  proteome 
 was  estimated  at  ~13%.  The  intensities  were  log2  transformed  and  normalized  using  robust 
 z-score normalization. 

 For  differential  expression  analysis  of  proteins  measured  by  MS-based  proteomics  in 
 EGF-starved  versus  supplemented  intestinal  organoid  samples,  the  Limma  package  (from 
 R/Bioconductor)  was  used  (Ritchie  et  al.  2015)  .  A  linear  model  of  the  protein/peptide 
 abundances  as  a  function  of  the  culture  condition  (whether  -EGF  or  +EGF)  was  fitted  using 
 the  lmFit  function  (  Limma  ).  Moderated  t-statistics  and  their  associated  p-values  were 
 calculated  for  all  proteins/peptides  using  an  empirical  Bayes  method  by  applying  the  eBayes 
 function  (  Limma  )  to  the  fitted  model.  A  list  of  differentially  expressed  proteins  in  -EGF  versus 
 +EGF  conditions  was  then  ranked  in  a  descending  order  based  on  the  moderated  t-statistic 
 values  and  used  as  an  input  for  GSEA.  Similar  to  GSEA  done  on  the  differentially 
 expressed  gene  list  from  scRNA-seq,  the  ranked  protein  list  was  tested  for  enrichment  of 
 hallmark  gene  sets  available  in  MSigDB  using  the  fgsea  function  in  the  fgsea  package.  The 
 results  of  GSEA  did  not  differ  significantly  whether  the  protein  list  was  ranked  based  on  the 
 moderated  t-statistic  or  the  ranking  metric  (-log10(p-value)  multiplied  by  the  sign  of  the  fold 
 change for each protein). 

 2.2 Materials, equipment & software 

 2.2.1 Laboratory equipment 

 Instrument  Company 

 4200 TapeStation system  Agilent technologies 

 BD Accuri™ C6 Cytometer  BD Biosciences 

 Bio-Plex® MAGPIX™ 
 Multiplex Reader 

 Bio-Rad 

 Bravo Automated Liquid 
 Handling Platform 

 Agilent technologies 

 Chromium controller  10x Genomics 

 EASY-nLC™ 1200 System  Thermo Fisher Scientific 

 Helios CyTOF system  Fluidigm 
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 Instrument  Company 

 Inverted Laboratory 
 Microscope Leica DM IL LED 

 Leica Microsystems 

 Leica TSC SPE confocal 
 microscope 

 Leica Microsystems 

 Odyssey® Fc Imaging System  LI-COR Biosciences 

 Q-Exactive HF-X mass 
 spectrometer 

 Thermo Fisher Scientific 

 Qubit 3 fluorometer  Invitrogen by Thermo Fisher 
 Scientific 

 Simple Western™ Automated 
 Western Blot System (Wes) 

 ProteinSimple 

 StepOnePlus real-time PCR 
 system 

 Applied Biosystems 

 2.2.2 General reagents and kits 

 Product  Catalog number  Company 

 Lonza™ BioWhittaker™ 
 Phosphate Buffered Saline 

 (PBS) (1X), without Ca  2+  & Mg  2+ 

 17516  Thermo Fisher Scientific 

 TWEEN® 20  P1379  Sigma-Aldrich 

 Triton™ X-100  T8787  Sigma-Aldrich 

 Pierce™ BCA Protein Assay Kit  23225  Thermo Fisher Scientific 

 Phenylmethylsulfonyl fluoride 
 (PMSF) 

 PMSF-RO  Roche® Life Science 
 Products 

 Mouse HBEGF DuoSet® ELISA  DY8239-05  R&D Systems 

 Glycine buffer substance for 
 electrophoresis 

 1.04169  Merck 

 EDTA, 0.5 M, pH 8.0  324506  Calbiochem, Millipore, Merck 

 DuoSet® Ancillary Reagent Kit 2  DY008  R&D Systems 

 Cultrex®  Organoid Harvesting 
 Solution 

 3700-100-01  Trevigen 
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 Product  Catalog number  Company 

 Lonza™ BioWhittaker™ 
 Phosphate Buffered Saline 

 (PBS) (1X), without Ca  2+  & Mg  2+ 

 17516  Thermo Fisher Scientific 

 Bio-Plex® Cell Lysis Kit  171304011  Bio-Rad 

 Albumin Bovine Fraction V, 
 protease-free 

 11926.02  Serva 

 2.2.3 Cell culture media, supplements and growth factors 

 Product  Catalog number  Company 

 Corning® Matrigel® Growth 
 Factor Reduced (GFR) Basement 

 Membrane Matrix, Phenol 
 Red-free 

 356231  Corning 

 Gibco™  GlutaMAX™ 
 supplement 

 35050061  Thermo Fisher Scientific 

 Gibco™ Advanced DMEM/F-12  12634028  Thermo Fisher Scientific 

 Gibco™ B-27™ supplement 
 (50X), minus vitamin A 

 12587010  Thermo Fisher Scientific 

 Gibco™ N-2 supplement (100X)  17502048  Thermo Fisher Scientific 

 Gibco™ Penicillin-Streptomycin 
 (10,000 U/mL) 

 15140122  Thermo Fisher Scientific 

 Gibco™ Recovery™ Cell Culture 
 Freezing Medium 

 12648010  Thermo Fisher Scientific 

 HEPES solution, 1 M, pH 7.0-7.6  H0887  Sigma-Aldrich 

 N-acetyl-L-cysteine  A9165  Sigma-Aldrich 

 Recombinant Murine EGF  315-09  PeproTech 

 Recombinant Murine Noggin  250-38  PeproTech 

 Y-27632 2HCl (ROCK1 inhibitor)  S1049  Selleckchem 
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 2.2.4 Antibodies for Western blot analysis 

 Specificity  Species  Clone  Catalog 
 number 

 Company 

 Phospho-EGF 
 Receptor 
 (Tyr1068) 

 Rabbit IgG  D7A5 XP®  3777  Cell 
 Signaling 

 Technology 

 Phospho-p44/42 
 MAPK (ERK1/2) 
 (Thr202/Tyr204) 

 Rabbit  polyclonal  9101  Cell 
 Signaling 

 Technology 

 Phospho-p44/42 
 MAPK (ERK1/2) 
 (Thr202/Tyr204) 

 Rabbit IgG  D13.14.4E 
 XP® 

 4370  Cell 
 Signaling 

 Technology 

 2.2.5 CyTOF reagents 

 Product  Catalog number  Company 

 Cell-ID™ 20-Plex Pd 
 Barcoding Kit 

 201060  Fluidigm 

 Cell-ID™ Cisplatin-100 μL  201064  Fluidigm 

 Cell-ID™ Intercalator-Ir-125 μM  201192A  Fluidigm 

 Maxpar® Cell Staining 
 Buffer-500 mL 

 201068  Fluidigm 

 Maxpar® PBS-500 mL  201058  Fluidigm 

 Methanol  1.06009  Merck 

 Pierce™ 16% Formaldehyde 
 (w/v), Methanol-free 

 28908  Thermo Scientific 

 Pierce™ Universal Nuclease 
 for Cell Lysis 

 88701  Thermo Scientific 

 Proteomic Stabilizer PROT1  PROT1-250ML  Smart Tube Inc. 

 StemPro™ Accutase™ Cell 
 Dissociation Reagent 

 A1110501  Gibco by Life Technologies 
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 Product  Catalog number  Company 

 TrypLE™ Express Enzyme 
 (1X), no phenol red 

 12604013  Gibco by Life Technologies 

 2.2.6 Antibodies for CyTOF 

 marker  location  type  function  vendor  clone  label 

 CD24  surface  Cell type  Paneth cells  Fluidigm  M1/69  150Nd 

 EPHB2  surface  Cell type  Undifferentiated crypt  BD  2H9  158Gd 

 CD44  surface  Cell type  Stem cells  Fluidigm  IM7  162Dy 

 Vimentin  intracellular  Cell type 
 Epithelial–mesenchymal 

 transition  CST  D21H3  165Ho 

 KRT20  intracellular  Cell type 
 Differentiated villus, 

 upper crypt  CST  D9Z1Z  176Yb 

 cCASP3  intracellular  Phenotype  Apoptosis  Fluidigm  D3E9  142Nd 

 cPARP  intracellular  Phenotype  Apoptosis  Fluidigm  F21-852  143Nd 

 pH2A.X 
 [S139]  intracellular  Phenotype  DNA damage  Fluidigm  JBW301  147Sm 

 Ki-67  intracellular  Phenotype  Proliferation  Fluidigm  B56  168Er 

 pChk2 [T68]  intracellular  Signaling  DNA damage  CST  C13C1  141Pr 

 p-c-Jun
 [S73]  intracellular  Signaling  MAPK pathway  CST  D47G9  144Nd 

 Axin 2  intracellular  Signaling  WNT signaling  Abcam  poly  145Nd 

 pChk1 
 [S345]  intracellular  Signaling  DNA damage  CST  133D3  148Nd 

 pSMAD1 
 [S463/S465] 
 / pSMAD8 

 [S465/S467]  intracellular  Signaling  BMP receptor  BD  N6-1233  149Sm 

 pMEK1/2 
 [S217/221]  intracellular  Signaling  MAPK  CST  41G9  151Eu 

 pAkt [S473]  intracellular  Signaling  PI3K  Fluidigm  D9E  152Sm 

 pSMAD2 
 [S465/467] / 

 pSMAD3 
 [S423/425]  intracellular  Signaling  TGF-beta receptor  CST  D27F4  153Eu 
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 marker  location  type  function  vendor  clone  label 

 pNF-κB p65 
 [S536]  intracellular  Signaling  NF-κB  CST  93H1  155Gd 

 pP38 
 [T180/Y182]  intracellular  Signaling  Cell stress  Fluidigm  D3F9  156Gd 

 IκBα  intracellular  Signaling  NF-κB  Fluidigm  L35A5  164Dy 

 p4E-BP1 
 [T37/46]  intracellular  Signaling  PI3K  CST  236B4  170Er 

 pERK1/2 
 [T202/Y204]  intracellular  Signaling  MAPK  Fluidigm  D13.14.4E  171Yb 

 pP53 [S15]  intracellular  Signaling  DNA damage  CST  16G8  172Yb 

 activated 
 NOTCH1  intracellular  Signaling 

 Cell-to-cell 
 communication  Abcam  ab8925  173Yb 

 FosB  intracellular  Signaling  MAPK pathway  CST  5G4  174Yb 

 pS6 
 [S235/236]  intracellular  Signaling  PI3K  Fluidigm  N7-548  175Lu 

 2.2.7 Antibodies for flow cytometry 

 Specificity  Isotype  Clone  Conjugate  Catalog 
 number 

 Company 

 CD44  Rat IgG2b, 
 kappa 

 IM7  Alexa Fluor® 
 647 

 103017  BioLegend 

 Isotype control  Rat IgG2b, 
 kappa 

 RTK4530  Alexa Fluor® 
 647 

 400626  BioLegend 

 Isotype control  Mouse 
 IgG  1  , κ 

 MOPC-21  R-phycoerythrin  551436  BD 
 Biosciences 

 Isotype control  Mouse 
 IgG  1  , κ 

 MOPC-21  Alexa Fluor® 
 647 

 557783  BD 
 Biosciences 

 Phospho-p44/42 
 (ERK1/2) 

 (Thr202/Tyr204) 

 Mouse 
 IgG1 

 20A  R-phycoerythrin  612566  BD 
 Biosciences 
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 Specificity  Isotype  Clone  Conjugate  Catalog 
 number 

 Company 

 Phospho-p44/42 
 (ERK1/2) 

 (Thr202/Tyr204) 

 Mouse 
 IgG1 

 20A  Alexa Fluor® 
 647 

 612593  BD 
 Biosciences 

 2.2.8 MS-based proteomics reagents 

 Product  Catalog number  Company 

 AssayMAP Fe(III)-NTA 
 cartridges 

 G5496-60085  Agilent technologies 

 Lysyl Endopeptidase®, Mass 
 Spectrometry Grade (Lys-C) 

 125-05061  FUJIFILM Wako Pure 
 Chemical Corporation 

 Sep-Pak® C18 Cartridges  WAT036945  Waters 

 TMT10plex™ Isobaric Label 
 Reagent set 

 90110  Thermo Fisher Scientific 

 2.2.9 Software 

 Software  Author/Publisher 

 Image Studio™ Software  LI-COR Biosciences 

 Leica Application Suite X (LAS X)  Leica Microsystems 

 MaxQuant  version  1.6.7.0  MaxQuant,  Perseus,  and  related  software 
 packages  are  developed  by  the 
 Computational  Systems  Biochemistry  (Max 
 Planck  Institute  for  Biochemistry, 
 Martinsried,  Munich)  under  Prof.  Jürgen 
 Cox. 

 Odyssey® DLx Imaging System  LI-COR Biosciences 

 R statistical programming software (version 
 4.1.1) 

 R Foundation for Statistical Computing, 
 Vienna, Austria. URL: 
 https://www.R-project.org/. 

 Spectrum Mill MS Proteomics Workbench  Agilent technologies 
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 R/Bioconductor packages  Citation 

 CATALYST  Crowell  H,  Zanotelli  V,  Chevrier  S, 
 Robinson  M  (2022).  CATALYST:  Cytometry 
 dATa  anALYSis  Tools.  R  package  version 
 1.20.0, 
 https://github.com/HelenaLC/CATALYST. 

 Seurat: Tools for Single Cell Genomics  Stuart  and  Butler  et  al.  Comprehensive 
 Integration  of  Single-Cell  Data.  Cell  (2019) 
 [Seurat V3] 

 DESeq2  Love  MI,  Huber  W,  Anders  S  (2014). 
 “Moderated  estimation  of  fold  change  and 
 dispersion  for  RNA-seq  data  with  DESeq2.” 
 Genome  Biology,  15,  550.  doi: 
 10.1186/s13059-014-0550-8. 

 apeglm  Zhu  A,  Ibrahim  JG,  Love  MI  (2018). 
 “Heavy-tailed  prior  distributions  for 
 sequence  count  data:  removing  the  noise 
 and  preserving  large  differences.” 
 Bioinformatics.  doi: 
 10.1093/bioinformatics/bty895. 

 ggplot2  H.  Wickham.  ggplot2:  Elegant  Graphics  for 
 Data  Analysis.  Springer-Verlag  New  York, 
 2016. 

 tidyverse  Wickham  et  al.,  (2019).  Welcome  to  the 
 tidyverse.  Journal  of  Open  Source 
 Software,  4(43),1686, 
 https://doi.org/10.21105/joss.01686 

 limma  Ritchie  ME,  Phipson  B,  Wu  D,  Hu  Y,  Law 
 CW,  Shi  W,  Smyth  GK  (2015).  “limma 
 powers  differential  expression  analyses  for 
 RNA-sequencing  and  microarray  studies.” 
 Nucleic  Acids  Research,  43(7),  e47.  doi: 
 10.1093/nar/gkv007. 

 fgsea  G.  Korotkevich,  V.  Sukhov,  A. 
 Sergushichev.  Fast  gene  set  enrichment 
 analysis.  bioRxiv  (2019), 
 doi:10.1101/060012 
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 3 Results 

 3.1  EGF  withdrawal  causes  an  EGFR-mediated  increase  in  the 
 activity of the MAPK axis 

 To  test  the  effect  of  EGF  starvation  on  mouse  intestinal  organoids,  organoids  were  grown  for 
 3  days  in  complete  medium  (CCM+RSPO1+EGF+noggin)  and  on  day  3,  they  were 
 harvested,  washed  thoroughly  in  ice-cold  PBS  and  re-plated  in  both  RSPO1-enriched  and 
 depleted  media  with/without  EGF  addition  for  24  h.  Protein  lysates  of  organoids  that  were 
 starved  of  EGF  for  24  h  showed  significantly  higher  pERK1/2  (Thr202/Tyr204)  levels  than 
 EGF-supplemented  controls  as  measured  by  a  capillary  Western  blot  assay.  In  culture  media 
 without  RSPO1,  the  median  normalized  pERK1/2  signal  in  EGF-starved  organoids  is 
 significantly  greater  than  the  median  signal  in  unstarved  organoids  (Wilcoxon  signed-rank 
 test,  p-value  <  0.0001,  effect  size  (r)  =  0.744,  Fig.  3.1A).  In  RSPO1  supplemented  culture 
 media,  the  median  normalized  pERK1/2  signal  in  starved  organoids  is  significantly  greater 
 than  the  median  signal  in  unstarved  organoids  (Wilcoxon  signed-rank  test,  p-value  =  0.003,  r 
 =  0.698,  Fig.  3.1A).  Thus,  an  increase  in  pERK1/2  levels  upon  EGF  withdrawal  was 
 observed  regardless  whether  RSPO1  was  supplemented  to  the  medium  or  not.  To  confirm 
 such  an  increase  in  pERK1/2  level  upon  EGF  starvation  of  intestinal  organoids,  pERK1/2 
 levels  were  again  measured  in  lysates  derived  from  EGF-starved  versus  supplemented 
 organoids  using  a  Luminex  Multi-Analyte  Profiling  (xMAP)  microsphere-based  assay.  The 
 mean  pERK1/2  fluorescent  signal  intensity  was  significantly  higher  in  EGF-starved 
 compared  to  supplemented  organoid  samples  (paired  samples  t-test,  p-value  =  0.004,  effect 
 size (Cohen’s d) = 3.9, Fig. 3.1B). 

 In  line  with  these  findings,  phospho-EGFR  (pEGFR)  (Tyr1068)  levels  measured  by 
 conventional  Western  blotting  were  found  to  be  higher  in  EGF-starved  organoid  lysates 
 compared  to  unstarved  controls  again  independent  of  RSPO1  presence  or  absence  in  the 
 medium  (Fig.  3.1C).  In  both  culture  media  with  and  without  RSPO1,  the  median  normalized 
 pEGFR  in  EGF-starved  organoids  is  higher  than  the  median  signal  in  unstarved  organoids 
 (Wilcoxon  signed-rank  test,  p-value  =  0.0625  and  r  =  0.913,  Fig.  3.1D).  This  clearly  shows 
 that  the  increase  in  pERK1/2  levels  upon  EGF  withdrawal  is  mediated  via  an  increase  in 
 EGFR phosphorylation and hence downstream signaling. 
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 Figure  3.1  EGF  withdrawal  is  associated  with  an  increase  in  EGFR  and  ERK  phosphorylation  in  mouse 
 small  intestinal  organoids.  (A)  The  connected  dot  plot  shows  pERK1/2  signal  intensity  normalized  to  the 
 intensity  of  vinculin  (loading  control)  signal  measured  by  a  capillary  Western  blot  assay  in  lysates  derived  from  24 
 h  EGF-supplemented  and  EGF-starved  intestinal  organoids  cultured  with  and  without  RSPO1  supplementation. 
 Lysates  from  EGF-starved  organoids  show  higher  pERK1/2  signals  on  average  compared  to  their 
 EGF-supplemented  counterparts  regardless  if  the  culture  medium  is  supplemented  with  RSPO1  or  not.  (B)  The 
 connected  dot  plot  shows  the  median  intensity  of  pERK1/2  fluorescent  signal  measured  using  a  Luminex 
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 xMAP-based  assay  in  lysates  derived  from  24  h  EGF-supplemented  and  EGF-starved  intestinal  organoids. 
 Again,  the  median  intensity  of  pERK1/2  signal  was  significantly  higher  in  EGF-starved  samples  compared  to 
 EGF-supplemented  samples.  (C)  A  Western  blot  analysis  shows  protein  bands  of  pEGFR  (pTyr  1068,  ~175  kDa) 
 and  beta-tubulin  (~55  kDa)  as  a  loading  control  detected  in  lysates  from  EGF-starved  and  supplemented 
 organoids  cultured  with  and  without  RSPO1  supplementation.  A  lysate  from  EGF-treated  HeLa  cells  and  a 
 phosphatase-treated  HeLa  lysate  were  included  as  positive  and  negative  controls  for  the  pEGFR  signal 
 respectively.  (D)  The  connected  dot  plot  shows  the  intensity  of  pEGFR  bands  normalized  to  that  of  their 
 respective  beta-tubulin  counterparts  in  the  different  lysates.  The  median  pEGFR  signal  was  considerably  higher 
 in  EGF-starved  versus  supplemented  lysates  irrespective  of  RSPO1  presence  or  absence  in  the  culture  medium 
 (p-value  =  0.06).  In  all  plots,  each  pair  of  data  points  represent  a  unique  biological  replicate.  Differences  between 
 -EGF  and  +EGF  groups  were  statistically  tested  using  Wilcoxon  signed-rank  test  or  t-test  for  paired  samples 
 (**p-value < 0.01, ****p-value < 0.0001). 

 In  order  to  confirm  this  hypothesis,  3-day-old  organoids  were  EGF  starved  for  18  h  and 
 treated  with  kinase  inhibitors  for  an  additional  6  h  prior  to  harvesting.  Small  molecule 
 inhibitors  used  were  the  EGFR  tyrosine  kinase  inhibitor  gefitinib,  the  EGFR,  ERBB2  and 
 ERBB3  tyrosine  kinase  inhibitor  sapitinib,  the  MEK  inhibitor  selumetinib  and  the  PI3K 
 inhibitors  pictilisib  (GDC-0941)  and  LY294002.  The  median  normalized  pERK1/2  signal 
 measured  by  capillary  Western  blot  was  significantly  lower  in  EGF-starved  organoids  treated 
 with  gefitinib,  sapitinib  and  selumetinib  compared  to  untreated  starved  controls  (Wilcoxon 
 signed-rank  test,  p-value  =  0.0312,  r  =  0.905,  Fig.  3.2A).  However,  the  median  normalized 
 pERK1/2  signal  in  pictilisib-treated  and  LY294002-treated  starved  organoids  was  not 
 significantly  different  from  the  untreated  starved  control  (Wilcoxon  signed-rank  test,  p-value 
 =  0.812,  r  =  0.181,  Fig.  3.2A).  Thus,  both  EGFR  and  MEK  inhibition  blocked  the  increase  in 
 pERK1/2  levels  induced  by  EGF  starvation,  while  PI3K  inhibition  did  not  influence  pERK1/2 
 levels  in  starved  organoids.  These  results  reveal  that  EGF  starvation  mainly  affects  the 
 MAPK and not the PI3K axis downstream of EGFR. 

 In  an  attempt  to  confirm  that  the  increase  in  MAPK  activity  is  indeed  directly  linked  to  EGF 
 starvation,  intestinal  organoids  were  starved  of  EGF  for  23.8,  23.5,  23,  22  and  20  h  and  EGF 
 was  re-added  to  the  medium  for  10  min,  30  min,  1  h,  2  h  and  4  h  respectively.  Both  24  h 
 EGF-starved  and  supplemented  organoids  were  included  in  the  experiment  as  controls.  This 
 time-course  of  EGF  addition  was  adjusted  such  that  all  organoids  were  harvested  and  lysed 
 simultaneously.  In  RSPO1  depleted  cultures,  the  median  normalized  pERK1/2  signal 
 measured  by  capillary  Western  blot  was  significantly  lower  in  starved  organoids  that  were 
 treated  with  EGF  for  1  h  (Wilcoxon  signed-rank  test,  p-value  =  0.0391,  r  =  0.703)  and  4  h 
 (p-value  =  0.0469,  r  =  0.728)  and  in  24  h  supplemented  organoids  (p-value  =  0.0078,  r  = 
 0.842)  compared  to  untreated  starved  organoids  (Fig.  3.2B,  left).  The  median  signal  was 
 also  relatively  lower  in  starved  organoids  that  were  treated  with  EGF  for  30  min  (p-value  = 
 0.148,  r  =  0.447)  and  2  h  (p-value  =  0.109,  r  =  0.511)  compared  to  untreated  starved 
 organoids  (Fig.  3.2B,  left).  Expectedly,  the  median  pERK1/2  signal  did  not  differ  between 
 starved  organoids  treated  with  EGF  for  10  min  and  their  untreated  starved  counterparts 
 (p-value  =  1,  r  =  0).  A  similar  pattern  was  observed  in  RSPO1  supplemented  cultures  (Fig. 
 3.2B,  right).  These  results  show  that  EGF  re-addition  following  starvation  resulted  in  a 
 reduction  in  pERK1/2  levels  in  a  time  dependent  manner  where  EGF  addition  for  1  h  and 
 longer  restored  pERK1/2  levels  back  to  the  control  settings  where  EGF  is  supplemented  for 
 24  h.  This  behavior  was  again  observed  with  and  without  RSPO1  supplementation  to  the 
 culture medium (Fig. 3.2B). 

 66 



 The  observation  that  EGF  re-addition  to  starved  organoids  restored  pERK1/2  levels  to 
 baseline  led  us  to  further  investigate  the  effect  of  adding  other  kinds  of  ligands  on  pERK1/2 
 levels  in  EGF-starved  organoids.  Here,  3-day-old  organoids  were  starved  of  EGF  for  23  h 
 and  then  treated  with  FGF2,  IGF1,  PDGFA  or  EGF  for  1  h  prior  to  harvesting.  pERK1/2 
 signals  measured  by  capillary  Western  blotting  did  not  change  significantly  in  intensity  in 
 FGF2,  IGF1  or  PDGFA-treated  samples  compared  to  untreated  controls  (Fig.  3.2C).  Only 
 upon  1  h  EGF  addition,  did  the  pERK1/2  signal  decrease  appreciably  relative  to  the  control 
 (paired  samples  t-test,  p-value  <  0.05,  Fig.  3.2C).  This  provides  a  clue  that  the  increase  in 
 MAPK  activity  following  EGF  starvation  is  mediated  via  EGFR  in  specific  and  is  not  affected 
 by  stimulating  other  kinds  of  receptors  like  FGFRs,  insulin-like  growth  factor  1  receptor 
 (IGF1R) or platelet-derived growth factor receptors (PDGFRs). 
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 Figure  3.2  EGF  withdrawal-induced  increase  in  ERK  phosphorylation  is  mediated  via  EGFR.  (A)  The 
 Cleveland  dot  plot  shows  pERK1/2  signal  intensity  normalized  to  the  intensity  of  vinculin  signal  measured  by  a 
 capillary  Western  blot  assay  in  lysates  derived  from  24  h  EGF-supplemented  intestinal  organoids,  and  18  h 
 EGF-starved  organoids  that  were  treated  with  gefitinib  (10  μM),  sapitinib  (5  μM),  selumetinib  (10  μM),  pictilisib  (1 
 μM),  LY294002  (10  μM)  or  DMSO  (1:1000)  for  an  additional  6  h  prior  to  harvesting.  The  median  pERK1/2  signal 
 was  significantly  lower  in  the  EGF-supplemented  compared  to  the  EGF-starved  condition.  Also,  the  median 
 signal  was  significantly  lower  in  starved  organoids  treated  with  gefitinib,  sapitinib  and  selumetinib  compared  to 
 starved  organoids  treated  with  DMSO.  (B)  The  Cleveland  dot  plot  shows  the  effect  of  EGF  re-addition  to  starved 
 organoids  on  the  normalized  intensity  of  pERK1/2  signal  measured  using  a  capillary  Western  blot  assay. 
 Organoids  were  starved  of  EGF  in  culture  medium  with  and  without  RSPO1  for  23.8  h,  23.5  h,  23  h,  22  h  and  20 
 h,  and  then  stimulated  with  EGF  (50  ng/mL)  for  10  min,  30  min,  1  h,  2  h  and  4  h  respectively  prior  to  harvesting. 
 24  h  EGF-starved  (0  h)  as  well  as  24  h  EGF-supplemented  organoids  were  also  included  in  the  experimental 
 setting.  The  median  pERK1/2  signal  was  relatively  lower  in  starved  organoids  that  were  stimulated  with  EGF  in 
 comparison  with  unstimulated  24  h  starved  organoids,  particularly  following  1  h  and  4  h  EGF  stimulation.  Again, 
 the  median  signal  was  significantly  lower  in  24  h  EGF-supplemented  organoids  with  respect  to  starved  ones.  (C) 
 The  Cleveland  dot  plot  shows  the  normalized  pERK1/2  signal  measured  by  capillary  Western  blot  in  lysates 
 derived  from  intestinal  organoids  that  were  starved  of  EGF  for  23  h  and  either  left  unstimulated  (control)  or 
 stimulated  with  EGF  (50  ng/mL),  FGF2  (20  ng/mL),  IGF1  (100  ng/mL)  or  PDGFA  (100  ng/mL)  for  an  additional  1 
 h  prior  to  harvesting.  The  median  pERK1/2  signal  was  significantly  lower  in  EGF-stimulated  organoids  relative  to 
 both  unstimulated  organoids  and  organoids  stimulated  with  other  kinds  of  ligands.  In  all  plots,  crossbars  indicate 
 the  mean  signal  +/-  standard  deviation,  each  dot  represents  a  unique  biological  replicate  and  the  same  dot  colors 
 indicate  samples  from  the  same  biological  replicate.  Differences  between  groups  were  statistically  tested  using 
 Wilcoxon signed-rank test for paired samples (*p-value < 0.05, **p-value < 0.01). 

 3.2  EGF  starvation-induced  changes  in  intracellular  signaling 
 are  more  prominent  in  the  undifferentiated  compartment  of  the 
 intestinal epithelium 

 After  characterizing  the  effect  of  EGF  withdrawal  on  EGFR  signaling  in  bulk  intestinal 
 organoid  tissue,  the  next  step  was  to  dissect  this  effect  on  a  single-cell  level  and  determine 
 in  which  intestinal  cell  types  this  effect  is  prominent.  Using  CyTOF,  it  was  possible  to 
 measure  on  a  single-cell  basis  a  panel  of  signaling  proteins  and  cell  surface  markers  that 
 have  been  developed  for  studying  cell  signaling  in  the  intestinal  epithelium  (section  2.2.6). 
 Using  such  a  powerful  tool,  signaling  changes  could  be  characterized  at  a  single-cell 
 resolution  in  intestinal  organoids.  Based  on  the  expression  levels  of  the  crypt  cell  markers: 
 CD44,  CD24  and  EPHB2  and  the  cell  proliferation  marker  Ki-67,  cells  were  classified  into 
 three  clusters:  high,  intermediate  and  low  crypt  marker  clusters  using  the  k-means  clustering 
 algorithm  after  excluding  apoptotic  cells  with  relatively  high  expression  of  cCASP3  (Fig.  3.3). 
 Cells  in  the  “high  crypt  marker”  cluster  express  the  highest  levels  of  these  markers  and 
 therefore  include  stem  cells  and  transit-amplifying  cells  that  are  least  differentiated  (Fig. 
 3.4A).  On  the  other  end  of  the  spectrum,  cells  in  the  “low  crypt  marker”  cluster  express  the 
 lowest  marker  levels  and  represent  fully  differentiated  cells.  The  “intermediate  crypt  marker” 
 cluster  includes  cells  with  intermediate  differentiation  states.  PCA  using  the  markers’ 
 expression  values  as  the  input  variables  was  carried  out  to  construct  a  lower  dimensionality 
 representation  of  the  dataset  with  the  different  clusters  indicated  by  different  colors  (Fig.  3.3). 
 By  examining  the  levels  of  the  most  interesting  phosphoproteins  in  each  cluster,  it  was  clear 
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 that  many  of  these  phosphoproteins  (namely  pERK1/2,  pMEK1/2,  pP38,  phospho-ribosomal 
 protein  S6  (pRPS6)  and  p4E-BP1)  were  more  highly  expressed  in  the  undifferentiated  cells 
 at  the  crypt  base  including  stem  cells  and  transit-amplifying  cells  which  belong  to  the  “high 
 crypt  marker”  cluster  (Fig.  3.4B).  As  cells  become  more  and  more  differentiated, 
 phosphoprotein levels gradually decrease. 
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 Figure  3.3  A  schematic  diagram  summarizing  the  steps  of  CyTOF  analysis  of  mouse  intestinal  organoids. 
 Following  incubation  in  the  different  culture  conditions,  organoids  were  harvested,  washed  and  disintegrated  into 
 single-cell  suspensions.  Cells  from  each  sample  were  stained  with  cisplatin,  fixed  and  tagged  with 
 Palladium-based  barcodes.  Cells  from  different  samples  were  pooled  together  and  stained  with  metal-tagged 
 antibodies.  Cells  were  then  analyzed  in  Helios  mass  cytometer.  Cell  doublets/multiplets  and  dead  cells  were  first 
 gated  out.  Afterwards,  apoptotic  cells  that  are  high  in  cleaved  caspase  3  were  excluded.  The  remaining  cells 
 following  all  filtering  steps  were  clustered  using  the  k-means  clustering  algorithm  based  on  the  expression  levels 
 of  crypt  cell  markers  (CD24,  CD44  and  EPHB2)  and  the  cell  proliferation  marker  Ki-67  into  3  clusters:  “high  crypt 
 marker”,  “medium  crypt  marker”  and  “low  crypt  marker”.  A  principal  component  analysis  (PCA)  plot  based  on  the 
 signal  intensities  of  the  markers  CD24,  CD44,  EPHB2  and  Ki-67  as  input  variables  help  visualize  the  different  cell 
 clusters. 

 An  interesting  aspect  that  was  investigated  is  the  relative  proportion  of  cells  in  each  cluster 
 under  the  different  culture  conditions  (Fig.  3.4C).  As  expected,  removal  of  RSPO1  from  the 
 medium  for  24  h  attenuated  WNT  signaling  which  significantly  reduced  the  proportion  of 
 stem  cells  and  proliferative  transit-amplifying  cells  in  the  “high  crypt  marker”  cluster  and 
 increased  the  proportion  of  cells  in  the  more  differentiated  clusters.  In  terms  of  percentage 
 changes,  “high  crypt  marker”  cells  decreased  on  average  by  almost  16%  upon  RSPO1 
 withdrawal  in  +EGF  conditions  and  by  12%  in  -EGF  conditions.  This  shift  towards 
 differentiation  was  also  observed  -though  to  a  much  lower  extent-  in  response  to  EGF 
 withdrawal.  Withdrawal  of  EGF  for  24  h  reduced  the  percentage  of  “high  crypt  marker”  cells 
 on  average  by  6%  in  cultures  without  RSPO1  and  by  10%  in  RSPO1-enriched  cultures.  This 
 implies  that  WNT  signaling  may  play  a  more  important  role  in  the  maintenance  of  the  stem 
 cell population than EGFR signaling. 

 Since  epithelial  cells  deprived  of  EGF,  especially  for  extended  durations  may  undergo 
 apoptosis,  it  was  important  to  ask  whether  the  increase  in  pERK1/2  levels  observed  in 
 EGF-starved  intestinal  organoids  may  be  a  direct  consequence  of  the  initiation  of  the 
 apoptotic  process.  As  seen  in  fig.  3.4D,  24  h  EGF  starvation  of  intestinal  organoids  with  or 
 without  RSPO1  supplementation  is  not  associated  with  an  increase  in  the  fraction  of 
 cCASP3-high  “presumably  apoptotic”  cells.  This  demonstrates  that  EGF  starvation-induced 
 changes  in  pERK1/2  levels  are  not  linked  to  apoptosis.  On  the  other  hand,  RSPO1 
 withdrawal  from  organoid  cultures  did  increase  the  fraction  of  apoptotic  cells  after  24  h.  This 
 shows  that  WNT  signaling  may  be  more  crucial  for  the  survival  of  intestinal  organoids  than 
 EGFR signaling. 
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 Figure  3.4  The  activity  of  several  signaling  proteins  differs  across  intestinal  organoid  cells  based  on  their 
 differentiation  status.  Single  cells  derived  from  mouse  intestinal  organoids  were  clustered  using  the  k-means 
 clustering  algorithm  into  three  main  clusters:  “high  crypt  marker”,  “intermediate  crypt  marker”  and  “low  crypt 
 marker”  clusters.  This  clustering  was  based  on  the  expression  level  of  the  crypt  cell  surface  markers  CD24,  CD44 
 and  EPHB2  and  the  cell  proliferation  marker  Ki-67  after  excluding  apoptotic  cells  with  high  cleaved  caspase  3 
 signals.  (A)  Box  plots  show  the  signal  intensities  of  the  markers  CD24,  CD44,  EPHB2  and  Ki-67  in  the  three  cell 
 clusters.  (B)  Pie  charts  showing  the  relative  percentage  of  cells  in  each  cluster  from  organoids  plated  for  24  h 
 under  different  culture  conditions:  +/-  EGF  and  +/-  RSPO1.  Removal  of  RSPO1  attenuates  WNT  signaling  and 
 reduces  the  fraction  of  cells  in  the  “high  crypt  marker”  cluster  shifting  them  towards  a  more  differentiated  status. 
 Similarly,  removal  of  EGF  shifts  cells  from  the  “high  crypt  marker”  cluster  towards  more  differentiated  clusters, 
 however,  its  effect  is  less  significant  than  RSPO1  withdrawal.  This  shows  that  both  WNT  and  EGFR  signaling  are 
 important  for  maintenance  of  stem  cells  and  proliferative  progenitors  at  the  bottom  of  the  crypt,  however,  WNT 
 signaling  remains  the  more  important  player.  (C)  Box  plots  of  the  signal  intensities  of  the  phosphoproteins: 
 pERK1/2,  pMEK1/2,  pRPS6,  pP38,  p4E-BP1  and  pSMAD2/3  in  the  three  cell  clusters.  The  signal  intensities  of 
 these  proteins  are  considerably  higher  in  the  “high  crypt  marker”  and  “intermediate  crypt  marker”  clusters  relative 
 to  the  “low  crypt  marker”  cluster  indicating  that  the  activity  of  several  signaling  proteins  is  higher  in  the 
 undifferentiated  and  proliferative  cells  at  the  crypt  base  compared  to  the  differentiated  cells  of  the  villus.  (D)  A  plot 
 showing  the  proportion  of  cleaved  caspase  3  (cCASP3)-high  organoid  cells  after  24  h  of  culture  under  different 
 conditions.  24  h  EGF  withdrawal  did  not  increase  the  proportion  of  cCASP3-high  cells  and  thus  did  not 
 significantly  trigger  apoptosis.  Conversely,  removal  of  RSPO1  for  24  h  was  associated  with  a  notable  increase  in 
 the fraction of apoptotic cells that are high in cCASP3. 

 The  effect  of  EGF  starvation  on  MAPK  signaling  was  then  assessed  in  each  of  the  cell 
 clusters.  It  was  found  that  pERK1/2  and  pMEK1/2  signals  were  significantly  more  intense  in 
 EGF-starved  cells  compared  to  non-starved  cells  and  this  pattern  was  consistent  within  all 
 three  clusters  regardless  of  RSPO1  supplementation  in  the  medium  (Fig.  3.5A/B).  However, 
 the  difference  in  pERK1/2  and  pMEK1/2  signal  intensity  between  starved  and  non-starved 
 cells  was  much  more  pronounced  in  the  “high  and  intermediate  crypt  marker”  clusters 
 compared  to  the  “low  marker”  cluster.  A  very  similar  pattern  was  observed  with  pRPS6  which 
 is  downstream  of  ERK  (Fig.  3.5C).  This  indicates  that  the  impact  of  EGF  starvation  on 
 EGFR  signaling  was  mainly  pronounced  in  the  least  differentiated  cells  including  the  highly 
 proliferative transit-amplifying cells, but not in cells that have undergone differentiation. 
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 Figure  3.5  EGF  starvation-induced  changes  in  the  activity  of  the  MAPK  axis  are  mainly  pronounced  in  the 
 undifferentiated  cells  at  the  base  of  intestinal  crypts.  Single  cells  derived  from  mouse  intestinal  organoids 
 plated  under  different  culture  conditions  (+/-EGF  and  +/-  RSPO1)  were  clustered  based  on  their  expression  of 
 crypt  cell  surface  and  proliferation  markers  (measured  by  CyTOF)  into  three  clusters  using  the  k-means 
 approach,  namely  “high,  intermediate  and  low  marker”  clusters  (as  illustrated  in  fig.  3.3).  Cleveland  dot  plots 
 show  the  mean  normalized  intensity  of  pERK1/2  (A),  pMEK1/2  (B)  and  pRPS6  (C)  signals  measured  by  CyTOF 
 in  the  different  clusters  under  conditions  of  EGF  supplementation  versus  withdrawal  in  the  presence  and  absence 
 of  RSPO1.  In  all  plots,  each  pair  of  dots  represents  a  unique  biological  replicate.  Differences  between  +EGF  and 
 -EGF  groups  were  statistically  tested  using  Wilcoxon  signed-rank  test  for  paired  samples  (*p-value  <  0.05).  EGF 
 withdrawal  is  associated  with  a  significant  increase  in  the  intensity  of  pERK1/2,  pMEK1/2  and  pRPS6  mainly  in 
 the  “high  marker”  and  “intermediate  marker”  clusters.  The  increase  in  signal  intensities  of  these  phosphoproteins 
 in  the  “low  marker”  cluster  is  much  less  pronounced.  This  indicates  that  the  interesting  changes  in  MAPK 
 signaling  induced  by  removal  of  EGF  take  place  mainly  in  stem  cells  and  undifferentiated  progenitors  that  are 
 highly  proliferative  at  the  crypt  base.  Whereas,  MAPK  signaling  in  fully  differentiated  cells  that  are  closer  to  the 
 villus is much less affected by EGF starvation. 

 In  addition  to  studying  the  effect  of  culture  medium  composition  on  cellular  differentiation 
 states  and  intracellular  signaling  proteins,  CyTOF  made  it  possible  to  investigate  how  the 
 intestinal  epithelium  responds  to  signaling  perturbagens  under  the  different  culture 
 conditions.  In  these  experiments,  EGFR  signaling  was  perturbed  with  an  EGFR  tyrosine 
 kinase  inhibitor  and  a  MEK1/2  inhibitor,  while  WNT  signaling  was  stabilized  with  a  GSK3B 
 inhibitor  for  a  duration  of  5  h.  As  expected,  both  EGFR  inhibition  and  MEK  inhibition  blocked 
 EGF  starvation-induced  increase  in  pERK1/2  signal  intensity,  though  the  effect  of  EGFR 
 inhibition  was  stronger  (Fig.  3.6A).  The  effects  of  these  kinase  inhibitors  were  most  evident 
 in  the  “high  marker”  and  “intermediate  marker”  clusters  where  the  most  significant  increase 
 in  pERK1/2  levels  in  response  to  EGF  starvation  was  detected  (Fig.  3.5A).  On  the  other 
 hand,  GSK3B  inhibition  resulted  in  a  more  pronounced  increase  in  pERK1/2  levels  upon 
 EGF  withdrawal  compared  to  the  observed  increase  in  pERK1/2  upon  EGF  withdrawal  in 
 untreated  organoids  (Fig.  3.6A).  This  effect  was  most  prominent  in  the  “high  marker”  cluster. 
 This  marked  increase  in  pERK1/2  level  when  beta-catenin  is  stabilized  and  WNT  signaling  is 
 potentiated  by  GSK3B  inhibition  points  to  possible  crosstalk  from  the  WNT  signaling 
 pathway to the MAPK pathway particularly in young undifferentiated cells at the crypt base. 

 A  modest  increase  in  pMEK1/2  level  upon  EGF  starvation  was  observed  in  only  one  of  two 
 replicates  in  the  “high  and  intermediate  marker”  clusters.  Expectedly,  this  increase  was 
 blocked  by  EGFR  inhibition  (Fig.  3.6B).  On  the  other  hand,  MEK  inhibition  resulted  in  an 
 increase  in  pMEK  levels,  particularly  in  the  “high  and  intermediate  marker”  clusters  (Fig. 
 3.6B).  An  explanation  for  this  observation  is  that  blockade  of  the  MEK  activity  using  a  small 
 molecule  inhibitor  decreases  the  level  of  pERK1/2  and  relieves/relaxes  the  negative 
 feedback  inhibition  exerted  by  pERK1/2  at  EGFR.  This  consequently  results  in  an  increase 
 in  the  activity  of  the  receptor  and  its  downstream  kinases  increasing  the  phosphorylation  of 
 MEK1/2.  Similar  to  pERK1/2,  the  increase  in  pRPS6  levels  detected  in  EGF-starved  cells 
 specifically  in  the  “high  marker”  and  “intermediate  marker”  clusters  was  blocked  by  EGFR 
 inhibition as well as MEK inhibition (Fig. 3.6C). 
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 Figure  3.6  Inhibition  of  EGFR  tyrosine  kinase  and  MEK  activity  blocks  EGF  starvation-induced  changes  in 
 MAPK  activity  in  stem  cells  and  early  progenitors  in  intestinal  crypts.  Cleveland  dot  plots  show  the  mean 
 normalized  intensities  of  pERK1/2  (A),  pMEK1/2  (B)  and  pRPS6  (C)  signals  measured  by  CyTOF  in  single  cells 
 derived  from  intestinal  organoids  that  were  plated  with/without  EGF  supplementation  in  the  presence/absence  of 
 RSPO1  for  18  h  and  treated  with  gefitinib  (EGFR  inhibitor,  5-10  µM),  selumetinib  (MEK  inhibitor,  10  µM), 
 SB-216763  (GSK3B  inhibitor,  5  µM)  or  DMSO  (1:1000,  solvent  control)  for  an  additional  6  h  prior  to  harvesting.  In 
 all  plots,  each  pair  of  dots  represents  a  unique  biological  replicate.  Cells  were  clustered  into  “high  marker”, 
 “intermediate  marker”  and  “low  marker”  clusters  based  on  their  expression  of  crypt  cell  surface  and  proliferation 
 markers  (as  illustrated  in  fig.  3.3).  Inhibition  of  EGFR  tyrosine  kinase  and  MEK  activity  blocks  EGF 
 starvation-induced  increase  in  pERK1/2  and  pRPS6  levels  in  “high  marker”  and  “intermediate  marker”  clusters. 
 Whereas,  strengthening  WNT  signaling  by  GSK3B  inhibition  potentiates  EGF  starvation-induced  increase  in 
 pERK1/2  level  in  the  “high  marker”  cluster.  Interestingly,  MEK  inhibition  induces  an  increase  in  pMEK1/2  level 
 especially  in  the  “high  marker”  and  “intermediate  marker”  clusters  as  decreasing  the  level  of  pERK1/2  upon  MEK 
 inhibition  relieves  the  feedback  inhibition  exerted  by  pERK1/2  at  the  level  of  the  receptor  resulting  in  an  increase 
 in the activity of the receptor and its downstream kinases, eventually increasing the phosphorylation of MEK. 

 3.3  EGF  starvation-induced  increase  in  MAPK  axis  activity  is 
 not associated with an increase in FRA1 stabilization by ERK 

 After  confirming  the  increase  in  MAPK  axis  activity  upon  EGF  starvation  in  intestinal 
 organoids  both  on  a  population  level  via  Western  blotting  and  on  a  single-cell  level  via  mass 
 cytometry,  we  were  interested  to  investigate  whether  this  increase  in  ERK  phosphorylation  is 
 translated  into  an  increase  in  its  functional  activity.  One  of  the  important  ERK  substrates  is 
 FRA1  (FOSL1)  whose  expression  is  activated  by  ERK.  Upon  phosphorylation  of  the  FRA1 
 PEST  domain  by  ERK,  this  protein  gets  stabilized  and  its  half-life  is  prolonged  (Casalino,  De 
 Cesare,  and  Verde  2003;  Vial  and  Marshall  2003)  .  This  makes  FRA1  stabilization  a  suitable 
 measure  of  persistent  ERK  activation.  In  these  experiments,  we  used  a  murine  intestinal 
 organoid  line  that  expresses  the  fluorescent  FIRE  reporter  (Albeck,  Mills,  and  Brugge  2013)  . 
 This  reporter  consists  of  the  PEST  domain  of  FRA1  linked  to  the  C-terminus  of  mVenus 
 fluorescent  protein  with  a  nuclear  localization  sequence  (NLS)  at  its  N-terminus  and  is  under 
 the  control  of  a  constitutive  viral  enhancer.  Phosphorylation  of  the  FRA1  PEST  domain  by 
 activated  ERK  stabilizes  the  whole  reporter  which  in  turn  translocates  into  the  nucleus  and 
 emits  yellow-green  fluorescence.  The  fluorescence  intensity  is  proportional  to  the  amount  of 
 phosphorylated and stabilized reporter molecules which in turn reflects ERK activity. 

 Fluorescence  microscopy  images  in  fig.  3.7  show  3-day-old  FIRE  organoids  that  were  plated 
 for  24  h  with/without  EGF  supplementation  in  the  presence  or  absence  of  RSPO1  prior  to 
 microscopic  examination.  It  can  be  observed  from  the  distribution  of  the  FIRE  signal  in  the 
 organoid  structure  that  its  intensity  is  relatively  strong  in  the  crypt  base  cells  as  well  as 
 transit-amplifying  cells  in  the  middle  zone  and  becomes  weaker  moving  towards  the  villus 
 domain.  This  pattern  of  FIRE  signal  strength  is  similar  across  all  culture  conditions  and  is  in 
 accord  with  the  distribution  of  pERK1/2  signal  along  the  differentiation  trajectory  from  “high 
 crypt marker” to “low crypt marker” cells as measured in CyTOF (Fig. 3.4B). 
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 Figure  3.7  Fluorescence  microscopic  imaging  of  FIRE  intestinal  organoids  shows  differential  reporter 
 activity  across  the  organoid  structure.  Images  of  mouse  intestinal  organoids  expressing  a  FRA1-based 
 reporter  of  ERK  activity  (FIRE)  that  were  plated  with/without  EGF  in  the  presence  and  absence  of  RSPO1  for  24 
 h  prior  to  imaging.  FIRE  activity  (yellow-green  fluorescence)  is  highest  at  the  crypt  (C)  base  where  cells  are 
 actively  dividing  and  weakens  as  cells  move  towards  the  villus  (V)  region  and  undergo  differentiation.  This  pattern 
 is  consistent  across  all  culture  conditions.  The  strong  green  signal  that  stems  from  the  central  parts  of  the 
 organoids is a result of autofluorescence from the cellular debris shed into the central core (scale bar, 100 μm). 

 We  next  resorted  to  flow  cytometry  in  order  to  quantify  the  differences  in  FIRE  signal 
 intensity  across  the  different  culture  conditions  and  compare  them  to  differences  in  pERK1/2 
 signals  in  the  same  samples.  Contrary  to  what  was  expected,  the  density  distribution  of  FIRE 
 and  pERK1/2  signal  intensities  did  not  follow  the  same  trend  across  the  culture  conditions 
 (Fig.  3.8C).  The  FIRE  signal  intensity  was  significantly  higher  on  average  in  the 
 RSPO1-enriched  conditions  compared  to  those  without  RSPO1.  On  the  other  hand, 
 pERK1/2  signal  was  more  intense  on  average  in  the  EGF-starved  versus  supplemented 
 condition  particularly  in  organoids  plated  without  RSPO1.  This  last  finding  goes  in  line  with 
 what  was  previously  shown  in  Western  blot  (Fig.  3.1)  and  CyTOF  data  (Fig.  3.5).  Contrary  to 
 pERK1/2,  EGF  starvation  was  in  fact  associated  with  a  mild  reduction  in  FIRE  signal 
 intensity.  This  shows  that  the  FIRE  reporter  activity  was  not  correlated  to  changes  in  the 
 pERK1/2  levels  in  these  intestinal  organoids  at  the  inspected  24  h  time  point.  In  other  words, 
 the  increase  in  ERK  phosphorylation  in  response  to  24  h  EGF  starvation  was  not  translated 
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 into  a  corresponding  increase  in  FRA1  phosphorylation  and  stabilization.  On  the  other  hand, 
 the  clear  dependence  of  FIRE  signal  intensity  on  the  addition  of  RSPO1  to  the  medium  hints 
 at a possible role of WNT signaling in FRA1 stabilization in these intestinal organoids. 

 In  order  to  examine  how  FIRE  signals  are  distributed  across  the  cellular  differentiation 
 trajectory  along  the  crypt-villus  axis  in  organoids,  we  again  used  flow  cytometry  to  measure 
 both  surface  CD44  expression  and  FIRE  fluorescent  signals  in  the  same  organoid  samples 
 (Fig.  3.8A).  We  then  arbitrarily  classified  cells  into  two  groups  according  to  the  expression 
 level  of  CD44:  a  CD44-high  group  including  undifferentiated  crypt  base  cells  and  a  CD44-low 
 group  including  mostly  differentiated  villus  cells.  The  intensity  of  FIRE  signals  was 
 significantly  higher  in  CD44-high  cells  compared  to  CD44-low  cells  (Fig.  3.8A).  Such  a 
 pattern  goes  in  line  with  the  distribution  of  FIRE  signals  along  the  organoid  structure  from 
 crypt  to  villus  under  the  microscope  (Fig.  3.7).  Another  important  observation  is  that  the  drop 
 in  FIRE  signal  upon  RSPO1  withdrawal  was  mainly  prominent  in  CD44-high  cells  (Fig.  3.8A). 
 This  provides  a  clue  that  undifferentiated  cells  at  the  crypt  base  are  more  sensitive  to 
 signaling  perturbations  induced  by  withdrawal  of  RSPO1  compared  to  differentiated  villus 
 cells  since  undifferentiated  cells  are  generally  more  active  in  terms  of  intracellular  signaling 
 (Fig.  3.4B).  EGF  withdrawal  had  a  much  less  impact  on  FIRE  signals  than  RSPO1 
 withdrawal  in  both  groups  (Fig.  3.8A).  We  also  measured  the  intensity  of  pERK1/2  signal  in 
 CD44-high  versus  CD44-low  cells  and  observed  that  EGF  withdrawal  resulted  in  a  significant 
 increase  in  pERK1/2  levels  particularly  in  cultures  without  RSPO1  supplementation  in  both 
 CD44-high and low cells (Fig. 3.8B). 
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 Figure  3.8  Flow  cytometric  analysis  of  FIRE  and  wild-type  intestinal  organoids  shows  a  discrepancy 
 between  pERK1/2  levels  and  FIRE  reporter  activity.  (A)  The  bar  graphs  show  the  weighted  mean  +/-  weighted 
 standard  deviation  of  FIRE  signal  measured  in  CD44-high  versus  CD44-low  cells  derived  from  FIRE  and 
 wild-type  organoids  that  were  plated  under  the  different  culture  conditions  for  24  h  prior  to  harvesting  (n  =  3 
 independent  experiments).  The  mean  FIRE  signal  was  generally  higher  in  CD44-high  versus  CD44-low  cells.  In 
 CD44-high  cells,  the  mean  FIRE  signal  was  higher  in  groups  supplemented  with  RSPO1  compared  to  those 
 without  RSPO1.  The  drop  in  FIRE  signal  intensity  in  response  to  withdrawal  of  RSPO1  from  the  medium  was 
 mainly  pronounced  in  CD44-high  cells  since  these  cells  are  generally  more  sensitive  to  signaling  perturbations 
 induced  by  niche  factor  withdrawal.  (B)  The  violin  and  boxplots  show  the  distribution  of  pERK1/2  signals 
 measured  in  CD44-high  versus  CD44-low  cells  derived  from  wild-type  organoids  that  were  plated  under  the 
 different  culture  conditions  for  24  h  prior  to  harvesting.  An  obvious  increase  in  the  pERK1/2  signal  is  detected  in 
 EGF-starved  cells  compared  to  EGF-supplemented  ones,  particularly  in  the  -RSPO1  condition  regardless 
 whether  these  cells  are  CD44-high  or  CD44-low.  (C)  The  bar  graphs  show  the  weighted  mean  +/-  weighted 
 standard  deviation  of  FIRE  and  pERK1/2  signals  measured  in  the  same  cells  derived  from  FIRE  organoids  that 
 were  plated  under  the  different  culture  conditions  for  24  h  prior  to  harvesting  (n  =  3  independent  experiments). 
 The  weighted  mean  FIRE  signal  in  RSPO1-enriched  conditions  was  significantly  higher  than  conditions  without 
 RSPO1.  The  mean  FIRE  signal  in  the  EGF-starved  condition  was  somewhat  lower  than  the  EGF-supplemented 
 condition,  particularly  in  RSPO1-enriched  cultures.  The  effect  of  RSPO1  withdrawal  on  the  FIRE  signal  was  more 
 pronounced  than  withdrawal  of  EGF.  On  the  other  hand,  the  weighted  mean  pERK1/2  signal  was  significantly 
 higher  in  the  EGF-starved  versus  supplemented  condition,  particularly  in  cultures  without  RSPO1 
 supplementation.  This  points  to  a  noncorrelation  between  pERK1/2  levels  and  FIRE  reporter  activity  in  intestinal 
 organoids at the inspected 24 h time point. 

 3.4  EGF  starvation  is  associated  with  an  increase  in  expression 
 of  specific  sets  of  ERK  target  genes  as  well  as  EGFR/FGFR 
 ligands 

 In  order  to  gain  a  deeper  mechanistic  insight  into  EGF  starvation-induced  changes  in  the 
 mouse  intestinal  epithelium,  the  transcriptomes  of  both  EGF-starved  and  supplemented 
 organoid  cells  were  studied  using  scRNA-seq.  Cells  were  clustered  into  9  different 
 subpopulations  that  were  assigned  to  different  cell  types  based  on  their  differential 
 expression  of  cell-type  specific  markers  (Fig.  3.9).  Cluster  definitions  were  validated  by 
 scoring  individual  cells  from  each  cluster  for  the  expression  of  literature-derived  cell-type 
 specific  gene  signatures  (Fig.  3.9).  By  calculating  the  relative  cluster  sizes  under  -EGF 
 versus  +EGF  conditions,  we  observe  a  significant  decrease  in  the  fraction  of  the  cycling 
 stem  cell  cluster  (from  32%  to  23%)  and  a  corresponding  increase  in  the  fraction  of  early 
 enterocyte  and  enterocyte  clusters  (from  21%  to  29%  for  early  enterocytes  and  from  13%  to 
 19%  for  enterocytes)  upon  EGF  withdrawal  (Fig.  3.10B).  This  is  an  indication  that  starving 
 intestinal  organoid  cells  of  EGF  causes  a  shift  towards  a  more  differentiated  absorptive 
 phenotype. 

 In  order  to  assess  the  activities  of  different  signaling  pathways  in  these  clusters,  cells  were 
 scored  based  on  the  expression  of  pathway  responsive  genes  according  to  the  linear 
 PROGENy  model  for  a  set  of  14  commonly  studied  pathways  (Schubert  et  al.  2018)  .  For 
 EGFR,  MAPK  and  WNT  signaling  pathways,  activity  scores  were  significantly  higher  in  the 
 stem  cell  clusters  and  gradually  decreased  across  the  more  differentiated  cell  clusters  (Fig. 
 3.10A).  This  observation  goes  in  line  with  CyTOF  data  which  show  a  gradual  reduction  in 
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 signal  intensities  of  several  phosphoproteins  as  cells  gradually  undergo  differentiation  (Fig. 
 3.4B).  By  assessing  the  distribution  of  cells  in  the  different  cell  cycle  phases,  it  was  observed 
 that  cycling  stem  cells  and  transit-amplifying  cells  are  mostly  in  S  and  G2/M  phases, 
 whereas  the  majority  of  enterocytes  are  in  G1  phase  (Fig.  3.10C).  Contrary  to  absorptive 
 enterocytes,  a  significant  fraction  of  secretory  cells  are  in  S  and  G2/M  phases.  By  studying 
 the  effect  of  EGF  starvation  on  cell  cycle  progression  in  intestinal  organoids,  it  was  found 
 that  starving  the  organoids  of  EGF  increased  the  proportion  of  G1  cells  from  46%  to  57% 
 and  decreased  the  proportion  of  G2/M  cells  from  35%  to  26%  (Fig.  3.10D).  This  shows  that  a 
 deficiency  of  EGF  in  the  culture  medium  indeed  interferes  with  the  progression  of  the  cell 
 cycle  in  intestinal  epithelial  cells  which  is  to  be  expected.  The  effect  of  EGF  starvation  on 
 EGFR,  MAPK  and  PI3K  signaling  scored  using  the  PROGENy  model  was  assessed  in  each 
 cell  type  in  each  phase  of  the  cell  cycle.  No  remarkable  changes  in  the  activity  scores  of 
 EGFR  and  MAPK  pathways  could  be  detected  upon  EGF  starvation  in  the  different  cell  types 
 except  for  some  noticeable  changes  in  G1  enteroendocrine  and  secretory  cells  (Fig. 
 3.11A/B).  For  the  PI3K  pathway,  there  was  a  mild  reduction  in  the  activity  scores  upon  EGF 
 starvation  in  S  and  G2/M  phase  cells  and  in  secretory  cells  in  all  phases  (Fig.  3.11C). 
 Nevertheless,  the  main  differences  in  the  activity  scores  of  the  3  pathways  were  observed 
 between the different cell types and not between the culture conditions. 
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 Figure  3.9  Clustering  of  mouse  intestinal  epithelial  cells  using  scRNA-seq  data.  Cells  were  clustered  using 
 a  k-nearest  neighbor  graph  approach  followed  by  modularity  optimization  using  the  Louvain/Leiden  algorithm 
 (Traag  et  al.  2019).  These  were  implemented  using  the  standard  FindNeighbors  and  FindClusters  functions  in  the 
 Seurat  R  package.  Nine  clusters  were  identified  and  assigned  to  specific  cell  types  based  on  the  expression  of 
 cell  type-specific  markers.  Clusters  can  be  visualized  using  the  Uniform  Manifold  Approximation  and  Projection 
 (UMAP)  approach  for  dimensionality  reduction  (McInnes,  Healy,  and  Melville  2018)  (top  left  figure).  Cell  cluster 
 identifies  were  verified  by  scoring  cells  for  the  average  expression  levels  of  different  literature-derived  intestinal 
 cell  type  marker  signatures  (Haber  et  al.  2017;  Merlos-Suárez  et  al.  2011)  using  the  Seurat  AddModuleScore 
 function. UMAP embeddings show cells color scaled according to the different signature scores. 
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 Figure  3.10  Differential  signaling  activity  across  various  cell  types  in  the  mouse  intestinal  epithelium  and 
 changes  in  epithelial  cell  type  distribution  and  cell  cycle  progression  upon  EGF  withdrawal.  (A)  The  violin 
 plot  shows  the  distribution  of  PROGENy  activity  scores  of  EGFR,  MAPK,  PI3K  and  WNT  signaling  in  the  different 
 cell  types.  These  scores  were  assigned  to  cells  based  on  the  average  expression  of  pathway-responsive  genes 
 given  by  the  PROGENy  model  (Schubert  et  al.  2018)  .  The  activities  of  EGFR,  MAPK  and  WNT  pathways  are 
 relatively  higher  in  stem  cells  and  decrease  gradually  as  cells  gradually  undergo  differentiation  into  enterocytes 
 along  the  crypt-villus  axis.  (B)  The  bar  graph  shows  the  relative  percentage  of  different  cell  types  in 
 EGF-supplemented  versus  EGF-starved  organoids.  EGF  starvation  is  associated  with  a  decrease  in  the 
 percentage  of  cycling  stem  cells  and  an  increase  in  the  percentage  of  early  enterocytes  and  enterocytes  as  well 
 as  a  decrease  in  the  percentage  of  secretory  cells  indicating  that  EGF  starvation  favorably  drives  the 
 differentiation  of  cells  towards  the  absorptive  lineage.  (C)  The  bar  graphs  show  the  percentages  of  cells  in  the 
 different  cell  cycle  phases  for  each  cell  type.  Assignment  of  cells  to  the  different  phases  of  the  cell  cycle  was 
 based  on  the  expression  levels  of  cell  cycle  phase-specific  genes  and  performed  using  the  Seurat 
 CellCycleScoring  function.  As  expected,  cycling  stem  cells  and  transit-amplifying  cells  are  mostly  in  S  and  G2/M 
 phases,  while  enterocytes  are  mostly  in  G1  phase.  Interestingly,  considerable  fractions  of  enteroendocrine  cells 
 and  secretory  cells  are  in  G2/M  phases.  (D)  The  bar  graphs  show  the  percentages  of  cells  in  the  different  cell 
 cycle  phases  for  each  culture  condition.  As  expected,  the  removal  of  EGF  from  the  culture  medium  is  associated 
 with  a  decrease  in  the  fraction  of  G2/M  cells  and  an  increase  in  the  fraction  of  G1  cells,  indicating  that  EGF 
 withdrawal interferes with cell cycle progression. 

 87 

https://paperpile.com/c/5vEx4Y/T3SfE


 88 



 Figure  3.11  Differential  signaling  activity  in  EGF-supplemented  and  EGF-starved  mouse  intestinal  cells  of 
 various  types  in  different  cell  cycle  phases.  Split  violin  plots  show  the  distribution  of  PROGENy  EGFR,  MAPK 
 and  PI3K  pathway  activity  scores  across  various  intestinal  cell  types  in  different  cell  cycle  phases  under 
 conditions  of  EGF  supplementation  versus  starvation.  The  3  lines  in  each  violin  plot  represent  the  first  quartile, 
 median  and  third  quartile  of  the  score  distribution.  Comparisons  of  +EGF  and  -EGF  groups  where  at  least  one 
 group  contains  less  than  30  cells  are  not  shown.  EGF  starvation  did  not  significantly  alter  the  activity  scores  of 
 EGFR  (A)  and  MAPK  (B)  pathways  within  each  cell  type  in  a  given  phase  of  the  cell  cycle  except  for  some 
 noticeable  changes  in  enteroendocrine  and  secretory  cells.  In  addition,  EGF  starvation  was  associated  with  a 
 mild  decrease  in  PI3K  (C)  pathway  activity  scores  in  cycling  stem  cells  and  transit-amplifying  cells,  specifically  in 
 S  phase  cells,  in  secretory  cells  of  all  phases  and  in  enteroendocrine  G2/M  cells.  However,  the  main  differences 
 in activity scores of the 3 pathways were mainly attributed to the cell type and not the culture condition. 

 Differential  gene  expression  between  -EGF  and  +EGF  conditions  was  analyzed  using  the 
 DESeq2  method  (Love,  Huber,  and  Anders  2014)  .  After  correcting  for  replicate,  cluster  and 
 cell  cycle  phase-specific  effects,  almost  1700  genes  were  found  to  be  differentially 
 expressed  between  the  two  conditions  at  an  adjusted  p-value  less  than  0.1.  Out  of  these 
 genes,  51  were  found  to  be  previously  reported  ERK  targets  (Uhlitz  et  al.  2017)  of  which  34 
 targets  were  found  to  be  significantly  upregulated  in  the  -EGF  condition  (Fig.  3.12).  This 
 clearly  shows  that  EGF  starvation-induced  increase  in  ERK  phosphorylation  is  associated 
 with  an  increase  in  the  expression  of  a  number  of  ERK  target  genes.  Furthermore,  in  order 
 to  understand  how  different  categories  of  ERK  target  genes  respond  to  EGF  withdrawal, 
 cells  from  both  conditions  were  scored  for  the  expression  of  a  set  of  21  IEGs,  a  set  of  54 
 DEGs,  a  set  of  27  ILGs  and  a  set  of  87  SRGs  that  were  previously  described  (Uhlitz  et  al. 
 2017)  .  Only  the  expression  of  IEGs  was  significantly  increased  upon  EGF  starvation  in 
 different  cell  types  at  different  phases,  especially  S  and  G2/M  phases  (Fig.  3.13A).  A 
 modest,  but  less  significant  increase  in  the  expression  of  DEG  and  ILG  sets  was  observed  in 
 S  and  G2/M  phase  cells  in  the  EGF-starved  condition  (Fig.  3.13B/C).  There  was  an  overall 
 reduction  in  the  expression  of  SRGs  in  the  EGF-starved  versus  supplemented  condition  in 
 several  cell  types  at  different  phases  (Fig.  3.13D).  Thus,  we  conclude  that  only  the 
 expression  of  primary  response  genes  (PRGs)  was  increased  by  EGF  withdrawal,  but  not 
 secondary  response  genes.  This  implies  that  the  stress  imposed  on  intestinal  cells  by  EGF 
 withdrawal  results  in  short  pulses  of  ERK  activity  that  are  high  in  amplitude,  but  do  not  last 
 long enough to affect secondary response ERK target genes. 
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 Figure  3.12  Differential  expression  of  ERK  target  genes  in  mouse  intestinal  organoid  cells  between  -EGF 
 and  +EGF  conditions.  This  plot  shows  the  estimated  log2  fold  change  (+/-  the  standard  error  of  the  estimate)  in 
 the  expression  of  51  ERK  target  genes  that  were  found  to  be  differentially  expressed  to  a  significant  level 
 (adjusted  p-value  <  0.1)  in  EGF-starved  versus  EGF-supplemented  mouse  intestinal  organoid  cells.  Differential 
 gene  expression  was  performed  using  the  DESeq2  approach  and  replicate,  cell  type  and  cell  cycle-related  effects 
 on  expression  were  corrected  for  in  a  likelihood  ratio  test  (Love,  Huber,  and  Anders  2014).  The  log2  fold  change 
 values  of  gene  expression  in  -EGF  versus  +EGF  conditions  were  shrunken  to  obtain  more  accurate  estimates  of 
 their  magnitudes  and  standard  errors  using  the  Approximate  Posterior  Estimation  for  generalized  linear  model 
 (apeglm)  (Zhu,  Ibrahim,  and  Love  2019).  In  this  analysis,  34  of  these  genes  were  found  to  be  significantly  more 
 expressed  in  the  -EGF  condition,  while  the  expression  of  the  other  17  was  significantly  higher  in  the  +EGF 
 condition.  ERK  target  genes  are  classified  into  4  different  color-coded  groups  based  on  their  expression 
 dynamics  following  EGF  stimulation,  namely,  immediate-early  genes  (IEGs),  delayed-early  genes  (DEGs), 
 immediate-late genes (ILGs) and secondary response genes (SRGs) (Uhlitz et al. 2017). 
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 Figure  3.13  EGF  withdrawal  increases  the  expression  of  specific  primary  response  ERK  target  genes,  but 
 not  secondary  response  genes  in  mouse  intestinal  organoid  cells.  Split  violin  plots  show  the  distribution  of 
 ERK  target  gene  signature  scores  assigned  by  the  Seurat  AddModuleScore  function  for  21  immediate-early 
 genes  (IEGs),  54  delayed-early  genes  (DEGs),  27  immediate-late  genes  (ILGs)  and  87  secondary  response 
 genes  (SRGs)  across  various  intestinal  cell  types  in  different  cell  cycle  phases  under  conditions  of  EGF 
 supplementation  versus  starvation.  The  3  lines  in  each  violin  plot  represent  the  first  quartile,  median  and  third 
 quartile  of  the  score  distribution.  Comparisons  of  +EGF  and  -EGF  groups  where  at  least  one  group  contains  less 
 than  30  cells  are  not  shown.  EGF  starvation  is  associated  with  an  increase  in  the  expression  of  IEGs  in  most  cell 
 types  in  all  cell  cycle  phases  (A).  The  expression  of  DEGs  and  ILGs  is  only  slightly  increased  in  EGF-starved 
 cycling  stem  cells  and  transit-amplifying  cells  (B  &  C).  No  significant  differences  in  expression  of  these  signatures 
 between  +EGF  and  -EGF  conditions  are  observed  in  enterocytes  (B  &  C).  On  the  other  hand,  the  expression  of 
 SRGs is slightly decreased in EGF-starved cycling stem cells, transit-amplifying cells and enterocytes (D). 
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 Differential  gene  expression  analysis  was  further  performed  in  each  of  the  individual  cell 
 clusters  using  the  DESeq2  approach  to  try  to  understand  how  ERK  target  genes  were 
 affected  in  each  of  the  different  cell  types  individually.  In  stem  cells,  a  number  of  ERK  target 
 genes  were  found  to  be  significantly  upregulated  in  the  EGF-starved  versus  supplemented 
 condition,  namely  Fos  ,  Fosb  ,  Jun  ,  Junb  ,  Egr1  ,  Ier2  ,  Zfp36  ,  Id1  ,  Cyr61  ,  Hbegf  ,  Pmaip1  and 
 Btg2  (fold  change  >  1.5  &  adjusted  p-value  <  0.1)  and  all  of  these  are  PRGs.  Similarly,  in 
 transit-amplifying  cells,  the  ERK  target  genes  Fos  ,  Egr1  ,  Zfp36  ,  Ier2  ,  Id1  ,  Junb  ,  Fosb  ,  Dusp1 
 and  Cyr61  were  significantly  overexpressed  in  the  EGF-starved  versus  supplemented 
 condition.  In  early  enterocytes,  the  same  ERK  targets  were  mildly  overexpressed  in 
 EGF-starved  cells  compared  to  supplemented  ones,  however,  the  fold  change  values  were 
 less  than  1.5.  On  the  other  hand,  in  differentiated  enterocytes,  none  of  the  ERK  target  genes 
 were  significantly  affected  by  EGF  starvation.  This  indicates  that  EGF  starvation-induced 
 changes  in  the  expression  of  ERK  target  genes  are  mostly  pronounced  in  stem  cells  and 
 early  progenitors,  but  not  very  much  in  differentiated  enterocytes.  This  matches  the  pattern 
 of  change  in  pMEK1/2  and  pERK1/2  levels  along  the  cell  differentiation  trajectory  from  crypt 
 to  villus  as  measured  by  CyTOF  (Fig.  3.4B).  In  secretory  cells  including  both  goblet  cells  and 
 Paneth  cells,  the  expression  of  the  ERK  target  genes  Egr1  ,  Fos  ,  Fosb  ,  Ier2  ,  Id1  ,  Jun  ,  Junb  , 
 Zfp36  ,  Hbegf  ,  Btg2  ,  Dusp1  and  Cyr61  was  again  significantly  higher  in  EGF-starved  versus 
 supplemented  cells,  although  the  fold  change  values  for  most  of  these  genes  were  less  than 
 1.5.  Similar  to  enterocytes,  the  expression  of  ERK  target  genes  in  enteroendocrine  cells  was 
 not  notably  affected  by  EGF  withdrawal.  Results  of  the  cell  cluster-specific  differential  gene 
 expression are not shown in figures. 

 Beside  ERK  target  genes,  a  number  of  other  interesting  genes  were  found  to  be  differentially 
 expressed  between  the  -EGF  and  +EGF  conditions  (Fig.  3.14).  These  include  genes  that 
 positively  regulate  MAPK  activity  such  as  Fgf1  ,  Alox12b  ,  Lbh  and  Pcdh8  and  genes  that 
 negatively  regulate  MAPK  activity  as  Gprc5a  ,  Ptprr  ,  Pea15a  and  Atf3  .  Fgf1  encodes 
 fibroblast  growth  factor  1  (FGF1)  which  activates  FGF  receptors  and  downstream  MAPK 
 signaling.  Arachidonate  12-lipoxygenase  encoded  by  Alox12b  is  associated  with  positive 
 regulation  of  MAPK  cascade  where  a  product  of  this  enzyme  was  shown  to  induce  ERK 
 activation  and  enzyme  inhibitors  were  found  to  reduce  ERK  activation  in  response  to 
 stimulation  in  bronchial  epithelial  cells  (Garcia-Verdugo  et  al.  2012)  .  Protein  LBH  encoded  by 
 Lbh  acts  as  a  transcriptional  activator  in  the  MAPK  signaling  pathway  where  it  stimulates  the 
 transcriptional  activity  of  activator  protein  1  (AP-1)  and  serum  response  element  (Ai  et  al. 
 2008)  .  Protocadherin  8  encoded  by  Pcdh8  was  found  to  interact  with  the  Mitogen  activated 
 protein  kinase  kinase  kinase  (MAPKKK)  TAO  kinase  2  causing  its  activation.  TAO  kinase  2 
 then  phosphorylates  and  activates  the  MAPKK  MEK3  which  in  turn  phosphorylates  and 
 activates  P38  MAPK  (Yasuda  et  al.  2007)  .  On  the  other  hand,  Gprc5a  encodes  the  orphan 
 receptor  retinoic  acid-induced  protein  3  which  was  found  to  bind  to  EGFR  and  inhibit  its 
 signaling  (Zhong  et  al.  2015)  .  Ptprr  encodes  protein  tyrosine  phosphatase  receptor  type  R 
 (PTPRR)  which  was  reported  to  sequester  MAPKs  such  as  MAPK1  (ERK2),  MAPK3  (ERK1) 
 and  MAPK14  (P38  MAPK)  in  the  cytoplasm  in  an  inactive  form  and  prevent  their  nuclear 
 translocation  (Blanco-Aparicio,  Torres,  and  Pulido  1999)  .  Similarly,  astrocytic  phosphoprotein 
 PEA-15  encoded  by  Pea15a  was  found  to  bind  ERK1  and  ERK2  and  prevent  their  nuclear 
 translocation  (Formstecher  et  al.  2001)  .  Atf3  encodes  the  cyclic  AMP-dependent 
 transcription  factor  ATF3  whose  deficiency  was  found  to  be  associated  with  enhanced 
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 activation  of  ERK1/2  and  c-Jun  N-terminal  protein  kinase  (JNK)  signaling  (H.  Zhou  et  al. 
 2011)  . 

 Moreover,  the  list  of  interesting  genes  includes  genes  that  are  essential  for  the  maintenance 
 and  protection  of  the  intestinal  epithelium  such  as  Muc3  ,  Defa29  ,  Akp3  and  Reg3b  .  Muc3 
 encodes  the  glycoprotein  mucin  3  expressed  by  both  goblet  cells  and  enterocytes  and  is  an 
 important  component  of  the  intestinal  mucus  secretions  (Gum  et  al.  1997;  Shekels  and  Ho 
 2003)  .  Defensin-related  sequence  cryptdin  peptide  encoded  by  Defa29  is  an  antimicrobial 
 defensin  produced  by  Paneth  cells  to  protect  the  intestinal  epithelium  against  infections  (K. 
 Nakamura  et  al.  2020)  .  Reg3b  encodes  regenerating  islet-derived  protein  3-beta  which  is  a 
 bactericidal  C-type  lectin  active  against  a  number  of  Gram-positive  and  Gram-negative 
 intestinal  bacteria  (van  Ampting  et  al.  2012;  Stelter  et  al.  2011)  .  Akp3  encodes  intestinal-type 
 alkaline  phosphatase  which  plays  important  roles  in  the  intestinal  epithelium  including 
 regulation  of  bicarbonate  secretion,  detoxification  of  bacterial  products,  inhibition  of 
 inflammation and regulation of gut microbial flora  (Singh  et al. 2020)  . 

 Other  interesting  hits  include  genes  that  interact  with  EGFR,  MAPKs  or  MAPK-activated 
 kinases  or  genes  regulated  by  them.  Examples  include  Anxa1  ,  Pde4a  ,  Plk3  ,  Psmb8  and 
 Tnfrsf23  .  Annexin  A1  encoded  by  Anxa1  interacts  directly  with  EGFR  and  gets 
 phosphorylated  by  the  receptor  in  response  to  EGF  treatment  (Varticovski  et  al.  1988; 
 Pepinsky  et  al.  1989)  .  Pde4a  encodes  cAMP-specific  3’,5’-cyclic  phosphodiesterase  4A 
 which  gets  phosphorylated  by  MAPK-activated  protein  kinase  2,  a  downstream  target  of  P38 
 MAPK  and  this  phosphorylation  attenuates  its  activation  by  other  kinases  as  protein  kinase  A 
 (MacKenzie  et  al.  2011)  .  Serine/threonine-protein  kinase  PLK3  encoded  by  Plk3  was  shown 
 to  physically  interact  with  MEK1  and  ERK2  and  its  kinase  activity  was  shown  to  require 
 MEK1  activation  (Xie  et  al.  2004)  .  Proteasome  subunit  beta  type  8  encoded  by  Psmb8 
 regulates  different  cellular  functions  by  modulating  the  activity  of  ERK1/2  and  PI3K-AKT 
 signaling  pathways  (B.-Y.  Yang  et  al.  2018)  .  Tnfrsf23  encodes  member  23  of  the  tumor 
 necrosis  factor  receptor  superfamily  that  is  believed  to  be  involved  in  the  regulation  of 
 stress-activated MAPK cascade  (Gaudet et al. 2011)  . 
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 Figure  3.14  Differential  expression  of  interesting  genes  in  mouse  intestinal  organoid  cells  in  -EGF  versus 
 +EGF  conditions.  This  plot  shows  the  estimated  log2  fold  change  (+/-  the  standard  error  of  the  estimate)  in  the 
 expression  of  a  number  of  interesting  genes  that  were  found  to  be  differentially  expressed  to  a  significant  level 
 (adjusted  p-value  <  0.1  and  absolute  log2  fold  change  >  0.58)  in  EGF-starved  versus  EGF-supplemented  mouse 
 intestinal  organoid  cells.  As  previously  explained,  differential  gene  expression  was  performed  using  the  DESeq2 
 approach  and  replicate,  cell  type  and  cell  cycle-related  effects  on  expression  were  corrected  for  (Love,  Huber, 
 and  Anders  2014).  The  log2  fold  change  values  were  shrunken  to  obtain  more  accurate  estimates  of  their 
 magnitudes  and  standard  errors  using  the  Approximate  Posterior  Estimation  for  generalized  linear  model 
 (apeglm)  (Zhu,  Ibrahim,  and  Love  2019).  This  gene  collection  includes  genes  associated  with  positive  regulation 
 of  MAPK  activity  such  as  Fgf1  ,  Alox12b  ,  Lbh  and  Pcdh8  ,  genes  that  are  negative  regulators  of  MAPK  activity  as 
 Gprc5a  ,  Ptprr  ,  Pea15a  and  Atf3  ,  and  genes  that  play  key  roles  in  the  protection  of  the  intestinal  epithelium  as 
 Muc3  ,  Defa29  ,  Akp3  and  Reg3b  . 
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 3.5  EGF  starvation  negatively  regulates  MTORC1  signaling  and 
 energy metabolism in the intestinal epithelium 

 GSEA  using  ranked  lists  of  differentially  expressed  genes  (from  scRNA-seq  data)  and 
 proteins  (from  MS-based  proteomics  data)  in  EGF-starved  versus  EGF-supplemented 
 organoids  show  similar  changes  in  a  number  of  biological  processes.  EGF  starvation  was 
 associated  with  downregulation  of  gene/protein  sets  involved  in  metabolic  processes  such 
 as  glycolysis/gluconeogenesis  (normalized  enrichment  score  (NES)  =  -2.37  /  adjusted 
 p-value  (padj)  <  0.001  in  scRNA-seq  data  (Fig.  3.15A)  and  NES  =  -1.43  /  padj  =  0.05  in 
 proteomics  data  (Fig.  3.15B)),  fatty  acid  metabolism  (NES  =  -1.95  /  padj  =  0.006  (A)  and 
 NES  =  -1.49  /  padj  =  0.044  (B)),  cholesterol  homeostasis  (NES  =  -2.16  /  padj  =  0.001  (A) 
 and  NES  =  -1.89  /  padj  =  0.002  (B))  and  oxidative  phosphorylation  (NES  =  -2.68  /  padj  < 
 0.001  (B)).  EGF  starvation  was  also  associated  with  negative  regulation  of  MTORC1 
 complex-mediated  signaling  (NES  =  -2.39  /  padj  <  0.001  (A)  and  NES  =  -1.54  /  padj  =  0.004 
 (B)).  On  the  other  hand,  removal  of  EGF  was  linked  to  positive  regulation  of  inflammatory 
 processes  such  as  TNF  alpha  signaling  via  NF-κB  (NES  =  3.4  /  padj  <  0.001  (A))  and  P53 
 pathway  (NES  =  2.08  /  padj  =  0.003  (A))  which  is  associated  with  cell  cycle  arrest. 
 Collectively,  GSEA  demonstrates  that  starving  intestinal  epithelial  cells  of  EGF  -as  expected- 
 may  have  a  negative  influence  on  their  energy  generating  metabolic  processes  and  signaling 
 pathways  that  stimulate  their  growth  such  as  MTORC1  signaling,  and  may  promote 
 inflammatory processes via TNF alpha signaling. 
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 Figure  3.15  EGF  starvation  is  associated  with  negative  regulation  of  energy  metabolism  and 
 growth-promoting  MTORC1  signaling  and  positive  regulation  of  proinflammatory  TNF  alpha  signaling 
 and  P53  pathway.  Gene  set  enrichment  analysis  (GSEA)  was  performed  using  ranked  lists  of  differentially 
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 expressed  genes  from  scRNA-seq  data  (A)  and  proteins  from  mass  spectrometry-based  proteomics  data  (B)  in 
 EGF-starved  versus  EGF-supplemented  mouse  intestinal  organoids.  Ranked  lists  were  tested  for  the  enrichment 
 of  hallmark  gene  signatures  from  the  Molecular  Signature  Database  which  represent  well-defined  biological 
 states  and  processes  (Liberzon  et  al.  2011,  2015)  as  previously  described  (Subramanian  et  al.  2005).  Result 
 tables  display  the  most  significantly  enriched  hallmark  gene  sets  in  -EGF  versus  +EGF  conditions  at  an  adjusted 
 p-value  less  than  0.05.  Enrichment  plots  show  the  running  enrichment  score  for  a  given  gene  set  as  the  analysis 
 goes  down  the  ranked  list  of  genes.  The  tables  also  show  normalized  enrichment  scores  (NES)  for  the  gene  sets 
 with  their  associated  p-values  (pval)  and  adjusted  p-values  after  multiple  testing  correction  (padj).  GSEA  reveals 
 that  gene  sets  involved  in  energy  generating  metabolic  processes  such  as  glycolysis,  oxidative  phosphorylation 
 and  fatty  acid  metabolism  as  well  as  a  gene  set  induced  by  MTORC1  activation  were  downregulated  in  the 
 EGF-starved  condition.  Conversely,  gene  sets  associated  with  TNF  alpha  signaling  and  the  P53  pathway  were 
 upregulated upon EGF removal. 

 3.6  EGF  starvation  is  not  associated  with  an  increase  in  either 
 the production or the secretion of HBEGF protein 

 The  most  interesting  ligands  that  were  found  to  be  upregulated  on  the  mRNA  level  upon 
 EGF  starvation  of  intestinal  cells  were  FGF1  and  the  EGFR  ligand  HBEGF.  HBEGF  is  of 
 particular  interest  since  this  ligand  is  known  to  have  a  higher  affinity  for  EGFR  than  EGF 
 itself  (Higashiyama  et  al.  1991)  and  was  shown  to  promote  regeneration  of  intestinal  cells 
 following  several  kinds  of  intestinal  injury,  particularly  radiation-induced  injury  (Matthews  et 
 al.  2013)  .  One  possible  hypothesis  is  that  intestinal  cells  exposed  to  stress  due  to  EGF 
 deprivation  compensate  for  EGF  scarcity  by  overexpressing  HBEGF  and  other  ligands  such 
 as  amphiregulin  and  that  secretion  of  these  ligands  may  be  responsible  for  the  activation  of 
 EGFR  and  the  increase  in  MAPK  activity  observed  in  EGF-starved  organoids.  Accordingly, 
 we  were  interested  to  test  whether  the  increase  in  mRNA  levels  of  HBEGF  upon  EGF 
 starvation  is  translated  into  a  corresponding  increase  in  its  protein  levels.  To  answer  this 
 question,  the  concentration  of  HBEGF  secreted  extracellularly  in  the  surrounding  Matrigel  in 
 which  the  intestinal  organoids  are  embedded  was  measured  using  a  sandwich  ELISA.  In 
 addition,  the  amount  of  HBEGF  produced  intracellularly  by  the  organoid  cells  was  similarly 
 measured.  The  average  concentration  of  secreted  HBEGF  in  Matrigel  did  not  differ 
 significantly  between  the  EGF-starved  and  supplemented  conditions  (Fig.  3.16B).  Likewise, 
 the  average  concentration  of  HBEGF  in  the  organoid  lysates  did  not  differ  considerably 
 between  the  two  conditions  (Fig.  3.16A).  These  findings  do  not  support  the  hypothesis  of 
 compensatory  ligand  production/secretion  and  it  is  hard  to  determine  whether  the  increase  in 
 Hbegf  expression  detected  by  scRNA-seq  is  a  cause  or  a  consequence  of  the  increased 
 levels  of  pERK1/2  observed  upon  EGF  withdrawal,  knowing  that  Hbegf  is  one  of  the  ERK 
 PRGs (fig. 3.12). 
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 Figure  3.16  HBEGF  production/secretion  is  not  influenced  by  EGF  withdrawal  in  mouse  intestinal 
 organoids.  (A)  The  Cleveland  dot  plot  on  the  left  shows  the  concentration  of  HBEGF  in  pg/mL  measured  using  a 
 sandwich  ELISA  in  intestinal  organoid  lysates  after  culturing  them  for  24  h  in  the  different  culture  conditions.  A 
 calibration  curve  (on  the  right)  is  fitted  using  known  concentrations  of  standard  HBEGF  solutions  in  the  lysis 
 buffer  and  their  corresponding  blanked  absorbance  measurements.  The  red  dotted  lines  denote  the 
 concentrations  of  HBEGF  in  the  samples  which  were  estimated  from  the  fitted  curve.  (B)  The  Cleveland  dot  plot 
 on  the  left  shows  the  amount  of  HBEGF  secreted  from  intestinal  organoids  in  the  surrounding  Matrigel  after 
 culturing  them  for  24  h  in  the  different  culture  conditions.  The  amount  of  HBEGF  was  normalized  to  the  total 
 protein  amount  in  the  corresponding  organoid  lysate  to  control  for  differences  in  plating  densities  across  different 
 culture  plate  wells.  HBEGF  concentration  was  measured  in  dissolved  Matrigel  using  a  sandwich  ELISA,  while  the 
 protein  concentrations  of  the  organoid  lysates  were  measured  using  a  BCA  protein  assay.  Similar  to  A,  a 
 calibration  curve  (on  the  right)  is  fitted  using  known  concentrations  of  standard  HBEGF  solutions  in  a 
 Matrigel-culture  medium  mixture  and  their  corresponding  blanked  absorbance  measurements.  The  red  dotted 
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 lines  again  denote  the  concentrations  of  HBEGF  in  the  samples  which  were  estimated  from  the  fitted  curve.  The 
 differences  in  the  amount  of  HBEGF  produced  in  the  organoid  cells  (A)  or  secreted  in  the  external  Matrigel  (B) 
 across  the  different  groups  were  not  statistically  significant  indicating  that  EGF  withdrawal  does  not  affect  the 
 production/secretion  of  HBEGF  by  mouse  intestinal  organoids.  In  all  plots,  crossbars  indicate  the  mean  value  +/- 
 standard  deviation  and  each  dot  represents  a  unique  biological  replicate  (number  of  replicates  =  3).  Differences 
 between  groups  were  statistically  tested  using  one-way  analysis  of  variance  “ANOVA”  (p-values  were  greater 
 than 0.05 for both analyses in A and B). 

 3.7  EGF  starvation-induced  changes  in  MAPK  activity  are 
 observed in human colorectal tumor organoids 

 All  of  the  previously  reported  changes  in  EGFR  and  MAPK  signaling  upon  EGF  starvation 
 were  observed  in  organoids  derived  from  the  mouse  small  intestinal  tissue.  In  order  to 
 explore  whether  a  similar  effect  takes  place  in  the  human  intestinal  epithelium,  organoids 
 derived  from  human  colorectal  tumors  were  starved  of  EGF  with  and  without  active  WNT 
 signaling  for  different  time  intervals:  1  day,  3  days  and  5  days  before  harvesting  and 
 pERK1/2  levels  were  measured  in  organoid  protein  lysates  using  a  capillary  Western  blot 
 assay.  Two  different  lines  of  patient-derived  colorectal  tumor  organoids  were  used  in  this 
 experiment:  P013T  which  is  KRAS  wild  type  &  OT302  which  is  KRAS(G12D)  mutant.  The 
 reason  for  selection  of  these  two  lines  was  to  explore  how  a  KRAS  mutation  may  influence 
 the  response  of  these  tumor  organoids  to  EGF  starvation.  In  KRAS  wild-type  organoids, 
 removal  of  EGF  for  1,  3  or  5  days  induced  remarkable  increases  in  pERK1/2  levels 
 compared  to  non-starved  organoids  (Fig.  3.17,  bottom  row).  However,  in  KRAS  mutant 
 organoids,  the  increases  in  pERK1/2  levels  observed  in  EGF-starved  organoids  after  1,  3  or 
 5  days  were  much  less  notable  compared  to  KRAS  wild-type  organoids  (Fig.  3.17,  top  row). 
 These  results  show  that  EGF  starvation  of  human  colorectal  tumor  organoids  indeed 
 increases  the  levels  of  pERK1/2  in  a  similar  fashion  to  what  was  observed  in  mouse 
 intestinal  organoids.  Moreover,  the  presence  of  a  KRAS  mutation  renders  cells  less  sensitive 
 to the effect of EGF starvation. 
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 Figure  3.17  EGF  starvation  induces  an  increase  in  pERK1/2  levels  in  human  colorectal  tumor  organoids. 
 Patient-derived  colorectal  tumor  organoids  (KRAS  wild  type  and  G12D  mutant)  were  plated  with/without  EGF  for 
 1,  3  and  5  days  in  the  presence  or  absence  of  WNT3  and  RSPO1  (activators  of  WNT  signaling).  Organoids  were 
 then  harvested  and  lysed  and  pERK1/2  levels  were  measured  in  the  prepared  lysates  using  a  capillary  Western 
 blot  assay.  In  KRAS  wild-type  tumor  organoids,  pERK1/2  levels  were  significantly  higher  in  EGF-starved  samples 
 compared  to  non-starved  controls,  especially  following  1  and  3  days  of  culture.  This  effect  was  observed 
 regardless  of  whether  WNT  signaling  was  activated  or  not.  In  KRAS  mutant  tumor  organoids,  EGF  removal  was 
 also  associated  with  an  increase  in  pERK1/2  levels,  although  the  effect  was  considerably  less  significant  than  in 
 their  wild-type  counterparts.  This  indicates  that  EGF  starvation  of  human  colon  tumor  tissue  indeed  induces  an 
 increase  in  MAPK  activity  similar  to  what  was  observed  in  the  mouse  small  intestinal  tissue.  Interestingly,  the 
 presence  of  a  KRAS(G12D)  activating  mutation  makes  tumor  cells  less  sensitive  to  the  influence  of  EGF 
 withdrawal  on  MAPK  activity.  In  all  plots,  crossbars  indicate  the  mean  signal  +/-  standard  deviation  and  each  dot 
 represents  a  unique  biological  replicate  (number  of  replicates  =  3).  A  one-way  analysis  of  variance  (ANOVA)  was 
 conducted  to  test  for  significant  differences  in  pERK1/2  levels  across  all  culture  conditions  and  this  was  followed 
 by  Tukey’s  honestly  significant  difference  test  for  multiple  pairwise  comparisons  between  the  different  conditions 
 (*p-value < 0.05, **p-value < 0.01 and ***p-value < 0.001). 
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 4 Discussion 

 An  enormous  amount  of  research  work  has  been  done  to  characterize  EGFR/ERBB 
 signaling  in  all  types  of  cells  in  both  health  and  disease  contexts,  making  this  signaling 
 pathway  one  of  the  most  widely  studied  pathways  in  the  whole  of  biology  (Wee  and  Wang 
 2017;  Lemmon,  Schlessinger,  and  Ferguson  2014)  .  There  are  seven  known  ligands  that  bind 
 to  and  activate  EGFR,  namely,  EGF,  TGFA,  HBEGF,  AREG,  EREG,  EPGN,  and  BTC. 
 ERBB4  is  activated  by  BTC,  HBEGF,  EREG  and  the  neuregulins  NRG1,  NRG2,  NRG3  and 
 NRG4.  ERBB3  is  activated  by  the  neuregulins  NRG1  and  NRG2  only,  while  ERBB2  does  not 
 bind  to  any  known  ligands.  There  are  plenty  of  intracellular  signaling  pathways  that  are 
 known  to  be  activated  in  response  to  stimulation  of  ERBB  receptors  with  those  activating 
 ligands  (Fig.  1.1).  However,  one  of  the  understudied  aspects  of  EGFR/ERBB  signaling  and 
 cellular  signaling  in  general  is  how  signaling  proteins  would  respond  to  situations  where 
 ligands  and  growth  factors  are  deficient.  It  is  well  known  that  different  forms  of  stress  such 
 as  ultraviolet  light,  heat,  hyperosmotic  conditions  or  exposure  to  inflammatory  cytokines  can 
 induce  an  activation  of  signaling  pathways  that  are  necessary  for  maintenance  of 
 homeostasis  or  initiation  of  apoptosis  such  as  JNK  and  P38  pathways  and  the  endoplasmic 
 reticulum unfolded protein response  (Hotamisligil  and Davis 2016)  . 

 The  present  study  aims  at  investigating  how  the  intestinal  epithelium  responds  to  one 
 particular  form  of  stress,  namely  growth  factor  starvation.  More  precisely,  the  study  focuses 
 on  the  effect  of  EGF  starvation  on  EGFR  signaling  in  the  mouse  intestinal  epithelium.  This  is 
 important  to  understand  how  cell  signaling  networks  adapt  in  such  a  stressful  environment  to 
 maintain  homeostasis  and  prolong  survival  of  epithelial  cells.  There  are  different  sources  of 
 EGF  in  the  intestinal  epithelium.  EGF  as  well  as  TGFA  are  produced  by  Paneth  cells  in  the 
 immediate  vicinity  of  intestinal  stem  cells  (Sato,  van  Es,  et  al.  2011)  .  EGF  is  also  produced 
 by  enteric  glia  cells  in  the  underlying  mesenchyme  and  fosters  intestinal  mucosal  healing 
 (Van  Landeghem  et  al.  2011)  .  In  addition,  endogenous  EGF  secreted  from  salivary  glands 
 and  Brunner's  glands  is  available  in  the  intestinal  lumen  (Playford  and  Wright  1996; 
 Scheving  et  al.  1989;  Thompson,  van  den  Berg,  and  Stokkers  1994)  .  One  major  role  of  EGF 
 is  to  stimulate  the  proliferation  of  intestinal  stem  cells  and  increase  the  rate  of  intestinal 
 epithelium  turnover  (Basak  et  al.  2017;  Gehart  and  Clevers  2019)  .  Because  numerous 
 ligands  including  EGF  are  produced  by  Paneth  cells  at  the  crypt  base  and  subepithelial 
 mesenchymal  cells,  a  concentration  gradient  of  these  ligands  exists  along  the  crypt-villus 
 axis  with  concentrations  gradually  decreasing  up  the  villi  (Miguel  et  al.  2017)  .  This  decrease 
 in  the  concentration  of  EGF  along  with  other  EGFR  and  WNT  ligands  across  the  crypt-villus 
 axis  is  associated  with  a  gradual  acquisition  of  a  more  differentiated  phenotype  by  the 
 upward  migrating  cells.  This  phenomenon  was  also  observed  in  the  current  study  where 
 starving  mouse  intestinal  epithelial  organoids  for  24  h  of  EGF  or  the  WNT  co-activator 
 RSPO1  reduced  the  fraction  of  stem  and  early  progenitor  cells  and  increased  the  fraction  of 
 differentiated  enterocytes  both  in  CyTOF  analysis  (Fig.  3.4C)  as  well  as  scRNA-seq  analysis 
 (Fig.  3.10B).  This  goes  in  line  with  studies  in  the  adult  Drosophila  midgut  which  showed  the 
 importance  of  both  EGFR  and  WNT/Wingless  signaling  in  the  maintenance  and  division  of 
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 intestinal  stem  cells  (N.  Xu  et  al.  2011)  .  Furthermore,  it  has  been  argued  that  in  humans, 
 EGFR  signaling  differs  from  WNT  and  NOTCH  signaling  in  that  it  controls  the  division  rate  of 
 intestinal  stem  cells,  but  is  not  necessary  to  maintain  the  stem  cell  identity  (Gehart  and 
 Clevers  2019)  .  Inhibition  of  EGFR  signaling  in  intestinal  organoids  renders  LGR5  +  stem  cells 
 quiescent  and  stops  organoid  growth.  However,  cells  preserve  their  stem  cell  identity  and 
 once  EGFR  signaling  is  restored,  stem  cells  continue  to  divide  (Basak  et  al.  2017)  .  WNT  and 
 NOTCH  signaling,  on  the  other  hand,  are  essential  for  preservation  of  the  stemness  nature 
 of cells  (Tian et al. 2015)  . 

 It  is  important  to  consider  the  biological  relevance  of  studying  the  effect  of  EGF  starvation  on 
 the  intestinal  epithelium.  There  are  specific  medical  conditions  that  can  be  associated  with  a 
 deficiency  of  endogenous  EGF  production.  One  important  example  is  sialoadenectomy  or 
 the  surgical  excision  of  salivary  glands;  a  procedure  used  to  treat  patients  with  salivary  gland 
 tumors.  Since  salivary  glands  are  a  major  source  of  secreted  EGF  in  the  oral  and  gastric 
 cavities,  sialoadenectomy  can  induce  a  significant  deficiency  of  luminal  EGF  in  these  areas 
 (Playford  and  Wright  1996)  .  This  has  been  associated  with  detrimental  effects  on  oral, 
 tongue,  gastric  and  intestinal  mucosa  in  sialoadenectomized  animals  as  discussed 
 previously  in  section  1.9  (Sarosiek  et  al.  1988;  Koskenpato  et  al.  2016;  Kohút  et  al.  1992; 
 Tepperman  and  Soper  1990;  P.  K.  Konturek  et  al.  1990;  Azuma  et  al.  2016;  Noguchi,  Ohba, 
 and  Oka  1991;  Helmrath  et  al.  1998)  .  EGF  deficiency  resulting  from  sialoadenectomy  can 
 also  affect  other  organs  outside  the  GIT  such  as  the  liver  (Lambotte  et  al.  1997;  Sánchez  et 
 al.  2008)  ,  mammary  glands  (Okamoto  and  Oka  1984)  and  reproductive  organs  (Tsutsumi, 
 Kurachi,  and  Oka  1986;  S.  Zhang  et  al.  2013;  Russell  et  al.  1990)  .  Another  context  in  which 
 studying  the  effects  of  growth  factor  starvation  can  be  highly  relevant  is  the  use  of  this 
 strategy  for  cancer  prevention  and/or  treatment.  Several  examples  were  presented  in  section 
 1.9  to  illustrate  such  a  principle.  Specifically,  two  cancer  vaccines,  one  targeting  TGFA  and 
 the  other  targeting  EGF  were  discussed  (Mulet  et  al.  2005;  Saavedra  et  al.  2018)  .  These 
 vaccines  trigger  a  strong  antibody-based  immune  response  against  these  factors  depriving 
 cancer  cells  of  their  growth  signals.  As  a  side  effect,  these  growth  factor  deprivation 
 approaches  can  cause  a  systemic  deficiency  of  growth  factors  and  affect  growth  signaling  in 
 normal  non-malignant  cells.  In  conclusion,  whether  growth  factor  deprivation,  particularly 
 EGF  deprivation,  is  a  consequence  of  some  kind  of  a  pathologic  process  or  a  therapeutic 
 intervention  used  for  preventing  or  treating  diseases  like  cancer,  it  is  a  very  interesting 
 phenomenon  to  explore  and  study  in  more  detail.  This  can  lead  to  a  much  better 
 understanding  of  how  growth  factor-starved  cells  respond  to  this  form  of  stress  and  how  its 
 intracellular signaling pathways adapt accordingly to maintain homeostasis. 

 The  present  study  used  intestinal  epithelial  organoids  derived  from  the  mouse  small  intestine 
 as  a  model  system  to  explore  the  effects  of  EGF  starvation.  As  explained  previously  in 
 section  1.8,  these  organoid  cultures  are  excellent  models  of  the  intestinal  epithelium 
 because  they  grow  as  3D  structures  in  extracellular  matrix-like  gels  and  develop  the  same 
 hierarchy  of  cellular  organization  that  we  find  in  vivo  .  Organoids  possess  both  crypt-like  and 
 villus-like  domains  with  the  different  epithelial  cell  types  that  exist  in  an  actual  intestinal 
 epithelial  tissue,  and  hence  deservedly  earning  the  name  “mini-guts”  (Sato  et  al.  2009)  .  As 
 explained  above,  intestinal  stem  cells  require  a  high  level  of  activity  of  both  WNT  and  EGFR 
 signaling  in  order  to  self-renew  and  proliferate  (van  Es,  Haegebarth,  et  al.  2012;  Wong  et  al. 
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 2012)  .  At  the  same  time,  maintenance  of  stem  cells  is  greatly  enhanced  upon 
 downregulation  of  the  activity  of  the  differentiation-driving  BMP  signaling  (X.  C.  He  et  al. 
 2004;  Kosinski  et  al.  2007)  .  Therefore,  in  order  for  stem  cell-rich  crypts  to  grow  in  Matrigel  in 
 vitro  and  give  rise  to  full-blown  organoid  structures  with  both  crypt  and  villus-like  domains, 
 their  culture  medium  needs  to  be  supplemented  with  an  EGFR  activating  ligand  as  EGF,  a 
 WNT co-activator as RSPO1 and a BMP antagonist as noggin  (Sato  et al. 2009)  . 

 In  this  study,  it  was  consistently  observed  that  culturing  mouse  intestinal  organoids  for  24  h 
 in  a  medium  devoid  of  EGF  was  associated  with  a  significant  increase  in  the  phosphorylation 
 of  ERK1  and  ERK2  (the  two  main  MAPKs  activated  downstream  of  EGFR)  at  Thr202  and 
 Tyr204  residues  relative  to  EGF-supplemented  organoids  (Fig.  3.1A/B).  Moreover,  an 
 increase  in  the  phosphorylation  of  EGFR  itself  at  Tyr1068  residue  was  consistently  observed 
 in  EGF-starved  relative  to  EGF-supplemented  organoids  (Fig.  3.1C/D).  This  consistent 
 increase  in  the  phosphorylation  of  the  EGFR  and  its  downstream  MAPKs  upon  EGF 
 starvation  clearly  indicates  that  the  activity  of  EGFR-MAPK  signaling  axis  increases  in 
 EGF-starved  organoids.  This  surprising  and  rather  counterintuitive  effect  was  detected  in 
 both  high  and  low  WNT  signaling  conditions  i.e.  with  and  without  RSPO1  supplementation. 
 This  at  least  shows  that  EGF  starvation-induced  changes  in  EGFR  signaling  are  not  directly 
 dependent on the activity of WNT signaling in these intestinal epithelial organoids. 

 Several  experimental  findings  prove  that  EGFR  in  specific  becomes  more  active  upon  EGF 
 starvation  and  is  responsible  for  the  increase  in  MAPK  axis  activity.  Blocking  the  tyrosine 
 kinase  activity  of  the  receptor  for  6  h  in  EGF-starved  organoids  prevented  any  significant 
 increase  in  ERK1/2  phosphorylation  (Fig.  3.2A).  As  expected,  6  h  MEK1/2  inhibition  also 
 blocked  EGF  starvation-induced  increase  in  ERK1/2  phosphorylation  (Fig.  3.2A).  On  the 
 other  hand,  6  h  PI3K  inhibition  in  EGF-starved  organoids  had  no  influence  on  ERK1/2 
 phosphorylation  indicating  that  no  crosstalk  from  the  PI3K-AKT  axis  is  involved  in  EGF 
 starvation-mediated  changes  in  the  activity  of  the  MAPK  axis  (Fig.  3.2A).  This  is  important 
 because  context-dependent  crosstalk  between  the  two  pathways  have  been  previously 
 described  where  each  pathway  can  either  positively  or  negatively  regulate  the  other 
 (Aksamitiene,  Kiyatkin,  and  Kholodenko  2012)  .  The  observation  that  treating  EGF-starved 
 organoids  with  EGF  for  different  time  intervals  resulted  in  a  significant  reduction  in  the  levels 
 of  pERK1/2  to  comparable  levels  to  those  detected  in  unstarved  organoids  is  very  intriguing 
 (Fig.  3.2B).  Taken  together  with  the  observed  increase  in  EGFR  phosphorylation  upon  EGF 
 starvation,  these  findings  hint  at  a  possible  implication  of  an  activating  ligand  in  the  EGF 
 starvation  effect.  Starving  intestinal  cells  of  EGF  could  drive  them  to  compensate  for  EGF 
 depletion  by  secreting  another  ligand  that  activates  the  receptor  and  the  downstream  MAPK 
 axis.  EGF  added  to  starved  organoids  may  compete  with  this  ligand  for  the  receptor, 
 re-establishing  the  levels  of  pERK1/2  observed  in  unstarved  organoids.  Previous  studies 
 indeed  show  that  different  epithelial  cell  types  can  compensate  for  the  absence  of  important 
 growth  factors  via  autocrine  secretion  of  EGFR  ligands  such  as  TGFA,  AREG,  EREG  and 
 HBEGF  in  human  breast  epithelial  cells  (Bates  et  al.  1990;  Morato  et  al.  2020;  Tamazato 
 Longhi  et  al.  2016)  ,  soluble  cleaved  E-cadherin  in  breast  cancer  cells  (Najy,  Day,  and  Day 
 2008)  ,  AREG  in  human  keratinocytes  (Kansra  et  al.  2004)  and  HBEGF  in  mouse  airway 
 epithelial  cells  (Kumar,  Maronese,  and  Hassim  1998)  .  Most  of  these  studies  show  that 
 epithelial  cells  can  effectively  sustain  signaling  activity  via  these  autocrine  mechanisms  in 
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 starved  settings  at  levels  that  are  comparable  to  unstarved  settings.  On  the  other  hand,  the 
 present  study  shows  that  the  level  of  EGFR  signaling  activity  in  the  starved  setting  is 
 significantly  higher  than  the  unstarved  setting  (Fig.  3.1).  Moreover,  the  study  shows  that 
 treating  starved  intestinal  cells  with  EGF,  in  fact,  decreases  ERK1/2  phosphorylation  rather 
 than  increasing  it,  a  phenomenon  that  is  quite  unusual  and  unique.  One  distinguishing 
 feature  of  the  current  study  from  previous  studies  is  that  it  looked  specifically  at  the  effect  of 
 starving  intestinal  epithelial  cells  of  EGF  and  not  other  growth  factors  or  supplements.  In 
 other  studies,  however,  epithelial  cells  were  starved  of  either  serum  (Najy,  Day,  and  Day 
 2008;  Tamazato  Longhi  et  al.  2016)  and/or  a  variety  of  growth  supplements  including  EGF, 
 insulin,  IGF1  analog  or  bovine  pituitary  extract  (Kansra  et  al.  2004;  Kumar,  Maronese,  and 
 Hassim  1998)  .  Furthermore,  the  starvation  duration  varied  in  these  studies  between  24 
 (Kansra  et  al.  2004;  Najy,  Day,  and  Day  2008)  ,  48  (Kansra  et  al.  2004)  and  96  h  (Kumar, 
 Maronese,  and  Hassim  1998)  .  The  observation  that  pERK1/2  levels  in  EGF-starved 
 organoids  were  only  affected  by  EGF  treatment,  but  not  by  treatment  with  other  growth 
 factors  as  FGF2,  IGF1  and  PDGFA  indicates  that  the  starvation  effect  may  be  mediated 
 specifically  via  EGFR  and  not  other  kinds  of  growth  factor  receptors  (Fig.  3.2C).  However, 
 this  can  only  be  confirmed  by  direct  measurement  of  the  phosphorylation  of  growth  factor 
 receptors  other  than  EGFR  to  figure  out  whether  these  receptors  are  also  activated  upon 
 EGF withdrawal. 

 One  major  finding  of  this  study  is  that  changes  in  MEK1/2  and  ERK1/2  phosphorylation 
 induced  by  withdrawal  of  EGF  were  very  prominent  in  the  basal  crypt  cells  that  are  mostly 
 undifferentiated  or  at  early  and  intermediate  stages  of  differentiation  and  are  much  less 
 pronounced  in  differentiated  villus  cells  (Fig.  3.5A/B).  Among  the  downstream  targets  of 
 ERK1/2  are  p90  ribosomal  S6  kinase  and  the  mitogen-  and  stress-activated  protein  kinases 
 (MSK1/2)  which  are  known  to  phosphorylate  RPS6,  a  component  of  the  40S  ribosomal 
 subunit  (Roux  et  al.  2007)  .  RPS6  phosphorylation  at  Ser235/236  residues  was  significantly 
 increased  by  EGF  starvation,  mainly  in  undifferentiated  cells  at  the  crypt  base  (Fig.  3.5C). 
 This  increase  in  RPS6  phosphorylation  upon  EGF  starvation  is  probably  a  direct 
 consequence  of  the  increase  in  ERK1/2  signaling.  Observing  that  intestinal  stem  cells  and 
 early  progenitors  are  more  sensitive  to  EGF  starvation-mediated  changes  in  EGFR  signaling 
 than  enterocytes  (Fig.  3.5)  is  to  be  expected  since  the  activity  of  several  signaling  pathways 
 was  found  to  be  highest  in  those  early  undifferentiated  cells  and  then  decreased  gradually 
 along  the  crypt-villus  axis  as  cells  become  more  differentiated.  This  pattern  was  confirmed 
 by  examining  the  levels  of  a  number  of  phosphoproteins  (Fig.  3.4B)  as  well  as  by  assessing 
 the  expression  levels  of  pathway  responsive  genes  in  the  different  cell  clusters  (Fig.  3.10A). 
 As  mentioned  previously,  secretion  of  WNT  and  EGFR  ligands  by  epithelial  Paneth  cells  and 
 adjacent  fibroblasts  at  the  bottom  of  the  crypt  creates  concentration  gradients  of  these 
 ligands  along  the  crypt-villus  axis  (Miguel  et  al.  2017;  Sato,  van  Es,  et  al.  2011)  which  may 
 account  for  such  a  pattern  of  differential  activity  of  WNT,  EGFR,  MAPK  and  PI3K  pathways 
 across the various cell types (Fig. 3.10A). 

 Notably,  the  observed  changes  in  MAPK  signaling  in  EGF-starved  cells  after  24  h  were  not 
 associated  with  any  appreciable  increase  in  the  fraction  of  apoptotic  cells  compared  to 
 non-starved  cells  as  measured  by  the  apoptosis  marker  cCASP3  (Fig.  3.4D).  This  implies 
 that  those  signaling  changes  are  not  related  to  an  induction  of  apoptosis  by  EGF  starvation. 
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 On  the  other  hand,  the  considerable  increase  in  the  fraction  of  apoptotic  cells  associated 
 with  RSPO1  withdrawal  shows  that  WNT  signaling  is  more  crucial  for  maintaining  the 
 viability  of  intestinal  epithelial  cells  than  EGFR  signaling  (Fig.  3.4D).  This  is  confirmed  by 
 previous  work  which  shows  that  both  canonical  and  non-canonical  WNT  signaling  promotes 
 proliferation  and  survival  of  the  intestinal  epithelium  and  that  WNT  inhibition  induces  marked 
 cell  death  by  neutralizing  the  survival  signals  provided  by  WNT  proteins  in  a  dose-dependent 
 manner  (J. Wei et al. 2012)  . 

 Inhibition  of  the  tyrosine  kinase  activity  of  EGFR  for  6  h  blocked  EGF  starvation-induced 
 increase  in  the  phosphorylation  of  ERK1/2  as  well  as  its  downstream  target  RPS6  in 
 undifferentiated  crypt  basal  cells  (Fig.  3.6A/C).  This  again  emphasizes  that 
 starvation-induced  changes  in  crypt  cells  are  mediated  via  EGFR  activation.  The  observation 
 that  6  h  MEK1/2  inhibition  did  increase  MEK1/2  phosphorylation  can  be  attributed  to 
 negative  feedback  regulation  exerted  by  ERK1/2  upstream  of  MEK1/2  (Fig.  3.6B).  Indeed, 
 ERK1/2  was  shown  to  exert  negative  feedback  regulation  on  multiple  components  of  the 
 MAPK  pathway  through  direct  inhibitory  phosphorylation  of  these  components  or 
 transcriptional  induction  of  feedback  inhibitors  such  as  dual-specificity  phosphatases 
 (DUSPs)  or  Sprouty  proteins  (Lake,  Corrêa,  and  Müller  2016)  .  Thus,  inhibition  of  MEK1/2 
 would  inhibit  ERK1/2  phosphorylation  and  in  turn  attenuate  this  feedback  effect  resulting  in 
 an  increase  in  upstream  signaling,  and  consequently  MEK1/2  phosphorylation.  Another  very 
 interesting  finding  is  that  beta-catenin  stabilization  and  potentiation  of  canonical  WNT 
 signaling  by  6  h  GSK3B  inhibition  remarkably  increased  ERK1/2  phosphorylation, 
 particularly  in  EGF-starved  crypt  basal  cells  (Fig.  3.6A).  It  was  previously  demonstrated  that 
 WNT  ligands  such  as  WNT1  and  WNT5a  can  transactivate  EGFR  following  binding  to 
 Frizzled  receptors  (Civenni,  Holbro,  and  Hynes  2003)  by  inducing  the  activity  of  matrix 
 metalloproteinases  which  release  EGFR  ligands  such  as  HBEGF  and  AREG  (Prenzel  et  al. 
 1999;  Gschwind  et  al.  2003)  .  Thus,  potentiation  of  canonical  WNT  signaling  by  stabilizing 
 beta-catenin can have a similar effect in intestinal epithelial cells. 

 After  obtaining  valid  experimental  proof  for  the  EGFR-mediated  increase  in  ERK1/2 
 phosphorylation  upon  EGF  starvation  of  the  mouse  intestinal  epithelium,  one  important 
 question  that  was  necessary  to  address  is  whether  these  elevated  levels  of  pERK1/2 
 translate  into  an  increase  in  their  downstream  output.  For  this  purpose,  intestinal  organoids 
 expressing  the  FIRE  live-cell  reporter  were  used.  As  explained  earlier,  phosphorylation  of  the 
 FRA1  PEST  domain  of  this  reporter  by  ERK1/2  stabilizes  it  and  increases  the  fluorescence 
 intensity  up  to  7-fold  (Albeck,  Mills,  and  Brugge  2013)  .  As  expected,  FIRE  intensity  was  high 
 in  the  crypt  domains  of  the  organoids  and  decreased  in  the  villus  domains  regardless  of  the 
 culture  condition  (Fig.  3.7).  In  line  with  this,  CD44-high  cells  at  the  crypt  base  showed 
 remarkably  higher  FIRE  intensity  compared  to  CD44-low  cells  irrespective  of  the  culture 
 condition  (Fig.  3.8A).  This  pattern  again  matches  the  differential  WNT,  EGFR  and  MAPK 
 pathway  activity  along  the  crypt-villus  axis  (Fig.  3.10A).  One  of  the  most  important  findings  in 
 the  FIRE  organoid  experiments  is  that  changes  in  the  pERK1/2  level  did  not  correlate  to 
 changes  in  the  FIRE  signal  intensity  across  the  different  culture  conditions  (Fig.  3.8C).  In 
 other  words,  EGF  starvation-induced  increases  in  ERK1/2  phosphorylation  were  not 
 associated  with  any  notable  increase  in  FIRE  intensity  at  the  24  h  time  point.  This  raises  a 
 question  mark  about  the  usefulness  of  the  FIRE  reporter  as  a  measure  of  the  ERK1/2 
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 downstream  activity  in  this  particular  experimental  setting.  However,  one  possible 
 interpretation  of  such  findings  is  that  FRA1  stabilization  requires  persistently  high  levels  of 
 pERK1/2  such  that  the  FRA1  PEST  domain  gets  effectively  phosphorylated.  It  has  been 
 previously  shown  that  a  basal  level  of  ERK  activity  was  required  to  induce  the  transcription 
 of  FRA1  gene  as  in  HCT-116  colon  carcinoma  cells,  however,  higher  levels  of  ERK  activity 
 were  required  to  prevent  FRA1  proteasomal  degradation  and  increase  its  accumulation  as  in 
 BE  colon  carcinoma  cells  (Vial  and  Marshall  2003)  .  Therefore,  the  elevation  of  pERK1/2 
 levels  induced  by  EGF  starvation  in  intestinal  organoids  may  not  be  sufficient  in  terms  of 
 magnitude nor in terms of duration to effect any significant change in FRA1 stabilization. 

 Another  very  interesting  observation  is  that  while  pERK1/2  levels  in  intestinal  organoids 
 seem  to  be  dependent  on  EGF  availability,  FIRE  intensity  was  more  dependent  on  WNT 
 signaling  activity  tuning  by  RSPO1  supplementation  or  withdrawal  (Fig.  3.8C)  especially  in 
 CD44-high  crypt  cells  (Fig.  3.8A).  It  has  been  reported  that  WNT  signaling  can  contribute  to 
 the  stabilization  of  a  large  number  of  proteins  -not  just  beta-catenin-  by  inhibiting  the  activity 
 of  glycogen  synthase  kinase  3  (GSK3)  (Taelman  et  al.  2010;  N.-G.  Kim,  Xu,  and  Gumbiner 
 2009)  .  Phosphorylation  of  these  proteins  by  GSK3  allows  them  to  be  recognized  by  E3 
 ubiquitin  ligases  and  targeted  for  proteasomal  degradation  through  polyubiquitination 
 (Aragón  et  al.  2011;  C.  Xu,  Kim,  and  Gumbiner  2009;  Fuentealba  et  al.  2007;  Welcker  et  al. 
 2004;  Hart  et  al.  1999)  .  FRA1  may  be  a  potential  substrate  of  GSK3,  and  hence,  an  increase 
 in  WNT  signaling  with  RSPO1  supplementation  may  contribute  to  FIRE  reporter  stabilization 
 and an increase in its fluorescence intensity. 

 Although  FIRE  organoid  experiments  did  not  confirm  any  increase  in  the  downstream  ERK 
 activity  measured  in  terms  of  FRA1  phosphorylation  and  stabilization  in  EGF-starved 
 intestinal  cells,  analyzing  global  changes  in  the  transcriptomes  of  these  cells  using 
 scRNA-seq  uncovered  many  interesting  findings.  One  of  the  important  tasks  that  could  be 
 accomplished  using  the  scRNA-seq  data  set  is  the  effective  clustering  of  cells  into  distinct 
 classes/types  based  on  the  expression  of  cell  type-specific  marker  genes  (Fig.  3.9).  Recent 
 studies  have  indeed  utilized  the  power  of  scRNA-seq  technology  to  dissect  the  diverse 
 cellular  landscape  of  both  human  and  mouse  intestinal  epithelium  (Elmentaite  et  al.  2021; 
 Haber  et  al.  2017)  .  This  constitutes  a  better  approach  to  study  signaling  changes  across  the 
 various  cell  types  along  the  crypt-villus  differentiation  trajectory  (Fig.  3.10A)  compared  to 
 CyTOF-based  clustering  which  relies  on  only  a  handful  of  crypt  cell  surface  and  cell 
 proliferation  markers  (Fig.  3.3  &  3.4A).  Another  useful  task  that  can  be  performed  using 
 scRNA-seq  analysis  is  the  assignment  of  single  cells  to  specific  cell  cycle  phases  based  on 
 the  expression  of  phase-specific  genes  (Fig.  3.10C/D).  This  is  important  because  the  cell 
 cycle  itself  is  a  potential  driver  of  heterogeneity  in  gene  expression  and  is,  thus,  regarded  as 
 a  key  confounder  in  scRNA-seq  analysis  when  the  effect  of  other  factors  is  being  examined 
 (J.  Liu  et  al.  2022)  .  Advanced  computational  approaches  have  been  recently  developed  to 
 quantitatively  characterize  the  progression  of  the  cell  cycle  on  a  continuous  or  pseudotime 
 scale,  and  not  just  categorically  assign  cells  to  discrete  phases  (Hsiao  et  al.  2020;  J.  Liu  et 
 al. 2022)  . 

 The  fraction  of  cells  in  G2  and  M  phases  of  the  cell  cycle  in  a  given  cluster  can  be  regarded 
 as  a  proxy  for  the  division  rate  in  that  particular  cluster  (Fig.  3.10C).  As  expected,  clusters  of 
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 cycling  stem  cells  and  transit-amplifying  cells  showed  the  highest  fractions  of  G2  and  M 
 phase  cells  as  these  clusters  are  known  to  be  highly  proliferative.  On  the  contrary,  clusters  of 
 terminally  differentiated  cells  as  enterocytes  and  enteroendocrine  cells  were  mostly  in  G1 
 phase  (Fig.  3.10C).  According  to  expectations,  24  h  EGF  starvation  was  associated  with  a 
 drop  in  the  fraction  of  G2  and  M  cells  and  a  rise  in  the  fraction  of  G1  cells  indicating  a  slower 
 rate  of  cell  division  (Fig.  3.10D).  Unquestionably,  EGF  stimulation  of  EGFR  signaling  is 
 known  to  promote  cell  cycle  progression  from  G1  to  S  and  from  G2  to  M  through  several 
 mechanisms  (Z.  Wang  2021;  Jones  and  Kazlauskas  2001;  Mardin  et  al.  2013)  .  To  name  a 
 few  of  these  mechanisms,  ERK  activation  induces  the  expression  of  cyclin  D1,  cyclin  D2  and 
 cyclin  D3  and  promotes  the  assembly  of  cyclin-dependent  protein  kinase  4  (CDK4)-cyclin  D 
 complexes  (Filmus  et  al.  1994;  Arber  et  al.  1996;  Winston  et  al.  1996;  Dey  et  al.  2000;  Tetsu 
 and  McCormick  2003)  .  ERK  also  induces  the  expression  of  MYC  and  stabilizes  the  protein 
 by  direct  phosphorylation  (Sears  et  al.  2000)  .  MYC  regulates  the  levels  of  important  cell 
 cycle  controlling  proteins  such  as  CDK4  (Hermeking  et  al.  2000)  ,  cyclin  D2  (Coller  et  al. 
 2000)  ,  the  M-phase  inducer  phosphatase  CDC25A  (Galaktionov,  Chen,  and  Beach  1996) 
 and  the  cyclin-dependent  kinase  inhibitor  P21  (Coller  et  al.  2000)  .  Moreover,  ERK  directly 
 regulates  the  expression  of  the  cyclin-dependent  kinase  inhibitors  P21  (Y.  Liu  et  al.  1996; 
 Bottazzi  et  al.  1999)  and  P27  (Treinies  et  al.  1999;  Kawada  et  al.  1997;  Lenferink  et  al.  2000; 
 Gysin  et  al.  2005)  and  downregulates  many  other  antiproliferative  genes  (Yamamoto  et  al. 
 2006)  .  These  effects  explain  why  EGF  starvation  has  been  associated  with  cell  cycle  arrest 
 in many different cell types as discussed in section 1.9. 

 Coming  back  to  the  key  question  of  whether  starvation-induced  increase  in  ERK1/2 
 phosphorylation  is  translated  into  an  increase  in  its  downstream  activity,  the  answer  provided 
 by  scRNA-seq  is  quite  intriguing.  Differential  expression  analysis  showed  that  only  a  subset 
 of  ERK  target  genes  were  significantly  induced  by  EGF  starvation;  most  of  which  were  PRGs 
 (Fig.  3.12).  PRGs  do  not  require  de  novo  protein  synthesis  as  opposed  to  SRGs  whose 
 expression  depends  on  the  expression  and  synthesis  of  primary  response  proteins  (Uhlitz  et 
 al.  2017)  .  The  effect  of  EGF  starvation  on  ERK  target  genes  was  further  dissected  by 
 assessing  the  expression  of  different  categories  of  ERK  targets  within  each  cell  type  in  the 
 various  cell  cycle  phases  (Fig.  3.13).  While  mRNA  expression  of  IEGs  peaks  30-60  min 
 following  EGF  stimulation,  DEGs  peak  around  120  min  post-stimulation  (Avraham  and 
 Yarden  2011)  .  ILGs  were  described  as  a  distinct  category  of  PRGs  whose  expression  is 
 induced  immediately  after  stimulation  as  IEGs,  but  whose  response  is  delayed  as  DEGs 
 (Uhlitz  et  al.  2017)  .  Having  long  mRNA  half-lives,  ILGs  were  found  to  decode  the  duration  of 
 the  ERK  signal.  This  aspect  of  signal  duration  is  very  important  as  it  determines  cell  fate 
 decisions.  For  example,  transient  ERK  signaling  commonly  triggers  cell  proliferation, 
 whereas  sustained  ERK  signaling  drives  cells  to  either  differentiate  or  undergo  apoptosis 
 depending  on  the  studied  cell  line/type  (Traverse  et  al.  1992;  Nagashima  et  al.  2007;  Stanciu 
 and DeFranco 2002; Lenormand et al. 1998)  . 

 The  average  expression  of  the  IEG  set  was  significantly  higher  in  the  EGF-starved  stem 
 cells  and  transit-amplifying  cells  relative  to  non-starved  ones.  The  difference  in  IEG 
 expression  between  -EGF  and  +EGF  conditions  was  less  pronounced  in  enterocytes  and 
 late  enterocytes  (Fig.  3.13A).  Such  observations  make  sense  as  EGF  starvation-induced 
 elevation  of  pERK1/2  levels  measured  by  CyTOF  was  mainly  pronounced  in  undifferentiated 
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 crypt  basal  cells  (Fig.  3.5A).  No  significant  increase  in  the  average  expression  of  the  DEG, 
 ILG  and  SRG  sets  in  the  -EGF  versus  +EGF  conditions  across  the  various  cell  types  was 
 observed  (Fig.  3.13B/C/D).  It  can  thus  be  concluded  that  EGF  starvation-induced  increase  in 
 MAPK  activity  preferentially  influences  the  expression  of  a  subset  of  ERK  targets  that  are 
 mostly  immediate-early  PRGs.  Taken  together  with  findings  from  FIRE  organoid  experiments 
 which  show  that  EGF  starvation  is  not  accompanied  by  any  notable  increase  in  FRA1 
 stabilization  and  FIRE  fluorescence  (Fig.  3.8A/C),  it  can  be  hypothesized  that  EGF  starvation 
 induces  only  short-living  pulses  in  ERK  activity  at  the  24  h  time  point  whose  duration  is  not 
 long  enough  to  induce  a  significant  change  in  SRGs  expression  or  alter  the  stability  of  ERK 
 substrate  proteins  as  FRA1.  However,  this  hypothesis  needs  more  thorough  investigation 
 through a detailed time-course study of EGF starvation of the intestinal epithelium. 

 Going  back  to  the  compensatory  ligand  secretion  hypothesis  which  has  been  proposed 
 earlier,  scRNA  analysis  uncovered  two  potential  candidates  that  could  be  involved  in  the 
 EGF  starvation  effect,  namely  the  EGFR  ligand  HBEGF  (Fig.  3.12)  and  the  FGFR  ligand 
 FGF1  (Fig.  3.14).  The  expression  of  both  genes  was  significantly  upregulated  in  the  -EGF 
 condition  after  accounting  for  cell  type  and  cell  cycle  phase-related  effects.  HBEGF  is  of 
 particular  significance  because  the  binding  affinity  of  this  ligand  to  EGFR  is  higher  than  EGF 
 itself  (Higashiyama  et  al.  1991)  .  As  discussed  in  section  1.7,  HBEGF  administration  was 
 shown  to  exert  protective  effects  on  the  intestinal  epithelium  in  various  animal  models  of 
 intestinal  injury  including  NEC,  ischemia-reperfusion  injury  and  hemorrhagic  shock  and 
 resuscitation  (J.  Yang  et  al.  2014)  .  Being  an  effective  mitogen,  cell  trophic  factor  and 
 vasodilator,  HBEGF  is  an  important  driver  of  intestinal  regeneration  and  repair  in  response  to 
 injuries  (J.  Yang  et  al.  2014)  and  possibly  also  to  stress  imposed  by  EGF  deprivation. 
 HBEGF  is  synthesized  as  a  biologically  active  transmembrane  protein  consisting  of  208 
 amino  acids  that  gets  cleaved  by  matrix  metalloproteinases  into  a  secretable  and  soluble 
 14-20  kDa  peptide  (Higashiyama  et  al.  1992)  .  This  is  why  the  current  study  assessed  both 
 the  intracellular  production  and  extracellular  secretion  of  HBEGF  by  intestinal  organoids 
 under  various  culture  conditions.  No  detectable  differences  in  the  concentration  of  HBEGF  in 
 organoid  lysates  (Fig.  3.16A)  or  in  the  surrounding  Matrigel  (Fig.  3.16B)  between  -EGF  and 
 +EGF  conditions  were  found  as  measured  by  an  HBEGF-specific  sandwich  ELISA.  Many  of 
 the  estimated  sample  concentrations  lie  in  the  flat  portion  of  the  standard  calibration  curve 
 (30-300  pg/mL),  especially  HBEGF  concentrations  measured  in  organoid  lysates  indicating 
 that  accurate  quantitative  comparison  of  these  concentrations  is  not  possible  (Fig.  3.16). 
 Moreover,  it  is  important  to  point  out  that  because  Matrigel  has  a  highly  complex  protein 
 composition  including  collagen  IV,  laminin,  enactin  and  heparan  sulfate  proteoglycans 
 (Hughes,  Postovit,  and  Lajoie  2010)  ,  and  because  HBEGF  is  known  to  bind  to  these 
 proteoglycans  (Prince  et  al.  2010;  Shishido  et  al.  1995)  ,  measuring  changes  in  HBEGF 
 concentration  in  solubilized  Matrigel  across  different  culture  conditions  may  not  be 
 straightforward.  Although  ELISA  findings  do  not  confirm  compensatory  ligand  secretion, 
 HBEGF  remains  a  potential  candidate  for  activating  EGFR  by  virtue  of  its  increased 
 expression in response to EGF starvation. 

 Similarly,  FGF1  is  another  interesting  ligand  that  may  be  involved  in  the  EGF  starvation 
 effect.  Ligands  activating  FGFR  signaling  have  been  shown  to  play  important  protective  and 
 regenerative  roles  in  animal  models  of  intestinal  inflammation  and  injury  (Danopoulos  et  al. 
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 2017)  .  Being  potent  mitogens,  FGF1  and  FGF2  were  shown  to  increase  the  proliferation  of 
 rat  intestinal  epithelial  cells  and  human  colon  adenocarcinoma  cells  and  promote  intestinal 
 epithelial  restitution  in  vitro  (Dignass,  Tsunekawa,  and  Podolsky  1994)  .  Even  more,  a  mutant 
 form  of  FGF1  that  lacks  mitogenic  activity  was  shown  to  protect  the  mouse  gut  epithelium 
 against  apoptosis  following  ischemia-reperfusion  injury  (Fu  et  al.  2004)  .  Likewise, 
 exogenous  FGF1  and  FGF2  administration  protected  against  ischemia-reperfusion  injury  in 
 the  rat  intestine  (W.  Chen  et  al.  2005;  Fu  et  al.  2003)  .  In  dextran  sulfate  sodium 
 (DSS)-induced  colitis  in  mice,  FGF2  produced  by  regulatory  T  cells  was  shown  to  cooperate 
 with  IL17  in  the  repair  of  the  damaged  epithelium  (X.  Song  et  al.  2015)  .  Moreover,  FGF2 
 administration  was  shown  to  alleviate  ulceration  and  promote  ulcer  healing  in  the  rat 
 duodenum  (Folkman  et  al.  1991)  .  In  addition,  other  FGFs  were  shown  to  exert  protective 
 effects  in  animal  models  of  colitis  such  as  FGF7  (Zeeh  et  al.  1996;  Egger  et  al.  1999)  , 
 FGF10  (Miceli  et  al.  1999)  and  FGF20  (Jeffers  et  al.  2002)  .  These  growth  factors 
 significantly  reduced  epithelial  cell  death,  the  extent  of  inflammation  and  ulceration,  and  the 
 severity  of  the  disease  process  in  the  affected  animals.  FGF7  was  also  found  to  suppress 
 apoptosis  and  prevent  disruption  of  tight  junctions  in  the  mouse  intestinal  epithelium 
 following  ischemia-reperfusion  injury  (Cai  et  al.  2012)  .  Because  of  their  mitogenic  activity, 
 FGFs  seem  to  play  a  key  role  in  the  process  of  intestinal  adaptation  which  is  associated  with 
 short  bowel  syndrome  following  massive  intestinal  resection  (Danopoulos  et  al.  2017)  . 
 FGF7,  FGF10  and  the  receptor  FGFR1  are  increasingly  expressed  in  the  mouse  small 
 intestine  during  intestinal  adaptation  following  acute  intestinal  resection  (Haxhija  et  al.  2007; 
 Tai  et  al.  2009)  .  Along  the  same  lines,  inhibition  of  FGF  signaling  severely  impeded 
 adaptation  following  intestinal  resection  in  a  zebrafish  model  of  short  bowel  syndrome 
 (Schall  et  al.  2015)  .  Following  extensive  surgical  resection,  FGF7  was  found  to  enhance  the 
 growth  of  different  regions  of  the  rat  small  intestine,  increase  crypt  depth  and  villus  height, 
 thicken  the  mucosal  lining  and  promote  goblet  cell  differentiation  (Johnson  et  al.  2000; 
 Washizawa  et  al.  2004)  .  Another  role  that  FGFs  play  in  short  bowel  syndrome  is  improving 
 the  healing  of  colonic  anastomosis  which  is  a  region  where  the  end  of  the  small  intestine  is 
 surgically  rejoined  to  the  colon  after  a  bowel  resection.  Several  mechanisms  contribute  to 
 accelerated  healing  such  as  enhanced  fibroblast  activation  and  collagen  deposition, 
 increased  angiogenesis,  increased  cell  division  and  mucus  production  and  reduced 
 inflammation  (Adas  et  al.  2011;  Egger  et  al.  1998)  .  These  multiple  lines  of  evidence  reveal 
 that  FGFs  indeed  act  as  key  regenerative  factors  for  the  intestinal  epithelium  and  may  be 
 expressed  together  with  EGFR  ligands  as  HBEGF  to  relieve  growth  factor  starvation  stress 
 and  maintain  homeostasis  of  the  epithelial  tissue.  It  is  worth  mentioning  that  not  only  did  the 
 expression  of  FGF1  increase  in  EGF-starved  intestinal  organoids,  but  also  the  FGF 
 receptors  FGFR2,  FGFR3  and  FGFRL1.  However,  the  fold  change  values  in  the  gene 
 expression  of  these  receptors  were  less  than  1.5  and  are  thus  not  shown  in  figure  3.14. 
 Accordingly,  it  is  possible  that  enhanced  FGFR  signaling  in  starved  cells  contributes  together 
 with  EGFR  signaling  to  the  increase  in  ERK1/2  phosphorylation.  However,  this  was  not 
 further investigated in the current study. 

 In  addition  to  growth  factors,  a  number  of  interesting  genes  that  regulate  MAPK  activity  were 
 found  to  be  differentially  expressed  in  -EGF  relative  to  +EGF  condition  (Fig.  3.14). 
 Downregulation  of  Gprc5a  whose  product  serves  as  an  EGFR  inhibitor  and  Pea15a  whose 
 product  binds  and  sequesters  ERK1/2  in  the  cytoplasm  may  contribute  to  the  increase  in 
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 MAPK  signaling  observed  in  starved  organoids.  On  the  other  hand,  increased  expression  of 
 negative  regulators  of  ERK1/2  activity  such  as  Atf3  and  Ptprr  and  decreased  expression  of 
 genes  associated  with  positive  regulation  of  ERK1/2  activity  and  MAPK  signaling  such  as 
 Alox12b  ,  Lbh  and  Pcdh8  in  starved  cells  may  represent  adaptive  responses  to  the  elevation 
 of  MAPK  activity  induced  by  EGF  starvation.  Moreover,  differential  expression  of  a  number 
 of  genes  whose  products  directly  interact  with  and  are  modified  by  EGFR  or  downstream 
 kinases  of  the  MAPK  cascade  as  Anxa1  ,  Pde4a  and  Plk3  and  those  known  to  modulate  the 
 activity  of  MAPKs  such  as  Psmb8  and  Tnfrsf23  emphasizes  the  profound  impact  of  EGF 
 starvation  on  the  complex  MAPK  signaling  network.  Importantly,  EGF  starvation-induced 
 overexpression  of  Reg3b  and  Muc3  may  enhance  protection  and  regeneration  of  the 
 intestinal  epithelium  in  a  stressful  growth  factor-deficient  environment.  Beside  its  protective 
 bactericidal  activity,  regenerating  islet-derived  protein  3-beta  (encoded  by  Reg3b  )  has  been 
 shown  to  promote  epithelial  cell  proliferation  and  crypt  regeneration,  and  guard  intestinal 
 stem  cells  and  Paneth  cells  against  apoptosis  (D.  Zhao  et  al.  2018)  .  The  strong  induction  of 
 Muc3  expression  by  EGF  starvation  may  highlight  an  important  regenerative  role  played  by 
 mucin  3  in  intestinal  cells  under  starvation  stress.  This  protein  is  known  to  possess  an 
 extracellular  cysteine-rich  domain  with  two  EGF-like  motifs  and  was  shown  to  promote 
 epithelial  cell  migration,  inhibit  apoptosis,  accelerate  intestinal  wound  healing  and  enhance 
 intestinal  restitution  (Ho  et  al.  2006)  .  Reduced  expression  of  Defa29  encoding  defensin 
 related  sequence  cryptdin  peptide  (an  alpha-defensin  produced  by  Paneth  cells)  in 
 EGF-starved  cells  suggests  a  possible  role  for  EGFR  signaling  in  the  regulation  of  this 
 antimicrobial  protein.  This  is  supported  by  previous  studies  which  showed  that  EGFR 
 signaling  rapidly  induced  the  expression  of  human  beta-defensin  3  in  gastric  epithelial  cells 
 in  response  to  bacterial  infection  (Bauer  et  al.  2012)  and  in  lipopolysaccharide-treated  oral 
 squamous  carcinoma  cells  (Shuyi  et  al.  2011)  ,  while  repressing  human  beta-defensin  1 
 expression  in  colon  carcinoma  cells  (Bonamy  et  al.  2018)  .  Decreased  expression  of  Akp3 
 encoding  intestinal-type  alkaline  phosphatase  with  EGF  starvation  confirms  the  importance 
 of  EGF  for  maintaining  not  only  the  activity  of  this  essential  enzyme  as  previously 
 demonstrated  (Pavlova et al., n.d.)  , but also its  expression level in the intestinal epithelium. 

 Pathway  enrichment  analysis  using  differentially  expressed  genes  and  proteins  between 
 -EGF  and  +EGF  conditions  demonstrated  typical  effects  that  one  would  expect  to  see  in 
 growth  factor  starved  cells  (Fig.  3.15).  Sets  of  genes/proteins  involved  in  glycolysis, 
 gluconeogenesis,  fatty  acid  metabolism  and  oxidative  phosphorylation  were  all 
 downregulated  upon  EGF  starvation.  Previous  studies  show  that  EGF  substantially 
 increases  glucose  consumption  and  lactate  production  (Kaplan  et  al.  1990)  ,  accelerates  the 
 glycolytic  flux  (Baulida,  Onetti,  and  Bassols  1992;  Diamond  et  al.  1978)  ,  stimulates  hepatic 
 glycogen  synthesis  (Bosch  et  al.  1986)  ,  stimulates  trans  plasma  membrane  electron 
 transport  (Navas  et  al.  1992)  ,  and  regulates  fatty  acid  synthesis  in  the  liver  (Bhushan  and 
 Michalopoulos  2020)  .  All  of  these  studies  show  that  EGF  is  an  important  driver  of  energy 
 metabolism  in  epithelial  cells.  Although  EGF  starvation  increased  the  activity  of  the 
 EGFR-MAPK  axis,  it  was  associated  with  downregulation  of  genes  involved  in  MTORC1 
 signaling  (Fig.  3.15)  which  may  reflect  a  decrease  in  the  activity  of  the  EGFR-PI3K-AKT  axis. 
 This  preferential  activation  of  MAPK  axis  at  the  expense  of  PI3K-AKT-MTOR  axis 
 downstream  of  EGFR  upon  EGF  starvation  is  confirmed  by  CyTOF  analysis  which  did  not 
 detect  any  notable  increase  in  phosphorylation  of  AKT  and  the  MTORC1  target  4E-BP1  in 
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 response  to  EGF  starvation  (data  not  shown).  MTORC1  signaling  is  known  to  couple  growth 
 signals  to  cellular  metabolism  ultimately  activating  anabolic  processes  that  build  up 
 macromolecules  and  biomass  and  suppressing  catabolic  reactions  associated  with 
 processes  like  autophagy  (Valvezan  and  Manning  2019)  .  Therefore,  lack  of  growth  factors 
 like  EGF  would  expectedly  result  in  downregulation  of  MTORC1  signaling  and  numerous 
 metabolic  processes  in  epithelial  cells  which  matches  what  is  seen  in  the  pathway 
 enrichment  analysis  (Fig.  3.15).  In  addition,  EGF  starvation-associated  upregulation  of 
 genes  involved  in  the  P53  pathway  and  those  regulated  by  the  transcription  factor  NF-κB 
 (Fig.  3.15A)  can  be  regarded  as  features  of  the  starvation  stress  response  which  may  arrest 
 the  cell  cycle  and  trigger  an  inflammatory  phenotype.  Recently,  it  was  shown  that  stress 
 induced  by  glucose  starvation  can  trigger  a  prominent  inflammatory  response  in  multiple 
 cancer  cell  lines  as  well  as  primary  pulmonary  epithelial  cells  characterized  by  the  release  of 
 immune  cytokines  and  chemokines  mediated  by  NF-κB  (Püschel  et  al.  2020)  .  Therefore,  it  is 
 not surprising that EGF-starved intestinal organoids may exhibit a similar response. 

 One  of  the  major  findings  of  the  current  study  is  that  effects  of  EGF  starvation  on  EGFR 
 signaling  are  not  restricted  to  the  mouse  intestinal  epithelium,  but  are  also  observed  in 
 human  tissue.  In  patient-derived  colorectal  tumor  organoids,  remarkable  elevations  of 
 pERK1/2  levels  were  measured  following  1  day,  3  days  and  5  days  of  EGF  starvation  (Fig. 
 3.17).  One  of  the  advantages  of  human  colorectal  tumor  organoids  is  that  they  survive  in  a 
 growth  factor  starved  culture  for  longer  time  durations  compared  to  mouse  intestinal 
 wild-type  organoids.  That  being  the  case,  they  allow  investigation  of  EGF  starvation  effects 
 at  longer  time  points.  It  is  interesting  to  see  that  the  response  of  colorectal  tumor  organoids 
 bearing  the  oncogenic  KRAS  G12D  mutation  to  EGF  starvation  differs  from  those  with 
 wild-type  KRAS  (Fig.  3.17).  KRAS  is  considered  one  of  the  most  frequently  mutated  genes  in 
 human  cancer  and  its  G12C  and  G12D  mutations  are  exceedingly  common  events  in  solid 
 tumors  as  pancreatic,  colorectal  and  lung  adenocarcinoma  (D.  Tang,  Kroemer,  and  Kang 
 2021;  L.  Huang  et  al.  2021)  .  These  mutations  are  known  to  impair  the  GTP  hydrolysis 
 activity  of  KRAS  and  fix  the  protein  in  a  constitutively  active  GTP-bound  state  which  gives 
 rise  to  excessive  growth  signaling  and  contributes  to  oncogenesis.  KRAS  mutant  organoids 
 were  generally  less  sensitive  to  EGF  starvation-induced  changes  in  pERK1/2  levels  after  1 
 day  and  3  days  relative  to  their  KRAS  wild-type  counterparts,  probably  because  the 
 expression  of  a  constitutively  active  mutant  KRAS  stabilizes  the  activity  of  the  MAPK  axis  in 
 these  cells  against  perturbations  induced  by  EGF  starvation.  Nonetheless,  an  increase  in 
 ERK1/2  phosphorylation  could  still  be  detected  in  EGF-starved  KRAS  mutant  organoids, 
 particularly  after  5  days  of  starvation,  most  likely  because  the  expression  of  wild-type  NRAS 
 and  HRAS  isoforms  in  these  cells  still  enables  regulation  of  MAPK  signaling  via  EGF 
 starvation  and  supplementation.  A  similar  concept  was  previously  described  in  colon  cancer 
 cell  lines  where  in  this  case  EGF  stimulation  rather  than  starvation  of  KRAS  mutant  cells  led 
 to  increased  phosphorylation  of  EGFR,  MEK  and  ERK  (Blaj  et  al.  2017)  .  This  sustained 
 regulation  of  MAPK  signaling  in  cells  bearing  a  KRAS  mutation  was  attributed  to  the 
 remaining  wild-type  HRAS  and  NRAS  isoforms  which  were  shown  to  be  activated  by  EGF 
 stimulation. 

 After  thoroughly  discussing  the  key  findings  of  the  current  study  and  their  implications,  it  is 
 important  to  propose  a  mechanistic  interpretation  of  the  observed  effects  of  EGF  starvation 
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 in  the  intestinal  epithelium.  As  previously  discussed  in  section  1.9,  starving  cells  of  nutrients 
 and/or  growth  factors  drives  them  to  undergo  autophagy.  This  self-eating  process  enables 
 cells  to  break  down  some  of  their  intracellular  constituents  and  use  them  as  energy  sources 
 to  maintain  homeostasis  and  survive  in  distressing  environments  (Mizushima  and  Komatsu 
 2011)  .  Autophagy  is  characterized  by  the  formation  of  double-membrane  autophagosomes 
 which  results  from  the  interaction  of  a  set  of  evolutionary  conserved  proteins,  known  as  ATG 
 proteins  which  include  proteins  involved  in  the  Atg1/ULK1  serine/threonine  kinase  protein 
 complex,  the  Beclin  1/VPS34  class  III  PI3K  complex,  and  the  ATG5/ATG12/ATG16  and 
 Atg8/LC3  protein  conjugation  complexes  (Hamasaki  et  al.  2013;  Matsunaga  et  al.  2009;  C. 
 He  and  Levine  2010;  Chan  et  al.  2009;  Kuma  et  al.  2004;  Levine  and  Klionsky  2004)  . 
 Interestingly,  EGFR-MAPK  and  PI3K-MTOR  signaling  were  found  to  be  involved  in  the 
 initiation  of  autophagy.  For  instance,  it  is  well  known  that  inactivation  of  MTOR  signaling  in 
 human  cells  subjected  to  amino  acid  starvation  initiates  the  process  of  autophagy  by 
 promoting  the  phosphorylation  of  ULK1/2,  ATG13  and  ATG14  (Meijer  et  al.  2015)  .  On  the 
 other  hand,  activation  of  MAPK  signaling  has  been  implicated  in  the  initiation  of  autophagy. 
 For  example,  the  two  stress-responsive  kinases  MAPKAPK2  (MK2)  and  MAPKAPK3  (MK3), 
 which  are  members  of  the  P38  MAPK  signaling  pathway  were  found  to  positively  regulate 
 starvation-induced  autophagy  by  phosphorylating  the  essential  ATG  protein,  Beclin  1,  at 
 serine  90  (Y.  Wei  et  al.  2015)  .  Moreover,  a  recent  study  by  De  Iuliis  and  colleagues  found 
 that  pEGFR  directly  binds  and  phosphorylates  Beclin  1  resulting  in  its  release  and  initiation 
 of  autophagy  in  serum-starved  melanoma  cells  (De  Iuliis  et  al.  2018)  .  There  are  many 
 parallels  between  De  Iuliis  study  and  the  present  study.  De  Iuliis  and  colleagues  reported  a 
 significant  increase  in  the  phosphorylation  of  ERK  and  p70/85  RPS6KB1  in  melanoma  cells 
 following  4,  8,  12  and  24  h  of  serum  starvation.  The  current  study  also  demonstrated  that  24 
 h  of  EGF  starvation  induced  a  notable  increase  in  ERK1/2  phosphorylation  as  well  as 
 phosphorylation  of  RPS6  protein  which  is  a  substrate  of  p70  RPS6KB1  in  intestinal  epithelial 
 cells,  particularly  crypt  base  cells  (Fig.  3.5).  While  De  Iuliis  and  colleagues  showed  that 
 serum  starvation  of  melanoma  cells  was  associated  with  a  prominent  increase  in  EGF 
 release  8  h  following  starvation  in  one  cell  line  and  12  h  following  starvation  in  another  cell 
 line  (De  Iuliis  et  al.  2018)  ,  the  current  study  shows  that  the  expression  of  HBEGF  and  FGF1 
 genes  increases  significantly  24  h  following  EGF  starvation  of  intestinal  epithelial  organoids 
 (Fig.  3.12  &  3.14).  Such  increase  in  ligand  expression  and/or  release  in  response  to  growth 
 factor  starvation  has  been  previously  suggested  as  a  potential  compensatory  mechanism  to 
 maintain  cell  survival  under  starvation  stress.  One  important  distinction  between  the  two 
 studies  lies  in  the  response  of  cells  to  EGF  stimulation.  While  melanoma  cells  treated  with 
 EGF  expectedly  showed  a  strong  elevation  of  pERK  levels  (much  higher  than  levels 
 observed  in  serum-starved  cells),  EGF  stimulation  of  intestinal  epithelial  cells  was  in  fact 
 associated  with  a  prominent  reduction  in  pERK1/2  levels  compared  to  unstimulated  cells 
 (Fig.  3.2B).  Overall,  the  intersection  points  between  the  two  studies  suggest  that  the 
 changes  observed  in  EGFR  signaling  in  the  current  study  upon  EGF  starvation  may  be 
 related  to  the  induction  of  autophagy  to  support  survival  of  the  stressed  cells.  Increased 
 phosphorylation  and  activity  of  EGFR  and  its  downstream  MAPKs  with  EGF  starvation  may 
 contribute  to  phosphorylation  of  the  autophagy  inhibitor  BCL2  causing  its  dissociation  from 
 Beclin  1  which  is  an  important  initiating  step  in  the  autophagic  process  as  it  was  previously 
 observed in the case of the stress-activated signaling molecule, JNK1  (Y. Wei et al. 2008)  . 
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 Although  the  present  study  has  shed  light  on  previously  unexplored  aspects  of  EGFR 
 signaling  in  the  context  of  growth  factor  starvation  stress  in  the  intestinal  epithelium,  there 
 are  still  several  open  questions  that  have  not  been  answered.  One  obvious  question  is  the 
 exact  underlying  cause  of  EGF  starvation-induced  activation  of  EGFR  and  MAPK  signaling. 
 One  important  hypothesis  proposed  by  this  study  to  answer  this  question  is  compensatory 
 secretion  of  ligands  such  as  HBEGF  and  FGF1.  Although  an  increase  in  the  gene 
 expression  of  these  ligands  in  starved  organoids  has  been  confirmed  by  scRNA-seq  (Fig. 
 3.12  &  3.14),  no  evidence  for  an  increase  in  their  protein  levels  could  be  found  by  ELISA 
 (Fig.  3.16),  MS-based  proteomics  or  Western  blot  analysis  (data  not  shown).  Also,  since 
 most  of  the  signaling  changes  induced  by  EGF  starvation  were  mainly  pronounced  in 
 undifferentiated  crypt  base  cells  (Fig.  3.5),  one  would  expect  Paneth  cells  residing  at  the 
 crypt  base  to  be  the  major  source  of  such  ligands.  However,  this  question  regarding  the  role 
 of  Paneth  cells  in  starvation-induced  signaling  changes  was  not  directly  addressed  in  this 
 study  by  techniques  such  as  immunohistochemistry  or  immunofluorescence.  As  a  matter  of 
 fact,  there  was  no  specific  increase  in  gene  expression  of  HBEGF,  FGF1  or  other  ligands  in 
 Paneth  cells  compared  to  other  cell  types  upon  EGF  starvation.  Rather,  the  increase  in 
 ligand  expression  induced  by  starvation  was  more  or  less  consistent  across  multiple  cell 
 types.  Moreover,  no  mechanistic  explanation  has  been  found  for  the  unexpected  reduction  in 
 pERK1/2  levels  in  intestinal  organoids  treated  with  EGF  after  a  prolonged  period  of 
 starvation  (Fig.  3.2B).  Although  this  might  imply  as  previously  discussed  that  EGF  might 
 compete  for  binding  to  EGFR  with  some  other  ligand  such  as  HBEGF  secreted  during  the 
 starvation  period,  no  experimental  evidence  was  provided  to  confirm  the  plausibility  of  such 
 a  phenomenon.  Another  important  limitation  of  this  study  is  that  it  only  thoroughly  assessed 
 changes  in  EGFR  signaling  after  24  h  of  EGF  starvation.  Changes  that  take  place  at  earlier 
 time  points  of  starvation  were  not  adequately  investigated,  although  there  are  indications 
 that  even  durations  of  EGF  starvation  as  short  as  5  h  may  induce  an  increase  in  ERK1/2 
 phosphorylation  (data  not  shown).  The  lack  of  a  time-course  assessment  of  EGF  starvation 
 effect  both  on  EGFR  signaling  and  also  on  gene  expression  makes  it  difficult  to  explain  the 
 differential  effect  of  EGF  starvation  on  ERK  target  genes  after  24  h  of  starvation.  As 
 previously  shown,  the  elevated  levels  of  pERK1/2  after  24  h  of  starvation  were  translated 
 into  an  increase  in  expression  of  primary  response  IEGs,  but  not  SRGs  (Fig.  3.13A/D).  The 
 question  why  expression  of  SRGs  is  not  strongly  altered  by  EGF  starvation  as  it  is  the  case 
 with  PRGs  remains  far  from  answered.  In  fact,  EGFR  signaling  induced  by  EGF  starvation 
 may  represent  a  completely  different  modality  of  signaling  from  that  induced  by  EGF 
 stimulation,  resulting  in  a  different  set  of  ERK  target  genes  being  switched  on.  However, 
 such  a  hypothesis  would  require  more  detailed  single-cell  investigation  of  both  signaling  and 
 gene  expression  changes  at  multiple  time  points  following  EGF  stimulation  versus  starvation, 
 not just after 24 h. 

 Another  very  important  aspect  of  starvation-induced  signaling  that  this  study  did  not  explore 
 is  how  it  relates  to  processes  such  as  autophagy  and  apoptosis  and  the  switch  between 
 them.  Although  24  h  EGF  starvation  did  not  significantly  induce  apoptosis  in  the  intestinal 
 epithelium  (Fig.  3.4D),  its  effect  on  induction  of  autophagy  was  not  investigated.  It  might  be 
 the  case  that  the  signaling  changes  observed  in  EGF-starved  intestinal  cells  are  a  direct 
 consequence  of  the  initiation  of  autophagy  in  response  to  the  starvation  stress  since 
 autophagy  proteins  were  actually  shown  to  regulate  ERK  phosphorylation  (Martinez-Lopez 
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 et  al.  2013)  .  Vice  versa,  starvation-induced  signaling  changes  may  be  responsible  for 
 initiating  autophagy  by  directly  regulating  the  activity  of  autophagy  proteins  and  protein 
 complexes.  Although  EGF  starvation  was  not  associated  with  any  major  change  in  gene 
 expression  of  autophagy-related  proteins  in  intestinal  organoids  (data  not  shown),  its  effect 
 on  post-translational  modifications  of  such  proteins  as  well  as  the  assembly  of  autophagy 
 protein  complexes  remains  to  be  thoroughly  studied.  This  is  especially  important  in  light  of 
 recent  studies  which  show  how  autophagy  is  dependent  on  the  activity  of  EGFR  signaling  in 
 melanoma  cell  lines  (De  Iuliis  et  al.  2018)  where  pEGFR  was  found  to  directly  bind  and 
 sequester  Beclin  1  at  an  early  stage  of  serum  starvation,  and  subsequently  phosphorylate  it 
 causing its release and initiating autophagy at a later stage. 

 After  discussing  the  current  study’s  limitations  and  the  questions  that  were  left  unanswered, 
 there  are  several  important  directions  for  future  follow-up  studies  to  consider.  The  present 
 study  dissected  the  effect  of  24  h  EGF  starvation  on  both  signaling  proteins  and  gene 
 expression  in  the  mouse  small  intestinal  epithelium  at  a  single-cell  level  using  CyTOF  and 
 scRNA-seq.  While  this  proved  to  be  very  valuable  in  understanding  changes  going  on  in 
 starved  cells,  it  is  still  just  a  snapshot  of  the  whole  dynamic  process  that  is  initiated  by  EGF 
 starvation.  Therefore,  it  is  important  for  future  studies  to  explore  both  signaling  and  gene 
 expression  changes  at  different  time  intervals  of  EGF  starvation  to  be  able  to  see  the  whole 
 picture  more  clearly  and  compare  between  changes  taking  place  at  early  stages  of 
 starvation  and  those  taking  place  later.  Also,  since  most  of  the  experiments  carried  out  in  this 
 study  used  epithelial  organoids  derived  from  the  mouse  duodenum,  it  is  important  to 
 investigate  EGF  starvation  in  other  types  of  intestinal  epithelial  tissues  as  the  jejunum,  ileum 
 and  colon  and  compare  the  responses  of  the  various  tissue  types  to  starvation  stress. 
 Indeed,  this  study  could  show  that  EGF  starvation-induced  changes  in  ERK1/2 
 phosphorylation  in  human  colorectal  tumor  organoids  are  similar  to  changes  observed  in 
 mouse  intestinal  organoids  (Fig.  3.17).  However,  such  a  comparison  is  far  from 
 comprehensive  and  it  is  important  for  future  studies  to  investigate  EGF  starvation  in  human 
 wild-type  intestinal  tissue.  In  terms  of  mechanistic  understanding,  there  is  a  great  need  for  a 
 more  thorough  investigation  of  how  EGFR  and  MAPK  signaling  gets  activated  in 
 EGF-starved  intestinal  cells  and  what  kind  of  ligands  might  be  responsible  for  such  an  effect. 
 The  present  study  puts  forward  HBEGF  and  FGF1  as  two  potential  candidates,  however, 
 solid  evidence  to  prove  the  implication  of  these  ligands  in  the  EGF  starvation  effect  is  still 
 lacking.  As  seen  before,  measuring  the  concentration  of  secreted  ligands  in  Matrigel  derived 
 from  organoid  cultures  is  rather  challenging,  therefore  alternative  approaches  for  detecting 
 those  ligands  such  as  immunohistochemistry  or  immunofluorescence  are  proposed.  Another 
 way  of  investigating  the  role  of  ligands  in  the  EGF  starvation  effect  is  to  treat  starved 
 organoids  with  anti-ligand  neutralizing  antibodies  targeting  EGFR  ligands  and  possibly  also 
 FGFs  and  determine  which  of  these  antibodies  can  suppress  EGF  starvation-induced 
 changes in MAPK activity in organoids. 

 Since  this  study  focused  mainly  on  the  response  of  intestinal  epithelial  cells  to  EGF 
 starvation,  future  studies  may  also  explore  the  effect  of  starving  other  cell  types  of  other 
 kinds  of  growth  factors.  This  is  necessary  to  understand  whether  the  signaling  changes 
 induced  by  starvation  are  specific  to  EGFR  or  can  be  generalized  to  other  types  of  growth 
 factor  receptors.  Additionally,  it  is  important  to  study  in  more  detail  how  re-stimulation  of 
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 intestinal  epithelial  cells  with  EGF  following  a  period  of  starvation  reduces  ERK1/2 
 phosphorylation  (Fig.  3.2B).  Perhaps,  the  use  of  CyTOF  to  dissect  EGFR  and  MAPK 
 signaling  changes  in  this  experimental  context  on  a  single-cell  level  would  be  necessary  to 
 gain  a  more  mechanistic  understanding  of  these  counter-intuitive  findings.  Also,  studying 
 how  EGF  re-stimulation  following  different  starvation  intervals  (both  short  and  long) 
 influences  EGFR  and  MAPK  signaling  would  serve  to  give  a  clearer  picture  of  what  is  going 
 on  in  these  cells.  Finally,  future  studies  should  definitely  seek  to  identify  links  between  EGFR 
 signaling  and  the  initiation  of  autophagy  and  apoptosis  in  a  growth  factor-starved  intestinal 
 epithelium.  A  time-course  study  of  EGF  starvation  measuring  markers  of  autophagy, 
 apoptosis  and  phosphoprotein  readouts  of  EGFR,  MAPK  and  PI3K  signaling  pathways 
 following  different  starvation  intervals  can  show  how  activation  of  EGFR  and  MAPK  signaling 
 by  starvation  relates  to  induction  of  autophagy  and  later  on  apoptosis  as  starvation  duration 
 increases. 
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 5 Conclusion 

 EGFR  signaling  drives  many  different  cellular  processes  in  all  kinds  of  epithelial  cells 
 including  the  intestinal  epithelium.  Such  processes  range  from  proliferation  and  growth  to 
 differentiation  to  autophagy  and  apoptosis.  The  present  study  aims  to  characterize  signaling 
 changes  that  take  place  in  the  intestinal  epithelium  in  response  to  EGF  starvation-induced 
 stress  using  epithelial  organoids  derived  from  the  mouse  duodenum  and  human  colorectal 
 tumor  tissue.  Counterintuitively,  24  h  EGF  starvation  induced  a  prominent  phosphorylation  of 
 EGFR,  MEK1/2  and  ERK1/2  indicating  an  activation  of  this  signaling  axis  in  intestinal  cells. 
 These  changes  were  most  significant  in  the  undifferentiated  CD44-high  crypt  base  cells. 
 EGF  starvation  was  also  associated  with  downregulation  of  MTORC1  signaling-responsive 
 genes  due  to  lack  of  growth  signals.  Interestingly,  EGF  starvation-induced  ERK1/2 
 phosphorylation  was  associated  with  upregulation  of  a  subset  of  ERK  target  genes, 
 particularly  IEGs,  while  SRG  ERK  targets  were  almost  unaffected.  Moreover,  expression  of  a 
 number  of  genes  that  are  known  to  regulate  the  activity  of  EGFR  and  MAPK  signaling  was 
 altered  by  EGF  starvation  such  as  Gprc5a  ,  Ptprr  ,  Pea15a  and  Atf3  .  Overexpression  of  the 
 EGFR  ligand  HBEGF  and  the  FGFR  ligand  FGF1  in  starved  cells  may  account  for 
 starvation-driven  increase  in  MAPK  activity,  although  an  increased  secretion  of  these  ligands 
 by  starved  organoids  was  not  confirmed.  Nevertheless,  compensatory  ligand  secretion  is  still 
 supported  by  the  observation  that  EGF  re-addition  to  starved  organoids  restores  pERK1/2 
 levels  to  baseline  which  implies  that  EGF  competes  for  EGFR  with  some  other  ligand 
 secreted  by  starved  cells.  In  addition  to  HBEGF,  other  genes  known  to  promote  protection, 
 survival  and  regeneration  of  the  intestinal  epithelium  were  found  to  be  overexpressed  in 
 starved  organoids  such  as  Muc3  and  Reg3b  .  Furthermore,  the  increased  MAPK  activity  in 
 EGF-starved  organoids  may  be  linked  to  induction  of  autophagy.  Since  this  link  has  not  been 
 addressed  in  the  current  study,  future  research  work  should  focus  on  studying  how  growth 
 factor  starvation-induced  signaling  changes  in  the  intestinal  epithelium  alter 
 autophagy-related  as  well  as  apoptosis-related  proteins  and  machinery  at  multiple  time 
 points  of  starvation  ranging  from  few  hours  to  several  days.  Collectively,  EGF 
 starvation-induced  changes  in  MAPK  signaling  and  global  gene  expression  reported  in  this 
 study  can  be  interpreted  as  a  pro-survival  program  that  gets  activated  preferentially  in 
 intestinal  stem  cells  and  early  progenitors  exposed  to  starvation  stress  to  increase  their  life 
 span  and  protect  them  against  apoptosis.  However,  the  elements  and  features  of  such  a 
 survival program need to be more comprehensively characterized in future research. 

 117 



 Figure  5.1  Summary  illustration  of  the  major  signaling  and  transcriptional  changes  induced  by  EGF 
 starvation  in  the  mouse  intestinal  epithelium.  24  h  EGF  starvation  induces  an  increase  in  the 
 EGFR-RAS-RAF-MEK-ERK  signaling  axis  which  is  translated  into  an  increase  in  the  phosphorylation  of  MEK1/2 
 and  more  importantly  ERK1/2  and  an  upregulation  of  ERK  target  genes  especially  immediate  early  genes  as 
 Fosl  ,  Egr2  and  Egr3  .  On  the  other  hand,  lack  of  EGF  signals  downregulates  the  activity  of  MTORC1  signaling 
 primarily  involved  in  protein  synthesis  and  cell  growth.  In  addition,  EGF  starvation  induces  upregulation  of  genes 
 encoding  survival  and  regeneration-promoting  proteins  such  as  the  EGFR  ligand  Hbegf  ,  Fgf1  ,  regenerating 
 islet-derived  protein  3-beta  (  Reg3b  )  and  mucin  3  (  Muc3  ).  Intestinal  stem  cells  and  early  progenitors  at  the  base  of 
 the  crypt  were  generally  more  sensitive  to  starvation-induced  signaling  changes  than  differentiated  enterocytes. 
 Increased  expression  of  growth  factor  receptor  ligands  such  as  HBEGF  and  FGF1  may  account  for  the  increased 
 MAPK  signaling  in  starved  organoids.  Furthermore,  such  an  increase  in  MAPK  activity  in  starved  cells  may  be 
 directly  related  to  the  induction  of  autophagy.  Collectively,  these  findings  indicate  that  intestinal  stem  cells  and 
 undifferentiated  progenitors  may  activate  a  pro-survival  program  orchestrated  by  MAPK  signaling  that  promotes 
 regeneration,  induces  autophagy  and  inhibits  apoptosis  following  24  h  of  EGF  starvation.  Arrows  with  question 
 marks  indicate  proposed  effects  that  were  either  not  confirmed  or  not  investigated  in  the  current  study.  Figure 
 cartoons were created using Biorender.com. 
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