
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Activating mutations of Lys171 in the kinase domain of IKKbeta unleash a novel mechanism 
of oncogenic signaling

Permalink
https://escholarship.org/uc/item/60j494r4

Author
Gallo, Leandro

Publication Date
2016
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/60j494r4
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY  OF  CALIFORNIA,  SAN  DIEGO  
  

  
  

Activating  mutations  of  Lys171  in  the  kinase  domain  of  IKKbeta  unleash  a  
novel  mechanism  of  oncogenic  signaling  

  
  

A  dissertation  submitted  in  partial  satisfaction  of  the  requirements  for  the  
degree  of  Doctor  of  Philosophy    

  
  

  
in  
  
  
  

Chemistry  
  
  
  
by  
  
  
  

Leandro  Henrique  Gallo  
  

  
  
  
Committee  in  charge:  

Professor  Daniel  J.  Donoghue,  Chair  
Professor  Timothy  Baker  
Professor  Thomas  Hermann  
Professor  Tadeusz  Molinski  
Professor  Tannishtha  Reya  
  
  

  
  

2016  
  
  



     



	
  iii  

The  dissertation  of  Leandro  Henrique  Gallo  is  approved,  and  it  is  acceptable  in  
quality  and  form  for  publication  on  microfilm  and  electronically.  
  
  
  
  
  
                                                                                                                                                
  
  
  
                                                                                                                                    
  
  
  
  
  
  
  
  
  
  
  
  
  
                                              Chair  
  
  
  
  
  

University  of  California,  San  Diego  
  

2016  
  
  
  
  
  
  
  
  
  
  



	
  iv  

  
Dedication  

  
  

I  am  grateful  and  humbled  by  the  privilege  of  graduating  with  a  doctorate  

in  Chemistry  from  the  University  of  California,  San  Diego.  I  did  not  arrive  at  this  

position  in  my  life  on  my  own;;  I  had  the  great  fortune  to  have  kind  and  supportive  

family,  friends,  colleagues  and  mentors  to  aid  me  in  my  journey.   

I  dedicate  this  dissertation  to  my  parents,  Neusa  and  Gerson  Gallo,  and  

my  brother,  Bruno  Gallo  of  Vinhedo,  S.P.,  Brazil;;  to  my  life-­long  companion  and  

best  friend,  Daniel  Bohan  of  New  York  City;;  to  Catherine  Lee,  Esq.  of  Miami;;  to  

Thomas  J.  Moran  of  Ft.  Lauderdale;;  to  Joseph  Kaus  of  New  York  City:  to  Dr.  

Adrienne  Alaie  and  Dr.  David  Mootoo  of  Hunter  College  of  the  City  University  of  

New  York;;  to  the  members  of  my  committee,  Professors  Reya,  Baker,  Hermann,  

and   Molinski   of   the   University   of   California,   San   Diego;;   to   April   Meyer   and  

Juyeon  Ko  of  the  Donoghue  lab  at  UCSD.  And  to  my  adviser,  mentor  and  great  

friend,  Dr.  Daniel  J.  Donoghue. 

My  parents  instilled  within  me  strong  values,  including  honesty  and  love,  

diligence  and  dignity,  and  respect  and  self  worth.  My  father  also  taught  me  the  

value  of  hard  work,  developing  a  successful  career  as  a  master  electrician  at  

the  Unilever  corporation  -­  without  a  high  school  diploma  or  any  higher  education.  

While  working  as  a  full-­time  electrician,  my  father  learned  the  craft  of  ironwork  

from  my  grandfather,  who  taught  him  how  to  make  furniture  and  a  range  of  items  

from  cast  iron.  He  attracted  considerable  attention  from  the  community,  applying  

his  natural  intellect,  engineering  gifts  and  artistry,  and  going  on  to  run  his  own  
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very  successful  small  business.    My  father  worked  tirelessly,  fifteen  hours  a  day  

in  those  two  jobs,  to  make  certain  that  my  brother,  Bruno  and  I  would  have  a  

comfortable  life  and  greater  opportunities.   

While  my  father  was  working  hard  to  provide  for  his  family,  my  mother  

was  the  foundation  of  our  home,  taking  great  care  of  my  father,  my  brother  and  

me,  seeing  to  every  need,  and  keeping  us   in  very  close  touch  with  our   large  

extended  family,  which  provided  us  with  a  powerful  sense  of  identity,  and  the  

love  of  so  many.  My  mother  offered  the  kind  of  love  and  support  to  my  father  

that  enabled  him  to  work  long  hours  and  achieve  success;;  together  they  built  a  

home,  providing  a  sanctuary  for  Bruno  and  me.  And  they  cared  for  us  with  great  

wisdom,  too;;  having  the  foresight,  for  example,  to  enroll  me  in  private  English  

classes   beginning   at   age   nine,   a   decision   that   has   profoundly   affected   the  

course  of  my  life,  enabling  me  to  achieve  things  undreamed  of  by  a  boy  in  a  

small  Brazilian  town. 

Yet,  even  with  all  the  support  my  parents  provided  to  me,  my  childhood  

in  Brazil  proved  to  be  emotionally  and  physically  challenging,  given  my  natural  

proclivities   and   the   unspoken   rules   governing   gender,   especially   the   social  

mores   related   to  masculinity.  Throughout  elementary  and  high  school,   I  was  

ostracized  and  often  suffered  severe  abuse  for  simply  being  who  I  was,  by  far  

the   tallest   and   the   least   masculine   boy   in   class.   Outside   of   school,   some  

members  of  the  community  decided  that  being  different  was  somehow  a  threat.  

The   time  and  energy  required   to  do  battle,  and   to  make  every  effort   to   fit   in,  

including  denying  my  own  sexuality  and  joining  a  deeply  conservative  church,  
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disrupted  my  focus  and  affected  my  goals.  After  graduating  from  high  school  at  

17  -­  and  following  a  tentative  foray  into  the  gay  underground  community  -­  threats  

started  arriving  via  anonymous  telephone  calls.  My  parents  decided  to  keep  me  

home  around  the  clock.  So,  while  some  of  my  peers  were  going  to  college  and  

many  were   setting   goals   for   the   future,   I  was   confined   at   home,   depressed,  

afraid  and  at  war  with  myself.  Then,  an  opportunity  to  go  to  America  changed  

the  course  of  my  life. 

I  arrived  in  the  U.S.  in  January,  2005  at  the  age  of  nineteen  with  virtually  

nothing  in  my  pockets,  a  visa,  my  violin  and  some  clothes.  In  Deerfield  Beach,  

FL,  I  worked  day  and  night  at  a  Dunkin  Donuts  shop  selling  donuts,  coffee  and  

bagels.  Sometimes  I  would  sit  by  the  window  and  look  up  to  the  skies  wondering  

how  I  would  ever  achieve  more  for  myself.  Yet,  even  though  I  missed  my  family  

terribly  and  I  was  so  frightened  to  be  alone  in  a  foreign  land,  I  was  profoundly  

grateful  to  be  safe  and  in  America,  a  place  famous  in  Brazil  for  its  tolerance  and  

progressive  ideals. 

One  day  in  the  Fall  that  same  year,  a  gentleman  walked  into  the  shop,  

ordered  some  coffee  and  engaged  me  in  conversation.  After  speaking  to  him  in  

greater  detail  following  my  work  shift,  I  told  him  my  story  and  the  reason  I  left  

my  family  and  native  country.    

 

Suddenly,  the  stars  aligned.    
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As  it  turned  out,  the  gentleman  was  a  paralegal,  and  he  put  me  in  touch  

with  Catherine  Lee,  an   immigration  attorney   in  Miami,  who  went  on  to  file  an  

application   for   political   asylum  on  my  behalf.  With   enormous   dedication   and  

great  compassion,  Cathi  gathered  the  necessary  documentation  and  set  about  

preparing  me  for  a  critical  interview  with  the  Dept.  of  Homeland  Security.   

Weeks   after   that   interview,   I   found  myself   sitting   across   from   the   the  

immigration  official  in  charge  of  my  case,  the  woman  who  had  the  power  to  send  

me  back  to  Brazil,  back  to  the  community  from  which  I  had  sought  escape.  I  was  

more   nervous   than   I   have   ever   been   in  my   life.   As   she   spoke,   I   caught  my  

breath.  “Leandro”,  she  said,  “your  request  for  asylum  has  been  approved.”  As  I  

broke  down,  she  came  around  the  desk,  embraced  me  and  welcomed  me  as  a  

new  resident  of  the  United  States  of  America.  This  will  forever  be  the  greatest  

moment  of  my  life. 

A  week  later  I  turned  20.  There  was  much  to  celebrate;;  My  new  friends,  

my  new  life  as  a  permanent  resident  -­  and  my  birthday.    I  went  out  with  some  

friends  to  a  local  restaurant  in  Fort  Lauderdale,  where  I  met  the  best  person  one  

would  ever  wish  for.  Daniel  Bohan  was  visiting  his  cousin,  Tom  Moran  in  Boca  

Raton,  down  from  the  Big  Apple.  After  staying  in  close  touch  with  Dan  for  three  

months,  I  made  the  brave  decision  to  move  to  New  York.  After  my  arrival,  Dan  

insisted  that  I  apply  for  college,  and  he  took  me  to  visit  Hunter  College  on  Park  

Ave.   at   68th   Street.   After   my   acceptance,   I   started   taking   my   general   core  

requirement  courses,  but  without  yet  knowing  my  true  vocation.  As  you’ll  recall,  

back  in  Brazil,  I  never  had  the  chance  to  explore  my  talent  for  the  sciences  or  
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anything  else.  There  were  few  opportunities  to  develop  interests  and  goals  in  

the  face  of  so  much  instability.  Hunter  College  felt  so  much  safer,  and  my  new  

and  dear  friends,  Khabiba  and  Jodi-­Ann,  showed  me  respect  and  loved  me  for  

the  individual  I  am,  without  judgements.  This  was  something  quite  new  to  me  in  

an  academic  environment. 

Daniel’s  cousin,  Tom,  visited  from  Boca  Raton  the  following  year,  and  he  

suggested  that  I  take  Principle  of  Biology  I.  Intimidated  and  nervous,  I  signed  

up  for  the  course.  It  turned  out  to  be  a  natural  fit.  Dr.  Adrienne  Alaie,  who  taught  

this   extraordinary   introduction   to   the   sciences,   soon   became   my   major  

undergraduate  advisor.  While  she  was  unpopular  with  some  given  the  rigor  of  

her  class,  Dr.  Alaie  helped  me  discover  and  develop  my  natural  affinity  for  the  

sciences   and   scientific   research.   She   accomplished   this   through   her  

extraordinary  teaching  methods  and  her  great  talent,  bringing  science  to  life  in  

ways   that   teachers  before  her   never   could.  Her   passion   for   the   subject  was  

infectious;;  her  love  for  her  field  was  completely  exhilarating.  Before  Dr.  Alaie,  

my   major   was   to   be   English   literature;;   after   Dr.   Alaie,   science   became   my  

poetry.    Later,  Dr.  Alaie  brought  me  on  board  as  a  teaching  assistant,  my  first  

exposure  to  teaching  -­  and  I  excelled  in  this  new  role,  working  with  students  on  

their  skills,  but  also  working  to  attract  them  to  the  field. 

     My  major   in   Biological   Sciences   required   that   I   complete   a   course   in  

Chemistry,  which  led  to  an  instant  attraction  to  the  field,  and  a  particular  passion  

for   the  space  where  biology  and  chemistry   intersect.  Appreciating  my  strong  

interest  and  my  talents,  Dr.  David  Mootoo  gave  me  the  opportunity  to  work  as  
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an   undergraduate   research   assistant   in   his   lab   on   a   project   related   to   the  

synthesis  of  pentaerythritol-­  and  Galactosylceramide-­based  glycopolymers  as  

potential  inhibitors  of  HIV-­1  entry  into  cells.  I  excelled  in  Dr.  Mootoo’s  lab  with  

the   support   of   the   Minority   Biomedical   Research   Support   program,   which  

opened  many  opportunities  for  me  as  a  young  scientist,  including  the  ability  to  

participate   in  scientific   conferences   for   the   first   time.   I   came   to  UCSD   in   the  

summer  of  my  junior  year,  to  conduct  research  in  the  Department  of  Surgery  

through  the  Amgen  Scholars  Program. 

As   graduation   from   Hunter   approached,   I   found   myself   applying   for  

graduate  programs  across  the  country.  I  chose  UCSD  because  of  the  diverse  

student  body  and   faculty,  and   for   its   thriving  scientific  community  and  world-­

class   reputation.   After   going   through   several   lab   rotations,  my   choice   of   the  

Donoghue  lab  was  an  easy  decision.  My  valued  and  brilliant  mentor,  Dr.  Dan  

Donoghue  has  been  a  wonderful   and   caring  advisor   all   through  my  doctoral  

program.  All  the  progress  in  my  graduate  studies,  including  the  achievement  of  

first-­author   publications,   would   not   have   been   possible   without   Dan’s  

mentorship  and  guidance.  He  has  consistently  supported  me,  providing  me  with  

valuable  research  tools  and  with  enormous  intellectual  support.  Dan  has  passed  

his   love  of   research  and  his   intellectual  principles  on   to  me;;   I   intend   to  carry  

them  forward  into  the  future.  I  also  would  like  to  thank  Dan’s  wife,  Nancy,  who  

has   shown   support   through   friendship   by   always   offering   wise   words   of  

encouragement  in  this  process. 
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April   Meyer   is   truly   an   extraordinary   asset   in   the   Donoghue   group;;   a  

patient   teacher   and   deeply   impressive   researcher,   she   has   trained   me   in  

flawless  technique  and  critical  areas  of  research,  all  of  which  will  serve  me  well  

as  I  begin  my  post-­doctoral  career.    Also  critical  my  success  in  the  Donoghue  

Lab  is  my  outstanding  colleague,  Juyeon  Ko,  who  has  aided  me  in  successful  

completion  of  a  broad  range  of  experiments  that  are  part  of  this  dissertation.   

During  my  time  as  a  graduate  student  at  UCSD,  I  had  the  great  pleasure  

to  become  friends  with  Joseph  W.  Kaus  and  Jennifer  Daluz,  whose  friendship  

and  support  have  propelled  me   to  excel   in  ways   large  and  small   toward   the  

completion  of  my  graduate  program. 

The  members   of  my   committee,   Professors  Reya,  Hermann,  Molinski  

and  Baker  have  been  valued  assets  throughout  my  time  in  this  program.  As  my  

program  comes  to  its  conclusion,  I  am  especially  fortunate  to  have  secured  an  

appointment  in  the  Reya  Lab  at  UCSD.  I  look  forward  to  applying  the  knowledge  

I’ve  gained  from  the  Donoghue  group  in  The  Reya  Lab,  and  look  forward  with  

great  anticipation  to  learning  everything  that  Professor  Reya  has  to  teach  me  in  

the  coming  years. 

America  has  granted  me  the  extraordinary  opportunity  to  live  my  life  in  a  

land  where  individuals  are  rewarded  for  their  achievements.  As  now  a  citizen  of  

this   great   country,   I   will   continue   to   work   hard   to   repay   -­   in   every   way  

conceivable  -­    the  gifts  and  opportunities  this  country  has  provided  to  me  -­  and  

continues  to  provide  to  me. 
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Epigraph  

  

  

  

Nothing  is  impossible,  
The  word  itself  says  “I’m  possible!”  

  
Audrey  Hepburn  

  

  

  

Education  is  the  most  powerful  weapon  which  you  can  use  to  change  

the  world  

                                                                          Nelson  Mandela  

  

  

  

It  is  the  mark  of  an  educated  mind    

To  be  able  to  entertain  a  thought  without  accepting  it  

Aristotle  

  

  

The  true  sign  of  intelligence  is  not  knowledge  but  imagination  

Albert  Einstein  
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ABSTRACT  OF  THE  DISSERTATION  

Activating  mutations  of  Lys171  in  the  kinase  domain  of  IKKbeta  unleash  a  
novel  mechanism  of  oncogenic  signaling  

  

by  

  

Leandro  Henrique  Gallo  

Doctor  of  Philosophy  in  Chemistry  

University  of  California,  San  Diego,  2016  

Professor  Daniel  J.  Donoghue,  Chair  

  

Inhibitor  of  kappaB  kinase  beta   (IKKβ)   is   the  master   regulatory  kinase  

that   modulates   canonical   nuclear   factor   kappaB   (NFkappaB)   inflammatory  

activation.   Under   inflammatory   conditions,   IKKβ   is   phosphorylated   at  

Ser177/Ser181  sites  in  the  kinase  domain,  which  activates  the  kinase  function  

of   the   protein.   IKKβ,   in   turn,   phosphorylates   its   downstream   substrate  

IkappaBalpha,   which   is   subsequently   degraded.   This   event   releases  

NFkappaB,  which  is  normally  sequestered  in  the  cytoplasm,  to  translocate  into  

the  nucleus  to  activate  transcription  of  inflammation-­related  genes.  

  In  the  first  chapter  of  this  dissertation,  mutations  of  Lys171  located  in  the  

kinase  domain  of   IKKβ  are  shown   to   lead   to   increase   the  phosphorylation  of  

Ser177/Ser181  sites  and  result  in  the  upregulation  of  the  kinase  activity  of  IKKβ.  
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These   mutations   had   been   initially   identified   in   tumor   samples   of   Multiple  

Myeloma,  Spleen  Marginal  Zone  Lymphoma  and  Mantle  Cell  Lymphoma.  Via  

site-­directed  mutagenesis,  we  constructed   the  K171E  mutation   in   IKKβ.  This  

study   further   demonstrated   that   IKKβ   is   conjugated   to   Lys63-­linked  ubiquitin  

chains,  in  which  the  activating  K171E  mutation  upregulated  this  modification  at  

Lys147.  The  main  discovery  of  this  project  is  that  the  K171E  mutation  in  IKKβ  

induces  the  activation  of  STAT3  in  the  absence  of  exogenous  Interleukin-­6  in  

HEK293T  cells.  Via  LC-­MS/MS,  we  identified  various  lysine  ubiquitination  sites  

in   full   length  activated   IKKβ,   in  which   some  of   these  negatively   regulate   the  

phosphorylation  of  Ser177/Ser181.  Ubiquitination  of  Lys147  in  activated  IKKβ,  

located   in   proximity   to   the  activation   loop   in   the   kinase  domain,   is   critical   to  

induce  STAT3  activation.    

The  second  chapter  of  this  dissertation  demonstrates  that  IKKβ  K171E  

relies  on  JAK,  gp130,  and  TAK1  to  signal  to  STAT3.  In  addition,  we  utilized  a  

method   termed   Bio-­ID   proximity   dependent   biotinylation   to   identify   proteins  

interacting   with   activated   IKKBeta,   in   which   UBC13   and   LRPPRC   were  

identified   as   interacting   partners.   Via   siRNA,   we   showed   that   UBC13   and  

LRPPRC   possibly   negatively   regulated   STAT3   activation   induced   by   IKKβ  

K171E.  Interestingly,  IKKβ  K171E  depends  upon  UBE2V2  cofactor  of  UBC13,  

previously  demonstrated  to  be   involved   in  modulation  of  DNA  damage  repair  

activation,  to  activate  STAT3.  Lastly,  the  oncogenic  potential  of  K171E  mutation  
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is   demonstrated   by   the   transformation   of   murine   myeloid   32D   cells   into  

Interleukin-­3-­independent  phenotype.  In  conjunction,  these  results  illustrate  a  

novel  mechanism  by  which  the  loss  of  Lys171  in  IKKβ  induces  the  activation  of  

STAT3  in  the  absence  of  cytokines  and  growth  factors.  

The  third  chapter  of   this  dissertation  entails  a  review  article  describing  

that   the   misregulated   expression   of   members   of   the   ubiquitination   cascade  

contributes  to  cancer  progression  and  metastasis.  Ubiquitination  largely  serves  

as  a  degradation  mechanism  of  proteins.  Ubiquitin  signaling  is  further  involved  

in   additional   cellular   processes   such  as   the  activation  of  NFκB   inflammatory  

response  and  DNA  damage  repair.  In  this  review,  we  highlight  the  E2  ubiquitin  

conjugating  enzymes,  E3  ubiquitin  ligases  and  Deubiquitinases  that  support  the  

proliferation,   migration,   stemness   and   metastasis   of   a   plethora   of   cancers,  

including   their   contribution   to   poor   clinical   prognosis   and   modulation   of  

pluripotent   cancer   stem   cells   attributed   to   metastasis.   We   further   describe  

mutations  in  E3  ubiquitin  ligases  that  support  the  proliferation  and  adaptation  to  

hypoxia  of  some  cancers.  Thus,  this  review  illustrates  how  tumors  exploit  the  

members   of   the   vast   ubiquitin   signaling   pathways   to   support   oncogenic  

signaling  for  the  purposes  of  survival  and  metastasis.  

   The  fourth  chapter  of  this  dissertation  entails  a  review  article  related  to  

mutations   in   Fibroblast   Growth   Factor   Receptors   (FGFRs)   in   cancer   and  

developmental  disorders.  This  comprehensive  review  describes  approximately  

200  different  mutations  in  FGFRs  in  diverse  cancers,   in  which  some  of  these  

mutations   have   been   found   to   contribute   to   developmental   syndromes.   In  
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addition,  this  review  shows  the  occurrence  of  chromosomal  translocations  that  

result   in   fusion   proteins   involving   FGFR’s   in   cancers,   and   it   illustrates   the  

aberrant  signaling  mechanisms  activated  by  these  oncogenes.    

	
     



	
  1  

Chapter  1:  Novel  Lys63-­Linked  Ubiquitination  of  IKKβ  Induces  

STAT3  Signaling  

  

1.1  Abstract  

  

NFκB   signaling   plays   a   significant   role   in   human   disease,   including  

breast  and  ovarian  carcinoma,  insulin  resistance,  embryonic  lethality  and  liver  

degeneration,  rheumatoid  arthritis,  ageing  and  Multiple  Myeloma  (MM).  Inhibitor  

of   κB   (IκB)   kinase   β   (IKKβ)   regulates   canonical   Nuclear   Factor   κB   (NFκB)  

signaling   in   response   to   inflammation   and   cellular   stresses.  NFκB  activation  

requires  Lys63-­linked  (K63-­linked)  ubiquitination  of  upstream  proteins  such  as  

NEMO   or   TAK1,   forming   molecular   complexes   with   membrane-­bound  

receptors.  We  demonstrate  that  IKKβ  itself  undergoes  K63-­linked  ubiquitination.  

Mutations  in  IKKβ  at  Lys171,  identified  in  Multiple  Myeloma  and  other  cancers,  

lead  to  a  dramatic  increase  in  kinase  activation  and  K63-­linked  ubiquitination.  

These  mutations  also  result  in  persistent  activation  of  STAT3  signaling.  Liquid  

chromatography  (LC)-­high  mass  accuracy  tandem  mass  spectrometry  (MS/MS)  

analysis   identified   Lys147,   Lys418,   Lys555   and   Lys703   as   predominant  

ubiquitination  sites   in   IKKβ.  Specific   inhibition  of   the  UBC13-­UEV1A  complex  

responsible  for  K63-­linked  ubiquitination  establishes  Lys147  as  the  predominant  

site  of  K63-­ubiquitin  conjugation  and  responsible  for  STAT3  activation.  Thus,



	
  

2  

  IKKβ   activation   leads   to   ubiquitination   within   the   kinase   domain   and  

assemblage  of  a  K63-­ubiquitin  conjugated  signaling  platform.  These  results  are  

discussed  with  respect  to  the  importance  of  upregulated  NFκB  signaling  known  

to  occur  frequently  in  MM  and  other  cancers.  

  

1.2  Introduction  

  

NFκB  signaling  has  been  implicated  in  breast  and  ovarian  carcinoma  1,  

2,  insulin  resistance  3,  4,  embryonic  lethality  and  liver  degeneration  5,  rheumatoid  

arthritis   6,   7,   ageing   8,   and   Multiple   Myeloma   9,   10.   The   initiation   of   the  

inflammatory  response  is  dependent  upon  the  ubiquitination  cascade  of  proteins  

upstream  of  the  Inhibitor  of  κB  (IκB)  kinase  β  (IKKβ),  which  plays  a  direct  role  

in  phosphorylating  and  targeting  IκB  proteins  for  degradation,  releasing  NFκB  

for  nuclear   translocation.  Upon  stimulation  of  cells  with  TNFα  and  LPS,  K63-­

linked   polyubiquitin   modifications   occur   in   proteins   such   as   TRAFs   (tumor  

necrosis  factor  receptor-­associated  factors),  RIP1  (receptor  interacting  protein-­

1),   IRAKs   (IL-­1   receptor-­associated   kinases),   and   TAK1   (TGFβ-­activated  

kinase  1)   11-­14.  Moreover,   the  NFκB  Essential  Modulator   (NEMO,  or   IKKγ)   is  

ubiquitinated  recruiting  TAB1/2  and  TAK1  proteins  assembled  on  this  platform,  

which   leads   to  activation  of   the   IKK  complex,   composed  of   IKKα,   IKKβ,  and  

NEMO  15,  16  
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Ubiquitin,   a   highly   conserved   76-­amino   acid   protein,   is   post-­

translationally   conjugated   to   a   wide   variety   of   substrates.   Ubiquitination   is  

essential   in   myriad   biological   functions,   including   DNA   damage   repair,   cell  

growth,   apoptosis   and   immune   responses   17-­19.   Ubiquitin   has   seven   lysine  

residues  that  can  be  conjugated  to  the  C-­terminal  Gly  of  a  subsequent  ubiquitin  

to   form  polyubiquitin  chains  with  specific   linkages  and  topologies.  One  of   the  

most   studied   polyubiquitination   chains   are   Lys48-­linked   (K48-­linked),   which  

serves   as   a   signal   for   proteasome-­mediated   degradation   of   substrates,   and  

K63-­linked,   which   serves   as   a   stabilizing   signal   for   protein   function   and  

molecular   scaffolding   interactions   11,   18.   K63-­linked   ubiquitination   is   a  

proteasomal-­independent   modification   that   plays   an   extensive   role   in   NFκB  

activation  by  contributing   to   the  stability  and  scaffolding   functions  of  proteins  

such  as  IRAK-­1,  RIP1,  NEMO,  and  TAK113,  20-­24.  Polyubiquitination  of  NEMO  

recruits  TAK1  for  activation  of  the  IKK  complex  whereas  the  recruitment  of  the  

A20  zinc  finger  protein  onto  the  ubiquitin  platform  limits  IKK  activation  16.  

   Mutations   in   the   IKBKB   gene   resulting   in   Lys171Glu   (K171E)   and  

Lys171Arg   (K171R)   have   been   identified   in  Multiple  Myeloma   (MM),   Spleen  

Marginal  Zone  Lymphoma  (SMZL)  and  Mantle  Cell  Lymphoma  (MCL)  25-­27.  We  

used  these  mutations  as  a  starting  point  to  investigate  the  mechanism  of  IKKβ  

activation  and  downstream  effects  on  cellular  signaling.  This  work  reveals  that  

IKKβ  is  conjugated  to  both  K48-­  and  K63-­linked  ubiquitin  that  regulate  the  wild-­

type  (WT)  protein.  However,  mutation  of  Lys171  to  either  Glu  or  Arg  leads  to  

constitutive   phosphorylation   activity   and   also   increased   polyubiquitination   of  
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IKKβ,  oth  K48-­  and  K63-­linked.  Surprisingly,  mutations  at  Lys171  also  resulted  

in   STAT3   activation.   Thus,   mutations   at   Lys171   of   IKKβ   differ   from   typical  

activation   mediated   by   the   S177/S181   phosphoryation   sites,   resulting   in  

hyperactivation   of   kinase   activity   as   well   as   increased   ubiquitination   and,  

specifically,  K63-­linked  ubiquitin  scaffolding  that  induces  STAT3  signaling.  

  

  1.3  Results  

  

   Mutations  at  Lys171  activate  IKKβ  

  

   Lys171  is  located  within  a  highly  conserved  region  in  the  activation  loop  

of  the  kinase  domain  of  IKKβ,  close  to  the  major  activating  phosphorylation  sites  

Ser177  and  Ser181  (Fig  1A)  28.  Lys171  also  lies  near  Tyr169,  recently  shown  

to  undergo  tyrosine  phosphorylation  in  the  presence  of  FGFR2,  resulting  in  IKKβ  

activation   29.   In   addition,   Lys171   contributes   to   the   stability   of   the   activated  

protein  via  ionic  interactions  with  phosphorylated  Ser181  30.  Hence,  this  residue  

plays  a  critical  regulatory  role  in  the  activated  structure.     

   Using   site-­directed   mutagenesis,   we   constructed   the   mutant   K171E  

observed  in  the  human  cancers  MM  and  SMZL  25,  26.  We  also  constructed  all  

other  mutants  at  this  position  resulting  from  single  base  changes,  thus  creating  

the  mutants  K171R,  M,  N,  Q  and  T,  recognizing  that  some  of  these  mutations  

might   be   identified   in   future   patient   cancers.   Indeed,   while   this   work  was   in  

progress,  the  mutation  K171R  was  identified  in  a  case  of  Mantle  Cell  Lymphoma  
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27.   IKKβ  constructs  were  expressed  in  HEK293  cells:  WT,  K171-­mutated,  the  

positive  control  S177E/S181E  (constitutively  activated  “EE”),  and  the  negative  

control  S177A/S181A   (non-­activatable   “AA”).   IKK  complexes  were   recovered  

using  antisera  against  NEMO  and  assayed  by  in  vitro  kinase  assay  using  [32P]-­

ATP.   The   results   show   that   all   the  mutations   at   Lys171   exhibited   increased  

phosphorylation  of  IKKβ  relative  to  the  activated  “EE”  mutant,  with  the  K171E  

exhibiting  approximately  5-­fold  greater  activity  (Fig  1B).    

   The   increase   in  phosphorylation  was  confirmed  to  be  occurring  on  the  

activation   loop   residues  S177/S181  by  phospho-­specific   immunoblotting   (Fig  

1C).  Whereas   the  activated  “EE”  mutant   is  unrecognizable  by   the  antiserum,  

each  of  the  mutants  at  Lys171  showed  strong  activation  in  the  order:  R  >  T  >  Q  

>  M  >  E  >  N.  We  also  examined  the  stability  of  S177/S181  phosphorylation  in  

the  K171E  mutant  versus  WT  in  a  cycloheximide  (CHX)  time  course  over  24  h,  

with  K171E  exhibiting  higher  initial  phosphorylation  and  slower  decay  (t1/2  ~  20  

h  for  K171E,  t1/2  ~  7  h  for  WT)  (Fig  1D).  Together,  the  data  presented  in  Fig  1  

suggest  that  the  important  feature  for  mutational  activation  at  Lys171  is  not  the  

introduction   of   a   phosphomimic   (K171E),   nor   retention   of   a   basic   charge  

(K171R),  but  rather  the  specific  loss  of  the  Lys  residue.  
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Figure  1.1.  Phosphorylation  of   IKKß   Induced  by  Mutations  at  Lys171.   (A)  Schematic  of  
IKKß  with   the  activation   loop  within   the  N-­terminal   kinase  domain  expanded   to   show  amino  
acids   critical   for   phosphorylation   and   signaling.   The   ubiqutin-­like   domain   (ULD),   the  
scaffold/dimerization  domain  (SDD)  which  contains  the  leucine  zipper  (LZ)  and  helix-­looop-­helix  
(HLH)  regions,  and  NEMO  binding  domain  (NBD)  are  indicated.  (B)  IKKß  mutant  proteins  were  
expressed  in  HEK293  cells  and  the  IKK  complex  was  immunoprecipitated  with  IKKγ  antisera  
and  assayed  for  in  vitro  phosphorylation.  Samples  were  separated  by  SDS-­PAGE  and  detected  
by   autoradiography.   IKKß   expression   is   shown   by   immunoblotting   for   IKKß   (middle   panel).  
Assays  were  quantitated  relative  to  32P  incorporation  of  the  IKKß  S177E/S181E  mutant,  +/-­  sem.  
(bottom)  (C)  HEK293T  cells  expressing  IKKß  mutants  were  analyzed  for  activation  loop  serine  
phosphorylation  using  Phospho-­IKKα/ß  antisera  (top).  The  membrane  was  reprobed  for  IKKß  
(middle  panel).  Serine  177/181  phosphorylation  was  quantitated  relative  to  the  K171T  mutant,  
+/-­  sem.  (bottom  panel).  (D)  HEK293T  cells  expressing  IKKß  WT  or  K171E  were  treated  with  
50  µg/ml  cycloheximide  (CHX)  for  2,  5,  7,  12  and  24  h.  Lysates  were  examined  for  IKKß  serine  
phosphorylation  and  total  IKKß  as  in  (C)  (top  two  panels).  The  membrane  was  reprobed  for  ß-­
tubulin  (third  panel).  Serine  177/181  phosphorylation  was  quantitated  relative  to  K171E  at  time  
zero,  +/-­  sem.  (bottom).  
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IKKβ  is  conjugated  to  K63-­linked  ubiquitin  polymers    

  

To  examine   IKKβ   for  potential  K63-­linked  ubiquitination,   IKKβ   immune  

complexes  were  collected  from  cells  expressing  IKKβ  (WT,  K171-­mutated,  EE,  

AA),  HA-­Ub  and  HA-­NEMO.  Immunoprecipitation  and  immunoblotting  revealed  

the   presence   of   K63-­linked   ubiquitin   conjugates   which   were   significantly  

increased  by  each  of  the  mutations  examined  at  Lys171  (Fig  2A).  As  the  K171E  

mutation  was  initially  identified  in  human  lymphomas  25,  26,  we  examined  a  time  

course  of  TNFα  stimulation  from  0-­24  h  (Fig  2B).  The  time  course  reveals  that  

although  WT  never  exhibited  a  significant  increase,  the  activated  control  “EE”  

mutant  displayed  a  significant  K63-­linked  signal  visible  out  to  12  h,  but  absent  

in  the  24  h  sample.  In  contrast,  the  mutant  K171E  exhibits  a  very  robust  K63-­

linked  signal  at   intermediate   time  points  (2,  5,  8,  12  h)  and,  significantly,   this  

signal  persists  even  at  the  24  h  time  point.  A  similar  pattern  holds  true  for  the  

total   ubiquitination   signal,   demonstrating   the   persistence   of   the   signal   in   the  

K171E  mutant  even  at  24  h  (Fig  2B,  3rd  Panel).  A  similar  time  course  from  0-­24  

h  carried  out  in  the  presence  of  CHX  also  revealed  that  under  these  conditions  

the   K171E   mutation   leads   to   a   significant   increase   in   the   strength   and  

persistence  of  the  K63-­linked  signal  in  comparison  with  the  WT  protein  (Fig  2C).  

Clearly,  the  K171E  mutation  potentiates  and  stabilizes  the  total  as  well  as  the  
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specific  K63-­linked  ubiquitination  of  IKKβ  during  prolonged  stimulation  of  cells  

with  TNFα.  

IKKβ   was   previously   shown   to   be   degraded   by   the   26S   proteasome  

pathway  via  KEAP1-­mediated  ubiquitination  31.  Therefore,  we   looked   into  the  

effects  of  simultaneous  treatment  of  cells  with  TNFα   to  activate   inflammatory  

signaling  plus  MG132  to  inhibit  proteasomal  degradation  (Fig  2D).  For  the  WT  

protein,   for   both   K48-­linked   and   K63-­linked   ubiquitination,   treatment   with  

MG132   significantly   increased   ubiquitination   (Lanes   5   vs   8).   In   contrast,   the  

K48-­linked  and  K63-­linked  ubiquitination  of  the  “EE”  and  K171E  proteins  was  

largely  unaffected  by  TNFα  treatment  alone  or  in  the  presence  of  MG132  (Lanes  

6,  7,  9,  10).  Perhaps  the  most  striking  observation  from  Fig  2D  is  the  strength  

of   the  K171E  signal  which,  under  all  conditions,  exceeds   the  maximal  signal  

from  either  the  WT  or  “EE”  protein.  These  results  show  that  the  K171E  mutant,  

and  to  a  lesser  extent  the  activated  “EE”  control,  exhibit  constitutive  K48-­linked  

and  K63-­linked  ubiquitination  of  IKKβ.    
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Figure  1.2.  IKKß  Ubiquitination  Regulated  by  Lys171.  (A)  HEK293T  cells  expressing  IKKß  
WT  or  Lys171  mutants,  HA-­Ub  and  HA-­NEMO,  were  lysed  and  immunoprecipitated  with  IKKß  
antisera.   Samples   were   immoblotted   for   K63-­linkage   specific   polyubiquitin   (top   panel).   The  
membrane  was  reprobed  for  IKKß  (bottom  panel).  (B)  Cells  as  in  Panel  A  were  treated  with  10  
ng/ml   of   TNF�   for   2,   5,   8,   12   and   24   h.   Samples  were   immunoprecipitated   and   blotted   as  
decribed   in   (A)   (top   two  panels).  Duplicate  samples  were   immunoprecipitaed  with  HA-­probe  
antisera  and  immunoblotted  for  IKKß  (third  panel).  The  membrane  was  reprobed  for  K63-­linkage  
specific  polyubiquitin  (bottom).  (C)  Cells  as  in  Panel  A  were  treated  with  50  µg/ml  CHX  for  2,  5,  
7,  12  and  24  h.  IKKß  immunoprecipitates  were  blotted  as  in  (A).  (D)  Cells  as  in  Panel  A  were  
treated  with  +/-­  10ng/ml  TNF�  and  +/-­  10  µM  MG132  for  12  h.  IKKß  immunoprecipitates  were  
blotted   for  K63-­linkage  specific  polyubiquitin   (top  panel)  or  K48-­linkage  specific  polyubiquitin  
(third  panel).  Membranes  were  reprobed  for  IKKß  (2nd  and  4th  panels).  
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IKKβ  K171E  constitutively  activates  STAT3  signaling  independently  

   of  NFκB    

  

Interleukin-­6   (IL-­6)   is   deregulated   in   various   carcinomas   resulting   in  

abnormal   cellular   proliferation,   drug-­resistance,   cell   cycle   progression   and  

migration  32.  IL-­6  signaling  activates  STAT  proteins  which  have  been  implicated  

in  cellular  transformation  and  oncogenesis  in  MM,  endometrial,  lung,  colorectal  

and  breast   carcinomas,  and  other  human  diseases   33,  34.   In  addition,  STAT3  

activation  has  been   linked   to   inflammation-­induced   tumorigenesis   initiated  by  

malignant   cells   35-­38,   including   persistent   activation   of   NFκB   signaling,  

establishing  a  positive  tumorigenic  feedback  loop  39-­41.    

We  investigated  the  effects  of  IL-­6  stimulation  on  K171E-­expressing  cells  

(Fig  3A).  When  HEK293T  cells  expressing  WT,  K171E,   “EE”  and   “AA”   IKKß  

proteins   were   stimulated   with   IL-­6,   activation   of   endogenous   STAT3   was  

observed   by   immunoblotting   for   phospho-­Y705   (Lanes   11-­15).   In   contrast,  

TNFα  treatment  showed  little  or  no  observable  STAT3  activation  in  all  samples  

except  for  K171E  (Lanes  6-­10).  Surprisingly,  IKKß  K171E  expression  leads  to  

activation  of  STAT3  in  the  absence  of  IL-­6  (Lanes  3,  8).    

We   further   examined   the   effects   of   TNFα   stimulation   over   a   1   h   time  

course,  comparing  cells  expressing  WT,  K171E  and  “EE”  mutants  (Fig  3B).  The  

K171E   mutant   induced   robust   constitutive   STAT3   activation   that   increased  

following   TNFα   and   peaked   at   150%  at   15  min.   Although   the  WT   and   “EE”  
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mutant   proteins   exhibited   TNFα-­responsiveness,   the   magnitude   of   STAT3  

phosphorylation   was   always   significantly   less   than   for   K171E.   The  

phosphorylation   of   S32/S36   of   IκBα   provides   another   downstream   effect   of  

NFκB   signaling   stimulated   by   TNFα.   In   contrast   to   the   P-­STAT3   signal,   the  

appearance  of  IκBα  P-­S32/S36  was  rapid,  peaking  at  5  min  and  then  decaying,  

similar  to  WT,  K171E  or  “EE”  mutants  (Fig  3B,  3rd  Panel,  Lanes  5-­7).    

When  treating  cells  with  TNFα  and  the  proteasome  inhibitor  MG132  for  

a  period  of  12  h,  the  K171E  mutant  activation  of  P-­STAT3  was  largely  TNFα-­

independent,  although  it  did  increase  modestly  in  response  to  MG132  (Fig  3C,  

Lanes  3,  6,  9).  TNFα-­stimulation  resulted  in  detectable  phosphorylation  of  IκBα  

S32/S36  for  both  the  WT  and  “EE”  mutant  proteins,  which  increased  massively  

when  combined  with  MG132  treatment,  demonstrating  that  these  proteins  are  

typically  subject  to  proteasomal  degradation  (Fig  3C,  3rd  Panel,  Lanes  8,  10).  In  

addition,   the   various   mutations   at   Lys171   induced   significant   activation   of  

STAT3   (Fig   3D).   Thus,   although  K171E   significantly   activated  P-­STAT3,   the  

other  substitutions  (M,  N,  Q,  R,  T)  at  this  position  were  more  robust.    

The   observations   presented   in   Fig   3   demonstrate   that   mutational  

activation  of   IKKß  at  Lys171   is  significantly  different   than   the  phospho-­mimic  

S177E/S181E  “EE”  mutant.  Mutations  at  Lys171  lead  to  constitutive  activation  

of  STAT3  that  is  independent  of  TNFα  or  IL-­6  stimulation,  and  only  marginally  

regulated  by  proteasomal  degradation.    
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Figure  1.3.  IKKß  Lys171  Activation  of  STAT3.  (A)  HEK293T  cells  expressing  IKKß  derivatives  
were  treated  with  10  ng/ml  TNFα  or  10  ng/ml  IL-­6  for  10  min.  Lysates  were  immunoblotted  for  
Phospho-­STAT3  (Tyr705)  (top),  STAT3  (middle  panel)  and  IKKß  (bottom).  (B)  HEK293T  cells  
expressing  IKKß  mutants  were  treated  with  10  ng/ml  of  TNFα  for  5,  15,  45  and  60  min.  Lysates  
were   immunoblotted   for   Phospho-­STAT3   (Tyr705)   (top),   STAT3   (2nd   panel),   Phospho-­IκBα  
(Ser32/36)   (3rd   panel),   IκBα   (4th   panel),   and   IKKß   (bottom).   Phosphorylation   of   STAT3  was  
quantitated  relative  to  the  K171E  mutant  at  time  zero,  +/-­  sem.  (bottom  panel).  (C)  HEK293T  
cells  expressing  IKKß  WT,  K171E  and  S177E/S181E  were  treated  with  +/-­  10  ng/ml  TNFα  and  
+/-­  10  µM  MG132  for  12  h.  Lysates  were  immublotted  as  in  (B).  (D)  Lysates  from  HEK293T  cells  
expressing   IKKß   derivatives   were   immunoblotted   as   in   (A).   STAT3   phosphorylation   was  
quantitated  relative  to  the  Lys171Thr  mutant,  +/-­  sem.  (bottom)  
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LC-­MS/MS  analysis  identifies  ubiquitination  sites  in  IKKβ  

  

Samples   from   HEK293T   cells   expressing   either   IKKß   WT   or   K171E  

proteins  were   analyzed   by   LC-­MS/MS   to   identify   significant   posttranslational  

modifications.  Proteins  to  be  analyzed  were  recovered  in   immune  complexes  

with   antisera   against   IKKß  or   the  HA-­tag  of  HA-­Ub  and  HA-­NEMO.  Lys147,  

Lys418,  Lys555  and  Lys703  were  identified  as  predominant  ubiquitination  sites  

on  tryptic  peptides  based  on  the  additional  mass  of  114  Da  arising  from  the  C-­

terminal  di-­Gly  residues  of  Ub  bonded  by  an  isopeptide  linkage  to  the  modified  

Lys   residue   in   IKKß  (Table  1).  Lys301  was  also   identified  as  a  minor  site.  A  

representative   spectrum   is   presented   identifying   each   of   the   diGly-­tagged  

residues  Lys147,  Lys418,  Lys555  and  Lys703  (Fig  4A).  The  frequency  which  

different  sites  are  detected  with,  termed  spectral  counting,  is  a  widely  accepted  

method  of   label-­free  quantification   29,   42,   43.  While   spectral   counts  of   different  

peptides   are   not   strictly   comparable,   large   differences   correlate  with   relative  

abundance   for   the   same   peptide   despite   limitations   arising   from   differing  

ionization   efficiencies   comparing   different   peptides.   For   each   of   the  

predominant   sites   of   ubiquitination,   Lys147,   Lys418,   Lys555   and   Lys703,  

spectral  counts  in  Table  1  suggest  that  ubiquitination  at  each  of  these  sites  was  

increased   modestly   in   cells   expressing   K171E   versus  WT   IKKß,   except   for  

Lys147  which  exhibited  a  ~5-­fold  increase  in  K171E  samples.    
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Table  1.1.  Ubiquitination  IKKß  Peptides  Identified  by  LC-­MS/MS.  In  addition  to  the  peptide  
sequences  identified,  also  shown  here  are  TPP  adjusted  minimum  probabilities,  charge  states,  
Xcorr  values,  initial  and  combined  spectral  count  of  each  identified  ubiquitinated  peptides.  
  

  

  

To  assess   the   importance  of   individual   IKKß  ubiquitination  sites,  each  

was  mutated  to  Arg,  either  alone  or  in  combination  with  the  activating  mutation  

K171E.   When   assayed   for   K63-­linked   ubiquitination,   each   single   mutant  

resembled   the   WT   protein   except   for   K147R,   which   exhibited   little   or   no  

detectable   K63-­linked   ubiquitin   (Fig   4B,   Lane   3).   When   combined   with   the  

activating  K171E  mutation,   all   but   one  double  mutant   protein   exhibited  K63-­

linked  ubiquitination  similar  to  the  K171E  mutant  alone  (Lanes  8,  10-­13).  The  

notable   exception   was   the   double   mutant   K171E/K147R   (Lane   9),   which  

exhibited   little   or   no   detectable   K63-­linked   ubiquitination.   These   results   are  

consistent  with  a  preliminary  identification  of  Lys147  as  the  principal  site  of  K63-­

linked  ubiquitination  in  IKKß.    
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Next,  we  examined  phosphorylation  of  the  single  and  double  mutants  of  

IKKß  (Fig  4C).  Each  of  the  single  mutations  resulted  in  significantly  increased  

phosphorylation  (Lanes  4-­7),  with  the  exception  of  K147R  (Lane  3).  The  single  

ubiquitination  site  mutations   in   combination  with  K171E  did  not   result   in  any  

further   increase  in  phosphorylation  (Lanes  10-­13).  The  unique  exception  was  

again  provided  by  the  double  mutant  K171E/K147R  which  exhibited  only  slight  

phosphorylation,  as  best  seen  in  the  long  exposure  (2nd  Panel,  Lane  9).  Thus,  

each  Lys  identified  in  our  MS/MS  analysis  contributes  to  the  regulatory  function  

of  IKKß,  including  those  distant  from  the  kinase  domain.    
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Figure   1.4.   Identification   and   Biological   Function   of   IKKß   Ubiquitination   Sites.   (A)  
Representative  spectrum  of  peptides  showing  the  relative  intensity  of  selected  b  and  y  ions  for  
the  major  sites  of  IKKß  ubiqitination.  Note  that  not  all  identified  ions  are  labeled  due  to  space  
constraints.  (B)  HEK293T  cells  expressing  IKKß  Lys  to  Arg  mutants  were  immunoprecipitated  
and  immunoblotted  as  in  Fig  2(A).  (C)  Lysates  from  HEK293T  cells  expressing  IKKß  Lys  to  Arg  
mutants  were  immunoblotted  as  in  Fig  1(C).    
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K63-­linked  ubiquitination  is  required  for  STAT3  activation  

    

The   identification  of   residues  Lys147,   Lys418,   Lys555  and  Lys703  as  

predominant  ubiquitination  sites  does  not  reveal  whether  each  site  is  K48-­linked  

versus   K63-­linked   nor   its   role   in   STAT3   activation.   Because   K63-­linked  

ubiquitination   is   preferentially   involved   in   cellular   signaling   rather   than  

proteasomal   degradation,   we   hypothesized   that   STAT3   activation   by   IKKß  

K171E   may   be   dependent   upon   its   increased   K63-­linked   ubiquitination.  

Therefore,  we  used  the  small  molecule  inhibitor  NSC697923  to  inhibit   the  E2  

ubiquitin-­conjugating   enzyme   UBC13-­UEV1A   complex,   selectively   inhibiting  

K63-­linked  ubiquitination  44.    

HEK293T  cells  expressing  WT  or  K171E  were  treated  with  the  inhibitor  

NSC697923   and   examined   for   IKKß   S177/S181   phosphorylation.   Although  

some  increased  phosphorylation  was  observed  for  WT  IKKß,  the  activation  of  

IKKß  kinase  in  the  K171E  mutant  protein  was  largely  independent  of  K63-­linked  

ubiquitination  (Fig  5A).  We  also  examined  the  effect  of  the  K63-­linked  inhibitor  

NSC697923  on  STAT3  activation  in  IKKß  WT-­  and  K171E-­expressing  cells  (Fig  

5B).  The  activation  of  STAT3  by  the  IKKß  mutant  K171E  (Lane  5)  was  blocked  

by  treatment  with  NSC697923  (Lanes  6,  7).  

Following   IL-­6   treatment,   both   mock   and   K171E-­expressing   cells  

exhibited  STAT3  activation  (Fig  5C  Lanes  5,  6).  When  cells  were  pretreated  with  

the  inhibitor  NSC697923,  the  P-­STAT3  signal  was  largely  ablated  (Lanes  7,  8).  
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These   results   show   that   STAT3   activation,   whether   in   response   to   IL-­6  

stimulation   or   IKKß   K171E   expression,   is   dependent   upon   K63-­linked  

ubiquitination.   Lastly,   among   the   IKKß   ubiqutination   sites   identified,   the  

activation  of  STAT3  was  dependent  upon  Lys147  as  shown  by   the  ability  of  

K147R  to  block  the  K171E-­induced  STAT3  phosphorylation  (Fig  5D,  Lane  9).    

Taken  together,  the  results  presented  in  Fig  5  demonstrate  that  STAT3  

activation   in   response   to   the   IKKß   K171E   mutation   is   dependent   on   the  

presence  of  the  ubiquitination  site  Lys147,  and  that  ubiquitination  at  this  site  is  

K63-­linked  as  shown  by  its  sensitivity  to  the  selective  inhibitor  NSC697923.    

  

  
Figure   1.5.   Inhibition   of   K63-­linked   Ubiquitiation   Blocks   IKKß   Lys171   Signaling.   (A)  
Lysates  from  HEK293T  cells  expressing  IKKß  WT  and  K171E  were  treated  with  2  µM  and  5  µM  
NSC697923  for  2  h  and  immunoblotted  for  Phospho-­IKKα/ß  (top),  IKKß  (middle  panel)  and  ß-­
tubulin   (bottom).   (B)   Duplicate   samples   from   (A)   were   immunoblotted   for   Phospho-­STAT3  
(Tyr705)  (top)  and  STAT3  (bottom).  (C)  Lysates  from  HEK293T  cells  expressing  IKKß  K171E  
treated  with  +/-­  5  µM  NSC697923  for  2  h  and  +/-­  10  ng/ml  IL-­6  for  10  min  were  immunoblotted  
as   in   (B).   (D)   Lysates   from   HEK293T   cells   expressing   IKKß   Lys   to   Arg   mutants   were  
immunoblotted  as  in  (B).  
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1.4  Discussion  

  

This   is   the  first  report   to  show  that   IKKß  is  modified  by  the  addition  of  

K63-­linked  ubiquitination.  We  demonstrate   that   the  mutation  K171E   leads   to  

constitutive  activation  of  the  intrinsic  kinase  activity  of  IKKß,  suggesting  a  role  

of  the  normal  Lys171  side  chain  in  stabilizing  an  inactive  kinase  in  addition  to  

its  documented  importance  in  the  activated  structure  30.  Other  mutations  at  this  

position  also  result  in  constitutive  activation  of  IKKß,  demonstrated  by   in  vitro  

kinase  assay  and  phosphorylation  of  the  activation  loop  residues  S177/S181.  

Such  mutations  also  result  in  significant  activation  of  STAT3  signaling,  which  is  

independent  of  TNFα  or  IL-­6  stimulation.    

Other  members  of  the  NFκB  pathway  also  undergo  K63-­linked  regulatory  

ubiquitination.   The  K63-­linked   ubiquitination   of  NEMO  has   been   reported   as  

critical  for  the  activation  of  T-­cell  receptor  signaling;;  specifically,  overexpression  

of  Bcl10  recruits  MALT-­1  which  induces  K63-­linked  ubiquitination  of  Lys399  in  

NEMO  that  activates  NFκB  in  lymphocytes  45.  In  addition,  misregulation  of  K63-­

ubiquitination  at  Lys285   in  NEMO  occurs   in  Crohn’s  Disease  via  Nod2  46.   In  

breast   cancer   cells,   IKKε  was  shown   to  undergo  K63-­linked  ubiquitination  at  

Lys30   and   Lys401.   K63-­linked   ubiquitination   is   essential   for   the   oncogenic  

activity  of  IKKε  that  contributes  to  the  hyperactivation  of  NFκB  47.    

   Previous  reports,  examining  IKKß  ubiquitination,  showed  by  site-­directed  

mutagenesis  and  immunoblotting  that  IKKß  is  mono-­ubiquitinated  at  Lys163  in  
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Tax-­transfected   HEK293T   cells   48.   The   mono-­ubiquitination   of   IKKß   was  

attributed  to  the  E3  ligase  RING-­finger  Ro52,  which  then  leads  to  autophagy-­

mediated  degradation  of  the  protein  and  subsequent  downregulation  of  NFκB  

signaling   31,   49.   Furthermore,   the   K171R   mutation   was   shown   to   cause  

constitutive   phosphorylation   IKKβ   during   a   screen   of   kinase   domain   Lys  

residues  48.  Another  report  illustrated  that  IKKβ  is  polyubiquitinated  at  Lys555  

by   the   E3   ligase   KEAP1   in   TNFα-­stimulated   HEK293T   cells,   resulting   in   a  

downregulation  of  NFκB  signaling  due  to  26S-­proteasomal  degradation  of  the  

protein  50.    

Using  LC-­MS/MS,  we  identified  four  predominant  ubiquitination  sites  in  

IKKß,  Lys147,  Lys418,  Lys555  and  Lys703.  Spectral  counts  suggest  the  extent  

of   ubiquitination   at   each   of   these   sites   was   increased   modestly   in   cells  

expressing  K171E  versus  WT  IKKß.  Lys147  was  the  only  major  site  to  show  a  

significant   increase   in   K171E   samples,   exhibiting   a   5-­fold   increase.   This   is  

significant   because  Lys147  was   also   the   only   ubiquitination   site   required   for  

STAT3   activation   and   the   primary   site   of   K63-­linked   ubiquitination.  

Ubiquitination   at   a   different   Lys   residue,   Lys163,   suggested   by   site-­directed  

mutagenesis  and  immunoblotting  in  an  earlier  study,  was  not  observed  in  our  

work,  possibly   reflecting   the   inclusion  of  Tax  expression   in   this  prior  work  48.  

Although  the  ubiquitination  sites  identified  here  were  all   initially   identified  in  a  

study  of  the  human  cellular  ubiquitinome  51,  we  have  determined  here  that  each  

site  contributes  to  the  regulation  of  IKKß  kinase  function.    
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Lys147   in   IKKß   lies   within   the   highly   conserved   sequence   DLKPEN  

between  the  beta6  and  beta7  regions  of  the  kinase  30.  A  comparison  of  other  

species  shows  this  region  to  be  highly  conserved  among  IKKß  orthologs  (Table  

2A).  Even  more  surprising  is  the  very  strict  conservation  of  this  region,  including  

the  Lys   corresponding   to  Lys147  of   IKKß,   in   a   very   large  number  of   human  

kinase   paralogs   (Table   2B).   This   raises   the   possibility   that   many   kinases  

exhibiting   a   Lys   at   the   corresponding   position   may   undergo   K63-­linked  

ubiquitination  as  a  regulatory  modification.  This  has  already  been  demonstrated  

for   the   corresponding   Lys158   of   TAK1,   required   for   the   subsequent  

phosphorylation   of   MKK6   which   activates   the   JNK-­p38   kinase   pathway   52.  

Lys158   residue   in   TAK1   has   also   been   suggested   as   a   site   of   K63-­linked  

ubiquitination  involved  in  the  activation  of  TAK1  in  Helicobacter  pilori  infections  

53,   and   in   genotoxic   stress-­induced   NFκB   activation   54.   Notably,   the   kinase  

activity  of  TAK1  is  abrogated  when  Lys158  is  mutated  to  Arg,  as  is  the  case  for  

the  K147R  mutation  in  IKKß.  Another  clinically  important  example  is  provided  

by  the  K63-­linked  ubiquitination  at  the  corresponding  Lys578  residue  of  BRAF,  

required  for  BRAF-­mediated  signaling  55.  The  unequivocal  mass  spectrometry  

evidence   presented   here   that   Lys147   of   IKKß   undergoes   ubiquitination,  

together  with  the  biochemical  evidence  that  this  is  the  major  site  of  K63-­linked  

ubiquitination  in  IKKß,  will  likely  be  relevant  to  TAK1  and  other  related  protein  

kinases.    
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Table  1.2.  Conservation  of  IKKß  Lys171  in  Orthologous  and  Paralogous  Proteins.  Amino  
acids   shown   are   the   residue   corresponding   to   Lys171   (Red),   identities   (Green),   and   non-­
identical  residues  (Blue).    
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As  previously  mentioned,  the  K171E  mutation  was  initially  identified  via  

genetic  sequencing  of  MM  and  SMZL  25,  26.  As  this  work  was  in  progress,  the  

K171R  mutation  was  identified  in  MCL  27  and  shown  in  the  data  above  to  be  

even  more  strongly  activating  than  K171E.  A  survey  of  mutations  in  IKKß  that  

occur  in  human  cancer  is  presented  in  Table  3,  some  of  which  may  be  without  

effect  whereas  others,  such  as  the  Lys171  mutations  we  have  characterized,  

have   significant   biochemical   ramifications.   Previously,   in   a   receptor   tyrosine  

kinase   of   importance   both   in   development   and   in   human   cancer,   we  

demonstrated  profound  FGFR3  kinase  activation  due  to  the  K650E  mutation  as  

responsible  for  the  lethal  developmental  disorder  Thanatophoric  Dysplasia  type  

II  (TDII)  56.  A  comparison  of  other  amino  acid  substitutions  at  Lys650  of  FGFR3  

also  identified  K650M  as  strongly  activating,  which  was  identified  several  years  

later   in   individuals   with   the   rare   developmental   syndrome   Severe  

Achondroplasia   with   Delayed   Development   and   Acanthosis   Nigricans  

(SADDAN)  57.  In  the  case  of  IKKß,  as  genetic  sequencing  of  additional  cancers  

becomes  widely   available,   our   results   predict   that   other   substitutions   at   this  

position  which  are  accessible  by  single  nucleotide  changes  in  addition  to  K  and  

R  will  be  observed,  such  as  M,  N,  Q  and  T.  
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Table  1.3.  Genetic  Changes  Identified  in  IKKß  in  Human  Cancer.    

    

  

   Future   work   is   necessary   to   identify   the   interacting   proteins   that  

associate  with  a  K63-­ubiquitination  scaffold  assembled  by  IKKß,  which  we  show  

is  responsible  for  IL-­6-­dependent  STAT3  activation  and  for  the  unusual  STAT3  

signaling   demonstrated   by   the   K171E  mutation.   The   activation   of   additional  

signaling   pathways   such   as   STAT3   may   be   expected   to   confer   significant  

proliferative  or  antiapoptotic  properties  to  human  cancer  cells  expressing  IKKß  

mutant   proteins.   In   addition,   the   identification   of   K63-­linked   ubiquitination  

potentially  provides  a  novel  selective  chemotherapeutic  target.    
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1.5  Methods  

  

Cell  Culture.  HEK293  and  HEK293T  cells  were  grown   in  DMEM  with  

10%  FBS  and  1%  Pen/Strep  and  maintained  in  10%  CO2  at  37˚C.  Cells  were  

transfected  with  plasmid  DNA  using  calcium  phosphate  precipitation  at  3%  CO2,  

as  previously  described  29.    

Plasmid   constructs.   IKKß   wild-­type   (WT)   has   been   described  

previously  58,  which  was  not  epitope-­tagged.  Mutations  in  IKKß  were  created  by  

Quikchange  site-­directed  mutagenesis  and  confirmed  by  DNA  sequencing.  The  

haemagglutinin   (HA)-­tagged  ubiquitin   (HA-­Ub3)  expression  plasmid  was  a  gift  

from  Dr.  Tony  Hunter  and  Dr.  Andrea  Carrano  (Salk  Institute,  La  Jolla  CA)  59.  

The  expression  plasmid  containing  murine  NEMO  (HA-­NEMO)  was  a  gift  from  

Dr.  Mark  Hannink  (University  of  Missouri,  Columbia  MO).    

Antibodies,  immunoprecipitation  and  immunoblot.  Antibodies  were  

obtained  from  the  following  sources:  IKKγ  (FL-­419),  IKKß  (H-­4),  IKKß  (G-­8),  ß-­

tubulin  (H-­235),  HA-­probe  (F-­7),  STAT3  (C-­20),  IκBα  (C-­21)  from  Santa  Cruz  

Biotechnology;;   Phospho-­IKKα/ß   (Ser176/180)   (16A6),   K63-­linkage   Specific  

Polyubiquitin   (D7A11),   K48-­linkage   Specific   Polyubiquitin   (D9D5),   Phospho-­

STAT3  (Tyr705)   (D3A7),  Phospho-­IκBα   (Ser32/36)   (5A5)   from  Cell  Signaling  

Technology;;  horseradish  peroxidase  (HRP)  anti-­mouse,  HPR  anti-­rabbit   from  

GE   Healthcare.   Enhanced   chemiluminence   (ECL)   reagents   were   from   GE  

Healthcare.   TNFα   and  MG132  were   obtained   from   Bio-­techne;;   recombinant  
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human  Interleukin-­6  (IL-­6)  from  Life  Technologies;;  and  NSC697923  from  Santa  

Cruz  Biotechnology.  

HEK293  and  HEK293T  cells  were  transfected,  starved  and  collected  in  

RIPA   Buffer   29.   Immunopreciptation   and   immunoblotting   experiments   were  

performed   as   described   29,   60.   5  mM  N-­Ethylmaleimide   (NEM)  was   added   to  

RIPA  buffer  when  lysates  were  examined  for  ubiquitination  by  immunoblotting.  

Mass  spectrometry  analysis.  HEK293T  cells  were  plated  one  day  prior  

to   transfection  at  3.0  x  106  cells  per  15cm   tissue  culture  plate.  10  plates  per  

sample  were  transfected  with  IKKß  WT  or  IKKß  K171E,  HA-­Ub3  and  HA-­NEMO.  

Cells  were  treated  with  10µM  MG132  for  approximately  5  h  prior  to  lysis.  Lysates  

were   collected   and   immunoprecipitated   as   described   29.   Analysis   of   tryptic  

peptides   by   the   Sanford-­Burnham   Medical   Research   Institute   Proteomics  

Facility   was   carried   out   by   high-­resolution,   high-­accuracy   1D   LC-­MS/MS,  

consisting  of  a  Michrom  HPLC,  a  15-­cm  Michrom  Magic  C18  column,  a  low-­flow  

ADVANCED  Michrom  MS  source,  and  LTQ-­Orbitrap  XL  and  Velos  Pro  with  ETD  

(Thermo   Fisher   Scientific).   MS/MS   spectra   were   submitted   to   Sorcerer  

Enterprise  v.3.5  release  (Sage-­N  Research  Inc.)  with  SEQUEST  algorithm  as  

the  search  program  for  peptide/protein  identification.  Search  results  were  further  

analyzed  using  Peptide/Protein  prophet  v.4.5.2  (ISB).  Spectra  annotated  with  

fragment   ions   were   captured   using   the   Javascript   MS/MS   spectrum   viewer  

Lorikeet,  and  annotated  using  Adobe  Illustrator  to  show  selected  b  and  y  ions.  

Presented   in  Table  1,  Samples  #6628  and  #6629,   from  IKKß  WT  and  

K171E   expressing   cells,   respectively,   were   collected   as   IKKß   immune  
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complexes.  Samples  #6644  and  #6645,  from  IKKß  WT  and  K171E  expressing  

cells,  respectively,  were  collected  as  HA  (hemagglutinin)   immune  complexes.  

Tryptic  peptide  coverage  of   IKKß  in  the  4  samples  was:  #6628,  69%;;  #6629,  

70%;;  #6644,  56%;;  #6645,  55%.  Total  IKKß  spectra  analyzed  in  the  4  samples  

was:  #6628,  2473  spectra;;  #6629,  2249  spectra;;  #6644,  2521  spectra;;  #6645,  

1990  spectra.  

In   vitro   kinase   assays.  HEK293   cells   were   transfected   and   starved  

overnight  prior  to  lysing  in  Cytoplasmic  Extract  Buffer  as  described  29.  Lysates  

were  immunoprecipitated  with  IKKγ  anitsera,  collected  on  Protein  A-­Sepharose,  

washed  with  Cytoplasmic  Extract  Buffer  and  Wash  Buffer  and  subjected  to   in  

vitro  phosphorylation  kinase  assay.  Kinase   reactions  containing  10  µCi  of   [γ-­

32P]-­  with  20  µM  ATP  were   incubated  at  30  ˚C  for  30  min,  and  separated  by  

12.5%  SDS-­PAGE.  Gels  were  stained,  destained,  dried  and  exposed  to  film.    
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Chapter  2:  Mutation  of  Lys171  in  IKKβ  unleashes  a  novel  

mechanism  of  oncogenic  signaling 

  

2.1  Abstract  

  

We  reveal  that  the  mutation  K171E  in  IKKβ  relies  on  JAK,  gp130  of  IL-­6  

Receptor   and   TAK1   to   induce   STAT3   activation   without   exogenous   IL-­6.  

Through   BioID-­proximity-­dependent   biotinylation,   we   identified   proteins  

interacting  with  activated  IKKβ,  and  via  siRNA,  we  demonstrate  that  LRPPRC  

modulates   the   canonical   IL-­6-­   and   IKKβ   K171E-­mediated   STAT3   activation.  

IKKβ  K171E   further  selects   for  UBE2V2,   the  human  homologue  of  MMS2   in  

Saccharomyces   cerevisiae,   to   activate   STAT3   independently   of   HUWE1   E3  

ubiquitin  ligase.  We  also  show  that  UBC13/UEV1A  mediates  the  ubiquitination  

of   IKKβ  K171E.  Via  LC-­MS/MS,  we   identified  10  major  ubiquitination  sites   in  

activated   IKKβ,   in   which   some   Lysines   control   the   phosphorylation   of  

Ser177/Ser181.   The   oncogenic   potential   of   the   K171E   mutation   is  

demonstrated  by   the   transformation  of   IGF-­1-­stimulated  murine  myeloid  32D  

cells   into   IL3-­independent   phenotype.   This   report   unravels   a  mechanism   by  

which   the   loss   of   a   Lys   licenses   a   Ser/Thr   kinase   to   activate   a   Tyr  

phosphorylated  transcription  factor.  

  

2.2  Statement  of  Significance    
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IKKβ  modulates  the  inflammatory  NFκB  pathway  extensively  implicated  

in  numerous  human  diseases,  such  as  cancer.  This  work  elucidates  a  novel  

signaling  pathway  induced  by  the  K171E  mutation  in  IKKβ,  initially  identified  in  

human  hematological  malignancies,  and  proposes  a  model  for  the  effect  of  this  

mutation  in  cancer.    

  
2.3  Introduction  
  

Inhibitor  of  κB  kinase  beta   (IKKβ)   is   the  master   regulatory  kinase   that  

activates   the   canonical   nuclear   factor   κB   (NFκB)   inflammatory   pathway   via  

Ser/Thr  phosphorylation  of   inhibitor  of   κB  �   (IκB�),  which   releases  NFκB   to  

translocate   to   the  nucleus.   IKKβ  contributes   to   survival,   stemness,  migration  

and  proliferation  of  prostate  cancer  (1),  including  inflammation-­induced  colitis-­

associated  carcinogenesis  (2)  and  viability  of  diffuse  large  B-­cell  lymphoma  (3).  

IKKβ   is   part   of   the   IKK   complex   further   composed   of   IKK�   and   IKK�,   also  

known   as   NFκB   essential   modulator   (NEMO).   In   response   to   inflammatory  

stimuli,  IKKβ  is  activated  by  MAP3K7,  also  referred  to  as  Transforming  Growth  

Factor-­Beta-­Activated   Kinase   1   (TAK1),   complexed  with   TAB1/2   that   in   turn  

phosphorylates   Ser177   priming   the   autophosphorylation   of   Ser181   in   IKKβ  

resulting  in  the  activation  of  the  IKK  complex  (4).  The  activation  of  IKK  complex,  

and   hence   the   canonical   NFκB   signaling,   depends   on   the   Lys63-­linked  

ubiquitination  of  TAK1  and  the  linear  ubiquitination  of  NEMO  (5,6).  
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The  binding  of  Interleukin-­6  (IL-­6)  to  the  IL-­6  Receptor  (IL-­6R)  leads  to  

the  formation  of  an  activated  hexameric  complex  composed  of  two  IL-­6/IL-­6R  

heterodimers  with  gp130  homodimer.  Upon  dimerization  of  gp130  subunits,  the  

constitutively   bound   Janus   Kinases   (JAKs)   become   activated   and  

phosphorylate   Tyr705   of   cytosolic   Signal   Transducer   and   Activator   of  

Transcription   3   (STAT3),   which   translocates   into   the   nucleus   (7).   Aberrant  

STAT3   activation   contributes   to   doxorubicin   and   cisplatin   resistance   in  

osteosarcoma  (8)  and  correlates  highly  with  brain  metastasis  of  breast  cancer  

cells   (9).   Drug-­mediated   ablation   of   STAT3   signaling   causes   inhibition   of  

multiple  myeloma  (10),  liver  and  colon  cancer  (11)  and  lung  cancer  (12).  

Positive  feedback  regulatory  mechanisms  upon  inflammatory  and  growth  

factor   stimuli   causes   STAT3   and   NFkB   transcription   factors   to   regulate   an  

overlapping  set  of  anti-­apoptotic,  proliferative  and  protumorigenic  genes  (13).  

The  NFκB-­STAT3  signaling  axis  is  critical  in  metastatic  breast  cancer  (14)  and  

chemotherapy   responsiveness   in   patients  with   chronic   lymphocytic   leukemia  

(15).  Disruption  of   these  pathways  ablates  breast  cancer  stem  cell   formation  

implicated  in  chemotherapy  resistance  (16),  pancreatic  tumorigenesis  (17)  and  

hepatocellular  carcinoma  (18).  

We  previously  reported  that  mutations  of  Lys  at  position  171  in  the  kinase  

domain   of   IKKβ,   initially   identified   in   hematological  malignancies,   induce   the  

activation   of   STAT3   independently   of   exogenous   IL-­6   (19).   In   this   work,   we  

reveal  that  IKKβ  K171E  relies  upon  JAK,  TAK1  and  gp130  subunit  of  IL-­6R  to  

signal   to   STAT3.   In   addition,   the   TAK1   activity   is   indispensable   for   STAT3  
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activation  induced  by  IKKβ  K171E.  We  also  observed  that  the  K171E  mutation  

activates  p44/42  MAPK  (Erk1/2)  signaling  in  the  absence  of  exogenous  stimuli,  

and   this   mechanism   is   dependent   upon   TAK1.   Through   BioID-­proximity  

dependent  biotinylation  (20),  we  identified  several  interacting  partners  of  IKKβ  

K171E.   Via   siRNA,   we   show   that   LRPPRC   negatively   regulates   STAT3  

signaling  mediated  by  IKKβ  K171E  and  IL-­6,  while  IGF2BP1  and  ILK2  have  no  

effect  in  this  pathway.  In  addition,  we  show  that  UBC13  E2  ubiquitin  conjugating  

enzyme   further   modulates   STAT3   signaling   induced   by   IKKβ   K171E,   while  

knocking  down  HECT-­domain  HUWE1  E3  ubiquitin  ligase  does  not  affect  the  

activation  of  this  pathway.  In  addition,  this  activated  kinase  selects  for  UBE2V2,  

a  cofactor  of  UBC13  previously  shown  to  be  required  for  DNA  damage  repair  

(21),  to  signal  to  STAT3.    

Inflammation-­induced   activation   of   IKKβ   has   been   attributed   to   the  

phosphorylation   of   Ser177/Ser181   in   the   kinase   domain   (22).   Mutations   at  

Lys171  upregulate  the  phosphorylation  of  these  sites  (19),  and  this  work  shows  

that   the  constitutive  autophosphorylation  of  activated   IKKβ   is   independent  of  

canonical  TAK1.  Via  LC-­MS/MS,  we  identified  a  total  of  24  ubiquitinated  Lysines  

in  full-­length  IKKβ  K171E,  in  which  10  of  these  are  majorly  ubiquitinated.  We  

illustrate   that   some   of   these   ubiquitinated   Lysines   regulate   the  

autophosphorylation  of  Ser177/Ser181.  Ubiquitinated  Lys147,  when  mutated,  

impairs  IKKβ  kinase  activity.  

In   addition,   mutations   at   Lys171   upregulate   the   Lys63-­linked  

ubiquitination   of   Lys147   in   IKKβ   (19).   Lys63-­linked   ubiquitination   stabilizes  
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signaling   functions   of   proteins   in   a   non-­proteasome   manner   and   is   an  

indispensable  modification  for  innate  and  acquired  immune  response  and  DNA  

damage  repair  pathway  (23).  Lys63-­linked  ubiquitination  of  homologous  sites  to  

Lys147   is   further   observed   at   Lys158   in   TAK1   required   for  MKK6   and   JNK  

activation  (24)  and  NFkB  signaling  during  inflammatory  stimuli  (25-­27),  and  at  

Lys578  in  BRAF  V600E  (28),  in  which  the  latter  mutation  is  an  oncogenic  driver  

in   melanoma   (29).   Silencing   these   ubiquitinated   Lys   residues,   however,  

abrogates   the   kinase   function   of   these   proteins,   attenuates   their   effector  

downstream  signaling  and  ablates   the  Lys63-­linked  ubiquitination   (19,25,28).  

We  solved  this  challenge  by  performing  various  substitutions  at  Lys147  of  IKKβ  

K171E,  creating  constructs  with  partial  kinase  activity  but  completely  ablated  

ubiquitination,  revealing  that  Lys147  is  solely  responsible  for  STAT3  activation.  

This   suggests   that   the   ubiquitinated   Lys147   modulates   IKKβ   function   and  

activation  of  signaling  pathways.    

Lastly,   the   oncogenic   potential   of   K171E   mutation   in   IKKβ   is  

demonstrated   by   the   transformation   of   murine   myeloid   32D   cells   into   IL-­3  

independent  phenotype.  

  

2.4  Results  

  

Ubiquitinated  Lysines  modulate  the  autophosphorylation  of  IKKβ  
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We  previously  reported  that  ubiquitinated  Lys147  is  critical  for  the  kinase  

function  of   IKKβ   (19).   In   this  work,  we   identified  via  LC-­MS/MS  a   total  of  24  

ubiquitinated  lysines  in  full-­length  IKKβ  K171E,  in  which  10  of  these  are  major  

sites   of   ubiquitination   (Table   1).   Via   site-­directed   mutagenesis,   we   created  

various  IKKβ  constructs  in  which  these  ubiquitination  sites  are  mutated  (Figure  

1).  For   instance,  the  previously   identified  ubiquitination  sites  Lys301,  Lys418,  

Lys555  and  Lys703  (19)  are  silenced  in  WT  kinase  (IKKβ  4KR  construct)  or  in  

the  background  of  activating  mutation  (IKKβ  K171E  4KR  construct).  Silencing  

these  four  sites  in  addition  to  newly  identified  Lys310,  Lys428,  Lys509,  Lys614,  

Lys641  creates  IKKβ  constructs  either  in  the  absence  (IKKβ  9KR)  or  presence  

of  the  activating  mutation  (IKKβ  K171E  9KR).  Lys147  is  the  main  ubiqutination  

site   responsible   for   the   biological   activity   induced   by   K171E   mutation   (19).  

Therefore,  the  IKKβ  5KR  and  IKKβ  K171E  10KR  constructs  contains  the  K147R  

mutation.  
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Figure   2.1.   Schematic   of   IKKβ   constructs   showing   mutations   of   ubiquitination   sites  
identified   via   LC/MS-­MS.   Immunoprecipitation   of   IKKβ   from   HEK293T   cells,   followed   by  
LC/MS-­MS,   revealed   ten  major   sites   of   ubiquitination   in   full   length   protein.   Via   site-­directed  
mutagenesis,  we  constructed  various  mutants  of  IKKβ  harboring  mutated  Lysine  residues  (A-­
F).   Briefly,   IKKβ   constructs   without   the   activating   K171E   mutation,   but   including   K147  
ubiquitination  site,  are  IKKβ  4KR  (A)  and  IKKβ  9KR  (B).  Constructs  with  the  activating  mutation,  
including  K147,  are  IKKβ  K171E  4KR  (C)  and  IKKβ  K171E  9KR  (D),  and  constructs  with  the  
activating  mutation  but  mutated  K147  are  IKKβ  K171E  5KR  (E)  and  K171E  10KR  (F).  
  

HEK293T  cells  were  transfected  with  these  IKKβ  constructs  to  analyze  

whether   these   ubiquitination   sites   modulate   the   autophosphorylation   of  

Ser177/Ser181.   It   is   evident   that   mutations   of   Lys301,   Lys418,   Lys555   and  

Lys703  sites  upregulate  the  autophosphorylation  of  Ser177/Ser181  in  IKKβ  4KR  

(Figure   2.A,   lane   3),   whereas   this   construct   does   not   exhibit   upregulated  

ubiquitination  since  it  lacks  the  activating  K171E  mutation  (Figure  2.B,  lane  3).  

Interestingly,   the   IKKβ  9KR  construct  exhibits  abrogated  autophosphorylation  

and  ubiquitination  (Figures  2.A  and  2.B,  lane  4).    A  signature  of  the  K171E  is  

demonstrated  by  a  phosphorylation   laddering   that   is  absent   in   the   IKKβ  4KR  

construct,  for  instance  (Figure  2.A,  lanes  5-­8  vs  lane  3).  The  K171E  mutation  
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depends  upon  ubiquitinated  Lys147  to  upregulate  the  autophosphorylation  and  

ubiquitination  of  IKKβ,  a  shown  by  the  K171E  K147R,  K171E  5KR  and  K171E  

10KR  constructs  which  exhibit  abrogated  modifications  (Figures  2.A  and  2.B,  

lanes  9-­11  vs.  lanes  5-­8).  Lys147  also  controls  the  phosphorylation  of  WT  IKKβ  

(19).   These   results   indicate   that   Lys301,   Lys418,   Lys555   and   Lys703  

upregulate   the  autophosphorylation  of   IKKβ  and  Lys147   is   the  main  site   that  

abrogates  the  kinase  function  when  mutated.  

In   order   to   examine   the   importance   of   K63-­linked   ubiquitin   linkage,  

various   IKKβ   constructs   were   expressed   in   HEK293T   cells   followed   by  

treatment   with   UBC13   E2   conjugating   enzyme   inhibitor   NSC697923.   This  

molecule  covalently  binds  to  Cys87  in  the  active  site  of  UBC13  E2  conjugating  

enzyme  (30),  and  it  showed  to  inhibit   the  total  polyubiquitination  of  TRAF6   in  

vitro  (31).  Inflammation-­induced  activation  of  NFκB  has  been  shown  to  induce  

UBC13/UEV1A  to  build  Lys63-­linked  ubiquitin  polymers   that  contribute   to   the  

activation   of   IKK   complex   (32).  We   observed   that   NSC697923   leads   to   the  

phosphorylation  of  a  high-­molecular  weight  species  of  IKKβ  above  190  kDa,  and  

such  modification   is   dependent   upon   both   the   K171E  mutation   and   Lys147  

(Figure  2.C,  lanes  6,  12,  14  versus  lanes  8,  10,  16).  Immunoprecipitation  of  total  

HA-­tagged  ubiquitinated  proteins  in  lysates,  followed  by  IKKβ  immunoblotting,  

showed  a  decrease  in  the  ubiquitination  signal  of  K171E  9KR  construct  in  cells  

treated  with  NSC697923  (Figure  2.D,  lane  14  vs.  13),  suggesting  that  K147  is  

conjugated  to  Lys63-­linked  ubiquitin  chains.  The  high-­molecular  weight  species  

of  ubiquitinated   IKKβ   is  also  observed   in   these  samples,  which   is  dependent  
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upon  K171E  mutation  and  Lys147  (Figure  2.D,  lanes  6,  12,  14  versus  lanes  8,  

10,16).  

  

Figure  2.2.  Lysines  modulate  the  phosphorylation  and  ubiquitination  of  IKKβ.  A.  
Transient   co-­expression   of   various   IKKβ   mutants   and   HA-­Ub3   in   HEK293T   cells,  
followed  by  protein  separation  via  electrophoresis  and   immunoblotting  of  membrane  
with  antisera  against  phosphorylated  Ser177/Ser181  epitopes.  B.  Immunoprecipitation  
of  HA-­tagged  ubiquitinated  proteins   from   lysates  derived   from  experiment   as   in   (A),  
followed   by   immunoblotting   of   membrane   with   antisera   against   IKKβ   and   HA.   C.  
Treatment   of   of   HEK293T   cells   co-­expressing   IKKβ  mutants   and   HA-­Ub3   with   2uM  
NSC697923  for  2  hrs,  followed  by  protein  separation  via  electrophoresis  mobility  shift  
and  immunoblotting  of  membrane  with  antisera  against  phosphorylated  Ser177/Ser181  
epitopes   of   IKKβ.  D.   Immunoprecipitation   of   HA-­tagged   ubiquitinated   proteins   from  
lysates  derived   from  experiment  as   in   (C),   followed  by   immunoblotting  of  membrane  
with  antisera  against  IKKβ  and  HA.  
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A   Lys   at   position   147   is   necessary   but   not   required   for  

autophosphorylation  of  IKKβ  

  

Mutating  Lys147  to  Arg,  although  a  conservative  substitution,  decreases  

the  phosphorylation  of  IKKβ  K171E.    

The  crystal  structure  of  human  activated  IKKβ  (PDB  code  4KIK)  reveals  

that  the  side  chain  of  Lys147  participates  in  intermolecular  interactions  with  the  

side  chains  of  Asp145  and  Thr185,  which  are  approximately  4A  in  proximity  to  

Lys147.  Lys171  and  Arg144  further  stabilize  the  structure  of  activated  IKKβ  via  

ionic  interactions  with  oxygen  atoms  of  phosphorylated  Ser181  in  the  activation  

loop  (Figure  3.A)  (33).  Therefore,  we  aimed  to  further  investigate  whether  the  

autophosphorylation  of  IKKβ  K171E  can  be  rescued  by  introducing  residues  at  

position  147  with  intrinsic  ability  to  hydrogen  bond.  

The  presence  of  the  Lys  at  position  147  contributes  to  the  maximal  level  

of  autophosphorylation  of  Ser177/Ser181  induced  by  K171E,  whereas  an  Arg  

at  K147  decreases  this  modification  in  the  activation  loop  (Figure  3.B,  lanes  3  

vs  12).  However,   the   introduction  of  Cys,  His,  Asn  and  Thr   residues  partially  

rescues  the  autophosphorylation  of  the  Serines  (Figure  3.B,  lanes  4,  7,  9,  14).  

The  introduction  of  phosphomimic  Asp  and  Glu,  or  a  Pro,  abrogates  the  kinase  

function  (Figure  3.B,  lanes  5,  6,  10).  These  results  illustrate  that  a  Lys  at  position  

147  is  necessary  but  not  required  for  the  kinase  function  of  IKKβ  K171E.  
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In  addition,  the  ubiquitination  of  Lys147  in  IKKβ  K171E  is  responsible  for  

the  STAT3  signaling,  since  the  removal  of  Lys147  completely  abrogates  STAT3  

activation  (Figure  3.C,  lane  3  vs  lanes  4-­16).  

It   has   been   previously   reported   that   loss-­of-­function   mutations   that  

abrogate   the  phosphorylation  of  Ser177/Ser181  of   IKKβ  further  decrease   the  

ubiquitination  of  the  kinase  (34).  Lys147  is  a  site  of  ubiquitination  in  IKKβ  WT  

(19).   By   introducing   various   residues   at   position   147,   we   uncoupled   the  

phosphorylation   from   the   ubiquitination   of   this   activated   kinase.   The   results  

show  that  only  the  IKKβ  K171E  construct,  which  contains  Lys147,  exhibits  the  

ubiquitin   modification   (Figure   3.D,   lane   3).   Although   the   introduction   of  

additional   residues   at   this   site   partially   rescues   the   phosphorylation   of   the  

kinase   (Figure   3.B),   as   expected   none   of   these   constructs   show   detectable  

ubiquitination  signals  (Figure  3.D,  lanes  4-­16).  

  



	
  

49  

  

Figure  2.3.  Introduction  of  residues  at  position  147  with  intrinsic  ability  to  hydrogen  bond  
rescues   the  kinase   function  of   activated   IKKβ.  A.  Crystal   structure   representation  of   the  
active  site  of  human  phosphorylated  IKKβ  (PDB  code  4KIK)  by  Visual  Molecular  Dynamics.  B.  
Overexpression  of  IKKβ  K171E  K147X  (X  =  C,  D,  E,  H,  M,  N,  P,  Q,  R,  T,  W,  Y)  mutants  and  
HA-­Ub3  in  HEK293T  cells,  followed  by  electrophoresis  and  immunoblotting  with  antisera  against  
phosphorylated  Ser177/Ser181  epitopes.  C.  Electrophoresis  of  lysates  derived  from  experiment  
as  in  (A),  followed  by  immunoblotting  with  antisera  against  phosphorylated  Tyr705  epitope  of  
STAT3.  D.  Immunoprecipitation  of  HA-­tagged  ubiquitinated  proteins  from  lysates  derived  from  
experiment  as  in  (B),  followed  by  immunoblotting  of  membrane  with  antisera  against  IKKβ  and  
HA.  
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Activated  IKKβ  signals  to  STAT3  via  JAK,  UBC13,  gp130  and  TAK1  

  

We  sought  to  investigate  the  mechanism  by  which  the  loss  of  Lys171  in  

IKKβ  induces  the  Tyr  phosphorylation  of  STAT3.  HEK293T  cells  stimulated  with  

exogenous  IL-­6  exhibit  canonical  activated  STAT3,  whereas  control  cells  pre-­

treated  with  JAK  inhibitor  I,  previously  shown  to  inhibit  JAK2/STAT3  activation  

in  basal-­like  breast  cancer  cells  (35),  followed  by  IL-­6  stimuli  show  ablated  Tyr-­

705  phosphorylation  of  STAT3.  (Figure  4.A,  lanes  2,  3).  Interestingly,  HEK293T  

cells  pre-­treated  with  NSC697923  followed  by  IL-­6  stimuli  exhibit  ablated  STAT3  

activation   (Figure   4.A,   lane   4).   HEK293T   cells   overexpressing   either   IKKβ  

K171E  or  IKKβ  K171E  4KR  show  constitutive  STAT3  activation  in  the  absence  

of  exogenous  cytokines,  whereas  IKKβ  4KR-­overexpressing  cells  treated  with  

either  JAK  inhibitor  I  or  NSC697923  exhibit  abrogated  STAT3  activation  (Figure  

4.A,  lanes  8  and  9).  Furthermore,  IL-­6  does  not  rescue  STAT3  signaling  in  cells  

overexpressing   IKKβ  K171E   4KR   pre-­treated  with   JAK   inhibitor   (Figure   4.A,  

lane   10),   whereas   there   is   a   rescue   of   STAT3   signaling   in   IKKβ   K171E-­

expressing  cells  pre-­treated  with  NSC697923  followed  by  IL-­6  stimuli   (Figure  

4.A,  lane  11).  These  results  indicate  that  K171E  mutation  in  IKKβ,  similarly  to  

the   canonical   IL-­6/JAK   pathway,   relies   on   UBC13   E2   enzyme   and   JAK   to  

activate  STAT3.    

The   IL-­6-­induced   activation   of   STAT3   depends   on   the   cell   surface  

expression   and   glycosylation   of   gp130.   SC144   hydrochloride,   a  

quinoxalinhydrazide   derivative   (36),   downregulates   the   glycosylation   and  
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induces  the  internalization  of  gp130,  leading  to  impaired  STAT3  activation  (37).  

Control  HEK293T  cells  pre-­treated  with  SC144,  followed  by  IL-­6  stimuli,  exhibit  

inhibited   phosphorylation   of  STAT3   compared  with   cells   stimulated  with   IL-­6  

only  (Figure  4.B,  lanes  2  and  4).  IKKβ  K171E  mutation,  interestingly,  relies  on  

gp130  membrane   signaling   to   induce   the   Tyr   phosphorylation   of   STAT3   as  

shown  by  the  inhibition  of  STAT3  phosphorylation  in  cells  treated  with  SC144  

(Figure   4.B,   lane   6   vs.   lane   5).   In   addition,   IL-­6   does   not   rescue   STAT3  

phosphorylation  in  cells  IKKβ  K171E-­expressing  pre-­treated  with  SC144  (Figure  

4.B,  lane  7).  These  results  suggest  that,  although  IKKβ  K171E  does  not  require  

exogenous  IL-­6  to  activate  STAT3,  it  may  rely  on  endogenous  IL-­6  signaling.  

We   also   aimed   to   investigate   whether   TAK1,   the   upstream   kinase   of  

IKKβ,  is  involved  in  the  activation  of  STAT3.  A  selective  and  irreversible  TAK1  

inhibitor,   (5Z)-­7-­Oxoeaenol,  covalently  binds   to  TAK1  and   inhibits   its   intrinsic  

ATPase  activity  and  abolishes  downstream  TAK1-­induced  p38  MAPK  signaling  

(38).  Treatment  of  HEK293T  cells  with   (5Z)-­7-­Oxoeaenol   completely  ablated  

TAK1  phosphorylation  co-­transfected  with  IKKβ  constructs  (Figure  4.C,  panel  

E,  lanes  4,  5  vs  9,  10).    Cells  overexpressing  TAK1/TAB  and  IKKβ  WT  showed  

phosphorylated  STAT3  similarly  to  the  overexpression  of  IKKβ  K171E  only  and  

TAK1/TAB/  IKKβ  K171E  (Figure  4.C,  lanes  3,  4,  5).  Treatment  of  HEK293T  cells  

overexpressing   such   constructs   with   (5Z)-­7-­Oxoeaenol   impaired   STAT3  

activation   in   all   samples   (Figure   4.C,   lanes   8-­10).   In   addition,   the  

phosphorylation  of  Ser177/Ser181  in  IKKβ  WT  is  inhibited  by  (5Z)-­7-­Oxoeaenol  

in   cells   overexpressing   TAK1/TAB   (Figure   4.C,   lane   4   vs   9),   whereas   the  
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phosphorylation  of  IKKβ  K171E  is  not  (Figure  4.C,  lane  5  vs  10).  Therefore,  the  

autophosphorylation  of  the  constitutively  activated  IKKβ  is  independent  of  the  

canonical  TAK1.    

We   further   observed   that   overexpression   of   IKKβ   K171E   induces   the  

phosphorylation  of  Erk1/2  (p44/p42  MAPK)  signaling,  which  is  enhanced  by  the  

co-­overexpression  of  IKKβ  constructs  with  TAK1/TAB  (Figure  4.C,  lane  3,  4,  5).  

The  inhibition  of  TAK1  activity  with  (5Z)-­7-­Oxoeaenol  impairs  Erk1/2  signaling  

in  cells  expressing  IKKβ  K171E  alone  and  IKKβ  constructs  co-­expressed  with  

TAK1/TAB  (Figure  4.C,  lanes  8,  9,  10).  

IKKβ  K171E  depends  upon  TAK1  activity  to  signal  to  STAT3  and  Erk1/2  

in  the  absence  of  exogenous  IL-­6  stimulus.  
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Figure  2.4.  Elucidation  of  a  mechanism  by  which  the  activating  K171E  mutation  induces  
STAT3  activation.  A.  HEK293T  cells  expressing  IKKβ  constructs  were  treated  with  2uM  JAK  
inhibitor  I  and  2uM  NSC697923  for  2  hrs,  followed  by  electrophoresis  and  immunoblotting  with  
antisera  against  phosphorylated  Tyr705_STAT3.  Membrane  was  stripped  ad  immunoblotted  for  
total  STAT3,  followed  by  stripping  and  immunoblotting  for  IKKβ.  B.  HEK293T  cells  expressing  
IKKβ  constructs  were  treated  with  50uM  SC144  for  8  hrs,  and  immunoblotting  was  performed  
as   in   (A).   C.   HEK293T   cells   expressing   various   combinations   of   IKKβ,   TAK1   and   TAB1  
constructs  were   treated  with   10uM   (5Z)-­7-­Oxoeaenol   for   2   hrs.   Lysates  were   collected   and  
proteins  were   separated   via   electrophoresis,   followed   by   immunoblotting   of  membrane  with  
antibodies   against   phospho-­Tyr705_STAT3,   phospho-­Ser177/Ser181_IKKβ,   phospho-­
Tyr202/204_MAPK,   phospho-­T184/187_TAK1,   myc   to   detect   myc-­tagged   TAB,   followed   by  
immunoblotting  for  total  STAT3,  MAPK,  TAK1,  and  IKKβ.  Membrane  was  stripped  in  between  
blots.  
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Bio-­ID   identifies   proteins   interacting   with   IKKβ   K171E   4KR   that  

   modulate  STAT3  signaling  

  

We  aimed  to  identify  proteins  interacting  with  IKKβ  K171E  4KR,  which  

may  mediate  STAT3  activation.  

We  used  the  proximity-­based  biotinylation  (BioID)  method,  which  utilizes  

a  constitutively  active  biotin   ligase   (BirA  R118G,  BirA*)   fused   to  a  protein  of  

interest   (39),   in   this   case   IKKβ   K171E   4KR   (Figure   5.A).   We   created   two  

independent   HEK293T   cell   lines   that   stably   express  Myc-­BirA*-­IKKβ   K171E  

4KR   (myc-­tagged  BirA*   fused   to  N-­terminus   of   IKKβ  K171E  4KR)   and   IKKβ  

K171E   4KR-­BirA*-­HA   (HA-­tagged  BirA*   fused   to  C-­terminus   of   IKKβ  K171E  

4KR)   (Figure   5.B).   By   expressing   these   constructs   in   HEK293T   cells,   BirA*  

biotinylates  endogenous  proteins   interacting  with  either   the  N-­terminus  or  C-­

terminus   regions   of   IKKβ,   which   are   then   selectively   isolated   and   purified  

through  biotin-­affinity  streptavidin  columns  followed  by  the  identification  of  the  

interacting   partners   via   mass   spectrometry.   The   advantage   of   utilizing   this  

method   is   the   ability   to   identify   weak   and   transient   interacting   partners   or  

insoluble  proteins  such  as  substrates  of  E3  ligases,  components  of  nuclear  pore  

complex,  and  kinase-­phosphatase  interactions  of  the  Hippo  pathway  (40-­42).    

Controls   included   HEK293T   cells   not   expressing   the   BirA*-­   IKKβ  

constructs   but   treated  with   biotin,   in  which   lysates  were   subjected   to   similar  

purification   techniques   to  verify  whether  nonspecific  biotinylated  proteins  can  

bind  to  the  streptavidin  columns  (Figure  5B,  lane  1).  Immunoblotting  for  biotin  
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in   lysates  derived  from  both  N-­terminus  BirA*  and  C-­terminus  BirA*  cell   lines  

showed   a   significant   difference   between   the   samples.   Lysates   derived   from  

BirA*   fused   to   the   N-­terminus   of   IKKβ   K171E   4KR   exhibited   a   robust  

biotinylation   profile   compared   to   the   lysates   derived   from   BirA*   fused   to   C-­

terminus  region  of  activated  IKKβ  (Figure  5B,  lanes  2  and  3).  This  may  suggest  

that  the  N-­terminus  region  of  IKKβ  K171E  4KR  interacts  with  more  promiscuous  

and   diverse   signaling   partners   compared   with   the   C-­terminus   region   of   the  

protein.  

We  chose  to   identify  proteins   interacting  with   the  N-­terminus  region  of  

IKKβ   K171E   4KR,   since   they   would   be   in   proximity   to   the   kinase   domain.  

Immunoprecipitation  of  the  biotinylated  proteins  from  the  N-­terminus  BioID  cell  

line,   followed   by   MS   analysis,   led   to   the   identification   of   2,469   potential  

interacting  proteins  with  IKKβ  K171E  4KR  (data  not  shown).  The  proteins  were  

sorted  by  their  abundance  represented  by  the  normalized  spectral  count.  Via  

small  interfering  RNA  (siRNA)  analysis,  we  set  out  to  study  the  impact  of  some  

candidate  proteins  on  the  activation  of  STAT3  induced  by  both  the  IL-­6  ligand  

and  IKKβ  K171E  4KR.    

Leucine   rich   pentatricopeptide   repeat   containing   (LRPPRC)   is   a  

mitochondrion-­associated  protein   that  stabilizes  Bcl-­2   to  suppress  autophagy  

and   enhance   cellular   survival   (43).  SiRNA-­mediated  LRPPRC   knockdown   in  

IL6-­stimulated-­  and  IKKβ  K171E  4KR-­expressing  HEK293T  cells  resulted  in  the  

upregulation  of  STAT3  phosphorylation  (Figure  5.C),  suggesting  that  LRPPRC  

may  play  an  inhibitory  role  in  the  activation  of  STAT3.  
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We   further   investigated   the   role   of   Insulin   like   growth   factor   2  mRNA  

binding  protein  2  (IGF2BP1)  and  Integrin-­linked  kinase  2  (ILK2)  in  the  activation  

of  STAT3.  Briefly,   downregulation  of   IGF2BP1  has  been  shown   to  decrease  

STAT3   transcript   in   t(12;;21)(p13;;q22)-­positive   acute   lymphoblastic   leukemia  

cells  (44).  In  addition,  selective  inhibition  of  ILK  in  promyelocytic  leukemic  ND4  

cells  ablates  JAK/STAT3  signaling  (45).  SiRNA-­mediated  inhibition  of  IGF2BP1  

had  no  apparent  effect  on  the  level  of  STAT3  induced  by  IL-­6  and  the  activated  

IKKβ  (Figure  5.D).  In  addition,  ILK2  further  did  not  impact  this  pathway  (data  not  

shown).    

The  HECT  domain  HUWE1  E3  ubiquitin  ligase  is  the  most  abundant  E3  

ligase   interacting  with   IKKβ  K171E  4KR.  HUWE1  has  shown   to   regulate   the  

stability  of  Shoc-­2,  which   further  binds   to  K63-­linked  ubiquitin   (46).  Since  we  

have   shown   that   the   ubiquitinated   Lys147   in   IKKβ  K171E   is   responsible   for  

STAT3  activation,  we  proposed   that  HECT  domain  HUWE1  could  be   the  E3  

ubiquitin   ligase   mediating   this   signaling   mechanism.   SiRNA-­mediated  

knockdown  of  HUWE1  did  not  impact  STAT3  activation  in  HEK293T  cells  either  

stimulated   by   IL-­6   or   expressing   IKKβ   K171E   4KR   (Figure   5.E).  We   further  

analyzed  whether  other  interacting  E3  ligases  such  as  CHIP,  UBR4,  HERC2,  

UHRF1,   RNF40   and   SHPRH  mediate   STAT3   activation,   and   none   of   these  

candidates  impact  the  activation  of  STAT3  induced  by  IL-­6  and  activated  IKKβ  

(data  not  shown).  Interestingly,  we  observed  that  knockdown  of  UBR4  leads  to  

upregulated  phosphorylation  of  STAT3  in  HEK293T  cells  (data  not  shown).  
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Since  knocking  down  various  E3  ligases  did  not  impact  STAT3  activation,  

we  then  hypothesized  that  the  activated  IKKβ  depends  upon  the  UBC13/UEV1A  

E2   ubiquitin   conjugating   enzyme   complex.   Our   mass   spectroscopy   analysis  

confirmed   that  UBC13  and  UBE2V1,  or  UEV1A,   interact  with   the  N-­terminus  

region  of   IKKβ  K171E  4KR  (data  not  shown).  To  our  surprise,  knockdown  of  

UBE2N   (UBC13)   alone   or   combined   with   knockdown   of   either   UBE2V1   or  

UBE2V2   cofactors   leads   to   the   upregulation   of   STAT3   activation   in   cells  

expressing   IKKβ  K171E  4KR   (Figure  5.F,   lane  3   vs   lane  2).  Knocking  down  

UBE2V1,   the   cofactor   for   UBC13,   decreases   the   phosphorylation   of   STAT3  

(Figure   5.F,   lane   4   vs   lane   3).   Interestingly,   knockdown   of   UBE2V2   alone  

abolishes  the  activation  of  STAT3  in  cells  expressing  IKKβ  K171E  4KR  (Figure  

5.F,   lane  5  vs   lane  2).  A  double  knockdown  of  UBE2N  and  UBE2V2  exhibits  

lower   activation   of   STAT3   compared   with   UBE2N   and   UBE2V1   double  

knockdown   (Figure   5.F,   lane   7   vs   lane   6).   In   contrast,   knocking   down   each  

UBE2N,  UBE2V1  and  UBE2V2,  or   in  various  combinations,  does  not   impact  

STAT3   signaling   activated   by   exogenous   recombinant   IL-­6   ligand,   whereas  

knocking  down  UBE2V2  abrogates  STAT3  activation  induced  by  IKKβ  K171E  

4KR   (Figure   5.G,   lanes   1-­8   vs   lanes   9-­10).   These   results   reveal   that   IKKβ  

K171E   specifically   selects   for   UVE2V2,   the   human   homologue   of   MMS2   in  

Saccharomyces  cerevisiae,  to  induce  STAT3  activation.  The  activation  of  this  

signaling  mechanism,  unlike  the  canonical  IL-­6-­induced  STAT3  pathway,   is  a  

signature  of  the  K171E  mutation  of  IKKβ.  
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Figure   2.5.   siRNA-­mediated   validation   of   additional   proteins   modulating   STAT3  
activation   induced   by   K171E   IKKβ.  A.   Representation   of   BirA*-­   IKKβ   K171E   4KR   stably  
expressed  in  HEK293  cells  for  Bio-­ID  analysis.  B.  IKKβ  HEK293  cell  lines  were  transfected  with  
BirA*-­  IKKβ  K171E  4KR  constructs  followed  by  G418  selection  to  create  stable  cell  lines.  Cells  
were  then  treated  with  biotin,  followed  by  immunosera  detection  in  total  lysates.  C-­G.  HEK293T  
cells  were   transfected  with   siRNA  against  each   target  gene   for  24  hrs   followed  by   transient  
transfection  with   IKKβ  constructs   for  additional  24hrs.  Cells  were  then  starved  overnight  and  
collected.  For  experiments  involving  recombinant  human  IL-­6  stimuli,  cells  were  stimulated  with  
10ng/mL  rhIL-­6   for  10  min  before  collection.  Lysates  were  separated  by  electrophoresis  and  
transferred  to  membrane,  followed  by  immunoblotting  for  phospho-­Tyr705_STAT3,  total  STAT3  
and  IKKβ.  Membrane  was  stripped  in  between  blots.  
  

Oncogenic  potential  of  IKKβ  K171E  via  transformation  of  32D  cells  

  

The   K171E   mutation   in   IKKβ   was   initially   identified   in   patients   with  

Multiple   Myeloma   and   Spleen   Marginal   Zone   Lymphoma,   and   the   K171R  

mutation  in  Mantle  Cell  Lymphoma  (19).    

In   order   to   investigate   the   biological   significance   of   this   activating  

mutation,  we  chose  to  perform  assays  encompassing  the  murine  myeloid  32D  
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cells  that  depend  on  IL-­3  in  the  culture  media  for  viability.  This  cell  line  has  been  

extensively  used  to  determine  the  oncogenic  potential  of  aberrantly  activated  

proteins,   such   as   FGFR3-­TACC3   that   occurs   in   glioblastoma   and   bladder  

cancer  (47)  and  FLT3  that  is  commonly  mutated  in  acute  myeloid  leukemia  (48).    

We  programmed  32D  cells  through  G418  (Geneticin)  selection  to  stably  

express  the  IKKβ  constructs,  WT,  K171E,  and  K171E  4KR,  and  confirmed  the  

expression   of   these   constructs   (Figure   6.A).   We   assessed   the   oncogenic  

potential  of  the  K171E  activating  mutation  by  culturing  Insulin  Growth  Factor-­1  

(IGF-­1)-­stimulated   IKKβ-­expressing   32D   cells   in   the   absence   of   IL-­3,   and  

determined  the  viability  of  cells  by  MTT  assay.    

The  viability   of   control   32D  cells   remained   low   in   the  absence  of   IL-­3  

(Figure  6.B,  days  2-­11).  The  K171E  mutation,  in  contrast,  transformed  the  cells  

into  IL-­3  independent  phenotype  and  contributed  to  a  4-­fold  increase  in  viability  

compared  to  the  control  32D  cells  at  day  11  (Figure  6.B).  Interestingly,  the  IKKβ  

K171E  4KR,  which  harbors  the  mutations  K301R,  K418R,  K555R  and  K703R  

led  to  the  highest  increase  in  cellular  viability  with  a  3-­fold  increase  in  viability  

compared  to  K171E  mutant  at  day  5  (Figure  6.B).  These  results  indicate  that  

those  ubiquitination  sites  negatively  regulate  the  oncogenic  biological  property  

of  the  K171E  mutation.  Interestingly,  the  IKKβ  WT  also  led  to  the  transformation  

of  32D  cells  in  the  presence  of  IGF-­1  (Figure  6.B).  

IKKβ   activates   proliferative   and   survival   cellular   pathways,   which   are  

enhanced  by  the  oncogenic  K171E  mutation.  
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Figure  2.6.  Assessing  the  oncogenic  potential  of  K171E  mutation  in  IKKβ  in  32D  cells.  
Murine  myeloid  32C  cells  were  electroporated  with  IKKβ  constructs  followed  by  G418  selection  
creating  stable  cell  lines.  Cells  were  cultured  in  the  presence  of  murine  IGF-­1  but  in  the  absence  
of   IL-­3   for   various   time  points.  During  each   time  point,  metabolic   and   viability   readout  were  
assessed  by  using  the  MTT  assay.    
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2.5  Discussion  

  

   Mutations  of  the  Lysine  at  position  171  in  IKKβ  induces  the  activation  of  

STAT3,  which  is  usually  activated  via  cytokine  and  growth  factor  stimuli.  This  

signaling   event   occurs   in   the   absence   of   exogenous   cytokines   and   growth  

factors  under  our  experimental  conditions.  It  is  not  clear,  however,  whether  this  

signaling  mechanism  is  dependent  upon  a  specific  cellular  phenotype.  

As  with  the  canonical  JAK-­STAT3  pathway  activated  by  IL-­6  ligand,  the  

activated   IKKβ   relies   upon   gp130  membrane   signaling   of   IL-­6R   and   JAK   to  

activate  STAT3.  We  used  the  SC144  agent  to  inhibit  gp130  membrane  signaling  

and   JAK   inhibitor   I   to   inhibit   JAK   activation.   SC144   has   shown   promising  

combinatorial   chemotherapeutic   action   in   colorectal   cancer   and   mouse  

xenograft  breast  cancer  model  (49),  and  it  inhibits  cytokine-­induced  activation  

of  STAT3  in  ovarian  cancer  resulting  in  impaired  ovarian  tumor  growth  in  vivo  

(37).   JAK   inhibitor   I   has   been   shown   to   inhibit   JAK2/STAT3   signaling   that  

supports  breast  cancer  proliferation  (35).  

In  addition,  we  showed  that  STAT3  phosphorylation  activated  by  either  

IL-­6  or  IKKβ  K171E  is  inhibited  by  treatment  of  cells  with  NSC697923,  a  known  

inhibitor   of   UBC13,   which   has   been   shown   to   impair   the   proliferation   and  

survival  of  diffuse  large  B-­cell  lymphoma  cancer  cells  (31).  In  contrast,  knocking  

down  UBE2N,   the  gene   that  encodes   for  UBC13,  did  not  affect   IL-­6-­induced  

STAT3   activation.   This   suggests   an   inhibitory   role   of   NSC697923   beyond  

UBC13  signaling.  
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Initially   we   had   hypothesized   that   some   E3   ubiquitin   ligase   may  

potentially  regulate  STAT3  activation  induced  by  IKKβ  171E.  We  knocked  down  

various  E3  ubiquitin  ligases,  specifically  HECT  domain  HUWE1,  identified  via  

LC-­MS/MS  as  a  potential  interacting  partner  of  IKKβ  K171E.  The  results  showed  

that   knocking   down   E3   ubiquitin   ligases   did   not   impact   STAT3   activation  

induced   by   either   exogenous   IL-­6   or   activated   IKKβ.   This   observation   may  

suggest   that   IKKβ   K171E   activates   STAT3   independently   of   E3   ubiquitin  

ligases,  or  this  mutation  induces  STAT3  activation  via  some  other  mechanism  

to  compensate  for  the  loss  of  E3  ubiquitin  ligases.  

We  then  speculated  that  IKKβ  K171E  activates  STAT3  through  UBC13  

E2  conjugating  enzyme  signaling.  UBC13,  when  bound  to  UBE2V2,  catalyzes  

nuclear  Lys63-­linked  ubiquitination  essential  for  the  modulation  of  DNA  damage  

repair.   When   bound   to   UBE2V1,   UBC13   catalyzes   this   non-­proteasomal  

ubiquitin  linkage  that  is  indispensable  for  inflammation-­induced  NFkB  activation  

(21,32,50).  Surprisingly,  we  were  able  to   impair  STAT3  activation  induced  by  

K171E   IKKβ   via   the   knockdown   of   UBE2V2   alone,   while   it   did   not   affect  

exogenous  IL-­6-­mediated  STAT3  activation.  Knocking  down  UBE2N,  alone  or  

in  combination  with  either  UBE2V1  or  UBE2V2,  upregulated  STAT3  signaling.  

UBE2V1,  or  UEV1A,  and  UBE2V2  share  >90%  sequence  similarity  and   they  

are  structurally  similar  to  UBC13  except  that  these  cofactors  lack  the  catalytic  

cysteine  in  the  active  site  (21).  This  finding  may  suggest  that  IKKβ  K171E  may  

induce   STAT3   activation   for   nuclear   functions   that   will   require   further  

investigation.  
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It   is   worth   mentioning   that   we   have   identified   the   mitochondrion-­

associated  LRPPRC  as  an  interacting  partner  of  IKKβ.  Knocking  down  LRPPRC  

revealed  an  increase  in  the  activation  of  STAT3  in  cells  stimulated  with  either  

IL-­6  or  expressing  activated  IKKβ.  LRPPRC  regulates  mitochondrial  potential  

and  stabilizes  the  pro-­survival  Bcl-­2  protein,  inhibiting  mitochondria  degradation  

through  autophagy  (43,51).  Therefore,  it  is  possible  that  this  activated  mutant  of  

IKKβ  may  rely  on  the  metabolic  pathway  for  signaling.  

The  TAK1  upstream  kinase  modulates  the  phosphorylation  of  IKKβ  and  

activation   of   IKK   complex   (4).   Unlike   the  WT   kinase,   the   activation   of   IKKβ  

K171E  does  not  depend  upon  the  canonical  TAK1.  However,  STAT3  signaling  

induced   by   this   constitutively   activated   IKKβ   does   depend   upon   TAK1.   In  

addition,   the   K171E   mutation   induces   the   phosphorylation   of   Erk1/2  

independently  of  exogenous  cytokines  and  this  event   is  enhanced  by  the  co-­

overexpression  with  TAK1/TAB.    

The  activity  of   IKKβ  K171E  is  further  dependent  upon  ubiquitination  of  

Lys147.  This  site  is  located  in  the  kinase  domain  adjacent  to  the  activation  loop  

that  harbors  the  Ser177/Ser181  sites.  Other  kinases  also  contain  homologous  

ubiquitinated   Lys   residues   reported   to   be   conjugated   to   Lys63-­linked  

ubiquitination  polymers,  such  as  Lys578   in  BRAF  V600E  (28)  and  Lys158   in  

TAK1  (25).  Mutating  Lys147  to  Arg  in  IKKβ  K171E  abrogates  the  ubiquitination  

at  this  site,  but  it  also  impairs  kinase  function.  In  addition,  STAT3  signaling  is  

impaired.  The  same  observations  have  been  reported  for  other  sites,  such  as  

Lys578Arg  mutation   in   BRAF   V600E   (28)   that   impairs   MAPK   signaling   and  
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Lys158Arg   in  TAK1  that  ablates   impair  MKK6,  JNK,  p38  and  NFκB  signaling  

(25,27).  

Lastly,  we  have  identified  24  total  sites  of  ubiquitination  in  activated  IKKβ,  

in   which   10   of   them   are   major   sites   of   ubiquitination.   We   have   previously  

reported  that  Lys301,  Lys418,  Lys555  and  Lys703  are  ubiquitinated  in  IKKβ  WT  

and  K171E,  but  the  activating  mutation  upregulates  this  modification  at  these  

sites   (19).   In   this   work,   we   have   shown   that   these   sites   when   mutated  

upregulate   the   phosphorylation   of   IKKβ,   suggesting   that   these   ubiquitinated  

lysine   residues   modulate   the   kinase   function.   In   addition,   mutating   Lys301,  

Lys418,   Lys555   and   Lys703   unleashes   the   oncogenic   potential   of   K171E  

mutation  in  IKKβ,  leading  to  the  transformation  of  32D  cells  phenotype.    

Ours  is  the  first  work  to  unravel  a  signaling  mechanism  unleashed  as  a  

result  of  the  K171E  mutation  in  IKKβ.  A  vast  number  of  reports  have  focused  

their   efforts   on   understanding   how   mutations   in   receptor   and   cytoplasmic  

tyrosine   kinases   contribute   to   aberrant   cellular   signaling   and   cancer  

aggressiveness.  We  have  previously   described  mutations   in   IKKβ   in   diverse  

cancers   (19).   It   is  not  clear  whether  such  mutations  are  active  or  passenger  

drivers  of  tumorigenesis.  Additional  work  will  be  required  to  further  investigate  

whether  mutations  in  IKKβ,  if  any  beyond  the  one  described  herein,  can  activate  

pathways  beyong  NFkB  and  perform  oncogenic  functions.  

  

2.6  Methods    
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Cell   culture   and   transfections:   HEK293T   cells   were   cultured   and  

transfected  with  various  IKKβ  constructs,  HA-­Ub  and  HA-­NEMO  as  previously  

described  (19).  

Plasmid   constructs:   IKKβ   WT   4KR   (K301R,   K418R,   K555R   and  

K703R)  and  IKKβ  K171E  4KR  plasmids  were  generated  by  Quikchange  site-­

directed   mutagenesis   and   confirmed   by   DNA   sequencing   as   previously  

described  (19).  The  IKKβ  K171E  4KR  construct  was  sub-­cloned  into  mycBioID  

pcDNA3.1  using  EcoRV  and  AflII  sites  and  also   into  BioID-­HA  tag  pcDNA3.1  

using  AfeI  and  BsiWI  sites.    

IKKbeta   WT   was   subcloned   into   pLXSN   by   three-­part   ligation   using  

EcoRI,   KpnI   and   NotI.   Subsequent   IKKbeta   derivatives   were   generated   by  

ligation  into  IKKbeta  WT  pLXSN  using  BspEI  and  SalI  sites.    hTAK1  in  pCMV6-­

XL5  was  a  gift  from  Dr.  Leslie  Thompson  (UC  Irvine)  and  myc-­TAB1  in  pcDNA3  

was  a  gift  from  Dr.  Carol  Prives  (Columbia  University).  

Cell  culture  for  immunoblot  and  siRNA  analysis:  HEK293T  cells  were  

grown  in  DMEM  with  10%  FBS  and  maintained  in  10%  CO2  at  37°C.  Cells  were  

transfected  with  plasmid  DNA  using  calcium  phosphate  precipitation  at  3%  CO2.  

BioID  Cell  Lines  and  Transfection:  HEK  293  cells  were  maintained  at  

10%   CO2   at   37˚C   in   DMEM   supplemented   with   10%   FBS.   The   cells   were  

transfected   via   calcium   phosphate   method   and   the   transfected   cells   were  

subjected  to  G418  sulfate  (Geneticin  from  Gibco,  0.5  mg/mL)  selection  for  about  

3  weeks  while  passing.      
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Ubiquitination   assay:   HEK293T   cells   were   co-­transfected   with  

constructs   to  express   IKKβ  and  HA-­Ub3  clones  as  previously  described  (19).  

Briefly,  cells  were  starved  and  collected  in  RIPA  lysis  buffer  with  protease  and  

phosphatase   inhibitors,   including  5mM  NEM.  For   immunoprecipitation  of  HA-­

tagged   ubiquitinated   proteins,   lysates   were   incubated   overnight   with   HA  

antisera   (F-­7,   Santa   Cruz   Biotechnology),   followed   by   the   addition   of   50%  

Protein  A  Sepharose.  Samples  were   then  washed  extensively   in  ELB  buffer  

(50mM  HEPES-­KOH  pH  7.41,  250mM  NaCl,  0.1%NP40,  5mM  EDTA,  2M  urea)  

followed  by  RIPA  buffer,  as  previously  described  (19).  Proteins  were  separated  

by   electrophoresis   (10%   SDS-­PAGE),   followed   by   transfer   to   membrane.  

Ubiquitinated  IKKβ  was  analyzed  by  immunoblotting  with  antisera  (G-­8,  Santa  

Crus  Biotechnology).    

Electrophoresis,   Immunoblotting  and  additional   reagents:  Lysates  

were   collected   in   RIPA   lysis   buffer   and   loaded   in   10-­12.5%   SDS-­PAGE,  

followed   by   transfer   to   Immobilon   membrane.   Immunoprecipitation   and  

immunoblotting  experiments  have  been  performed  as  previously  described  (19).  

Immunoblotting  reagents  are  obtained  from  the  following  sources:  Antibodies  of  

IKKβ  (H-­4),   IKKβ  (G-­8),  HA-­probe  (F-­7),  STAT3  (C-­20),   IGF2BP1  (D-­9),  Myc  

(9E10),   LRPPRC   (H-­300),   TAK1   (M-­579)   from   Santa   Cruz   Biotechnology;;  

Phospho-­IKKα/β   (Ser176/180)   (16A6),   Phospho-­STAT3   (Tyr705)   (D3A7),  

Phospho-­TAK1  (T184/187)   (4531S)   from  Cell  Signaling  Technology;;  HUWE1  

(A300-­486A)   from   Bethyl   Laboratories;;   Streptavidin   Horseradish   Peroxidase  

(HRP)  Conjugate  (Cat.  434323)  from  Invitrogen;;  horseradish  peroxidase  (HRP)  
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anti-­mouse,  HRP  anti-­rabbit   from  GE  Healthcare.  Enhanced  chemiluminence  

(ECL)   reagents   were   from   GE   Healthcare;;   NSC697923   was   obtained   from  

Santa   Cruz   Biotechnology;;   MG132   and   (5Z)-­7-­Oxoeaenol   from   Tocris  

Bioscience;;  recombinant  human  IL-­6  and  recombinant  human  IGF-­1  from  Life  

Technologies;;   JAK   inhibitor   I   from  EMD  Millipore;;  SC144  hydrochloride   from  

Sigma-­Aldrich;;  recombinant  mouse  IL-­3  from  R&D  Systems.  

32D  cells  and  viability  assay:  32D  clone  3  (ATCC  CRL-­11346)  cells  

were   maintained   in   RPMI1640   medium   with   10%   FBS,   1%  

penicillin/streptomycin,  and  5  ng/mL  mouse  IL3  in  5%  CO2  at  37°C.  A  total  of  1  

×  106  exponentially  growing  32D  cells  were  electroporated  (1,500  V,  10  ms,  3  

pulse)  by   the  Neon  Transfection  System  (Invitrogen)  using  25  μg  of   IKKbeta  

derivatives  in  pLXSN  plus  5  ug  of  pZap.  Twenty-­four  hours  after  transfection,  

cells  were  refed  and  maintained  for  1  week  prior  to  beginning  selection  with  1.5  

mg/mL  Geneticin  (G418)  sulfate  to  generate  stable  cell  lines.  

For   metabolic   assays,   MTT   assays   were   performed.   Cell   lines   were  

seeded  at  4  ×  105   cell/ml   in  50  ml   flasks  containing  RPMI  with  10%  FBS,  5  

ng/mL  IL3  (+IL3)  or  RPMI  with  10%  FBS,  50  ng/ml  hIFG-­1  (+IGF)  or  RPMI  with  

10%  FBS  (-­IL3)  in  triplicate.    On  days,  2,5,8  and  11,  flasks  were  scraped  and  

500  ul  of  cultures  were  transferred  to  24  well  plates  in  triplicate.  50  ul  of  a  stock  

solution  of  5  mg/mL  in  PBS  of  thiazolyl  blue  tetrazolium  bromide  (MTT)  (Sigma)  

was  added.  After  incubation  at  37°C,  5%  CO2  for  approximately  4  hours,  500  ul  

of  0.04  mol/L  HCl  in  isopropanol  was  added  and  incubated  again  for  at  least  30  
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minutes.  Samples  were  transferred  to  cuvettes  and  absorbance  was  measured  

at  570  nm.	
  

siRNA  experiments:  7×104  ~1.3×105  of  HEK293T  cells  were  plated  into  

6-­well  plates  and  incubated  at  10%  CO2  at  37˚C  in  DMEM  supplemented  with  

10%   FBS   for   24   h.   All   siRNA   reagents   used   were   siGENOME   SMARTpool  

purchased  from  GE  Dharmacon.  Cells  were  transfected  with  targeting  or  Non-­

targeting  (Negative)  siRNA  (GE  Dharmacon)  using  DharmaFECT  reagent  (GE  

Dharmacon)  according  to  the  manufacturer’s   instructions  (Final  concentration  

varied   from  25nM   to  100nM).  The  DMEM  media  was   replaced  24h  after   the  

transfection   to   reduce   cytotoxicity.   48h   after   the   siRNA   transfection,   IKKβ  

K171E   4KR   plasmid   was   transfected   using   calcium   phosphate   method   and  

incubated  at  3%  CO2  overnight.  Cells  were  starved  for  18h  before  harvest  and  

lysis  using  RIPA  buffer  (50mM  Tris  pH  7.5,  150mM  NaCl,  1%  Triton  X-­100,  1%  

DOC,  0.1%  SDS,  50mM  NaF,  0.1mM  PMSF,  10μg/ml  Aprotinin,  1mM  Na3VO4).  

Bio-­ID   proximity-­dependent   biotinylation:   HEK293   cells   were  

maintained  at  10%  CO2  at  37˚C  in  DMEM  supplemented  with  10%  FBS.  The  

cells  were  transfected  with  Myc-­BirA*-­IKKβ  K171E  4KR  and  IKKβ  K171E  4KR-­

BirA*-­HA   via   calcium   phosphate   method   and   the   transfected   cells   were  

subjected  to  G418  sulfate  (Geneticin  from  Gibco,  0.5  mg/mL)  selection  for  about  

3  weeks  while  passing  stable  cell  lines.    Cells  were  then  incubated  for  24h  in  

DMEM  with  0.5mg/mL  G418  sulfate  and  50μM  Biotin.  Cells  were  treated  with  

10μM  of  MG132  ~4h  prior  to  lysis.  Cells  were  lysed  at  25˚C  in  1ml  BioID  lysis  

buffer.  Triton  X-­100  was  added  to  2%  final  concentration.  Cells  were  sonicated  



	
  

69  

following   the   protocol   (20).   Supernatants   were   incubated   with   600   μL   of  

streptavidin   conjugated   Dynabeads   (Dynabeads®  MyOne™   Streptavidin   C1  

from   Invitrogen)   overnight   at   4˚C.   Beads   were   collected   and   washed   as  

previously   indicated   (20).   10%   of   samples   were   reserved   for   Western   Blot  

analysis.  90%  of  the  samples  were  analyzed  by  mass  spectrometry.      

Mass   spectroscopy:  HEK293T   cells   were   co-­transfected   with   IKKβ,  

HA-­Ub3   and   HA-­NEMO   clones,   starved   before   collection,   and   lysates   were  

collected  in  RIPA  as  previously  described  (19).  Briefly,  after  collection  lysates  

were  sonicated  and  KKβ  was  immunoprecipitated  with  antiserum  (H-­4,  Santa  

Cruz  Biotechnology).  Samples  were  analyzes  as  previously  described  (19).  
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Chapter  3:  The  importance  of  regulatory  ubiquitination  in  

cancer  and  metastasis  

  

3.1  Abstract  

  

Ubiquitination   serves   as   a   degradation  mechanism   of   proteins,   but   is  

involved   in   additional   cellular   processes   such   as   activation   of   NFκB  

inflammatory  response  and  DNA  damage  repair.  We  highlight  the  E2  ubiquitin  

conjugating  enzymes,  E3  ubiquitin  ligases  and  Deubiquitinases  that  support  the  

metastasis   of   a   plethora   of   cancers.   E3   ubiquitin   ligases   also   modulate  

pluripotent  cancer  stem  cells  attributed  to  chemotherapy  resistance.  We  further  

describe  mutations  in  E3  ubiquitin  ligases  that  support  tumor  proliferation  and  

adaptation  to  hypoxia.  Thus,  this  review  describes  how  tumors  exploit  members  

of  the  vast  ubiquitin  signaling  pathways  to  support  aberrant  oncogenic  signaling  

for  survival  and  metastasis.    

  

3.2.  Ubiquitination  signaling  overview  

  

Ubiquitin  (Ub),  a  highly  conserved  76-­amino  acid  protein  expressed  in  all  

cell  types,  has  seven  lysine  residues  (K6,  K11,  K27,  K29,  K33,  K48,  K63)  that  

can  be  polymerized   into  various   linkages.  The  resulting   linkage  of  Ub  chains  

creates   a   certain   topology   that   can   be   sampled   by   interacting   proteins   and  
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dictates  the  fate  of  the  substrate.  For  instance,  K48-­  and  K11-­linked  Ub  chains  

adopt   a   “closed”   or   compact   conformation   and   lead   to   26S-­mediated  

proteasomal  degradation  of  substrates.  In  contrast,  unanchored  K63-­  or  a  mix  

of  K63/M1-­linked  ubiquitination  chains  adopt  an  “open”  conformation,  and  are  

involved   in   non-­proteasomal   functions   such   as   TAK1   and   IKK   complex  

activation   culminating   in   NFκB   inflammatory   signaling   (Chen   &  Chen,   2013,  

Emmerich,  Ordureau  et  al.,  2013),  activation  of  DNA  damage  repair  signaling  

(Messick  &  Greenberg,  2009)  and  B  cell  activation  via  MAPK  by  TAB2/TAB3  

(Ori,  Kato  et  al.,  2013).    

Ubiquitination   is   a   conserved   multistep   process   that   begins   with   the  

activation  of  ubiquitin  with  ATP  by  the  E1  ubiquitin  activating  enzyme,  followed  

by  the  formation  of  a  thioester   linkage  between  the  ubiquitin  transferred  from  

the  E1  to  the  cysteine  in  the  active  site  of  an  E2  ubiquitin  conjugating  enzyme.  

The  E3  ubiquitin   ligase  participates   in   the  ubiquitination  of  a   target  substrate  

through   the   formation   of   an   isopeptide   bond   between   the   carboxyl   group   of  

Gly76   of   ubiquitin   and   the   ε-­amine   of   Lys   in   the   substrate.   Deubiquitinating  

enzymes  (DUBs)  remove  the  ubiquitin  from  the  target  substrates  and  recycles  

ubiquitin  into  the  cytosolic  pool.  

Ubiquitination   regulates   the   function   and   signaling   of   a   profusion   of  

proteins   in   various   cellular   pathways.   This   review   describes   how   various  

cancers  take  advantage  of  the  misregulated  expression  of  the  members  of  the  

ubiquitination  cascade  for  proliferation,  survival  and  metastasis  (Figure  1).  
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Figure  3.1:  The  misregulated  expression  of  E2  ubiquitin  conjugating  enzymes  and  E3  
ubiquitin   ligases   in   various  human  cancers.   The   ubiquitination   reaction   initiates  with   the  
activation   of   ubiquitin   by  ATP,   in  which   ubiquitin   is   then   transferred   to   the   active   site   of  E1  
ubiquitin  conjugating  enzyme.  The  E1  transfers  the  ubiquitin  to  a  Cys  in  the  catalytic  active  site  
of  the  E2  ubiquitin  conjugating  enzyme.  The  HECT  domain  E3  ligases  ubiquitinate  the  target  
substrates  by  two  mechanisms:  first,  the  ubiquitin  is  transferred  from  the  active  site  of  the  E2  to  
the   Cys   in   the   active   site   of   the   E3,   which   then   ubiquitinates   the   Lys   residue   in   the   target  
substrate.   RING-­   and   RING-­related   domain   E3   ligases,   in   contrast,   serve   as   scaffolds   to  
ubiquitinate   target   substrates   in   one   step:   the   E2   transfers   the   ubiquitin   directly   to   the   Lys  
residue  in  the  target  substrate.  Various  tumors  take  advantage  of  the  misregulated  expression  
of  E2’s  and  E3’s  for  the  aberrant  activation  of  oncogenic  pathways.  E2’s  and  E3’s  colored  in  
green  indicate  the  importance  of  their  expression  or  overexpression  in  cancer,  while  those  in  
red  indicate  their  downregulated  expression  in  cancer.  These  genomic  events  result  in  cancer  
cell  proliferation,  migration,  invasion,  angiogenesis,  hypoxia,  EMT  and  metastasis.  
  

3.3.  The  challenging  route  to  metastasis  

  

Cancer  progression  eventually  may  lead  to  metastasis,  which  is  the  final  

stage   responsible   for  more   than   90%  of   all   terminal   cancer   deaths.   Various  
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genomic   abnormalities  must   be   present   to   allow   cells   of   a   primary   tumor   to  

ignore   apoptotic   signals,   proliferate   and   survive.   Before   metastasis   occurs,  

tumor   cells   undergo   phenotypic   changes   through   epithelial-­mesenchymal  

transition   (EMT)   similar   to   signaling   events   during   embryonic   development.  

EMT  is  marked  by  a  loss  of  cell-­cell  adhesion  through  decreased  expression  of  

E-­cadherin,   increased   motility   by   actin   reorganization   and   upregulated  

expression  of  N-­cadherin,  Vimentin,  Snail  and  Twist  (Cheung  &  Ewald,  2016).  

Cells  are   then  able   to  move   through   the  stroma,   resist   the  attack  of   immune  

cells,   survive  and   travel   through   the  bloodstream.  Finally,  metastasized  cells  

arrive  at  the  secondary  site,  resisting  rejection  and  apoptosis  to  form  malignant  

microtumors.   Eventually,   these   progress   to   clinically   observable   macro  

metastasized  tumors.  Only  a  small  percentage  of  metastasized  cells  survive  this  

migratory   journey  and  successfully  colonize   the  secondary   tissue,  classifying  

metastasis  as  a  rare  event.  

Since   most   proteins   undergo   ubiquitination   as   a   post-­translational  

modification  in  most  cell  types,  it  is  not  surprising  that  cancer  cells  exploit  the  

members   of   the   ubiquitination   pathway   to   stabilize   aberrant   oncogenic  

signaling.  This  review  describes  that  the  misregulated  expression  of  E2’s,  E3  

ligases  and  DUBs  contributes  to  the  signaling  of  various  oncogenes,  leading  to  

cancer  progression  and  metastasis.    

  

3.4  The  overexpression  of  E2s  supports  aberrant  oncogenic  signaling  in  

tumor  metastasis  
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E2s   play   an   active   role   in   the   regulation   of   cell   cycle   progression,  

inflammation  and  the  mechanisms  by  which  they  modulate  cancer  metastasis.  

There  are  approximately  40  E2  family  members  encoded  by  the  human  genome  

(Clague,  Heride  et  al.,   2015).  E2s  share  a  highly   conserved  150-­amino  acid  

catalytic   core,   the   ubiquitin   conjugating   (UBC)   domain,   responsible   for  

ubiquitination.  

  

UBC13/UEV1A  modulates  breast  cancer  metastasis    

  

Ubiquitin-­Conjugating  Enzyme  E2N  (UBC13),  together  with  the  UEV1A  

co-­factor,  specifically  builds  Lys63-­linked  ubiquitin  chains  that  are  indispensable  

for   NFκB   inflammatory   activation   (Chen   &   Chen,   2013).   UBC13   is  

overexpressed   in   myriad   tumors   such   as   breast,   pancreas,   colon,   prostate,  

lymphoma   and   ovarian   carcinomas.   UBC13   is   required   for   breast   cancer  

metastasis  to  the  lung  in  vivo  through  TGFβ-­mediated  activation  of  TAK1  and  

p38,   culminating   in   the   expression   of   metastasis-­associated   genes   CNN2,  

PLTP,   IGFBP3,   IL13RA2,   CD44,   VCAM-­1   and   ICAM-­1   (Figure   2).   ShRNA-­

mediated   inhibition   of   UBC13   or   treatment   of   breast   cancer   cells   with  

SB203580,   small  molecule   inhibitor   of   p38  MAPK,   interestingly   result   in   the  

suppression  of  breast  cancer  metastasis  to  the  lung  (Wu,  Zhang  et  al.,  2014).  

In  addition,   the  cofactor   for  UBC13,  Ubiquitin-­Conjugating  Enzyme  E2  

Variant   1   (UEV1A)   is   upregulated   in   breast   cancer   and   increases   the  
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invasiveness  and  migration  of  breast  cancer  cells,  including  tumor  growth  and  

upregulated  metastasis  to  lymph  nodes  and  lung.  ShRNA-­mediated  inhibition  of  

UEV1A   ablates   breast   tumor   growth   and   metastasis   in   vivo.   These   tumors  

exhibit   increased   expression   of   Matrix   Metalloproteinase-­1   (MMP1)   through  

activation  of  NFκB  signaling  (Wu,  Shen  et  al.,  2014)  (Figure  2),  in  which  MMPs  

are   involved   in   extracellular  matrix   degradation   for   tumor   cell   migration   and  

invasion  (Deryugina  &  Quigley,  2006).  UEV1A,  in  marked  contrast  to  UBC13,  

lacks   the   catalytic   Cys   and   therefore   catalytically   inactive   to   perform   the  

polyubiquitination  of  substrates.  

  It   is  not  clear,  however,  whether   these  tumors  exhibit   the  upregulated  

expression  of  both  UBC13  and  UEV1A,  or  whether  the  upregulated  expression  

of  one  member  only  is  sufficient  to  aberrantly  induce  NFκB  and  TGFβ  signaling  

to  drive  metastasis.  The  UBC13/UEV1A  complex,  critical  for  NFκB  signaling,  is  

overexpressed   in   some   breast   cancer   samples;;   this   may   contribute   to   the  

hyperactivation  of  an  inflammatory  response  in  the  tumor  microenvironment.    

  

UBE2C  regulates  chromosomal  alignment  in  mitosis  

  

Overexpression  of  UBE2C  (Ubiquitin-­Conjugating  Enzyme  E2C,  termed  

UBE2C   or   UBCH10)   is   detected   in   breast,   colon,   lung,   ovary,   thymus   and  

uterine   cervix   tumors,   lung   adenocarcinoma   and   squamous   cell   carcinomas  

(Fujita,  Ikeda  et  al.,  2009)  (van  Ree,  Jeganathan  et  al.,  2010).  UBE2C  functions  

with   the   Anaphase-­promoting   complex/cyclosome   (APC/C)   to   ensure   proper  
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chromosome   alignment   and   segregation   in   mitosis.   UBE2C   expression  

fluctuates   during   the   cell   cycle,   peaking   at   prometaphase   to   regulate  

chromosomal   segregation   and   decreasing   in   anaphase.   Overexpression   of  

UBE2C   causes   the   missegregation   of   chromosomes   (aneuploidy),  

chromosome  misalignment  and  lagging,  mitotic  slippage  and  increased  number  

of  centrioles,  in  addition  to  a  decrease  in  cyclin  B1  levels.  Mice  engineered  to  

overexpress   UBE2C   exhibit   elevated   lung   tumor   burden,   including   the  

emergence  of  lymphomas,  lipomas,  liver  and  skin  tumors  (van  Ree  et  al.,  2010)  

(Figure  1).    

Since   the   misregulated   expression   of   UBE2C   contributes   to   the  

emergence  of  tumors  in  tissues  and  cells  from  various  lineages,  it  is  possible  

that   this   E2  modulates   chromosomal   segregation   during   mitosis   of   different  

cancers,  classifying  it  as  a  tempting  target  to  treat  a  broad  range  of  tumors.  

  

E2-­EPF  UCP  regulates  E3  ligase  VHL  in  hypoxia  

  

Ubiquitin-­Conjugating  Enzyme  E2S,  or  E2-­EPF  ubiquitin  carrier  protein  

(UCP),   catalyzes   the   ubiquitination   of   von   Hippel-­Lindau   (VHL)   protein,  

targeting   it   for   proteasomal   degradation   (Jung,   Hwang   et   al.,   2006).   VHL  

mediates   the   stability   of   HIF   transcription   factors   that   induce   expression   of  

protumorigenic   and   mitogenic   growth   factor   genes   such   as   VEGF,  MMPs,  

SNAIL,  TWIST  and  PDGF  involved  in  hypoxia,  EMT,  angiogenesis,  migration,  

proliferation  and  metastasis  (Figure  2)  (Rankin  &  Giaccia,  2016).  
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The   overexpression   of   UCP   and   HIF1α,   with   low   VHL   expression,   is  

detected   in   various   tumors   such   as   primary   liver,   mucinous   colorectal   and  

breast   cancer,   and   in   metastatic   cholangiocarcinoma   in   soft   tissue   and  

metastatic   colorectal   cancer   in   lymph   VHL   controls   the   stability   of   hypoxia-­

inducible  factors  HIF-­1  and  HIF-­2  that  mediate  the  adaptation  of  cells  to  varying  

levels  of  oxygen.  Overexpression  of  UCP   in  CAKI  cells   (clear  cell  carcinoma  

derived   from  metastatic  skin  site)  and  C8161  (highly   invasive  and  metastatic  

human  melanoma  cells)  contributes  to  increased  degradation  of  VHL,  while  it  

increases   HIF1α   expression   and   VEGF   transcription,   contributing   to   the  

increased  proliferation  and  metastasis  to  the  lung  (Jung  et  al.,  2006).    

In  summary,   this  section   illustrates   that  overexpression  of  E2  ubiquitin  

conjugating   enzymes   supports   aberrant   oncogenic   signaling   of   inflammatory  

NFκB  and  TGFβ,  receptor  tyrosine  kinases,  mitogenic  growth  factors  and  HIF  

transcription  factors.  These  E2’s  drive  aneuploidy,  proliferation,  migration  and  

metastasis  of  a  variety  of  tumors.    
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Figure  3.2.  Misregulated  expression  of  members  of  the  ubiquitin  cascade  contributes  to  
the   aberrant   signaling   of   various   pathways   in   cancer.   (LEFT)   The   UBC13/UEV1A   E2  
ubiquitin  conjugating  enzyme  complex  catalyzes  the  Lys63-­linked  ubiquitination  of  NEMO  that  
recruits   the  TAK1/TAB1/2  complex  to  activate  the  IKK  complex,  which   is  composed  of   IKKβ,  
IKKα   and   NEMO.   IKKβ   phosphorylates   IκBα,   which   is   Lys48-­linked   ubiquitinated   and  
subsequently   degraded   by   the   26S-­proteasome   (Chen   &  Chen,   2013).   This   event   releases  
NFκB   to   translocate   into   the   nucleus   to   mediate   the   transcription   of   a   signature   of   genes  
involved   in   inflammatory   response.   CHIP   E3   ligase   negatively   regulates   NFκB   signaling   by  
catalyzing  the  degradation-­inducing  Lys48-­linked  ubiquitination  of  p65  subunit  of  NFκB  (Wang  
et  al.,  2014c).  (CENTER)  In  addition,  cancer  cells  take  advantage  of  overexpressed  TRAF4  to  
modulate   TGFβ   signaling.   TGFβ   activation   culminates   in   the   nuclear   translocation   of  
SMAD2/3/4  complex  to  modulate  gene  transcription.  SMAD7  is  a  negative  regulator  of  TGFβ  
signaling   by   recruiting   SMURF2   E3   ubiquitin   ligase   to   ubiquitinate   TβRI,   leading   to   the  
proteasomal  degradation  of  the  receptor  and  mitigation  of  signaling  (Zhang  et  al.,  2012)  TGFβ  
signaling  is  regulated  by  TRAF4  E3  ligase  mediated  Lys48-­linked  ubiquitination  of  SMURF2  E3  
ligase.  The  latter  E3  ligase  catalyzes  the  degradation  signal  of  TGFβ  receptor  I  (TβRI),  in  which  
these  events  mitigate   the  activation  of   the  signaling  pathway.  TRAF4,  on   the  other  hand,   is  
conjugated  to  Lys63-­linked  ubiquitin  polymers  to  activate  TAK1/TAB1/2  complex  that  induces  
the  signaling  of  p38  MAPK  and  NFκB.  TRAF4  further   interacts  with  deubiquitinating  enzyme  
USP15  and  USP4,  which  remove  the  degradation  signal  from  TGFβ  receptor  I.  These  events  
contribute  to  the  stabilization  of  TGFβ  signaling  (Zhang  et  al.,  2013).  (RIGHT)  Tumor  adaptation  
to  hypoxia  is  highly  attributed  to  HIF  signaling.  Under  normal  oxygen  level  condition  (normoxia),  
VHL  E3  ligase  binds  to  hydroxylated  Proline  residue   in  HIF  catalyzed  by  PHD  proteins.  VHL  
then  catalyzes  the  Lys48-­linked  ubiquitination  of  HIF,  leading  to  proteasome  degradation.  E2-­
EPF  UCP  E2  enzyme  controls  VHL  protein  stability.  Under   low  oxygen  conditions  (hypoxia),  
inactivating  of  VHL  (either  by  mutations  or  decreased  expression)  contributes  to  HIF   isoform  
stabilization,  which  mediates  the  transcription  of  genes  involved  in  tumor  adaptation  to  hypoxia,  
including  angiogenesis   (Jung  et  al.,  2006,  Rechsteiner  et  al.,  2011).  These  signaling  events  
governed   by  members   of   the   ubiquitin   cascade   all   contribute   to   EMT,   cellular   proliferation,  
migration,  invasion,  chemotherapy  resistance  and  metastasis.  
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3.5.  The  misregulated  expression  of  E3  ubiquitin  ligases  in  cancer  

  

There  are  approximately  600  E3  ubiquitin  ligases  encoded  by  the  human  

genome  and  the  mechanism  of  ubiquitination  of  target  substrates  depends  upon  

the  conserved  catalytic  domains:  RING  (Really  Interesting  New  Gene),  HECT  

(Homology  to  E6AP  C  Terminus)  and  RING-­related  (PHD,  LIM,  F-­box,  B-­box  

and  U-­box).  RING  and  RING-­related  E3  ligases  catalyze  a  one-­step  reaction  of  

ubiquitin  transfer  from  the  E2  to  the  lysine  residue  in  the  substrate.  In  contrast,  

HECT  E3  ligases  catalyze  a  two-­step  reaction:  first  the  ubiquitin  is  transferred  

from   the   E2   to   the   cysteine   in   the   active   site   of   the   E3   ligase,   which   then  

ubiquitinates  the  lysine  residue  in  the  target  substrate  (Berndsen  &  Wolberger,  

2014,  Deshaies  &  Joazeiro,  2009)  (Figure  1).  

As  with  the  E2  ubiquitin  conjugating  enzymes,  misregulated  expression  

of  E3  ubiquitin  ligases  contributes  to  aberrant  oncogenic  signaling,  metastasis  

and   resistance   to   chemotherapy,   including   the  modulation   of   pluripotency   of  

cancer  stem  cells  in  tumor  niches.  

  

The  downregulated  expression  of  E3’s  in  cancer  

CHIP  –  more  than  just  an  E3  ligase    

  

Cancer  cells   take  advantage  of  downregulated  expression  of  Carboxy  

terminus  of  Hsc70-­Interacting  Protein  (CHIP),  also  known  as  STUB1,  a  U-­box  

ligase  that  functions  as  a  chaperone  for  protein  quality  control  and  promotes  the  
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ubiquitination  of  various  cell  cycle  regulators,  such  as  c-­Myc  and  SRC-­3.  CHIP  

transcript  is  lower  in  malignant  stage  II  and  node-­positive  breast  cancer  than  in  

stage   I   and   node-­negative   patients.   The   downregulated   expression   of   CHIP  

upregulates   NFκB   signaling   and   anti-­apoptotic   proteins   Bcl-­2   and   AKT,  

supporting   inflammation,   survival,   invasiveness   and   metastatic   potential   of  

breast   cancer   cells   (Jang,   Lee   et   al.,   2011,   Kajiro,   Hirota   et   al.,   2009).   In  

colorectal  cancer,  CHIP  is  the  E3  ubiquitin  ligase  that  regulates  the  stability  of  

p65   subunit   of   NFκB   (Figure   2).   Downregulated   CHIP   in   colorectal   cancer  

decreases   the   degradation   of   p65   subunit   and   increases   the   expression   of  

NFκB-­controlled  VEGF,  Cyclin  D1,  c-­Myc,   IL-­8  and  MMP-­2  genes  involved  in  

angiogenesis  and  metastasis  (Wang,  Ren  et  al.,  2014c).  

In  pancreatic  cancer,  CHIP  is  a  tumor  suppressor  and  it  modulates  the  

stability   of   EGFR   via   proteasomal-­mediated   degradation   of   this   receptor  

tyrosine   kinase   (RTK).   CHIP   regulates   the   phosphorylation   of   Tyr845   and  

Tyr1068   of   EGFR,   activating   downstream   PI3K/AKT   and   Src/FAK/paxillin  

signaling   pathways.   Downregulated   CHIP   expression   increases   oncogenic  

EGFR   signaling   and   sensitizes   pancreatic   cancer   cells   to   RTK   inhibitor,  

erlotinib,  which  leads  to  apoptosis  and  decreased  tumor  volume  in  vivo  (Wang,  

Yang  et  al.,  2014b).  

CHIP  modulates   the   proteasomal-­mediated   degradation   of   NFκB   and  

EGFR   oncogenes   in   various   tumors   (Figure   1).   Tumors   harboring  

downregulated   CHIP   expression   exhibit   aberrant   NFκB   signaling   and   some  

tumors  may  rely  on  RTK’s  for  proliferative  advantages.  The  role  of  CHIP  may  
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extend  beyond  these  pathways  to  include  additional  oncogenes  in  other  classes  

of  tumors.  

FBXW7  –  a  key  component  of  the  SCF  complex  

  

F-­Box  And  WD  Repeat  Domain  Containing  7   (FBXW7)  E3   ligase   is  a  

component   of   the   SCF   (SKP1,   CUL-­1,   F-­box   protein)   E3   ubiquitin   ligase  

complex  that  regulates  the  stability  of  cell-­cycle  regulators  such  as  c-­Myc,  cyclin  

E  and  Notch  (Welcker  &  Clurman,  2008).    

FBXW7   is   downregulated   in   breast,   colorectal,   gastric   and  

cholangiocarcinoma  (CCA)  tumors  correlated  with  poor  prognosis  and  survival,  

elevated  tumor  invasion  and  occurrence  of  metastasis  (Ibusuki,  Yamamoto  et  

al.,  2011,  Iwatsuki,  Mimori  et  al.,  2010,  Yang,  Lu  et  al.,  2015)  (Figure  1).  FBXW7  

regulates   the   stability   and   turnover   of   mTOR.   Downregulated   FBXW7  

expression   increases  mTOR   levels   that   support   the  metastastic   potential   of  

CCA   tumors   to   the   liver   and   lung.   These   tumors   are   sensitive   to   mTOR  

inhibitorrapamycin,  which  impairs  tumor  growth  (Yang  et  al.,  2015).    

  

In  summary,  this  section  illustrates  that  the  downregulated  expression  of  

the  E3  ubiquitin  ligases  stabilizes  aberrant  oncogenic  signaling.  Some  of  these  

reports,  additionally,  show  that  a  rescue  in  the  expression  of  these  E3  ligases  

leads  to  increased  degradation  of  key  oncogenic  signaling  proteins,  potentially  

resulting  in  the  inhibition  of  tumor  proliferation  and  metastasis.  
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The   importance   of   the   expression,   or   overexpression,   of   E3’s   in  

tumors  

  The   contribution   of   Cbl-­b   to   melanoma   and   breast   cancer  

metastasis    

  

The  recruitment  of  immune  system  cells  to  the  tumor  microenvironment  

has   been   suggested   to   play   an   important   role   in   tumor  metastasis   (Quail   &  

Joyce,  2013).  The  E3  ligase  activity  of  Casitas  B-­lineage  lymphoma-­b,  Cbl-­b  or  

RNF56,  is  a  negative  regulator  of  anti-­tumor  function  of  natural  killer  (NK)  cells.  

Genetic  deletion  of  Cbl-­b,  or  targeted  inhibition  of  its  E3  ubiquitin  ligase  activity,  

awakens  the  antitumor  response  of  NK  cells  and  educates  these  lymphoid  cells  

to   recognize  and  kill  melanoma   tumors,   inhibiting   lung  metastasis.  The  TAM  

family  of  receptor  tyrosine  kinases,  Tyro3,  Axl  and  Mer,  has  been  identified  as  

substrates  of  Cbl-­b  for  ubiquitination.  Treatment  of  NK  cells  with  selective  TAM  

inhibitor,  LDC1267,  ablates  melanoma  and  breast  cancer  metastasis  (Paolino,  

Choidas  et  al.,  2014).  This  indicates  that  some  E3  ligases,  exemplified  by  Cbl-­

b,  can  modulate  the  immune  system’s  ability  to  recognize  and  kill  tumor  cells.  

  

HUWE1  controls  cell-­to-­cell  adhesion  

  

In  order  for  cancer  cells  to  leave  the  primary  tissue  and  metastasize  to  

secondary   sites,   cell-­to-­cell   adhesion  must   be   disrupted   for   their   movement  

through  the  stroma.  The  HECT,  UBA,  and  WWE  domain-­containing  protein  1  
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(HUWE1)  E3  ubiquitin  ligase  has  been  implicated  in  the  modulation  of  cell-­to-­

cell  adhesion.  The  expression  of  TIAM1,  a  guanine  nucleotide  exchange  factor,  

at  cell-­to-­cell  junctions  is  critical  to  maintain  cells  in  contact  with  one  another.  

HUWE1-­mediated  degradation  of  TIAM1  leads  to  scattering,  dissemination  and  

invasion   of   epithelial   cells,   including   the   dissemination   and   local   invasion   of  

metastatic   lung  cells.  Knockdown  of  HUWE1  decreases   the  dissemination  of  

cells,  leading  to  the  stabilization  of  TIAM1  at  cell-­to-­cell  junctions.  Stage  I  and  

stage   II   squamous   cell   lung   carcinoma   tissue   samples   show   an   inverse  

correlation  between  HUWE1  and  TIAM1  expression  (Vaughan,  Tan  et  al.,  2015)  

(Figure  1),  suggesting  that  metastasis  of   lung  cells  may  be  modulated  by  the  

misregulated  expression  of  HUWE1.  

  

GP78  in  sarcoma  metastasis  

  

The   metastasis   of   sarcoma   tumors   is   dependent   upon   the   E3   ligase  

activity  of  GP78,  also  known  as  autocrine  motility  factor  receptor  (AMFR).  GP78  

is  a  RING-­finger  E3  ubiquitin  ligase  that  localizes  to  the  endoplasmic  reticulum  

(ER)  and  it  participates  in  ER-­associated  degradation  (ERAD),  a  pathway  that  

leads  to  the  degradation  of  misfolded  or  denatured  proteins.  Inhibition  of  GP78  

expression  in  highly  metastatic  human  sarcoma  cells  inhibits  lung  metastasis,  

but  it  does  not  affect  primary  tumor  growth.  Stable  gp78  knockdown  decreases  

the   survival   of   metastasized   HT1080   sarcoma,   RH30   rhabdomyosarcoma,  

HOS-­MNNG  osteosarcoma,   including  786-­O  renal  carcinoma  (Figure  1).  The  
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metastasis-­suppressor   KAI1   has   been   identified   as   a   substrate   of   gp78-­

mediated   degradation,   in   which   an   inverse   correlation   of   KAI1   and   GP78  

expression   is   found   in   sarcoma   samples.   Downregulated   gp78   leads   to   the  

accumulation   of   KAI1   that   results   in   apoptosis   and   reduces   the   metastatic  

potential  of  sarcoma  cells  (Tsai,  Mendoza  et  al.,  2007).  This  event  illustrates  the  

importance  of  gp78  expression  in  sarcomas.  

  

TRAF4  modulates  inflammatory  signaling  of  multiple  tumors    

  

Tumor  necrosis  factor  receptor-­associated  factor  4  is  a  RING  domain  E3  

ligase  with  well-­documented  signaling  functions  associated  with  the  activation  

of  TNFRs  and  IL-­1R/TLRs,  playing  critical  roles  in  immune  system  responses  

(Zhang,  Zhou  et  al.,  2013).    

TRAF4  has  been  implicated  in  the  regulation  of  both  SMAD-­dependent  

and   SMAD-­independent   TGFβ   receptor   (TβRI)-­induced   signaling.   TRAF4  

ubiquitinates  SMURF2   leading   to   the  degradation  of   the   latter  E3   ligase  and  

enhancement  of  TGFβ  signaling.  On  the  other  hand,  SMURF2  can  ubiquitinate  

both  TβRI  and  TRAF4  to  terminate  TGFβ  signaling.  TRAF4  also  interacts  with  

deubiquitinating  enzyme  USP15,  which  deubiquitinates  TβRI  upon  SMURF2-­

mediated  ubiquitination  of  TβRI,  stabilizing  this  signaling  pathway.  In  addition,  

TGFβ   induces   the   Lys63-­linked   ubiquitination   of   TRAF4   to   promote   TAK1  

activation,  leading  to  p38  and  NFκB  signaling  (Zhang  et  al.,  2013)  (Figure  2).  
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TRAF4   is   amplified   in   invasive   breast   carcinoma,   pancreatic  

adenocarcinoma,  uterine  carcinoma  and  ovarian  carcinoma  (Figure  1).  TRAF4  

overexpression   contributes   to   poor   overall   survival   in   ovarian   cancer   and,   in  

breast  cancer,  it  is  correlated  with  ERBB2  amplification  and  bone  metastasis.  

TRAF4   further   supports   the  expression  of  EMT  makers   such  as  N-­cadherin,  

Vimentin,   Fibronectin   and   TGFβ-­associated   expression   of   IL-­11,   PTHrP,  

CXCR4  and  SNAIL.  Knockdown  of  TRAF4  results  in  ablation  of  TGFβ-­induced  

phosphorylation  of  SMAD2  and  p38  MAPK,  showing  the  importance  of  TRAF4  

in  the  regulation  of  SMAD-­dependent  and  -­independent  signaling  (Zhang  et  al.,  

2013).    

  

WWP1  –  a  phosphotyrosine  binding  E3  

  

WW   Domain   Containing   E3   Ubiquitin   Protein   Ligase   1   (WWP1)   is   a  

HECT  domain  E3  ubiquitin  ligase  that  binds  to  phosphotyrosine  (PPXY)domains  

in  substrates.    

WWP1  overexpression  supports  the  proliferation  and  survival  of  oral,  and  

hepatocellular   carcinoma   (HCC)   (Cheng,  Cao   et   al.,   2014,   Lin,  Hsieh   et   al.,  

2013)  (Figure  1).  Additionally,  WWP1  positively  regulates  PTEN/AKT  signaling  

to   support   the   proliferation   and   cell   cycle   progression   of   gastric   tumors,  

contributing   to   poor   survival   and   lymph   node  metastasis   (Zhang,  Wu   et   al.,  

2015).   In  breast  cancer,  WWP1   is  overexpressed   in  51%  of   transformed  cell  

lines  and  supports  the  expression  of  estrogen  receptor  and  Insulin-­like  growth  
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factor   receptor-­1,   resulting   in   aberrant   proliferation.   Inhibition   of   WWP1  

expression   sensitizes   TRAIL-­resistant   breast   cancer   cells   to   TRAIL-­induced  

activation  of   the  extrinsic  apoptotic  pathway.   In  addition,  efficient   inhibition  of  

breast   cancer   proliferation   has   been   achieved   by   combining   knockdown   of  

WWP1   with   anti-­estrogen   tamoxifen   drug   therapy   (Chen,   Zhou   et   al.,   2007,  

Chen,  Zhou  et  al.,  2009,  Zhou,  Liu  et  al.,  2012).    

Overall,   this   section   illustrates   that   the   overexpression   of  E3  ubiquitin  

ligases   supports   aberrant   oncogenic   signaling   in   various   types   of   cancers.  

These  reports  show  that  inhibition  of  expression  of  each  of  these  E3  ubiquitin  

ligase  is  sufficient  to  ablate  tumor  progression  and  metastasis.    

  

3.6  E3  ubiquitin  ligases  in  pluripotent  cancer  stem  cells  

  

Conventional  chemotherapies  often   fail   to   target  metastasized   tumors,  

which  may  be  due   to   the  emergence  of  a  subpopulation  of  cells,   the  cancer  

initiating  cells  or  cancer  stem  cells  (CSCs).  CSCs  are  not  only  capable  of  self-­

renewal  and  differentiation  like  normal  stem  cells,  but  they  are  also  capable  of  

tumor  initiation,  relapse,  chemotherapeutic  resistance  and  metastasis.  

CSCs  are  characterized  by  up-­regulated  expression  of  embryonic  stem  

cells   markers,   SOX2   (SRY-­Box   2),   OCT4   (Octamer-­Binding   Protein   4)   and  

NANOG  (Nanog  Homeobox).  These  transcription  factors  are  the  key  regulators  

of   pluripotency,   activating   self-­renewal-­associated   genes   and   inhibiting  

differentiation  by  suppressing  lineage-­specific  transcription  factors.  Expression  
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of   these   regulators   confers   stem   cell-­like   characteristics,   and   silencing   them  

results  in  decreased  tumorigenicity.  CSC’s  express  surface  markers  CD133  and  

CD44,  including  increased  expression  of  aldehyde  dehydrogenase  (ALDH)  and  

increased   ATP   binding   cassette   (ABC)   transporter   drug   efflux,   which   all  

contribute   to  chemotherapy   resistance   (Morrison,  Morris  et  al.,  2013)   (Figure  

3A).  

E3  ligases  are  strongly  associated  with  either  promoting  or  suppressing  

the   CSC   population   in   various   cancers   (Figure   3B).   Investigating   the  

mechanisms   by   which   E3   ligases   confer   stem-­cell   like   characteristics   to   a  

subpopulation   of   tumorigenic   cells   is   of   great   interest   to   develop   novel  

compounds  to  selectively  target  CSC’s,  possibly  overcoming  metastasis.  

  

SMURF1  in  head  and  neck  cancer  stem  cells  

  

SMURF1  (SMAD  specific  E3  ubiquitin  protein  ligase  1)  suppresses  bone  

marrow  morphogenic   (BMP)  signaling  contributing   to   the  maintenance  of   the  

CSC   subpopulation   (ALDHhigh/CD44high)   in   head   and   neck   squamous   cell  

carcinoma   (HNSCC).  BMP  proteins  are  growth   factor  members  of   the  TGFβ  

superfamily  that  restrict  hematopoietic  stem  cell  proliferation  and  induce  cellular  

differentiation.  The  overexpression  of  SMURF1  in  CSCs  derived  from  HNSCC  

leads   to   decreased   levels   of   SMADs   1/5/8   and   attenuates   BMP   signaling,  

keeping  cells  in  an  undifferentiated  stem-­cell  like  phenotype  (Khammanivong,  

Gopalakrishnan  et  al.,  2014).    
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Skp2  in  nasopharyngeal  and  prostate  cancer  stem  cells  

  

Skp2  (S-­Phase  kinase-­associated  protein  2  also  known  as  FBXL1)  is  an  

F-­box   protein;;   one   of   its   main   targets   for   degradation   is   the   G1/S   cyclin-­

dependent  kinase  inhibitor  p27,  a  tumor  suppressor.  

Overexpression   of   Skp2   correlates   with   poor   prognosis   of  

nasopharyngeal   carcinoma   (NPC),   one  of   the  most   common  head  and  neck  

carcinomas  (Wang,  Huang  et  al.,  2014a),  and  of  prostate  cancer  (Chan,  Morrow  

et   al.,   2013)   (Figure   1).   NPC   patients   with   high   expression   of   Skp2   have   a  

correlation   with   tumor   recurrence   and   metastasis.   Knockdown   of   Skp2  

decreases   sphere   colony   formation   of   NPC   cell   lines,   and   it   impairs   the  

proliferation   of   ALDH1+   subpopulation   of   cells,   indicating   reduced   CSC  

phenotypes  (Wang  et  al.,  2014a).  In  prostate  cancer,  a  small  molecule  inhibitor  

of   Skp2   reduces   prostate   CSC   population   through   p53-­independent   cellular  

senescence  and   inhibition  of  aerobic  glycolysis.  Moreover,   the  Skp2   inhibitor  

sensitizes   prostate   CSC’s   to   doxorubicin   and   cyclophosphamide   drug  

treatments  (Chan  et  al.,  2013).  

Taken   together,   Skp2   promotes   CSC   properties   and   decreases   drug  

treatment  efficacy,  showing  the  importance  of  targeting  Skp2  to  ablate  CSC  in  

tumor  niches.  

  

ITCH  in  lung  cancer  stem  cells  
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ITCH  is  a  HECT  E3  ligase  that  performs  essential  regulatory  functions  in  

immune   cells   such   as   ubiquitination   of   Bcl10,   PKC   and   PLC-­γ,   leading   to  

nuclear   translocation  of  NFκB  and  NFAT   (nuclear   factor  of  activated  T-­cells)  

during  T-­cell  signaling  activation.  ITCH  further  regulates  the  stability  of  p63  and  

Notch  (Aki,  Zhang  et  al.,  2015).  

Desmethylclomipramine   (DCMI),   identified   via   high-­throughput  

screening  as  a  specific  inhibitor  of  E3  ligase  activity  of  ITCH  (Rossi,  Rotblat  et  

al.,  2014),  has  shown  promising  chemotherapeutic  action  against  non-­small  cell  

lung  CSCs  in  patient  samples  whom  acquired  resistance  to  chemotherapeutic  

drugs  Cisplatin,  Gemcitabine   and  Paclitaxel.   DCMI   leads   to   reduced   sphere  

forming  ability  and  inhibition  of  proliferation  of  this  subpopulation  of  lung  cancer  

stem  cells.   In  addition,  shRNA-­mediated  silencing  of   ITCH  decreases  ALDH-­

positive   lung   CSCs   and   sensitizes   cells   to   Gemcitabine-­induced   apoptosis  

(Bongiorno-­Borbone,  Giacobbe  et  al.,  2015).    

  

FBXW7  in  colonic  and  leukemia  cancer  stem  cell  maintenance  

  

FBXW7  is  known  to  target  oncoproteins  such  as  mTOR,  cyclin-­E,  Jun,  

Myc  and  Notch1  for  degradation,  which  are  usually  involved  in  the  signaling  of  

various  cancers.  The  role  of  FBXW7  in  the  maintenance  of  normal  stem  cells  

has  been  previously  shown  (Takeishi  &  Nakayama,  2014).  However,  the  role  of  
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FBXW7  in  the  maintenance  of  CSCs  can  vary,  depending  on  the  type  of  tumor  

(Figure  3.B).  

In  colon  cancer,  downregulated  FBXW7  expression  promotes  EMT  as  

shown  by  the  increased  epxression  of  mesenchymal  stem  cell  markers,  SOX2,  

OCT4   and   NANOG,   leading   to   invasive   phenotype,   greater   tumor   initiating  

potential  and  non-­adherent  growth  ability.  As  previously  mentioned,  mTOR  is  a  

downstream  target  of  FBXW7.  Treatment  of  colon  cancer  cells  with  the  mTOR  

inhibitor   rapamycin   suppresses   their   migration   and   tumor-­sphere   formation  

(Wang,   Liu   et   al.,   2013).   Loss   of   FBXW7   is   also   associated   with   stem-­like  

competence   in  cholangiocarcinoma   (CCA),  and   rapamycin   treatment  of  CCA  

cells   suppresses   invasion,   metastatic   potential   and   tumor   sphere   formation  

(Yang  et  al.,  2015).  

In   contrast,   expression   of   FBXW7   is   critical   in   the   maintenance   of  

leukemia-­initiating  cells   (LICs)   in  chronic  myeloid   leukemia   (CML),  a  disease  

associated   with   the   BCR-­ABL   fusion   protein.   FBXW7   supports   stem   cell  

properties  in  LICs  and  maintains  these  cells  in  a  quiescent  state.  Inhibition  of  

FBXW7  expression  decreases  colony  formation  potential,  eliminates  leukemic  

cell  infiltration  in  peripheral  blood,  spleen,  liver  and  lungs,  and  leads  to  induction  

of  apoptosis   in  a  p53-­dependent  manner.   In  addition,   knockdown  of  FBXW7  

causes  LIC’s   to  differentiate  and  enter   the   cell   cycle  becoming   sensitized   to  

imatinib  and  cytosine  arabinoside  drug  treatments  (Takeishi,  Matsumoto  et  al.,  

2013).  
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In  summary,  the  levels  in  the  expression  of  E3  ubiquitin  ligases  maintain  

a  subpopulation  of  cancer  stem  cells  in  an  undifferentiated  state  (Figure  3.A  and  

3.B).  Most  of  these  reports  show  that  inhibition  of  E3  ligase  expression,  with  the  

exception   of   FBXW7   in   LIC’s,   sensitizes  CSC’s   to   chemotherapeutic   agents  

suggesting  a  clinical  approach  to  eradicate  this  subpopulation  of  cells  attributed  

to  chemotherapy  resistance  and  metastasis.  
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Figure   3.3.   E3   ubiquitin   ligases   in   pluripotent   stem   cells.   (A).   Cancer   stem   cells   are  
characterized   by   the   up-­regulation   of   Sox2,   Oct4,   and   Nanog,   which   activates   self-­renewal  
associated  genes  and  inhibits  cellular  differentiation.  Cell  surface  markers,  CD133  and  CD44  
are   associated   with   CSC   properties.   Conventional   chemotherapeutic   agents   target  
differentiated  cells,  thus  quiescent  CSCs  are  innately  chemo-­resistant.  Moreover,  CSCs  show  
increased  ABC  multi-­drug  transporters,  which  pump  the  cytotoxic  drugs  out  of  the  cells.  CSCs  
also   show   high   aldehyde   dehydrogenase   activity   (ALDH),   which   detoxifies   the   aldehydes  
generated  by  the  chemotherapeutic  agents.  As  a  result,  the  surviving  CSCs  can  re-­populate  or  
metastasize,  and  these  cancer  cells  that  possess  self-­renewal  advantages  are  very  challenging  
to  eradicate  by  using  conventional  chemotherapeutic  agents.   (Morrison  et  al.,  2013)   (B).  E3  
ligases  can  either  promote  or  suppress  CSCs  in  different  cancers.  
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3.7  Mutated  E3  ligases  proliferate  different  tumors    

  

A  list  of  mutations  in  E3  ubiquitin   ligases,  and  their  potential  biological  

effects  in  various  tumors,  is  described  in  Table  1.  We  herein  bring  attention  to  

the  fact  that  mutated  E3  ligases  contribute  to  tumor  hypoxia  and  vascularization,  

and   upregulated   inflammatory   NFκB   and   growth   factor   mitogenic   signaling  

pathways.    

    

VHL  adapts  renal  cell  carcinoma  to  hypoxia  

  

VHL  is  part  of  the  VCB  E3  ubiquitin  ligase  complex  further  composed  of  

elongin   B,   elongin   C   and   cullin-­2.   Under   normoxia,   VHL   induces   the  

ubiquitination  of  HIF1α  for  degradation.  On  the  other  hand,  inactivation  of  VHL  

results   in   the   stabilization   of   HIF   isoforms   that   support   vascularization   and  

adaptation  of  tumors  to  hypoxia  (Rankin  &  Giaccia,  2016).  (Figure  2).    

Germ  line  mutations  in  tumor  suppressor  VHL  cause  von  Hippel-­Lindau  

syndrome  characterized  by  the  emergence  of  highly  vascularized  tumors,  such  

as   clear   cell   renal   cell   carcinoma   (ccRCC),   central   nervous   system  

hemagioblastoma,  pheochromocytoma  and  pancreatic  cysts  (Maher,  Neumann  

et   al.,   2011,   Rankin   &   Giaccia,   2016).   Inactivated   VHL   is   observed   in  

approximately  80-­90%  of  ccRCC,  which  includes  >90%  of  allelic  deletion  or  loss  

of   heterozygosity,   >50%   mutations   and   approximately   10%   of   promoter  

hypermethylation  (Feng,  Sun  et  al.,  2015).  Over  800  distinct  mutations  in  VHL  
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have  been  detected  in  sporadic  and  hereditary  ccRCC,  in  which  the  majority  of  

these   genetic   instabilities   results   in   loss   of   VHL   function   (Rechsteiner,   von  

Teichman  et  al.,  2011).  

Mutated  VHL  causes  tumors  to  become  sensitive  to  PI3K  p110β  inhibitor,  

TGX221,   which   decreases   the   proliferation,   migration   and   invasion   of   cells  

(Feng  et   al.,   2015).   In   silico   analysis   revealed   that   the  majority   of  missense  

mutations  affecting  the  surface  of  VHL  impact  the  interaction  of  VHL  with  HIF  

isoforms,  elongin  B,  elongin  C  and  other  binding  partners  such  as  p53  and  PKC.  

For   instance,   the  L101P  mutation,  and  other  VHL  disease-­causing  mutations  

such  as  N78S,  S80N  and  Y98H/N  cause  a  dramatic  loss-­of-­function  in  VHL  and  

stabilize  HIF1  isoforms.  In  addition,  frameshift  mutations  in  exons  1,  2  and  3,  

with  the  exception  of  Glu204fsX44  at  the  very  end  of  exon  3,  inactivate  VHL  and  

lead   to   increased  stability  of  HIF   isoforms  (Table  1).  Such  alterations   in  VHL  

possibly   affect   the   hydroxylation   of   HIF   isoforms   by   prolyl   4-­hydroxylases  

(Figure  2)  (Rechsteiner  et  al.,  2011).  Hence,  the  stabilization  of  HIF  isoforms  via  

the  inactivation  of  the  E3  ligase  activity  of  VHL  possibly  contributes  to  hypoxia  

and  the  highly  vascularized  characteristics  observed  in  these  cancers  

  

c-­Cbl  drives  myeloproliferative  neoplasms  

  

Casitas  B-­Lineage  Lymphoma,  c-­Cbl  or  RNF55,   is  member  of   the  Cbl  

family   of   E3   ubiquitin   ligases   previously   mentioned.   Mutations   in   c-­Cbl   in  

myeloproliferative   neoplasms   usually   occur   due   to   acquired   11q   uniparental  
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disomy,  an  event  similar  to  loss  of  heterozygosity  in  which  a  part  of  the  DNA  is  

lost  from  one  chromosome  but  the  remaining  homologue  is  duplicated  resulting  

in  two  copies  at  the  locus  per  cell.  Myeloproliferative  neoplasms  include  chronic  

myelomonocytic  leukemia  (CMML),  atypical  chronic  myeloid  leukemia  (aCML;;  

BCR-­ABL   negative),   myelofribrosis   (MF),   secondary   acute   myelogenous  

leukemia   (sAML),   acute   myeloid   leukemia   and   juvenile   myelomonocytic  

leukemia  (JMML)  (Grand,  Hidalgo-­Curtis  et  al.,  2009,  Loh,  Sakai  et  al.,  2009,  

Makishima,   Cazzolli   et   al.,   2009,   Muramatsu,   Makishima   et   al.,   2010).  

Homozygous  mutations  in  c-­Cbl   in  myeloproliferative  neoplasms  contribute  to  

poor   survival   rates   of   patients.   Mutations   in   c-­Cbl   contribute   to   earlier  

presentation  of  JMML  disease  (age  of  12  months  at  diagnosis)  compared  with  

patients  without  these  alterations  (29  months)  (Loh  et  al.,  2009,  Muramatsu  et  

al.,  2010).    

c-­Cbl  mutations  themselves  are  able  to  lead  to  neoplasms,  as  they  have  

been   identified   in   JMML   tumors   that   do   not   harbor   any   other  mutated  RAS,  

PTN11  or  NF1  genes  known  to  be  involved  in  JMML  (Muramatsu  et  al.,  2010). 

The  mutations   S376F   (aCML),   H398Y   (CMML),   P417A   (aCML)   and   R420Q  

(AML,  aCML,  MF,  sAML)   in  c-­Cbl  when  co-­transfected  with  FLT3  confer   IL3-­

independence   in   32D   cells   reflecting   their   oncogenic   transforming   activities  

(Table  1).  These  mutations  also  impair  c-­Cbl-­mediated  ubiquitination  of  FLT3  

and  internalization  of  EGFR  and  PDGFR  (Grand  et  al.,  2009,  Makishima  et  al.,  

2009,  Sargin,  Choudhary  et  al.,  2007),  while   they   induce  activated  phospho-­

STAT5  signaling  (Sargin  et  al.,  2007).  Mutation  at  the  “hot  spot”  Y371  site  of  c-­
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Cbl   is   rarely   found   in   other   myeloid   neoplasms.   The   Y371C/D/H   mutations  

located  in  the  linker  domain  adjacent  to  the  RING  domain  have  been  identified  

in  JMML  patients  (Table  1).  A  similar  phosphomimic  mutation  to  Asp,  Y371E,  

constitutively  activates  the  autoubiquitination  E3  ligase  activity  of  c-­Cbl  and  it  

interacts   with   EGFR   (Kassenbrock   &   Anderson,   2004),   showing   that   c-­Cbl  

modulates  RTK  signaling.  

Activating   mutations   in   c-­Cbl   lead   to   constitutive   RTK   signaling   by  

impairing   receptor   internalization   and   degradation,   driving   myeloproliferative  

disorders.  

  

Mutations  in  HOIP  in  ABC  DLBCL  

  

The   Linear   Polyubiquitin   Chain   Assembly   Complex   (LUBAC)   is  

composed   of   HOIP   (RNF31),   HOIL-­1   (RBCK1)   and   SHARPIN.   LUBAC  

catalyzes   the   linear   ubiquitination   of   NEMO,   a   scaffold   member   of   the   IKK  

complex  that  activates  the  canonical  NFκB  signaling  pathway  (Figure  2).  

Activated   B   cell-­like   (ABC)   subtype   of   diffuse   large   B-­cell   lymphoma  

(DLBCL)  malignant  progression  is  dependent  upon  constitutive  B-­cell  receptor  

(BCR)   activation   that   upregulates   NFκB   signaling.   Inhibition   of   HOIP   or  

SHARPIN  decreases  LUBAC-­mediated  linear  polyubiquitination  of  NEMO  and  

impaires   IKK  and  NFκB  activation,   leading   to   a   decrease   in   viability   of  ABC  

DLBCL  (Yang,  Schmitz  et  al.,  2014).  In  addition,  inhibition  of  HOIP  sensitizes  

ABC   DLBCL   tumors   to   Bruton   agammaglobulinemia   tyrosine   kinase   (BTK)  
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inhibitor,  Ibrutinib,  and  IRF4  transcription  factor  inhibitor,  Lenalidomine,  leading  

to  decreased  viability  of  this  subclass  of  B-­cell  lymphoma.    

Two  rare  germline  SNP  polymorphisms  in  HOIP  are  enriched  8-­fold   in  

ABC  DLBCL  biopsies  (Table  1).  These  mutations,  Q584H  and  Q622L,  are  found  

in  the  ubiquitin-­associated  domain  of  HOIP  known  to  interact  with  the  ubiquitin-­

like   domain   of   RBCK1,   leading   to   upregulation   of   LUBAC-­mediated   linear  

polyubiquitination  of  NEMO,  increased  IKK  and  NFκB  activation  in  ABC  DLBCL  

tumors  (Yang  et  al.,  2014).  

  

Inactivating  driver  mutations  in  FBXW7    

  

Mutations   in  FBXW7  have  been   identified   in  various   tumors  (Table  1).  

The   F-­box   domain   of   FBXW7   is   important   for   the   interaction   with   the   SCF  

complex,   while   the   WD40   domain   recognizes   phosphorylation   sites   in   a  

conserved   Cdc4   phospho-­degron   motif   in   the   target   substrate   (Welcker   &  

Clurman,  2008).   Inactivating  mutations   in   the  WD40  domain  of  FBXW7  often  

impair   substrate   binding   and   subsequently   diminish   protein   turnover,  

contributing  to  aberrant  oncogenic  signaling  of  targets  mentioned  below.  

T   cell   acute   lymphoblastic   leukemia   (T-­ALL)   is   a  malignant   neoplasm  

characterized  by  mutations  mostly   in  NOTCH1  and  FBXW7   (Yuan,  Lu  et  al.,  

2015).  Mutations  in  FBXW7,  studied  in  a  population  of  pediatric  Chinese  T-­ALL  

patients,   contribute   to   poor   overall   survival   and   higher   incidence   of   tumor  

relapse.  These  FBXW7  mutations  affect  codons  R465,  R479,  R505  and  R689  



	
  

105  

in   the   WD40   domain,   critical   for   the   interaction   with   the   PEST   domain   of  

NOTCH1.   These   mutations   may   further   impact   signaling   pathways   beyond  

NOTCH1,  since  FBXW7  mediates  the  stability  of  oncogenic  proteins  such  as  

mTOR,  Cyclin  E  and  MYC.  

In   addition,  mutations   in   FBXW7   are   found   in   8%   of  melanomas   and  

interestingly,   some   have   been   reported   in   the   absence   of   the   classic   BRAF  

V600E  and  NRAS  G12D,  G13R  and  Q61K/L/S  mutations.  This  may   indicate  

that  mutations  in  FBXW7  are  drivers  of  melanoma  progression  (Aydin,  Melamed  

et  al.,  2014).  FBXW7  R505C  and  W486*  mutants  in  melanocytes,  which  harbor  

the  NRAS  G12D  mutation,  lead  to  aberrant  tumor  volume.  As  a  proof-­of-­concept  

for  the  inactivating  mutations  in  FBXW7,  knockdown  of  FBXW7   in  melanoma  

cell   lines   leads   to   the   accumulation   of   NOTCH1,   HEY1   and   downstream  

effectors  Cyclin  E,  Aurora  A  and  MYC,  resulting  in  increased  tumor  volume.  In  

addition,  this  event  leads  to  the  upregulation  of  angiogenesis-­promoting  genes  

such  as  IL-­6,  CXCL2,  SERPINE1  and  PGF1,  and  increased  phosphorylation  of  

STAT3.  Mice  grafted  with  melanoma  cells  with  knockdown  FBXW7,  treated  with  

NOTCH1  inhibitors  dibenzazepine  (DBZ)  and  compound  E,  showed  substantial  

melanoma  tumor  shrinkage  (Aydin  et  al.,  2014).  

Other   inactivating   mutations   in   FBXW7   were   identified   in   various  

advanced   cancers   such   as   colorectal,   squamous   head   and   neck,   bladder,  

cervix,  endometrial,   liver,  ovarian,  mesothelioma,  pancreatic  and  teratoma.  In  

these  tumors,  most  of   these  mutations  concomitantly  occur  with  mutations   in  

TP53,  followed  by  KRAS,  PI3KCA  and  APC  (Jardim,  Wheler  et  al.,  2014).  As  
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mTOR   is   a   downstream   target   of   FBXW7,   tumors   harboring   inactivating  

mutations  in  FBXW7  are  sensitive  to  mTOR  inhibitors.  For  instance,  treatment  

of   patients,   whose   tumors   exhibit   mutated   FBXW7,   with   mTOR   inhibitors  

(Sirolimus,  Everolimus,  and  Temsirolimus)  resulted  in  tumor  shrinkage  (Jardim  

et  al.,  2014).   In  addition,  Temsirolimus  showed  promising  results   in  a  patient  

with  metastatic  lung  adenocarcinoma  with  mutated  FBXW7  R465H,  leading  to  

shrinkage   of   mediastinal   lymphadenopathy   (Table   1)   (Villaruz   &   Socinski,  

2014).  

  

Table  3.1.  Mutations  in  E3  ligases  identified  in  cancers  
	
  
E3	
  Ligase	
   Mutation	
   Tumor	
   Biological	
  Effect	
   Therapy	
   Reference	
  

c-­‐Cbl	
   Y371C/D/H	
   aCML,	
  JMML	
   	
   	
  

(Grand	
  et	
  al.,	
  
2009,	
  Loh	
  et	
  al.,	
  
2009,	
  
Muramatsu	
  et	
  
al.,	
  2010)	
  

	
   S376F	
   aCML	
  
transformation	
  of	
  
32D	
  cells;	
  decreased	
  
FLT3	
  ubiquitination	
  

	
   (Grand	
  et	
  al.,	
  
2009)	
  

	
   L380P	
   aCML,	
  MF,	
  
JMML	
   	
  	
   	
  

(Grand	
  et	
  al.,	
  
2009,	
  Loh	
  et	
  al.,	
  
2009)	
  

	
   C381R/Y	
   CMML,	
  JMML	
   	
  	
   	
  
(Grand	
  et	
  al.,	
  
2009,	
  Loh	
  et	
  al.,	
  
2009)	
  

	
   C384R/Y	
   CMML,	
  JMML,	
  
MDS-­‐MPDu	
   	
  	
   	
  

(Grand	
  et	
  al.,	
  
2009,	
  Loh	
  et	
  al.,	
  
2009)	
  

	
   C396G/R	
   CMML,	
  JMML	
   	
  	
   	
  
(Grand	
  et	
  al.,	
  
2009,	
  Loh	
  et	
  al.,	
  
2009)	
  

	
   H398Y	
   CMML	
  
transformation	
  of	
  
32D	
  cells;	
  decreased	
  
FLT3	
  ubiquitination	
  

	
   (Grand	
  et	
  al.,	
  
2009)	
  

	
   C401S	
   JMML	
   	
  	
   	
   (Muramatsu	
  et	
  
al.,	
  2010)	
  

	
   C404R	
   JMML	
   	
  	
   	
   (Loh	
  et	
  al.,	
  2009)	
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Table  3.1.  Mutations  in  E3  ligases  identified  in  cancers,  continued  
  
E3	
  Ligase	
   Mutation	
   Tumor	
   Biological	
  Effect	
   Therapy	
   Reference	
  

	
   W408C/R	
   aCML,	
  JMML	
   	
  	
   	
  
(Grand	
  et	
  al.,	
  
2009,	
  Loh	
  et	
  al.,	
  
2009)	
  

	
   G415V	
   JMML	
   	
  	
   	
   (Loh	
  et	
  al.,	
  2009)	
  

	
   P417A	
   aCML	
  
transformation	
  of	
  
32D	
  cells;	
  decreased	
  
FLT3	
  ubiquitination	
  

	
   (Grand	
  et	
  al.,	
  
2009)	
  

	
   P417L	
   CMML	
   	
  	
   	
   (Grand	
  et	
  al.,	
  
2009)	
  

	
   F418L	
   aCML	
   	
  	
   	
   (Grand	
  et	
  al.,	
  
2009)	
  

	
  
R420Q	
  
(proliferation	
  of	
  
32Dcells)	
  

AML,	
  aCML,	
  MF,	
  
sAML	
  

transformation	
  of	
  
32D	
  cells;	
  decreased	
  
FLT3	
  ubiquitination;	
  
inhibition	
  of	
  PDGFR	
  
and	
  EGFR	
  
internalization	
  

	
  

(Grand	
  et	
  al.,	
  
2009,	
  
Makishima	
  et	
  
al.,	
  2009,	
  Sargin	
  
et	
  al.,	
  2007)	
  

	
   R420L	
   aCML	
   	
  	
   	
   (Grand	
  et	
  al.,	
  
2009)	
  

	
   N454D	
   CMML	
   	
  	
   	
   (Grand	
  et	
  al.,	
  
2009)	
  

	
   R462X	
   aCML	
   	
  	
   	
   (Grand	
  et	
  al.,	
  
2009)	
  

	
   1106	
  del	
  (66	
  
bp)	
   JMML	
   	
  	
   	
  

(Muramatsu	
  et	
  
al.,	
  2010	
  
	
  
	
  
	
  
	
  
0)	
  

	
  
	
  
	
  
	
  
	
  

1228-­‐2	
  A>G	
  
splice	
  site	
   JMML	
   	
  	
   	
   (Muramatsu	
  et	
  

al.,	
  2010)	
  

	
   c.1227-­‐1227	
  +	
  4	
  
del	
  ggtac	
   CMML	
   	
  	
   	
   (Grand	
  et	
  al.,	
  

2009)	
  
	
   1190	
  del	
  99bp	
   JMML	
   	
  	
   	
   (Loh	
  et	
  al.,	
  2009)	
  

	
   1227	
  +	
  4C>T	
  
splice	
  site	
   JMML	
   	
  	
   	
   (Loh	
  et	
  al.,	
  2009)	
  

	
   1228	
  -­‐	
  2A>G	
  
splice	
  site	
   JMML	
   	
  	
   	
   (Loh	
  et	
  al.,	
  2009)	
  

	
   int	
  +	
  5	
  G>A	
   aCML	
   	
   	
   (Grand	
  et	
  al.,	
  
2009)	
  

	
   int	
  +	
  4	
  C>T	
   CMML	
   	
  	
   	
   (Grand	
  et	
  al.,	
  
2009)	
  

	
   int	
  -­‐	
  1	
  G>C	
   CMML	
   	
  	
   	
   (Grand	
  et	
  al.,	
  
2009)	
  

Fbxw7	
   E113D	
   pancreatic	
   	
  	
   	
  	
   (Jardim	
  et	
  al.,	
  
2014)	
  

	
  	
   E192A	
   liver	
   	
  	
  
Sirolimus,	
  
Vorinostat:	
  stable	
  
disease	
  

(Jardim	
  et	
  al.,	
  
2014)	
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Table  3.1.  Mutations  in  E3  ligases  identified  in  cancers,  continued  
  
E3	
  Ligase	
   Mutation	
   Tumor	
   Biological	
  Effect	
   Therapy	
   Reference	
  

	
  	
   R222*	
   colorectal	
   	
  	
  

Temsirolimus,	
  
Bevacizumab,	
  
Cetuximab:	
  stable	
  
disease	
  

(Jardim	
  et	
  al.,	
  
2014)	
  

	
  	
   W244*	
   bladder,	
  cervix	
   	
  	
  

Sirolimus,	
  
Hydroxichloroquine
:	
  stable	
  disease	
  
(bladder)	
  

(Jardim	
  et	
  al.,	
  
2014)	
  

	
  	
   R278*	
   colorectal	
   	
  	
   	
  	
   (Jardim	
  et	
  al.,	
  
2014)	
  

	
  	
   S282*	
   head	
  and	
  neck	
   	
  	
  
Temsirolimus,	
  
Bevacizumab,	
  
Valproic	
  acid:	
  stable	
  
disease	
  

(Jardim	
  et	
  al.,	
  
2014)	
  

	
   K299fs	
   melanoma	
   	
   	
   (Aydin	
  et	
  al.,	
  
2014)	
  

	
   W368*	
   melanoma	
   	
   	
   (Aydin	
  et	
  al.,	
  
2014)	
  

	
   W406*	
   melanoma	
   	
   	
   (Aydin	
  et	
  al.,	
  
2014)	
  

	
  	
   G423R	
   melanoma	
  
lower	
  tumor	
  volume	
  
in	
  vivo	
  compared	
  
with	
  FBXW7	
  WT	
  

	
  	
   (Aydin	
  et	
  al.,	
  
2014)	
  

	
  	
   G437*	
   T-­‐ALL	
   	
   	
  	
   (Yuan	
  et	
  al.,	
  
2015)	
  

	
   R441Q	
   T-­‐ALL	
   	
   	
  	
   (Yuan	
  et	
  al.,	
  
2015)	
  

	
  	
   R465C/H	
  

T-­‐ALL,	
  colorectal,	
  
endometrial,	
  
ovarian,	
  
extrahepatic,	
  
metastatic	
  lung	
  
adenocarcinoma	
  

R465H:	
  metastatic	
  
lung	
  
adenocarcinoma	
  

Temsirolimus:	
  
stable	
  disease	
  
(R465H	
  in	
  
metastatic	
  lung	
  
adenocarcinoma);	
  
Everolimus,	
  
Anastrozole:	
  
progressive	
  disease	
  
(R465H	
  in	
  ovarian	
  
cancer)	
  

(Jardim	
  et	
  al.,	
  
2014,	
  Villaruz	
  &	
  
Socinski,	
  2014,	
  
Yuan	
  et	
  al.,	
  
2015)	
  

	
  	
   R479G/P/Q	
   colorectal,	
  head	
  
and	
  neck,	
  T-­‐ALL	
   	
  	
   	
  	
  

(Jardim	
  et	
  al.,	
  
2014,	
  Yuan	
  et	
  
al.,	
  2015)	
  

	
  	
   W486*	
   melanoma	
  

increased	
  
melanoma	
  tumor	
  
volume	
  in	
  vivo	
  
compared	
  with	
  
FBXW7	
  WT	
  

	
  	
   (Aydin	
  et	
  al.,	
  
2014)	
  

	
  	
   G499Vfs*25	
   colorectal	
   	
  	
  
Sirolimus,	
  
Hydroxichloroquine
:	
  stable	
  disease	
  

(Jardim	
  et	
  al.,	
  
2014)	
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Table  3.1.  Mutations  in  E3  ligases  identified  in  cancers,  continued  
  
E3	
  Ligase	
   Mutation	
   Tumor	
   Biological	
  Effect	
   Therapy	
   Reference	
  

	
  	
   R505C/G	
  

colorectal,	
  
melanoma,	
  
intrahepatic,	
  T-­‐
ALL	
  

R505C:	
  increased	
  
melanoma	
  tumor	
  
volume	
  in	
  vivo	
  
compared	
  with	
  
FBXW7	
  WT	
  

Everolimus,	
  
Pazopanib:	
  stable	
  
disease	
  (R505C	
  in	
  
colorectal	
  cancer);	
  
Everolimus,	
  
Anakinra:	
  
progressive	
  disease	
  
(R505C	
  in	
  colorectal	
  
cancer)	
  

(Aydin	
  et	
  al.,	
  
2014,	
  Jardim	
  et	
  
al.,	
  2014,	
  Yuan	
  
et	
  al.,	
  2015)	
  

	
   H540Y	
   T-­‐ALL	
   	
   	
   (Yuan	
  et	
  al.,	
  
2015)	
  

	
  	
   S562L	
   melanoma	
  

similar	
  tumor	
  
volume	
  in	
  vivo	
  
compared	
  with	
  
FBXW7	
  WT	
  

	
  	
   (Aydin	
  et	
  al.,	
  
2014)	
  

	
  	
   R658*	
   melanoma,	
  
pleura	
   	
  

Sirolimus,	
  Lapatinib:	
  
progressive	
  disease	
  
(pleura)	
  

(Aydin	
  et	
  al.,	
  
2014,	
  Jardim	
  et	
  
al.,	
  2014)	
  

	
   R689W	
   T-­‐ALL	
   	
  	
   	
  	
   (Yuan	
  et	
  al.,	
  
2015)	
  

	
  	
   726+1	
  G>A	
  
splice	
   teratoma	
   	
  	
  

Temsirolimus,	
  
Bevacizumab,	
  
Carboplatin:	
  stable	
  
disease	
  

(Jardim	
  et	
  al.,	
  
2014)	
  

HOIP	
   Q584H	
   ABC	
  DLBCL	
  

upregulation	
  of	
  
LUBAC	
  linear	
  
polyubiquitination	
  
of	
  NEMO;	
  increased	
  
NFκB	
  signaling	
  

	
  	
   (Yang	
  et	
  al.,	
  
2014)	
  

	
  	
   Q622L	
   ABC	
  DLBCL	
  

upregulation	
  of	
  
LUBAC	
  linear	
  
polyubiquitination	
  
of	
  NEMO;	
  increased	
  
NFκB	
  signaling	
  

	
  	
   (Yang	
  et	
  al.,	
  
2014)	
  

VHL	
   S72P	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   N78K/S/Y	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   V84E	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   P86H	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   W88C	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   G93E	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   Y98H/N	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
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Table  3.1.  Mutations  in  E3  ligases  identified  in  cancers,  continued  
  
E3	
  Ligase	
   Mutation	
   Tumor	
   Biological	
  Effect	
   Therapy	
   Reference	
  

	
  	
   L101P	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   Y112D/H/N	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   G114R	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   W117L/R	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   P119L	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   D121G/Y	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   V130D/P	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   L153P	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   K159N	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   R161P/Q	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   L169P	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   V170E	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   I180V	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   L63fsX67	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   H115SfsX17	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   L153TfsX21	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

	
  	
   R117fsX25	
   ccRCC	
   stabilization	
  of	
  HIF1	
   	
  	
   (Rechsteiner	
  et	
  
al.,	
  2011)	
  

  
  
Table  3.2.  Aberrant  expression  of  DUBs  associated  with  cancers    
	
  

DUB	
   Upregulated	
  in	
  Tumor	
   EMT	
  and/or	
  
Metastasis	
   Signaling	
  Effect	
   Reference	
  

USP9X	
  

Follicular	
  lymphoma,	
  Diffuse	
  
Large	
  B-­‐cell	
  Lymphoma,	
  
breast	
  adenocarcinoma,	
  
colon	
  adenocarcinoma,	
  small	
  
cell	
  lung	
  carcinoma	
  

Lymph	
  node	
  	
   Mcl-­‐1	
  
(stabilization)	
   (Schwickart	
  et	
  al.,	
  2010)	
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Table  3.2.  Aberrant  expression  of  DUBs  associated  with  cancers,  continued  
	
  

DUB	
   Upregulated	
  in	
  Tumor	
   EMT	
  and/or	
  
Metastasis	
   Signaling	
  Effect	
   Reference	
  

UCHL-­‐1	
  

Gastric	
  (in	
  liver	
  metastasis),	
  
NSCLC,	
  breast	
  (can	
  also	
  be	
  
downregulated),	
  prostate	
  
(downregulated)	
  

Liver,	
  lung	
   Akt,	
  Erk1/2,	
  p38	
  
MAPK,	
  JNK	
  

(Goto	
  et	
  al.,	
  2015,	
  Gu	
  et	
  
al.,	
  2015,	
  Kim	
  et	
  al.,	
  2009,	
  
Ummanni	
  et	
  al.,	
  2011)	
  

OTUB1	
   Colorectal,	
  breast,	
  prostate	
   Liver,	
  pelvic,	
  ovary,	
  
lymph	
  node	
  

TGFβ	
  ,	
  MAPK,	
  
FOXM1	
  

(Iglesias-­‐Gato	
  et	
  al.,	
  2015,	
  
Karunarathna	
  et	
  al.,	
  2016,	
  
Zhou	
  et	
  al.,	
  2014)	
  

  

3.8  The  misregulated  expression  of  DUBs  in  metastatic  cancers  

  

Deubiquitinating  enzymes  (DUBs)  play  the  reverse  role  of  E3  ligases  by  

cleaving   the   isopeptide  bond  between   the  ubiquitin  and   the  substrate.  DUBs  

have  been  described  to  play  important  roles  in  cellular  processes,  such  as  gene  

transcription,   DNA   repair   and   cell   cycle   progression.   There   are   about   80  

functional   DUBs   and   they   can   be   divided   into   6   classes:   ubiquitin-­specific  

proteases   (USPs),   ubiquitin   carboxy-­terminal   hydrolases   (UCHs),   ovarian-­

tumor  proteases  (OTUs),  Machado-­Joseph  disease  protein  domain  proteases  

(MJD),   JAMM/MPN   domain-­associated   metallopeptidases   (JAMMs)   and  

monocyte  chemotactic  protein-­induced  protein  (MCPIP)  (D'Arcy,  Wang  et  al.,  

2015).    

In   cancer,   DUBs   can   stabilize   proteins   by   removing   the   degradation-­

inducing   ubiquitin   signal,   contributing   to   aberrant   signaling   (Figure   4).  Many  

studies   have   shown   that   deregulation   of   DUBs   is   involved   in   cancer  

progression,  recurrence  and  metastasis  (Table  2).  
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USP7   promotes   APL,   aggressive   prostate   cancer,   and   NSCLC  

metastasis  

  

USP7   (also   known   as   HAUSP,   Herpesvirus-­associated   ubiquitin  

protease)  plays  a  crucial  role  in  regulating  tumor  suppressors  p53  and  PTEN.  A  

small   molecule   inhibitor   of   USP7   (HBX   41,108)   inhibits   USP7-­mediated  

deubiquitination  of  p53  and  induces  apoptosis  in  colon  carcinoma,  suggesting  

the  therapeutic  potential  in  targeting  USP7  (Colland,  Formstecher  et  al.,  2009).  

USP7  is  frequently  overexpressed  in  non-­small  cell   lung  carcinoma  (NSCLC)  

and  also  correlates  with  lymph  node  metastasis.  Inhibition  of  USP7  upregulates  

E-­cadherin   and   downregulates   Vimentin   and   N-­cadherin,   indicating   USP7  

promotes  EMT  in  NSCLC  (Zhao,  Lin  et  al.,  2015).  

Moreover,   USP7  may   contribute   to   cancer   by  modulating   the   nuclear  

localization   of   PTEN.   Acute   promyelocytic   leukaemia   (APL)   harboring   the  

t(15;;  17)   chromosomal   translocation,   which   encodes   the   PML–RARα   fusion  

protein  that  inhibits  differentiation,  exhibits  aberrant  nuclear  exclusion  of  PTEN.  

As  USP7  co-­localizes  to  nuclear  bodies,  studies  using  prostate  and  colon  tumor  

models  have  shown  USP7  to  interact  with  and  deubiquitinate  PTEN,  leading  to  

the  nuclear  exclusion  and  impairment  of  tumor  suppressor  function  of  PTEN.  In  

addition,   USP7   is   overexpressed   in   prostate   cancer   tissue,   in   which   the  

USP7/PTEN  signaling  axis  is  misregulated  (Song,  Salmena  et  al.,  2008).  

  

USP4  and  USP9X  support  oncogenic  signaling  in  various  tumors  



	
  

113  

  

Ubiquitin-­specific   peptidase   4   (USP4)   is   overexpressed   in   multiple  

cancers,   such   as   breast   and   lung   cancers   (Table   2).   Some   cancers   rely   on  

aberrant  TGFβ  signaling   for   the  purposes  of  EMT,  proliferation,   invasion  and  

metastasis.   As   previously   mentioned,   TGFβ-­induced   activation   of   TβRI  

eventually   results   in   the   ubiquitination   of   TβRI   and   subsequent   membrane  

internalization   and   degradation   of   the   receptor,   terminating   downstream  

signaling.  USP4  overexpression  is  detected  in  invasive  breast  carcinoma  and  it  

enhances   aberrant   TGFβ   signaling.   A   mechanism   by   which   this   oncogenic  

signaling  occurs  has  been  proposed.  AKT-­mediated  phosphorylation  of  USP4  

at   a   consensus   motif   stabilizes   this   DUB,   which   in   turn   deubiquitinates   the  

TGFβ-­induced   activated   TβRI   and   leads   to   the   stabilization   of   downstream  

activation  of  phosphorylated  SMAD2  and  SMAD2/SMAD4  complex   formation  

(Figure   2).   USP4-­mediated   stabilization   of   TGFβ   signaling   leads   to   the  

expression  of  metastasis-­inducing  genes  such  as  IL-­11,  CXCR4  and  MMPs  in  

breast  cancer  cells  (Zhang,  Zhou  et  al.,  2012).  

In   addition,   the   overexpression   of   another   DUB   -­   USP9X   -­   has   been  

detected  in  follicular  lymphoma,  breast  and  colon  adenocarcinomas,  and  small  

cell   lung   carcinoma   (Schwickart,   Huang   et   al.,   2010)   (Table   2).   Various  

lymphomas,   such   as   B-­   and   mantle-­cell   lymphomas   and   multiple   myeloma  

usually   rely  on   the  overexpressed  MCL1,  a  member  of   the  pro-­survival  BCL  

family  of  proteins.  In  multiple  myeloma,  overexpression  of  USP9X  is  correlated  

with   poor   survival.   A   mechanism   by   which   MCL1   is   stabilized   has   been  
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proposed.  The  overexpression  of  USP9X  results  in  the  deubiquitination  of  MCL1  

by  this  DUB,  stabilizing  pro-­survival  oncogenic  signaling  in  cancers.  Although  

knocking  down  USP9X  does  not  affect  cell  proliferation  in  vitro,  it  does  sensitize  

tumors   to   ABT-­737   small   molecule   antagonist   of   BCL   proteins   resulting   in  

apoptosis   (Schwickart   et   al.,   2010).   More   recently,   in   non-­small   cell   lung  

carcinoma,   inhibition   of   USP9X   by   either   siRNA   knockdown   or   via   a   small  

molecule  inhibitor  WP1130  decreased  MCL1  expression  and  sensitized  cells  to  

radiation  therapy  (Kushwaha,  O'Leary  et  al.,  2015).  

  

UCH-­L1  plays  a  contradicting  role  in  different  tumors  

  

Overexpression  of  UCH-­L1  (Ubiquitin  carboxy-­terminal  hydrolase  L1)  in  

gastric   cancer   promotes   colony   formation,   migration   and   liver   metastasis   of  

gastric  cancer  cells   in  vitro  due  to  significant  upregulation  of  AKT  and  Erk1/2  

signaling  (Gu,  Yang  et  al.,  2015).  Moreover,  UCH-­L1  is  overexpressed  in  highly  

invasive   NSCLC   and   melanoma.   In   lung   cells,   UCH-­L1   supports   the   EGF-­

induced  activation  of  Akt,  JNK,  and  p38  MAPK  signaling  (Kim,  Kim  et  al.,  2009).  

In  addition,  high  expression  of  UCH-­L1  positively  correlates  with  that  of  

HIF1α   and   hence   activation   of   hypoxia   conditions   in   some   breast   and   lung  

cancer,  and   it  contributes   to  poor  overall  survival  and  distant  metastasis-­free  

survival   in   breast,   lung   and   melanoma   cancer.   UCH-­L1   is   shown   to  

deubiquitinate   and   stabilize   HIF1α,   inducing   hypoxia   (Figure   2).   UCHL1  

expression   supports   breast   and  melanoma  metastasis   to   lungs;;   inhibition   of  
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metastasis   is  achieved  by  a  UCH-­L1   inhibitor,  LDN57444.(Goto,  Zeng  et  al.,  

2015).    

However,  the  role  of  UCH-­L1  is  not  as  straightforward  as  suggested  by  

these   studies.   Another   study   reported   that  UCHL1   can   be   downregulated   in  

other   breast   cancer   tissue   samples   and   cell   lines   due   to   frequent   gene  

methylation.   Overexpression   of   UCHL1   in   MB231   breast   cells   significantly  

decreases  proliferation  due  to  G0/G1  cell  cycle  arrest  and  apoptosis  (Xiang,  Li  

et   al.,   2012).   Similarly,   this   DUB   is   downregulated   in   some   prostate   cancer  

samples  and  in  LNCaP  cell  line,  and  overexpression  of  UCHL-­1  suppresses  the  

proliferation   and   anchorage-­independent   growth   of   LNCaP   cells   (Ummanni,  

Jost  et  al.,  2011).  Further  research  will  be  required  to  unravel  the  contradicting  

role  of  UCH-­L1  in  different  cancers.  

  

OTUB1  contributes  to  drug  resistance  and  promotes  metastasis  

  

OTU  domain-­containing   ubiquitin   aldehyde-­binding   protein   1   (OTUB1)  

plays   diverse   roles   such   as   stabilizing   p53,   inhibiting   K63-­linked  

polyubiquitination  for  DNA  double  strand  break  repair  by  targeting  UBC13  for  

degradation,   the   E2   enzyme   that   catalyzes   this   ubiquitin   linkage   in   proteins  

members   of   the   NFκB   pathway.   High   expression   of   OTUB1   is   detected   in  

approximately  50%  of  colorectal  cancer  and  correlates  with  lymph  node  status,  

liver,   pelvic   and   ovary   distant   metastasis,   in   addition   to   low   overall   and  

progression-­free  survival  rates.  OTUB1  is  also  found  to  be  important  in  prostate  
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cancer   by   regulating   androgen   signaling.   (Iglesias-­Gato,  Chuan  et   al.,   2015,  

Zhou,  Wu  et  al.,  2014).  In  breast  cancer,  OTUB1  decreases  the  Lys48-­linked  

ubiquitination  of  FOXM1  stabilizing  the  expression  of  the  protein.  FOXM1  is  a  

transcription   factor   that   is   important   for   DNA   damage   responses   and   its  

overexpression  is  associated  with  genotoxic  drug  resistance  in  tumors.  Hence,  

the   overexpression   of   OTUB1   contributes   to   the   aberrant   proliferation   and  

epirubicin   resistance   of   MCF7   cells   and   correlates   with   poor   survival   and  

chemotherapy  resistance  of  breast  cancer  cohort  (Karunarathna,  Kongsema  et  

al.,  2016).  In  summary,  it  is  evident  that  some  DUBS  are  either  upregulated  or  

downregulated  in  some  tumors,  promoting  oncogenic  signaling.    

  

3.9  Concluding  Remarks  

  

The   information   presented   herein   reveals   a   common   pattern:   the  

misregulated   expression   of   various   E2   ubiquitin   conjugating   enzymes,   E3  

ubiquitin  ligases  and  DUBs  supports  aberrant  oncogenic  signaling  in  a  plethora  

of  tumors.  Since  the  misregulated  expression  of  these  proteins  overlaps  among  

many  different  types  of  cancers,  there  may  exist  subpopulations  of  cells  within  

tumors   exhibiting   the   misregulated   expression   of   a   specific   member   of   the  

ubiquitination   pathway.   Alternatively,   cells   may   take   advantage   of   a  

combinatorial  misregulated  expression  of  these  proteins  to  support  oncogenic  

signaling.  Lastly,  it  is  not  clear  whether  E2’s  and  E3’s  catalyze  non-­proteasomal  

ubiquitin  linkages  that  stabilize  the  function  of  oncogenes,  and/or  DUB’s  remove  
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the   ubiquitin   linkages   that   would   otherwise   result   in   the   degradation   of  

oncogenes.   Several   models   are   presented   by   which   members   of   the  

ubiquitination   pathway   support   oncogenic   signaling   in   cancers   (Figure   4).  

Nevertheless,  it  is  clear  that  the  inhibition  of  a  specific  E2,  E3  or  DUB  seems  to  

halt  tumor  progression  and  metastasis.  

The   development   of   chemotherapeutic   agents   against   E2’s,   E3’s   and  

DUBs,   is   an   attractive   strategy   that   may   lead   to   the   inhibition   of   multiple  

oncogenic  pathways  in  tumors.  So  far,  the  FDA  has  approved  very  few  drugs  

targeting   members   of   the   ubiquitination   cascade.   Proteasome   inhibitors,  

Bortezomib  and  Carfilzomib,  are   limited   to  multiple  myeloma  and  mantle  cell  

lymphoma   treatments.  Various  strategies   to  develop   inhibitors   to   target  E1’s,  

E2’s,  E3’s  have  been  recently  described  (Huang  &  Dixit,  2016).  For  instance,  

targeting  the  MDM2  E3  ligase  -­  a  p53  negative  regulator  -­  with  RG7112  (cis-­

imidazoline   analogues)   has   been   tested   in   clinical   trials   for   the   treatment   of  

advanced   solid   and   hematological   malignancies,   including   liposarcoma  

(Burgess,  Chia  et  al.,  2016).    

An  interesting  concept  to  enhance  the  ubiquitination  and  degradation  of  

“undruggable”   oncogenic   proteins   is   the   development   of   protein-­targeting  

chimeric  molecules  (PROTACs).  These  molecules  are  bifunctional  in  which  they  

include  an  E3  ligase-­recruiting  moiety  linked  by  a  short   linker  to  a  ligand  that  

targets   the   substrate   of   interest,   placing   them   in   proximity   for   ubiquitination  

leading  to  subsequent  degradation  (Huang  &  Dixit,  2016).  Therefore,  targeting  
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the   E3   ligases   and   their   co-­expressed   substrates   with   PROTAC   may   be   a  

promising  therapeutic  intervention  in  various  tumors  herein  described.  

Major  advances  have  been  made  to  target  oncogenic  protein  kinases  in  

clinical  settings  through  the  development  of  TKIs.  Here,  we  present  evidence  

from   multiple   papers   demonstrating   that   mechanistic   studies   of   the  

ubiquitination   pathway   will   open   new   therapeutic   approaches,   potentially  

allowing   the  development  of   novel   inhibitors   to   suppress   cancer  progression  

and  metastasis.  
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Figure  3.4.  Proposed  model  of  the  mechanism  by  which  the  misregulated  expression  of  
E2’s,  E3’s  and  DUB’s  may  contribute  to  tumorigenesis  and  metastasis.  The   information  
from  the  reports  described   in   this  review  reveals   that   inhibition  of  E2’s,  E3’s  and  DUB’s  with  
either  small  interfering  RNA  or  small  molecule  inhibitors  is  sufficient  to  inhibit  the  progression  
and   metastasis   of   tumors.   However,   some   of   these   reports   show   that   the   misregulated  
expression  of  the  members  of  the  ubiquitination  pathway  occurs  in  multiple  tumors.  It  is  not  clear  
whether   a   subpopulation  of   cells  within   a   tumor,   for   instance,  may   rely   on   the  misregulated  
expression  of  one  member  only  or  on  a  combination  of  the  misregulated  expression  of  these  
proteins   to   support   aberrant   oncogenic   signaling.   In   addition,   it   is   not   clearly   demonstrated  
whether   the  misregulated  expression  of  E2’s  and  E3’s  stabilizes  oncogenic  signaling  via   the  
catalysis   of   non-­proteasomal   ubiquitin   linkages,   while   DUB’s   remove   ubiquitin   linkages   that  
would   otherwise   lead   to   proteasomal   degradation.   Nevertheless,   we   describe   a   common  
conclusion   from   multiple   reports   that   members   of   the   ubiquitination   pathway   drive   tumor  
aggressiveness  and  culminate  in  metastasis.  
  

3.10  Acknowledgments  

  

We   thank   all   lab   members   for   advice   and   encouragement.   We   also  

acknowledge  generous  support  from  the  UC  San  Diego  Foundation.  



	
  

120  

	
   Chapter  3,  in  full,  is  the  work  currently  being  prepared  for  submission  for  

publication.  Gallo  L.H.,  Ko  J.,  Donoghue  D.J.   “The   Importance  of  Regulatory  

Ubiquitination   in  Cancer   and  Metastasis”.   The   first   author   of   the  work   is   the  
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Chapter	
  4:	
  Functions  of  Fibroblast  Growth  Factor  Receptors  in  

Cancer  Defined  by  Novel  Translocations  and  Mutations  

  

4.1  Abstract  

  

The  four  receptor  tyrosine  kinases  (RTKs)  within  the  family  of  Fibroblast  

Growth  Factor  Receptors  (FGFRs)  are  critical  for  normal  development  but  also  

play  an  enormous  role  in  oncogenesis.  Mutations  and/or  abnormal  expression  

often   lead   to   constitutive   dimerization   and   kinase   activation   of   FGFRs,   and  

represent  the  primary  mechanism  for  aberrant  signaling.  Sequencing  of  human  

tumors   has   revealed   a   plethora   of   somatic   mutations   in   FGFRs   that   are  

frequently  identical  to  germline  mutations  in  developmental  syndromes,  and  has  

also   identified   novel   FGFR   fusion   proteins   arising   from   chromosomal  

rearrangements   that   contribute   to   malignancy.   This   review   details  

approximately  200  specific  point  mutations   in  FGFRs  and  40  different   fusion  

proteins  created  by  translocations  involving  FGFRs  that  have  been  identified  in  

human  cancer.  This  review  discusses  the  effects  of  these  genetic  alterations  on  

downstream  signaling  cascades,  and  the  challenge  of  drug  resistance  in  cancer  

treatment  with  antagonists  of  FGFRs.    

  

4.2  Overview  of  canonical  FGFR  signaling  
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Receptor   tyrosine   kinases   (RTKs)   represent   important   signal  

transducers  in  the  cell  membrane  and  are  comprised  of  nearly  twenty  families  

of  homologous  proteins  in  humans,  with  almost  60  distinct  members  (1).  In  the  

FGFR  family,  four  homologous  human  receptors  have  been  identified:  FGFR1,  

FGFR2,   FGFR3   and   FGFR4.   All   of   the   FGFRs   exhibit   three   extracellular  

immunoglobulin  (Ig)-­like  domains,  a  membrane-­spanning  segment  and  a  split  

tyrosine   kinase   domain.   Fibroblast   growth   factors   (FGFs),   a   large   family   of  

related   growth   factors,   act   in   concert   with   heparin   sulfate   proteoglycans  

(HSPGs)  as  high-­affinity  FGFR  agonists  (2,  3).  The  splicing  of  FGFRs  results  in  

further   distinction   of   ligand   specificity   accompanied   by   altered   biological  

properties,   in   which   the   most   studied   splicing   isoforms   involve   the   third  

immunoglobulin-­like  domain  of  the  receptors  (4).  For  FGFR2  and  FGFR3,  the  

first  half  of  third  Ig  domain  consists  of  an  invariant  exon  (IIIa),  and  splicing  of  the  

second  half  of  third  Ig  domain  results  in  either  IIIb  isoform  (exons  7  and  8)  or  

IIIc   isoform   (exons   7   and   9).   Generally,   the   IIIb   isoforms   of   FGFRs   are  

expressed  in  tissues  of  epithelial  origin  whereas  the  IIIc  isoforms  are  expressed  

in  mesenchymal  tissues  (5).    

Binding   of   FGF/HSPG   to   FGFR   induces   the   dimerization   of   receptor  

monomers  in  the  plasma  membrane,  followed  by  trans-­autophosphorylation  of  

tyrosine   residues   located   in   the   cytoplasmic   kinase   domain.   This   tyrosine  

phosphorylation   triggers   the   binding   of   Src   homology   (SH2)   domain   of  

phospholipase  C  gamma  (PLCγ)   to  the  receptor,  resulting   in  the  activation  of  

PKC.  Activation  also   induces  RAS-­MAPK  and  PI3K-­AKT  signaling   via  FRS2  
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and  GRB2  adaptor  proteins.  Additional  pathways  activated  by  FGFRs  include  

Jun   N-­terminal   kinase   and   JAK/STAT   pathways.   FGFR   signaling   results   in  

cellular   proliferation   and   migration,   anti-­apoptosis,   angiogenesis   and   wound  

healing  (Fig  1)  (6).  

  

  

Figure  4.1.  FGFR  Signaling  Pathways.  FGF  ligand  binds  to  FGFR  monomers,  leading  to  the  
dimerization  and  subsequent  tyrosine  autophosphorylation  of  the  receptor.  This  event  leads  to  
activaton   of   FGFRs   and   various   downstream   proteins,   resulting   in   cellular   proliferation,  
differentiation,  survival,  anti-­apoptosis  and  angiogenesis.  
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4.3  FGFRs  are  mutated  in  human  syndromes  and  cancer  

  

Nomenclature  of  mutations  with  respect  to  isoforms    

  

The  alternatively  spliced  isoforms  of  FGFR1,  FGFR2  and  FGFR3  result  

in  considerable  confusion  in  numbering  specific  mutations,  depending  upon  the  

convention  employed  by  the  original  authors.  In  Table  1,  we  have  presented  the  

residue  numbers  in  FGFR1  for  both  the  αA1  and  αB1  isoforms,  in  FGFR2  for  

the  IIIb  and  IIIc  isoforms,  in  FGFR3  for  the  IIIb  and  IIIc  isoforms,  and  FGFR4  for  

the  Uniprot  P22455-­1  and  P22455-­2  isoforms.  Throughout  this  manuscript,  we  

will   refer  to  the  numbering  for   the   isoforms  FGFR1  αA1,  FGFR2  IIIb,  FGFR3  

IIIb,   and   full-­length  FGFR4   (Uniprot  P22455-­1),   although  a   specific  mutation  

may  have  been  described  initially  in  the  other  isoform.  Rarely,  a  mutation  may  

occur  at  a  residue  that  is  not  present  in  either  of  the  most  common  isoforms;;  in  

these  unusual  cases,  this  other  isoform  is  identified  in  Table  1.    

  

Cysteine   mutations   in   the   extracellular   domain   lead   to   aberrant  

activation  of  FGFRs    

  

Many  mutations  in  the  extracellular  domains  of  FGFRs  induce  tyrosine  

kinase  activation  by  disulfide  bond  disruption.  For  instance,  each  Ig  domain  of  

FGFR2   is   stabilized  by   a   disulfide   bond  between  pairs   of   cysteine   residues:  

Cys62  and  Cys107  in  Ig-­I,  Cys179  and  Cys231  in  Ig-­II,  Cys278  and  Cys340  in  
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Ig-­III  (7).  Mutations  in  FGFR2  that  perturb  a  disulfide  bond  in  the  extracellular  

domain  result  in  increased  receptor  activation,  such  as  the  C278F  mutation  in  

Crouzon  and  Pfeiffer  Syndromes,  or  the  mutation  of  C340  to  S  or  Y  in  Crouzon  

Syndrome.   These   are   examples   of   craniosynostosis   syndromes   exhibiting  

premature  closure  of  cranial  sutures,  accompanied  by  defects  in  chondrocyte  

signaling   and   brain   development   (8).   This   same   theme   is   recapitulated   in  

somatic   mutations   involved   in   human   cancer   as   exemplified   by   the   C278F  

mutation   and   the   mutations   C340F/R/S/W/Y   identified   in   spermatocytic  

seminoma  (9).  Conceptually  similar  mutations  that  remove  a  critical  Cys  residue  

also  occur  in  FGFR3  and  FGFR4  (Table  1,  Fig  2).    

Conversely,   the   addition   of   a   single   cysteine   mutation   creates   an  

unpaired  cysteine  that  can  participate  in  abnormal  intermolecular  disulfide  bond  

formation  leading  to  receptor  activation.  One  such  example  is  FGFR2  W290C,  

a  mutation  causing  Pfeiffer  Syndrome,  which  has  also  been  identified   in   lung  

squamous   cell   carcinoma   and   spermatocytic   seminoma   (Table   1).   A  

conceptually  similar  mutation   is   that  of  FGFR2  S352C   in  Crouzon  Syndrome  

(10,  11),  also  identified  in  spermatocytic  seminoma.  Other  examples  of  FGFR2  

mutations   that   introduce   a   new   cysteine   residue   in   the   extracellular   domain  

include  R203C,  Y281C,  S320C,  Y338C,  and  S373C,  which  have  been  identified  

in   various   cancers   including   breast   cancer,   endometrial   carcinoma,   lung  

squamous  cell  carcinoma  and  spermatocytic  seminoma  (Table  1,  Fig  2).  Some  

of   these   mutations   have   been   shown   to   result   in   increased   receptor  

autophosphorylation  and  elevated  phosphorylation  of  FRS2,  MAPK  and  STAT3  
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(12).  The  FGFR2  W290C  and  S320C  mutants  have  been  shown  to  contribute  

to   tumor   formation   in  xenograft  models,  and  such  tumors  were  sensitive  to  a  

selective  FGFR  inhibitor  BJG398,  which  caused  dramatic  tumor  shrinkage  (12).  

Overall,   these  gain-­of-­function  mutations   lead  to  constitutive  FGFR  activation  

and  drive   cellular   proliferation   and   tumor   progression.  Note   that   in   Fig   2,   all  

mutations  such  as  W290C  that  have  been  identified  in  human  cancer  and  as  

developmental  syndromes  are  shown  in  red.  Mutations  identified  only  in  human  

cancer  are  shown  in  black.  

Mutations  that  introduce  a  novel  cysteine  residue  also  occur  in  FGFR3,  

such   as   R248C   and   S249C   which,   as   congenital   mutations,   cause  

Thanatophoric   Dysplasia   Type   I   (TDI),   a   severe   achondroplasia   typically  

causing  neonatal  lethality.  As  somatic  mutations,  they  have  been  identified  in  

bladder  cancer,  cervical  cancer,  gallbladder  cancer,  head  and  neck  squamous  

cell  carcinoma,  lung  squamous  cell  carcinoma,  multiple  myeloma,  sebborheic  

keratosis,  and  spermatocytic  seminoma  (Table  1).  These  mutations  are  able  to  

induce  colony  formation  in  NIH3T3  anchorage-­independent  assays,  transform  

myeloid  Ba/F3  cells  to  IL-­3  independence  (13)  and  cause  ligand-­independent  

receptor  activation  (14).  Treating  IL-­3-­independent  Ba/F3  cells  expressing  these  

FGFR   mutants   with   the   multikinase   inhibitor   ponatinib   (AP24534)   inhibited  

proliferation  (13).    

  

Non-­cysteine  mutations  in  the  extracellular  domain  lead  to  aberrant  

activation    
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Non-­cysteine   mutations   in   the   extracellular   domain   are   also   able   to  

activate  FGFRs,  such  as  P252R/S/T  mutations   in  FGFR1   in  melanoma,   lung  

adenocarcinoma  and  spermatocytic  seminoma  (Table  1).  Autosomal  dominant  

mutations  at  this  codon  lead  to  Pfeiffer  Syndrome  (15).  This  residue  is  located  

in  the  IgII-­IgIII  linker  region  and  contributes  to  increased  receptor  activation  by  

decreasing   the   dissociation   rate   of   the   receptor   and   the   FGF   ligand   (16).  

Mutations  in  the  analogous  FGFR2  residue,  P253R/S,  are  associated  with  Apert  

Syndrome   (17,  18)  and  have  been   frequently   identified   in   cancers,   including  

endometrial  carcinoma,   lung  adenocarcinoma,  oral  squamous  cell  carcinoma  

and  spermatocytic  seminoma  (Table  1).  Cells  expressing  FGFR2  P253R  exhibit  

increased   FRS2   phosphorylation   and   increased   FGF2-­   and   FGF9-­induced  

activation  of  MAPK  signaling  (19).  A  patient  with  oral  squamous  cell  carcinoma  

expressing   FGFR2  P253R   responded   to   the  multikinase   inhibitor   pazopanib  

(GW786034B),   which   effectively   reversed   cellular   transformation   and  

contributed  to  tumor  shrinkage  (13).    

Another   well-­studied   non-­cysteine   substitution   is   S252W   in   FGFR2,  

which   occurs   in   approximately   67%   of   patients   with   Apert   Syndrome,   a  

developmental   syndrome   characterized   by   craniosynostosis   and   syndactyly  

(20,  21).  The  pathophysiological  effect  of  this  mutation  comes  from  the  higher  

affinity  of  FGFR2  for  a  greater  repertoire  of  FGF  ligands  due  to  the  formation  of  

a   hydrophobic   patch   that   stabilizes   the   ligand-­receptor   interaction   (16).   This  

mutation   leads   to   aberrant   activation   of   MAPK   signaling   and   interferes   with  
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proper  endochondral  bone  development  (22).  Mutations  at  this  position,  either  

S252W,   S252F,   or   S252L,   have   been   identified   in   cervical   squamous   cell  

carcinoma,   endometrial   carcinoma,   gallbladder   cancer   and   spermatocytic  

seminoma  (Table  1).  FGFR2  S252W  leads  to  colony  formation  and  anchorage-­

independent   proliferation   of   endometrial   carcinoma   cells,   whereas   treatment  

with   FGFR   inhibitor   PD173074   results   in   decreased   FRS2   phosphorylation,  

colony  formation  and  tumor  cell  proliferation  (23).  

Overall,   mutations   in   the   extracellular   domains   of   FGFRs,   especially  

numerous   for   FGFR2   (Fig   2),   have   been   overwhelmingly   detected   in   both  

developmental   syndromes   and   cancers.   These   mutations   lead   to   aberrant  

receptor   signaling   either   by   abnormal   disulfide   bond   formation   and   receptor  

dimerization   or   by   increasing   the   affinity   of   the   receptor   for   an   expanded  

repertoire  of  FGF  ligands.  

  

Activating  mutations  in  the  transmembrane  domain  of  FGFRs  

  

Biochemical   studies   suggest   that   activating   mutations   adjacent   to   or  

within   the   transmembrane   domain   of   RTKs   induce   a   rotation   in   the   dimer  

interface  of   receptor  monomers,   contributing   to   increased   receptor  activation  

(24).  Recently,  the  juxtamembrane  domain  has  been  shown  to  synergize  with  

the  transmembrane  domain  to  stabilize  the  unliganded  FGFR3  dimer  (25).    

The   introduction   of   an   abnormal   Cys   residue   in   the   transmembrane  

domain  of  FGFRs  represents  one  category  of  activating  mutation.  For  instance,  



	
  

140  

the   Y376C   mutation   in   the   transmembrane   domain   of   FGFR2   has   been  

identified   in   adenoid   cystic   carcinoma,   endometrial   carcinoma   and  

spermatocytic   seminoma   (Table   1).   Ba/F3   cells,   normally   IL-­3   dependent,  

exhibit  proliferation  and  survival  in  the  absence  of  IL-­3  when  expressing  FGFR2  

Y376C  (26).  As  a  congenital  mutation,  it  causes  Beare-­Stevenson  Cutis  Gyrata  

Syndrome  (BSS),  a  severe  craniosynostosis  syndrome  with  a  high  risk  of  infant  

death   due   to   respiratory   complications   (27).   In  FGFR3,   the   introduction   of   a  

cysteine   residue   adjacent   to   or   within   the   transmembrane   domain,   such   as  

G372C,   S373C,   Y375C,   G377C,   I378C   or   Y381C,   also   leads   to   ligand-­

independent  receptor  activation  (28).  Such  mutations  have  been  identified  in  a  

variety   of   cancers,   including   bladder   cancer,   gallbladder   cancer,   multiple  

myeloma,  sebborheic  keratosis  and  spermatocytic  seminoma  (Table  1).  Some  

of  these  same  mutations  have  been  identified  congenitally  as  causing  TDI  (29).    

Other  mutations  within   the   transmembrane  domain  do  not   involve   the  

creation   of   a   novel   cysteine   residue,   such   as   the   I379V  mutation   in   FGFR2  

identified   in   lung   adenocarcinoma   (Table   1).   Another   example   in   FGFR3   is  

G382R   that   leads   to  achondroplasia,   the  most  common  rhizomelic  dwarfism,  

originally  identified  in  the  IIIc  isoform  as  the  famous  G380R  mutation  (30,  31).  

This   mutation   leads   to   abnormal   localization   of   FGFR3   to   the   plasma  

membrane,   including   a   slower   rate   of   internalization   and   degradation.   In  

addition,  this  mutation  leads  to  increased  receptor  activation  (28),  dimerization  

and  MAPK  activation  (32).  A  mutation  at  the  paralogous  site  in  FGFR2,  C383R,  

has  been  identified  in  endometrial  carcinoma,  esophageal  adenocarcinoma  and  
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lung  squamous  cell  carcinomas.  Expression  of  FGFR2  C383R  has  been  shown  

to  transform  NIH3T3  cells  (33).  

A  similar  mutation  in  the  transmembrane  domain  of  FGFR4,  G388R,  is  a  

common  single  nucleotide  polymorphism  (SNP)  which  has  been  examined  in  

many  cancers,   including  bladder,  breast,  colon,  head  and  neck,  kidney,   liver,  

lung  and  ovarian  cancers,  and  neuroblastoma  (34).  It  is  still  unclear  whether  the  

G388R  mutation   is  a  reliable  marker   for  cancer  risk  and  prognosis.  Genomic  

analysis  of  breast  epithelial  cells  revealed  that  roughly  half  of  the  patients  (53%)  

exhibited   a   heterozygous   FGFR4   G388R   variant   (35).   Breast   cancer   cells  

expressing  FGFR4  G388R  exhibit  increased  motility  and  proliferation  (36)  and  

acquire  resistance  to  adjuvant   therapy  (37).   In  contrast,  another  report   found  

that   this  SNP   is  not  a   relevant  prognostic  marker   for  both  node-­positive  and  

node-­negative  breast  cancers  (38).  In  prostate  cancer,  cells  expressing  FGFR4  

G388R  display  increased  proliferation,  motility,  invasion  and  metastasis  (39).  In  

pituitary  tumors,  the  G388R  mutation  changes  hormone  secretion  by  enhancing  

growth  hormone  (GH)  production  and  leads  to  S727  phosphorylation  of  STAT3  

that   translocates   to   the   mitochondria   and   modulates   changes   in   cellular  

metabolism  (40).  The  long  term  significance  of  this  common  polymorphism  in  

human  cancer  will  require  further  study.  

  

Mutations  in  the  kinase  domain  of  FGFRs    
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The   kinase   domain   of   FGFRs   is   the   site   of   several   mutations   with  

significant   impact   both   in   human   cancer   and   developmental   syndromes.   Of  

particular   importance   are  mutations  within   the   activation   loop   containing   the  

signature  motif   YYKK   and   the  major   autophosphorylation   site,   present   in   all  

FGFR   family  members.  First   identified   in  FGFR3,  mutations  within   this  motif  

profoundly   increase   kinase   activation,   receptor   autophosphorylation   and  

downstream  signaling  (41-­43).  These  mutations  were   initially   identified   in   the  

IIIc   isoform  as  K650E  or  K650M,  with   the   former  causing   the  neonatal   lethal  

syndrome  TDII,  and  the  latter  causing  SADDAN  (Severe  Achondroplasia  with  

Delayed  Development  and  Acanthosis  Nigricans)  (29,  44,  45).  The  homologous  

mutations  K655I  and  K656D/E/M/N  in  FGFR1  have  been  identified  in  pilocytic  

astrocytoma,   glioblastoma   and   rosette   forming   glioneural   tumor   (Table   1).  

Similarly,   in  FGFR2,  the  mutations  K660E/M/N  have  been  identified  in  breast  

cancer,   cervical   squamous   cell   carcinoma,   endometrial   carcinoma,   lung  

squamous   cell   carcinoma,   medulloblastoma,   pilocytic   astrocytoma   and  

spermatocytic  seminoma  (Table  1).  In  FGFR3,  the  mutations  K652E/M/N/Q/T  

have   been   identified   in   bladder   cancer,   gallbladder   cancer,   head   and   neck  

squamous   cell   carcinoma,   multiple   myeloma,   seborrheic   keratosis   and  

spermatocytic  seminoma  (Table  1).  Curiously,  somatic  mutations  in  the  YYKK  

motif  of  FGFR4  have  not  yet  been  identified  in  human  cancer,  but  this  seems  

only  a  matter  of  time.    

These  activating  mutations  lead  to  different  processing  and  trafficking  of  

the  receptors  through  the  secretory  pathway  (46,  47).  For  instance,  the  FGFR3  



	
  

143  

mutations  K652E/M  lead  to  intense  receptor  phosphorylation  and  also  defects  

in   glycosylation   and   maturation,   causing   intracellular   localization   within   the  

endoplasmic   reticulum   (ER).   The   high   level   of   tyrosine   phosphorylation  

associated  with   the  receptors   in   the  ER  induces  activation  of  STAT1,  STAT3  

and  STAT5  through  the  direct  recruitment  of  JAK1  to  the  ER  and/or  Golgi  (46).  

Nordihydroguaiaretic  acid  (NDGA),  a  compound  that  inhibits  protein  trafficking  

from  the  ER  to  Golgi,  was  found  to  inhibit  tyrosine  phosphorylation  of  FGFR3  

K650E  resulting  in  impairment  of  STAT1,  STAT3  and  MAPK  signaling  (48).    

Although  activating  mutations  in  the  kinase  domain  of  FGFR3  have  been  

overwhelmingly   detected   in   aggressive   cancers,   these   mutations   are   often  

present  in  low-­grade  papillary  urothelial  bladder  cancers  (49,  50).  Generation  of  

a  mouse  model  with  the  murine  equivalent  of  FGFR3  K652E  expressed  in  the  

urothelium   did   not   induce   the   onset   of   bladder   tumors   in   mice,   but   when  

combined  with  deletion  of  PTEN  (a  negative  regulator  of  PI3K-­AKT),  urothelial  

tumorigenesis   occurred.   Combining   the   activated   FGFR3   with   mutations   in  

KRAS   or   Beta-­catenin   led   to   tumor   formation   in   skin   and   lung   through  

upregulation   of   PI3K-­AKT   signaling   (51).   Thus,   in   these  microenvironmental  

contexts,   it   appears   that   activating  mutations   in   FGFR3  may   synergize   with  

other  mutations  that  activate  PI3K-­AKT  signaling  in  these  cancers  (52,  53).    

Another   mutation   originally   identified   as   a   human   developmental  

syndrome   deserves   special   mention.   As   a   congenital   mutation,   the   FGFR3  

mutation  N542K,  originally  described  in  the  IIIc  isoform  as  N540K,  causes  the  

mild   dwarfing   syndrome   hypochondroplasia   (54).   Biochemical   studies   have  
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shown  that  this  mutation  provides  constitutive  kinase  activation,  but  much  less  

than   mutations   in   the   YYKK   motif   (41,   55).   This   site   is   located   in   the   loop  

between  the  αC  helix  and  the  4  strand  in  the  kinase  hinge  region.  This  residue  

participates  in  a  network  of  hydrogen  bonds  that  functions  as  a  molecular  brake  

to  inhibit  FGFR2.  This  activating  mutation  disengages  this  inhibitory  network  in  

the  hinge  region  and  constitutively  activates  the  kinase  activity  of  the  receptor  

(56).   Somatic   mutations   at   this   site   commonly   occur   in   human   cancer.   In  

FGFR1,  the  mutation  N546K  occurs  in  glioblastoma,  pilocytic  astrocytoma  and  

rosette   forming  glioneural   tumors.   In  FGFR2,   the  mutations  N550D/H/K  have  

been   identified   in   breast   cancer,   endometrial   carcinoma,   gallbladder   cancer,  

head   and   neck   squamous   cell   carcinoma   and   spermatocytic   seminoma.   In  

FGFR3,   the  mutations  N542K/S/T/V  have  been   found   in  bladder  cancer  and  

spermatocytic  seminoma.  Lastly,  in  FGFR4,  the  mutations  N535D/K  have  been  

identified  in  rhabdomyosarcoma  (Table  1).    

Recently,   the   importance   of   the   kinase   insert   (KI)   domain   in   the  

functionality   of   RTK   families   was   described   (57).   In   comparison   with   other  

RTKs,   FGFRs   exhibit   a   short   15-­amino   acid   kinase   insert   domain.   The   KI  

domain  of  each  FGFR  contains  possible  phospho-­acceptor  sites,  such  as  Y583  

and   Y585   in   FGFR1.   Interestingly,   a   phosphomimic  mutation   of   Y589D   has  

been  identified  in  the  kinase  insert  domain  of  FGFR2  in  cervical  carcinoma  (58).  

This  residue  is  analogous  to  Y585  in  FGFR1,  in  which  phosphorylation  of  Y583  

and  Y585  has  been  shown  to  be  critical  for  mitogenesis,  transformation  of  Ba/F3  

cells  to  IL3-­independence  and  cellular  proliferation  (59).  Mutations  in  this  region  
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may   provide   a   conformational   change   that   increases   kinase   activation.   In  

FGFR2,  these  mutations  include  P583L  in  colorectal  cancer,  G584V/W  in  lung  

adenocarcinoma   and   lung   squamous   cell   carcinoma,   M585V   in   cervical  

squamous   cell   carcinoma,   S588C   in   breast   cancer   and   I591M   in   lung  

adenocarcinoma.  These  mutations  collectively  define  a  patch  from  P583-­I591  

in  the  KI  domain  of  FGFR2  which  must  be  involved  in  the  regulation  of  normal  

receptor  activity  and,  when  disturbed  by  mutation,  participates  in  oncogenesis.  

In   FGFR4,   KI   domain   mutations   include   G576D   in   rhabdomyosarcoma   and  

P583Q  in  colorectal  cancer  (Table  1).  

  

FGFR  mutations  in  cancers  of  the  central  nervous  system  

  

Pilocytic   astrocytoma   (PA)   is   a   common   central   nervous   system  

neoplasm   that   accounts   for   approximately   20%  of   pediatric   tumors   (60)   and  

usually  involves  alterations  within  the  MAPK  pathway;;  frequent  mutations  occur  

in  BRAF  such  as  V600E,  or  translocations  resulting  in  a  KIAA1549-­BRAF  fusion  

protein   (61,   62).   Genetic   sequencing   of   non-­cerebellar   PA   tumors   identified  

mutations   in   the  kinase  domain  of  FGFR1,   including  N546K  and  K656E/M/N  

(63)   (Table   1).   These   N546K   and   K656E   mutations   have   recently   been  

identified   in   rosette-­forming   glioneuronal   tumors   (RFNTs),   which   are   rare  

cerebellar  parenchyma-­derived  tumors  histologically  similar  to  PA  (64).  These  

mutations,   interestingly,   have   been   found   in   RFNT   occurring   in   the   fourth  

ventricle,  a  rare  site  for  PA.  These  studies  indicate  that  FGFR1  plays  a  critical  
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and  active  role  in  the  tumorigenesis  of  a  subset  of  extracerebellar  tumors  in  the  

absence  of  activated  BRAF.    

Several  mutations  in  each  FGFR  have  been  identified  in  glioblastoma.  In  

FGFR1,  these  mutations  include  N546K,  R576W  and  K656E;;  in  FGFR2,  Q212K  

and  G463K;;  in  FGFR3,  E468K  and  R605Q;;  and  in  FGFR4,  Q144E  and  R434Q  

(Table  1)  (65).  Except  for  the  FGFR1  N546K  and  K656E  mutations,  analogous  

to  the  hypochondroplasia  and  TDII  mutations  in  FGFR3,  the  mode  of  action  for  

most  of  these  mutations  is  not  well  understood.  Of  much  greater  significance  in  

glioblastoma  are  translocations  involving  FGFRs,  which  will  be  discussed  later.  
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Figure   4.2:   FGFR   Mutations   Identified   in   Human   Cancer.   Mutations   present   in   both  
developmental  syndromes  and  cancers  are  highlighted  in  red.  Mutations  present  only  in  cancer  
are  shown   in  black.  The   residue  numbers  are  based  on   the   following   isoforms  according   to  
Table  1:  αA1  for  FGFR1,  IIIb  for  FGFR2,  IIIb  for  FGFR3,  and  full-­length  form  FGFR4  (Uniprot  
P22455-­1).  
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FGFR4  activation  in  Rhabdomyosarcoma  (RMS)  

  

Activating   mutations   in   FGFR4   have   not,   so   far,   been   linked   to  

developmental   syndromes.   However,   it   is   clear   that   activating   mutations   in  

FGFR4   play   a   direct   role   in   the   aggressiveness   of   some   pediatric   tumors.  

Rhabdomyosarcoma  (RMS),  a  soft-­tissue  sarcoma,  is  a  relatively  common  type  

of  pediatric  tumor  histologically  divided  into  two  subtypes:  embryonal  (ERMS)  

that  occurs  in  the  head,  neck  and  trunk,  and  alveolar  (ARMS)  often  found  in  the  

extremities  (66,  67).    

Activating  mutations  in  the  kinase  domain  of  FGFR4  have  been  identified  

in  approximately  7.5%  of  primary  RMS  tumors,   including  N535D/K,  V550E/L,  

A554V   and   G576D   mutations   (Table   1,   Table   2)   (68).   FGFR4   N535K   and  

V550E  mutants  lead  to  increased  STAT3  activation  and  drive  in  vivo  pulmonary  

metastasis  in  xenograft  models.  Dose-­dependent  inhibition  of  mutated  FGFR4  

signaling   by   the   multi-­kinase   inhibitor   ponatinib   leads   to   ablation   of   STAT3  

signaling   resulting   in   decreased  RMS   tumor   growth   in   vivo   (69).   This   small-­

molecule   inhibitor   may   be   a   promising   candidate   to   treat   other   cancers  

harboring   these   FGFR4   mutations   (70).   Additionally,   recent   genomic  

sequencing  of  RMS  tumors  has  revealed  the  V550L/M  mutations  in  the  kinase  

domain  of  FGFR4  in  ERMS  tumors  (Table  1)  (71).  The  Val  residue  at  codon  

550  is  a  gatekeeper  residue  that  controls  the  accessibility  of  ATP  in  the  FGFR  

catalytic  pocket  (72).    
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ARMS  is  the  more  severe  subtype  and  75-­80%  of  ARMS  tumors  exhibit  

a  t(2;;13)  or  t(1;;13)  chromosomal  translocation  that  generates  PAX3-­FKHR  or  

PAX7-­FKHR   fusion   proteins,   respectively.   FGFR4   is   a   direct   transcriptional  

target  of  PAX3-­FKHR  in  which  the  enhancer  PAX  motif   is  downstream  of  the  

FGFR4   gene,   and   PAX3-­FKHR   binding   leads   to   increased   expression   of  

FGFR4   in   ARMS.   Inhibition   of   PAX3-­FKHR   with   shRNA   leads   to   reduced  

expression   in   ARMS   tumors   (73).   PAX3-­FKHR-­mediated   increased  

transcription  of  FGFR4  supports  cell  survival  via   the   increased  expression  of  

antiapoptotic   protein  BCL2L1,   as   shown  by   shRNA-­mediated   suppression  of  

FGFR4  that  decreases  BCL2L1  expression  (74)  (Fig  3).  

The  existence  of  activating  mutations  in  FGFR4,  more  commonly  found  

in  ERMS,  suggests  a  similar  functional  role  as  fulfilled  by  the  fusion  protein  PAX-­

FKHR  in  ARMS;;  both  pathways  result  in  increased  FGFR4  activation.    
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Figure  4.3:  FGFR4  signaling  contributes  to  progression  of  RMS.  In  ARMS,  the  PAX-­FKHR  
fusion   protein   functions   as   a   transcriptional   factor   to   stimulate   FGFR4   expression,   which  
upregulates   proliferative   and   anti-­apoptotic   pathways.   Inhibition   of   FGFR4   with   ponatinib  
suppresses  these  effects.    
  

Loss-­of-­function  mutations  in  FGFR2  in  Melanoma  

  

Thus   far,   mutations   in   FGFRs   have   been   described   as   resulting   in  

increased  kinase  activation.   In  contrast,  all  FGFR2  mutations   in  melanoma  –  

including  mutations  located  in  the  kinase  domain  –   lead  to   loss-­of-­function  of  

the  receptor  (Table  1).  Of  particular  interest  is  A649T  in  FGFR2  detected  in  a  

patient  homozygous  for  this  mutation  in  melanoma  (75).  This  residue  is  located  
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in  the  FGFR2  activation  loop.  The  introduction  of  the  Thr  side  chain  hinders  the  

phosphotransfer   reaction   that   is   critical   for   proper   receptor   activation,   thus  

resulting  in  loss-­of-­function  (76).  Ba/F3  cells  expressing  FGFR2  A649T  exhibit  

decreased  cellular  proliferation  compared  to  wild-­type  FGFR2,  and  this  mutation  

blocks   FGF2-­induced   activation   of   MAPK   signaling.   This   mutation   was   first  

detected  as  an  autosomal  dominant  mutation   in   lacrimo-­auriculo-­dento-­digital  

(LADD)  Syndrome  (77).  These  patients  exhibit  congenital  anomalies  affecting  

the  salivary  glands,  lacrimal  glands,  teeth  and  ears.  In  contrast  with  activating  

mutations  in  FGFR2  that  generally  lead  to  Pfeiffer,  Apert,  Crouzon  and  Beare-­

Stevenson  Syndromes  marked  by  severe  craniosynostosis,  LADD  patients  do  

not  exhibit  such  severe  phenotypes.  

  

Stop  codon  read-­through  mutations  in  FGFR3    

  

Thanatophoric   Dysplasia   (TD)   is   the   most   common   lethal   form   of  

chondrodysplasia.  The  K652E  activation   loop  mutation   in   the  FGFR3  causes  

TDII,  and  mutations  in  the  extracellular  domains  are  usually  responsible  for  TDI.  

However,  TDI  can  also  be  caused  by  unusual  mutations  at  the  stop  codon  of  

FGFR3,  allowing  additional  in-­frame  translation  of  an  additional  423  nt.  These  

read-­through   mutations   can   result   in   the   introduction   of   a   Cys,   Gly   or   Arg  

(X809C/G/R).   The   resulting   FGFR3   is   114   amino   acids   longer,   and   the  

elongated   hydrophobic   C-­terminal   region   adopts   an   α-­helix   conformation  

suggested  to  serve  as  a  second  transmembrane  domain  that  activates  FGFR3  
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(78,  79).  Recently,  additional  mutations  to  Leu,  Ser,  or  Trp  at  the  stop  codon  

have   been   detected   in   patients  with   TDI   (80).  Remarkably,   in   spermatocytic  

seminoma,  stop  codon  mutations  X809C/G/R/T  in  FGFR3  have  been  observed  

in  21/29  (72%)  of  patients  (9)  (Table  1).  These  mutations  clearly  support  cellular  

proliferation  and   clonal   expansion  of   spermatogonia   via  FGFR3  activation   in  

these  tumors.    

  

The  challenges  of  drug  resistance  in  tumors  with  mutated  FGFRs  

  

The  overall  efficacy  of   tyrosine  kinase   inhibitors  can  be   limited  due   to  

acquired  mechanisms  of  chemotherapy  resistance,  which  impedes  treatments  

and  leads  to  tumor  relapse  (81).  A  well-­documented  drug  resistance  mechanism  

may   include   the  emergence  of   secondary  mutations   in  gatekeeper   residues,  

such  as  T790M  in  EGFR  in  50%  of  erlotinib-­  and  gefitinib-­resistant  tumors  (82,  

83)  and  T315I  mutation  in  BCR-­ABL  in  imatinib-­resistant  Chronic  Myelogenous  

Leukemia  (CML)  (84,  85).  Similarly,  mutation  of  the  gatekeeper  residue  V561M  

in   FGFR1   has   been   shown   to   confer   in   vitro   drug   resistance   to   pyrido-­[2,3-­

d]pyrimidine  multikinase  inhibitor  PP58  (86).    

Dovitinib   (TKI-­258)   is   an   ATP-­competitive   multikinase   inhibitor   with  

activity  against  FGFRs  (87).  This  drug  has  shown  promising  pre-­clinical  anti-­

tumor  activity  in  cancers  driven  by  FGFR  activation  such  as  multiple  myeloma  

and   acute   myelogenous   leukemia   (88-­90).   In   response   to   dovitinib,   FGFR2  

mutations  were  observed  including  N550H/K/S/T,  V565I,  E566A/G  and  K642N,  
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which  resulted  in  increased  receptor  kinase  activity.  Residues  N550,  E566  and  

K642  are  part  of  a  triad  that  forms  a  network  of  autoinhibitory  hydrogen  bonds  

termed  the  molecular  brake.  Drug-­resistant  mutations  at  these  sites  disrupt  this  

molecular  brake  in  the  kinase  hinge  region  of  FGFR2  (91).  Furthermore,  FGFR2  

mutations  at  N550  and  K642  have  been  identified  in  adenoid  cystic  carcinoma,  

breast   cancer,   endometrial   carcinoma,   gallbladder   cancer,   head   and   neck  

squamous  cell  carcinoma  and  spermatocytic  seminoma  (Table  1)  (23,  32,  92,  

93).    

Furthermore,   the   use   of   FGFR   inhibitors   AZD4547   and   AZ8010   for  

diseases  such  as  multiple  myeloma,  gastric  cancer  and  urothelial  cancer,  has  

been  shown  to  decrease  tumor  proliferation  (94).  In  order  to  identify  potential  

mechanisms   of   resistance   to   FGFR   inhibitor   AZ8010   in   multiple   myeloma,  

AZ8010-­resistant  multiple  myeloma  KMS11  cells  (KMS11-­R)  were  generated.  

KMS11-­R   cells,   which   express   FGFR3   Y375C,   exhibited   elevated   levels   of  

phosphorylated  FGFR  and  FRS2,  and  increased  STAT3  and  MAPK  signaling  

(94).  Genomic  sequencing  of  KMS11-­R  cells  revealed  a  secondary  mutation  in  

the  gatekeeper   residue  V557M   in  FGFR3,  which   is  analogous   to   the  V561M  

mutation  in  FGFR1  in  PP58-­resistant  cells.  Molecular  simulation  predicts  that  

the  Met  side  chain  is  approximately  25%  bulkier  than  the  Val  at  position  561  in  

FGFR1,  and  it  restricts  the  binding  of  FGFR  inhibitor  PD173074  to  the  catalytic  

domain  (86).    

Effective   cancer   treatments   depend   upon   the   prediction   of   drug-­

resistance  mechanisms  evolved   in   tumor  cells.  Without  such  predictions,   the  
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efficacy  of  chemotherapy  agents  is  compromised,  contributing  to  a  decrease  in  

treatment  progression  resulting  in  tumor  relapse.  

  

4.4  FGFR  translocations  and  fusion  proteins  in  cancer    

  

FGFR  fusion  protein  discovery  across  a  variety  of  cancers  

  

Fusion  proteins  are  continually  being  discovered  in  a  variety  of  human  

cancers.  Particularly,   fusions   involving  FGFRs  are  prevalent   in  hematological  

cancers  and  solid  tumors.  The  existence  of  translocations  involving  FGFRs  has  

been   known   since   the   late   1990s,   when   a   patient   with   T-­cell   lymphoblastic  

lymphoma  was  found  to  harbor  a  ZNF198-­FGFR1  fusion,  now  also  referred  to  

as  ZMYM2-­FGFR1.  Lymphoma  or  leukemia  cases  from  the  1970s  and  1980s  

described  disease  characteristics  similar  to  the  now  well-­defined  disease,  8p11  

myeloproliferative  syndrome  (EMS).  This  correlation  may  arise  because  FGFR1  

fusions   in   leukemia  and   lymphoma  often  originate  as  EMS.  According   to   the  

World   Health   Organization,   EMS   is   classified   as   “myeloid   and   lymphoid  

neoplasms  with   FGFR1   abnormalities,”   and   has   also   been   called   “stem   cell  

leukemia/lymphoma”  (95).    

In  EMS,  FGFR1  located  at  8p11.22  is  often  disrupted  by  chromosomal  

translocation,   resulting   in   a   fused   coding   region.   The   fusions   in   EMS  

consistently  result   in  FGFR1  fused  to  an  N-­terminal  dimerization  domain  (Fig  

4),  an  alteration  that  has  also  been  found  in  breast  cancer,  lung  squamous  cell  
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carcinoma,   phosphaturic   mesenchymal   tumor,   rhabdomyosarcoma   and  

leukemia   (Table  3)   (96-­99).  With  FGFR  as   the  3’  partner,   the   ligand-­binding  

extracellular  domain  and  transmembrane  domain  are  excluded  from  the  fusion  

protein,  with  only  the  FGFR  kinase  domain  attached  to  the  5’  protein  partner.  

Dimerization   of   this   fusion   type   would   result   only   from   the   N-­terminal  

oligomerization   domain,   not   FGF   ligand   binding.   In   solid   tumors,   it   is   more  

common  to  find  FGFR  as  the  5’  fusion  gene,  with  the  breakpoint  consistently  

found   in   exons   17,   18,   or   19,   leaving   the   extracellular,   transmembrane   and  

kinase  domains  intact.  When  the  extracellular  domain  is  present,  dimerization  

is   thought   to   increase  with   the  addition  of  FGF   ligand.  Although  the  domains  

present   in   fusion   proteins   vary,   the   intact   FGFR   kinase   domain   is   always  

retained,   indicating   this  domain   is  critical   for  a   functioning   fusion  protein  and  

cancer  progression.  It  is  rare  to  see  an  FGFR  fusion  protein  with  an  additional  

FGFR  activating  mutation.  The  reason  may  be  that  either  event  alone  may  be  

sufficient  for  cancer  to  progress,  although  the  dual  activation  of  an  FGFR  both  

by   mutation   and   translocation   could   provide   additional   oncogenic   potential.  

Additionally,  while  some  FGFR  fusions  occur  with  high  tissue  specificity,  others  

occur  across  many  cancer  types  (100).  

  

Dimerization  of  FGFR  induced  by  the  fusion  partner    

  

In  FGFR  fusion  proteins,  almost  all   fusion  partners  contribute  a  known  

dimerization  domain  which  allows  the  FGFR  to  dimerize  and  autophosphorylate  
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the  kinase  domain,  leading  to  activation  and  downstream  signaling,  increased  

cell  proliferation  and  cancer  progression  (Fig  1).  Recently,  an  FGFR3  fused  to  

transforming  acidic   coiled-­coil   containing  3   (TACC3)  has  been  discovered   in  

glioblastoma,   bladder   cancer,   lung   cancer,   oral   cancer,   head   and   neck  

squamous  cell  carcinoma  and  gallbladder  cancer  (96,  97,  101-­107)  (Table  3).  

Additionally,  FGFR1-­TACC1  has  been  identified  in  glioblastoma  (106,  108).  The  

coiled-­coil   domain   of   TACC3   is   assumed   to   bring   the   FGFR3   portion   of   the  

fusion   proteins   close   together,   inducing   activation.   FGFR3-­TACC3,   FGFR3-­

BAIAP2L1,   and   FGFR2-­CCDC6   have   been   shown   to   dimerize   presumably  

through  their  coiled-­coil  domains  (96).  The  FGFR2-­BICC1  gene  fusion  has  been  

found  in  cholangiocarcinoma,  colorectal  cancer  and  hepatocellular  carcinoma  

(96,  109-­111).  The  self-­associating  sterile  alpha  motif  domain  (SAM)  of  BICC1,  

containing  a  helix-­loop-­helix  domain,  fused  3’  to  FGFR2,  is  believed  to  instigate  

constitutive  dimerization  of  FGFR2  in  order  to  produce  an  active  receptor  (100)  

(Fig  4).    

Other  dimerization  domains  found  in  FGFR  fusion  proteins  are  believed  

to  have  the  same  function.  FGFR  fusion  partner  domains   include  zinc-­finger,  

leucine  zipper,  coiled-­coil,  SAM,  LIS1-­homologous  (LIsH),  IRSp53/MIM  (IMD),  

BAG,  FN1,  AFF3,  and  stomatin/prohibitin/flotillin/HflK/C  (SPFH)  domains  (also  

known   as   the   prohibitin   PHB   domain)   (Table   3).   Other   fusions   thought   to  

dimerize  by  self-­association  domain  include  FGFR2-­CASP7  in  breast  cancer,  

which  dimerizes  through  active  site  loops,  and  CPSF6-­FGFR1,  which  dimerizes  

through  a  RNA  recognition  motif  (95,  96,  112).  The  most  frequent  fusion  partner  
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domain  is  the  coiled-­coil,  occurring  in  the  proteins  mentioned  above;;  in  addition,  

the  other  coiled-­coil   fusion  proteins  are  BCR-­FGFR1  (113),     CEP110-­FGFR1  

(95),  CUX1-­FGFR1  (114),  FGFR1OP2-­FGFR1  (115),  FGFR2-­AHCYL1  (109),  

FGFR2-­CIT   (116),   FGFR2-­FAM76A   (117),   FGFR2-­KIAA1598   (110),   FGFR2-­

KIAA1967   (96),   FGFR2-­OFD1   (96),   FGFR2-­PPHLN1   (118),   FGFR2-­TACC3  

(111),  LRRFIP1-­FGFR1  (95),  MYO18A-­FGFR1  (95),  TRIM24-­FGFR1  (95),  and  

TPR-­FGFR1  (119).    

In   order   for   autophosphorylation   to   occur,   RTKs   need   to   be   exactly  

aligned.  It  has  been  shown  that  dimerization  of  the  intracellular  domain  alone  

will  not  activate  the  receptor.  Ligand  binding  rotates  and  aligns  the  extracellular  

juxtamembrane  domain  and   intramembrane  α-­helices,   leading   to   intracellular  

kinase  domain  alignment,  dimerization  and  activation  (24).  To  create  an  active  

FGFR   fusion   protein,   the   dimerization   domain   must   provide   the   correct  

alignment.  The  most  common  FGFR1  fusion  in  EMS  is  ZNF198-­FGFR1,  which  

contains   either   4   or   10   zinc   finger   domains   and   a   proline-­rich   domain   from  

ZNF198,   followed  by  the  tyrosine  kinase  domain  of  FGFR1  (Fig  4)   (95).  The  

proline-­rich  domain  is  a  self  association  domain  and  is  essential  for  dimerization  

and  activation  of  FGFR1  (120).    

An   exception   to   the   activation-­by-­oligomerization   theme   is   an   internal  

tandem  duplication  (ITD)  of  FGFR1  in  a  patient  with  pilocytic  astrocytoma  (60),  

resulting  in  a  duplication  of  the  FGFR1  kinase  domain.  ITD  has  previously  been  

observed   in   Acute   Myeloid   Leukemia   with   FLT3,   another   receptor   tyrosine  

kinase.  This  ITD,  which  occurs  in  the  juxtamembrane  domain  of  FLT3,  leads  to  
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enhanced   receptor   activation   and   increased   downstream   signaling   of  MAPK  

and  STAT5  (121).    

  

Altered  cellular  localization  of  FGFR  by  the  fusion  partner    

  

Often,  the  creation  of  FGFR  fusion  proteins  not  only  activates  FGFR  and  

its  canonical  pathways,  but  results  in  an  incongruous  FGFR  localization  as  well.  

Some   partner   proteins   can   lead   to   localization   of   FGFR   to   a   cellular  

compartment  other  than  the  plasma  membrane.  Fusion  proteins  that  have  been  

shown   to   have   irregular   localization   include   FGFR1OP-­FGFR1,   CEP110-­

FGFR1,  ZNF198-­FGFR1,  and  TEL-­FGFR3  in  lymphoma  and  FGFR3-­TACC3  in  

glioblastoma.  Wild-­type  FGFR1OP   (FGFR1  oncogenic   partner)   and  CEP110  

(centriolin)  are  centrosomal  proteins.  Once  engaged   in  a   fusion  with  FGFR1,  

FGFR1OP  localizes  the  kinase  domain  to  the  centrosome  through  a  CAP350  

interaction  (122).  CEP110   is   involved   in  centriole  maturation  and   localizes   to  

the   centrosome   via   an   170-­amino   acid   region   in   the   C-­terminus,   a   region  

retained  in  the  CEP110-­FGFR1  fusion.  Instead  of  the  expected  localization  to  

the   centrosome,   cytoplasmic   expression   of   the   fusion   protein   was   observed  

(123).  Continuous  kinase  activity  and  inappropriate  cytoplasmic  localization  due  

to  CEP110-­FGFR1   fusion   formation  may   result   in   increased  cell  viability  and  

hematopoietic  stem  cell  growth.  The  fusion  proteins  ZNF198-­FGFR1  and  TEL-­

FGFR1  have  been  identified  as  cytoplasmic  proteins  (95,  99).  The  translocation  

of  ZNF198  and  FGFR1  genes  removes  the  FGFR1  transmembrane  domain  and  
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the  C-­terminal  nuclear  localization  signal  of  ZNF198,  which  most  likely  leads  to  

cytoplasmic  localization.    

Expressed   FGFR3-­TACC3   has   been   shown   to   localize   to   the   mitotic  

spindle  poles  in  dividing  mouse  astrocytes,  most  likely  due  to  recruiting  effects  

of   TACC3.   In   addition,   the   fusion   protein   increased   the   percentage   of  

aneuploidy  by  greater  than  2.5-­fold  (106).  As  TACC3  is  an  important  component  

of  mitotic  spindle  assembly  and  is  involved  with  the  attachment  of  chromosomes  

to  microtubules,   it   is   most   likely   playing   a   role   in   chromosomal   segregation  

errors.   During   mitosis,   wild-­type   TACC3   is   strongly   diffused   around  

centrosomes,  due  to  the  localizing  effects  of  the  C-­terminal  coiled-­coil  (124).  As  

this  domain  is  present  in  the  FGFR3  fusion,  multiple  effects  could  be  implicated  

by  the  fusion  protein  such  as  localization  of  FGFR3-­TACC3  to  the  centrosome  

or  a  novel  biochemical  activity.  During  interphase,  wild-­type  TACC3  has  been  

found   to   be   concentrated   in   the   nucleus   (124).   The   location   of   the   FGFR3-­

TACC3  fusion  in  non-­dividing  cells  has  not  yet  been  identified.    

Although   the   localization   of   ERLIN2-­FGFR1   has   not   yet   been  

investigated,  wild-­type  ERLIN2  anchors  to  the  ER  membrane  via  an  N-­terminal  

binding  motif.  This  motif  is  still  present  when  ERLIN2  is  fused  to  FGFR1,  and  

may  be  affecting  fusion  protein  location  (125).  The  fusion  results  in  the  SPFH  

oligomerization   domain   of   ERLIN2   fused   5’   to   exon   4   of   FGFR1,   and   was  

detected  in  breast  cancer.    

Thus,  for  these  and  other  FGFR  fusion  proteins  discussed:  is  the  salient  

biological  feature  the  localization  of  the  FGFR  kinase  domain  to  a  novel  cellular  
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compartment?  Or,  is  it  the  constitutive  dimerization  and  activation  of  the  FGFR  

kinase  domain,  regardless  of  the  localization  of  the  normal  fusion  partner,  that  

is  determinative?  Much  further  experimental  research  will  be  required  to  arrive  

at  a  definitive  answer.  

  

Downstream  signaling  impacts  of  fusion  proteins  

  

FGFR   fusion  proteins  have  been  shown   to  activate   the  normal  FGFR  

pathways,  specifically  the  PI3K/AKT,  MAPK,  and  JAK/STAT  pathways  (Fig  1).  

FGFR3-­TACC3,  FGFR3-­BAIAP2L1,  and  FGFR2-­CCDC6  increase  activation  of  

PI3K/AKT  and  MAPK  pathways  (100).  FGFR2-­TACC3  has  also  been  shown  to  

increase   MAPK   activation,   but   only   a   moderate   increase   of   FRS2  

phosphorylation  of  the  PI3K  pathway  has  been  seen  (111).  In  wild-­type  FGFR1,  

FRS2  normally  binds  to  the  juxtamembrane  domain  between  amino  acids  407  

and  433.  In  many  FGFR1  fusions,  this  domain  is  either  fully  or  partially  disrupted  

by   translocation   of   the   fusion   partner,   which   results   in   an   inability   to   recruit  

FRS2.  This  has  been  shown  to  occur  in  ZNF198-­FGFR1,  but  may  occur  in  other  

fusion   proteins   with   FGFR   as   the   3’   partner.   However,   although   FRS2  

interaction  with  ZNF198-­FGFR1  was  undetectable,  the  PI3K  pathway  remained  

active  (95).    

In   addition   to   the   activation   of   MAPK   and   PI3K   pathways,   cells  

expressing  FGFR1OP-­FGFR1  exhibit  increased  phosphorylation  of  STAT1  and  

STAT3,  but  not  STAT5  (126).  Furthermore,  ZNF198-­FGFR1  activates  STAT5,  
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FGFR3-­TACC3  activates  STAT3,  and  FGFR3-­BAIAP2L1  and  FGFR2-­CCDC6  

increase  STAT1   activation   (100,   122).   ERLIN2-­FGFR1   and  CEP110-­FGFR1  

have  been  shown  to  be  biologically  active  through  tyrosine  phosphorylation  of  

the  respective  fusion  proteins,  but  further  downstream  signaling  activation  has  

not   been  explored   (96,   123).  Despite   an  overall   increase   in   cell   proliferation  

pathway  activation,  a  contrasting  study  reports  a  failure  to  over-­activate  MAPK  

and   AKT   by   FGFR3-­TACC3   (106).   Studies   exploring   FGFR2-­AHCYL1   and  

FGFR2-­BICC1  fusions  report  an  absence  of  AKT  and  STAT3  phosphorylation,  

although  the  MAPK  pathway  remained  active  (109).  Additionally,  TEL-­FGFR3  

directly  interacts  with  and  activates  STAT3  and  STAT5,  presumably  through  the  

FGFR3  portion  of  the  protein,  an  interaction  that  has  not  been  shown  with  other  

fusion  proteins  (99).    

Fusions  with  FGFR  as  the  5’  partner  usually  result   in  a  deletion  of  the  

last   exon   of   FGFR,   which   includes   the   tyrosine   residue   important   for   PLCγ  

binding   (127).   In   bladder   cancer,   cells   transfected   with   FGFR3-­TACC3   or  

FGFR3-­BAIAP2L1  were  unable  to  activate  PLCγ,  due  to  a  deletion  of  the  last  

exon   of   FGFR3   in   both   fusion   proteins   (102)   (Fig   4)   Chromosomal  

rearrangements  such  as  these  also  result  in  the  loss  of  the  3’  UTR  (untranslated  

region)   of   FGFR,   significant   as   a   region   that   contains   various   microRNA  

(miRNA)  regulation  sites.  MiR-­99a  is  normally  present  at  high  levels  in  the  brain  

and  results  in  a  downregulation  of  FGFR3  translation.  The  formation  of  FGFR3-­

TACC3  fusion  in  glioblastoma  results  in  a  loss  of  the  miR-­99a  site,  which  leads  

to  the  overexpression  of  FGFR3-­TACC3.  This  miRNA  site  is  unique  to  FGFR3,  
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but  overexpression  due  to  a  loss  of  miRNA  regulation  could  occur  in  any  FGFR  

fusion  where  the  3’  UTR  region  contains  a  regulatory  miRNA  site  (105).  

Interestingly,   nuclear   pore   complex   proteins   have   been   identified   in  

fusion   proteins   with   FGFR1.   RANBP2-­FGFR1,   TPR-­FGFR1,   and   NUP98-­

FGFR1  have  all  been  identified  in  EMS  (95,  119,  128).  Mechanistically,  these  

may  be  similar  to  other  fusion  proteins  discussed  previously  in  that  two  of  these  

possess   dimerization   domains,   with   RANBP2   (RAN   binding   protein   2,   also  

NUP358)  containing  a  leucine  zipper  domain  and  TPR  (Translocated  Promoter  

Region)   containing   a   coiled-­coil   domain   (Table   3).   A   dimerization   motif   in  

NUP98  has  not  yet  been  identified,  however.  Also  mechanistically  unclear  is  the  

fusion  partner  AFF3  (AF4/FMR2  Family,  Member  3,  also  known  as  LAF4),  a  

nuclear   transcriptional   activator,   which   has   been   identified   as   the   3’   fusion  

partner  with  FGFR2   (Table  3).  AFF3  has  also  been   found   fused   to   the  MLL  

gene  in  acute  lymphoblastic  leukemia  (129).  It  is  unclear  whether  the  significant  

biochemical   consequence   of   these   fusion   proteins   is   manifested   in   the  

dimerization   and   activation   of   the   FGFR   partner,   or   whether   the   abnormal  

nuclear  localization  of  the  FGFR  component  represents  the  key  event.  

All  EMS  cases  with  FGFR1  fusions  have  thus  far  been  negative  for  the  

BCR-­ABL  fusion  gene,  which  occurs  in  85-­90%  of  CML.  The  remaining  cases  

either  contain  other  translocations  or  are  classified  as  BCR-­ABL  negative  CML,  

or  atypical  CML.  Some  of  these  atypical  CML  cases  are  now  linked  to  the  broad  

spectrum  of  EMS  cases,  due  to  the  presence  of  a  translocation   involving  the  

8p11  region  (130).  Patients  with  BCR-­FGFR1  [t(8;;22)(p11;;q11)]  fusion  are  often  
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referred  to  as  CML-­like  due  to  their  greater  resemblance  to  CML  than  to  EMS.  

BCR  has  been  shown  to   interact  with  Grb2  by  phosphorylation  of  Y177  (95).  

This   interaction   is   thought   to   be   important   for   BCR-­ABL   signaling   in   CML  

patients,  and  may  be  playing  a  role  in  EMS  patients  with  BCR-­FGFR1  as  well.    

  

Inhibition  of  FGFR  fusion  proteins  

  

Through   the   use   of   various   drug   treatments,   a   reduction   of   cell  

proliferation  and  FGFR  fusion  protein  activity  has  been  accomplished.  Studies  

indicate  that  an  active  FGFR  kinase  domain  drives  cancer  progression,  thus  the  

goal  of  many  cancer  treatments  is  to  inhibit  the  FGFR  portion  of  the  fusion  (106)  

(109).  FGFR   inhibitors  have  been  used   in   vitro   to   reduce  phosphorylation  of  

FGFR  and  subsequent  downstream  signaling  proteins.  FGFR  kinase  inhibitors  

AZD4547,  BGJ398,  and  PD173074  have   inhibited  growth  of  FGFR3-­TACC3-­

expressing   Rat1A   and   glioma   stem-­like   cells   (GSC-­1123).   PD173074   and  

AZD4547   both   resulted   in   tumor   shrinkage   during   in   vivo   mouse   xenograft  

studies  as  well  (106).  For  fusions  FGFR2-­AHCYL1  and  FGFR2-­BHCC1,  both  

BGJ398  and  PD173074  were  successful  in  reducing  in  vitro  fusion  activity  and  

cell  growth  (109).  In  bladder  cancer,  sensitivity  of  FGFR3-­TACC3  and  FGFR3-­

BAIAP2L1  to  the  kinase  inhibitors  PD173074,  dovitinib,  SU5402,  and  BGJ398  

has   been   reported   (102).   BGJ398   and   dovitinib   are   currently   involved   in  

numerous  clinical  trials  (clinicaltrials.gov).    

FGFR3  translocations  were  also  targeted  using  the  heat  shock  protein  
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90  (HSP90)  inhibitor,  ganetespib  (STA-­9090).  By  inhibiting  HSP90,  hundreds  of  

proteins  soon  become  degraded,  which  disrupts  oncogenic  signaling  pathways.  

Ganetespib   treatment   of   bladder   cancer   cell   line   RT112,   which   contains  

FGFR3-­TACC3,   resulted   in  a  decrease  of   fusion  protein  expression  and  cell  

viability.  Expression  of  the  apoptosis  facilitator  protein  BIM  (BCL2-­Like  11,  or  

BLC2L11)  was  induced,  indicative  of  apoptotic  pathway  activation.  Combination  

of  ganetespib  with  BGJ398  proved  to  be  the  most  effective  in  causing  cell  death.  

However,   ganetespib   had   differential   effects   on   protein   expression   and   cell  

viability   in   RT4   and   SW780   cell   lines,   which   contain   FGFR3-­TACC3   and  

FGFR3-­BAI1AP2L1,   respectively.   While   HSP90   inhibitors   17-­AAG   and   17-­

DMAG   reduced   cell   viability,   resistance   to   ganetespib   was   exhibited.   This  

discrepancy  may  be  due  to  differences  in  drug  movement  or  metabolism  (131).  

Other  HSP90   inhibitory   compounds  were   effective   in   killing   cells   expressing  

BCR-­ABL   in   vitro   (122).   These   results   collectively   indicate   the   potential   of  

HSP90  inhibitors  against  fusion  positive  cases.    

In  cholangiocarcinoma,  pazopanib  (GW786034B)  followed  by  ponatinib  

(AP24534)   treatment,   both   RTK   inhibitors,   induced   anti-­tumor   activity   in   a  

patient  with  FGFR2-­TACC3.  Ponatinib  treatment  also  led  to  anti-­tumor  activity  

in   a   patient   exhibiting   FGFR2-­MGEA5   fusion.   Ponatinib   has   been   FDA  

approved  for  treatment  of  the  drug  resistant  T315I  mutation  in  BCR-­ABL  fusion  

protein  in  CML  (111).    

In   EMS,   the   small   number   of   patients   who   have   achieved   long   term  

remission   have   received   hematopoietic   stem   cell   transplantation.   Many  
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therapies  used  for  acute  lymphoblastic  leukemia,  acute  myeloid  leukemia,  and  

myeloproliferative  neoplasms  have  proven  unsuccessful  or  display  only  short  

term   remission   against   EMS.   FGFR1   kinase   inhibitor   SU5402   has   shown  

promise,   demonstrating   inhibitory   effects   in   cells   expressing  BCR-­FGFR1   or  

ZNF198-­FGFR1.   Interestingly,   PI3K,   farnesyltransferase,   and   p38   inhibitors  

were  also  successful  in  reducing  growth  of  these  cells,  whereas  MEK  inhibitor  

PD98059  was  not  (130).  This  is  distinct  from  the  MEK  inhibitor  U0126,  which  

was  shown   to   inhibit  growth  of  cells  expressing  FGFR3-­TACC3   (105).  While  

dovitinib   has   been   successful   in   inhibiting   the   proliferation   of   Ba/F3   cells  

transfected   with   ZNF198-­FGFR1   or   BCR-­FGFR1   and   cell   lines   expressing  

FGFR1OP2-­FGFR1,  a  push  for  effective  FGFR1  inhibitors  is  needed  for  EMS  

cases  (132).  

  

Translocations  leading  to  FGFR  overexpression  without  creation  of  

a  fusion  protein    

  

Some  translocations  do  not  create  a  novel  fusion  protein;;  rather,  these  

result  in  overexpression  of  FGFR.  In  the  translocations  of  SLC45A3-­FGFR2  in  

prostate  cancer  and  IgH-­MMSET-­FGFR3  in  Multiple  Myeloma  (MM),  the  partner  

gene  promoter  now  controls  FGFR   transcription,  which  alters   the  expression  

levels  of  the  receptor.  SLC45A3-­FGFR2  translocation  results  in  the  endogenous  

promoter  and  exon  1  noncoding  region  of  SLC45A3  attached  5’  to  the  FGFR2  

gene,   which   places   FGFR2   transcription   under   the   control   of   an   androgen-­
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regulated  promoter.  This  leads  to  FGFR2  overexpression  and  oncogenicity  (96).  

Multiple  Myeloma  (MM)  is  characterized  by  a  growth  of  malignant  cells  

in  the  bone  marrow.  In  approximately  20%  of  MM  cases,  a  t(4;;14)  (p16.3;;q32)  

translocation  places  MMSET  and  FGFR3  under  the  control  of  the  IgH  promoter,  

leading   to  overexpression  of  FGFR3  (133).  The  overexpressed  FGFR3  often  

contains   an   additional   mutation,   resulting   in   functional   changes   such   as  

resistance   to   tyrosine   kinase   inhibitors   (V557M),   constitutive   dimerization  

(Y375C),  or  constitutive  kinase  activation  (K652E)  (94).  However,  one  third  of  

cases   with   this   translocation   lose   FGFR3   expression   while   IgH   is  

overexpressed.  Additionally,  although  rare,  translocations  between  FGFR3  and  

an   immunoglobulin   gene   enhancer   have   been   found   in   chronic   lymphocytic  

leukemia   (CLL),   including   t(4;;14)   (p16;;q32)   between   FGFR3   and   IgH,   and  

t(4;;22)  (p16;;q11.2)  involving  FGFR3  and  IgL  (134,  135).    

MM   cases   with   the   t(4;;14)   translocation   have   shown   partial  

responsiveness  to  the  FGFR3  inhibitor  PD173074  and  RTK  inhibitor  sunitinib  

(SU-­11248).   During   in   vitro   studies,   both   inhibitors   halted   cell   growth   and  

inhibited  FGFR3  activity,   inducing  an  apoptotic  response.  However,  during   in  

vivo  studies,  tumor  growth  in  the  translocation-­positive  model  was  not  inhibited  

by   sunitinib,   even   though   sunitinib   was   active   in   the   translocation-­negative  

tumors.  The  difference  between  the   in  vitro  and   in  vivo  data  may  be  due  to  a  

difference  in  tumor  microenvironment  (133).  These  studies  also  revealed  that  

RTK  inhibitors  PD173074,  sunitinib,  and  vandetanib  (ZD6474)  inhibited  viability  

of  Ba/F3  cells  transformed  with  ZNF198-­FGFR1.  Sunitinib,  which  inhibits  many  



	
  

167  

RTKs,  is  approved  for  metastatic  renal  cell  carcinoma  treatment  (133),  and  is  

being   examined   in   clinical   trials   for   relapsed   multiple   myeloma   patients.  

Additionally,  masitinib   (AB1010,   a   TK   inhibitor)   has   entered   phase   II   clinical  

trials  for  MM  patients  with  the  t(4;;14)  translocation.  [clinicaltrials.gov]    

  

Genomic  events  that  contribute  to  FGFR  fusion  proteins    

  

Although  the  occurrence  of  FGFR  fusion  proteins  may  be  rare,  there  are  

similarities  between   fusions.  Fusions  with  FGFR  as   the  5’   partner  have  only  

been   found   in   solid   tumors   so   far.   In   contrast,   fusions  with   FGFR   as   the   3’  

partner  have  consistently  been   found   in  EMS,  which  predisposes  patients   to  

either   lymphoma,   leukemia,   or   both.   A   few   exceptions   have   been   ERLIN2-­

FGFR1   found   in   breast   cancer   (96),   BAG4-­FGFR1   in   lung   squamous   cell  

carcinoma   (LUSC)   (96),   FOXO1-­FGFR1   in   rhabdomyosarcoma   (136),   TEL-­

FGFR3   in   lymphoma   (99),   FN1-­FGFR1   in   phosphaturic  mesenchymal   tumor  

(137),  and  SQSTM1-­FGFR1  in  leukemia  (138)  (Table  3).  

While  the  mechanism  and  cause  of  gene  rearrangements   is  unknown,  

both   intrachromosomal   and   interchromosomal   rearrangements   have   been  

identified.   Rearrangements   in   the   form   of   tandem   duplication,   inversion,  

deletion,   or   translocation   have   all   been   identified   as   FGFR   fusion   formation  

events.   Translocations   occur   when   two   double   stranded   breaks   on   different  

chromosomes   rearrange   and   repair   (100).   Fusion   genes   joined   by   a  

translocation  can  result  in  the  formation  of  a  reciprocal  gene  (i.e.  FGFR2-­BICC1  
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and  BICC1-­FGFR2  genes).  This  has  been   reported   in   some  cases,   such  as  

BCR-­FGFR1,  CEP110-­FGFR1,  FGFR1OP-­FGFR1,  FGFR2-­AHCYL1,  FGFR2-­

BICC1,   HERVK-­FGFR1,   LRRFIP1-­FGFR1,   RANBP2-­FGFR1,   SQSTM1-­

FGFR1,   TIF1-­FGFR1,   and   ZNF198-­FGFR1   fusions   (95,   109-­111,   123,   128,  

138,   139).   However,   reciprocal   translocations   have   not   been   shown   to   be  

translated  into  functional  proteins.  The  majority  of  these  studies  do  not  report  

the  presence  of  a  reciprocal  fusion  gene,  and  this  may  be  indicative  of  another  

genetic  alteration,  such  as  an  insertion  or  complex  rearrangement,  which  would  

preclude  the  formation  of  the  reciprocal  gene  (95).  

The  formation  of  these  chromosomal  rearrangements  may  occur  due  to  

common  chromosomal   fragile  sites   (CFSs).  An   increasing  number  of  studies  

have  identified  CFSs  as  areas  commonly  affected  by  deletions,  amplifications,  

and   rearrangements   in   cancer   (140).  CFSs  have   become   linked   to   genomic  

instability,   the  driving   force  of  cancer.  Chromosomal  breakpoints   identified   in  

cancer  match  to  67%  of  fragile  sites  induced  in  vitro  (140).  All  individuals  posses  

CFSs,   and   these   regions   have   been   identified   as   evolutionarily   conserved.  

CFSs  contain  tandem  repeat  sequences,  often  flexible  AT-­rich  repeats  and  the  

formation  of  non-­B-­DNA  secondary  structures.  Additionally,  the  fragile  nature  of  

CFSs  has  been   linked   to  a   lack  of   replicating  origins  within   the  CFS   region,  

which  may   lead   to   incomplete   replication.  CFS  expression   is  also  specific   to  

tissue  or  cell  type.  An  investigation  should  be  made  into  the  correlation  between  

CFS  and  tumor-­specific  gene  rearrangements,  as  seen  with  some  FGFR  fusion  

protein   expression.   Mutagens   and   carcinogens   often   target   CFS   regions.  
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Regulation  of  CFS  occurs   by  DNA  damage   response  proteins,   including   the  

ataxia  telangiectasia  mutated  (ATM)  pathway.  This  pathway  is  downregulated  

in  cholangiocarcinoma  patients  with  FGFR2  fusions  (118).  

CFS  FRA10F  has  been  identified  at  10q26,  a  region  which  contains  the  

FGFR2  gene  (111),  though  some  indicate  FGFR2  is  proximal  to  FRA10F  (140).  

FGFR2  is  also  surrounded  by  ribosomal  protein  pseudogenes  (RPS15AP5  and  

RPL19P16),  which  contain  repetitive  bases,  leading  to  genomic  instability  (111).  

Although  not  thoroughly  investigated,  these  factors  could  be  an  indication  of  the  

high  level  of  genomic  rearrangements  seen  in  the  FGFR2  region.  In  this  regard,  

it  may  be  noteworthy  that  10  of  107  cholangiocarcinoma  patients  simultaneously  

exhibited  two  different  fusions,  FGFR2-­BICC1  and  FGFR2-­PPHLN1  (118).  CFS  

regions  have  also  been  identified  on  the  X  chromosome,  in  regions  flanking  the  

ODF1   gene,   which   has   been   identified   in   a   FGFR2-­ODF1   fusion   in   thyroid  

cancer   (96,   140).   As   seen   (Table   3),   FGFR1,   FGFR2,   and   FGFR3  

rearrangements  predominate  while,  for  unknown  reasons,  FGFR4  fusions  are  

strikingly  absent.    
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Figure   4.4:   Structural   Organization   of   Select   FGFR   Fusion   Proteins.   Schematic  
representations  are  presented  for  the  more  common  (n>5)  FGFR  fusions  identified  in  human  
cancers   and   cell   lines.   The  most   common   breakpoint   of   each   fusion   is   shown.  Occurrence  
numbers   (n)   indicate   the   total   number   of   times   the   fusion   has   been   identified,   including  
breakpoints  not  shown  in  the  figure.  See  Table  3  for  full  list  of  FGFR  fusions  and  translocations.    
  

4.5.  Concluding  Remarks  

  

Aberrant   FGFR   signaling,   either   due   to   activating   mutations   or   the  

presence  of  fusion  proteins,  supports  cellular  proliferation,  tumorigenesis,  and  

cancer   progression.   Although   extensive   research   has   shown   that   targeting  

FGFRs   with   small   molecule   inhibitors   halts   receptor   activation,   downstream  

signaling  and  results  in  tumor  shrinkage,  secondary  mutations  that  contribute  to  
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drug   resistance   in   tumors   are   challenges   to   successful   clinical   treatment.   In  

addition,  FGFRs  fused  to  dimerizing  partners  brings  a  new  level  of  complexity  

in  terms  of  receptor  activation  and  the  specificity  of  small-­molecule  inhibitors.  

The   development   of   FGFR   therapeutics   with   personalized   specificity   will  

advance   treatments   of   patients   whose   tumors   harbor   activated   FGFRs   via  

mutation  or  fusion  protein.    
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Table  4.1:  Mutations  in  FGFRs  Identified  in  Diverse  Human  Cancer  
  

FGFR1	
  

Disease	
  
Mutation/Isoform	
   Location	
  

in	
  
Receptor	
  

Role	
  in	
  Developmental	
  
Syndromes	
   Reference	
  

Residue	
  in	
  αA1	
   Residue	
  in	
  αB1	
   Other	
  
Isoform	
  	
  

Breast	
  Cancer	
   S125L	
   S125L	
   	
   IgI	
  -­‐	
  IgII	
   	
   (141)	
  

Colorectal	
  Cancer	
  

P150S	
  	
   P150S	
   βA1:	
  
P61S	
  	
  

IgI	
  -­‐	
  IgII	
   	
   (142)	
  

A268S	
   A268S	
   	
   IgII	
  -­‐	
  IgIII	
   	
   (34)	
  

S430F	
   S428F	
   A	
   JM	
   	
   (142)	
  
A431S	
  	
   A429S	
   	
   JM	
   	
   (143)	
  
G610D	
   G608D	
   A	
   KD2	
   	
   (142)	
  

Esophageal	
  
Adenocarcinoma	
  

K598N	
   K596N	
   	
   KD2	
   	
   (144)	
  

Gallbladder	
  Cancer	
   S125L	
   S125L	
   	
   IgI	
  –	
  IgII	
   	
   (107)	
  

Gastric	
  Cancer	
   A268S	
   A268S	
   	
   IgII-­‐IgIII	
   	
   (34)	
  

Glioblastoma	
  

N546K	
   N544K	
   	
   KD1	
  
Analogous	
  to	
  FGFR2	
  N549K	
  in	
  Crouzon	
  
and	
  Pfeiffer	
  Syndromes;	
  Analogous	
  to	
  
FGFR3	
  N540K	
  in	
  Hypochondroplasia	
  

(145)	
  

R576W	
   R574W	
   	
   KD1	
   	
   (145)	
  

K656E	
   K654E	
   	
   KD2	
  
Analogous	
  to	
  FGFR2	
  mutation	
  K659E	
  in	
  

Syndromic	
  Craniosynostosis;	
  Analogous	
  to	
  
FGFR3	
  mutation	
  K650E	
  in	
  TDII	
  

(65)	
  

Head	
  and	
  Neck	
  
Squamous	
  Cell	
  
Carcinoma	
  

n/a	
   n/a	
   P11362-­‐21	
  
G33R	
  	
   N-­‐term	
   	
   (146)	
  

E334Q	
   E334Q	
   	
   IgIII	
   	
   (70)	
  

Lung	
  
Adenocarcinoma	
  	
  

P252T	
   P252T	
   	
   IgII	
  -­‐	
  IgIII	
  

Mutation	
  causes	
  Pfeiffer	
  Syndrome;	
  
Analogous	
  to	
  FGFR2	
  mutations	
  at	
  P253	
  

in	
  Pfeiffer	
  and	
  Apert	
  Syndromes;	
  
Analogous	
  to	
  FGFR3	
  mutation	
  at	
  P250	
  

in	
  Syndromic	
  Craniosynostosis	
  

(141,	
  147)	
  

Lung	
  Large	
  Cell	
  
Carcinoma	
  

V664L	
   V662L	
   	
   KD2	
   	
   (141)	
  

Lung	
  Squamous	
  Cell	
  
Carcinoma	
  

G70R	
   G70R	
   	
   IgI	
   	
   (148)	
  

T141R	
   T141R	
   	
   IgI	
  -­‐	
  IgII	
   	
   (148)	
  

Melanoma	
   P252S	
   P252S	
   	
   IgII	
  -­‐	
  IgIII	
  

Mutation	
  causes	
  Pfeiffer	
  Syndrome;	
  
Analogous	
  to	
  FGFR2	
  mutations	
  at	
  P253	
  

in	
  Pfeiffer	
  and	
  Apert	
  Syndromes;	
  
Analogous	
  to	
  FGFR3	
  mutation	
  at	
  P250	
  

in	
  Syndromic	
  Craniosynostosis	
  

(34,	
  149)	
  

Pilocytic	
  
Astrocytoma	
  

N546K	
   N544K	
   	
   KD1	
  
Analogous	
  to	
  FGFR2	
  N549K	
  in	
  Crouzon	
  
and	
  Pfeiffer	
  Syndromes;	
  Analogous	
  to	
  
FGFR3	
  N540K	
  in	
  Hypochondroplasia	
  

(60)	
  

K655I	
   K653I	
   	
   KD2	
   	
   (60)	
  

K656D/E/M/N	
   K654D/E/M/N	
   	
   KD2	
  

Analogous	
  to	
  FGFR2	
  mutation	
  K659E	
  in	
  
Syndromic	
  Craniosynostosis;	
  

Analogous	
  to	
  FGFR3	
  mutations:	
  K650E	
  
in	
  TDII,	
  K650M	
  in	
  SADDAN,	
  K650N	
  in	
  

Hypochondroplasia	
  

(60)	
  

T658P	
   T656P	
   	
   KD2	
   	
   (60)	
  
Prostate	
  Cancer	
   R78H	
   R78H	
   	
   IgI	
   	
   (34)	
  

Rosette	
  Forming	
  
Glioneuronal	
  Tumor	
  

N546K	
   N544K	
   	
   KD1	
  
Analogous	
  to	
  FGFR2	
  N549K	
  in	
  Crouzon	
  
and	
  Pfeiffer	
  Syndromes;	
  Analogous	
  to	
  
FGFR3	
  N540K	
  in	
  Hypochondroplasia	
  

(64)	
  

K656E	
   K654E	
   	
   KD2	
  
Analogous	
  to	
  FGFR2	
  mutation	
  K659E	
  in	
  

Syndromic	
  Craniosynostosis;	
  Analogous	
  to	
  
FGFR3	
  mutation	
  K650E	
  in	
  TDII	
  

(64)	
  

Spermatocytic	
  
Seminoma	
  

P252R/T	
   P252R/T	
   	
   IgII	
  -­‐	
  IgIII	
  

Mutation	
  causes	
  Pfeiffer	
  Syndrome;	
  
Analogous	
  to	
  FGFR2	
  mutations	
  at	
  P253	
  

in	
  Pfeiffer	
  and	
  Apert	
  Syndromes;	
  
Analogous	
  to	
  FGFR3	
  mutation	
  at	
  P250	
  

in	
  Syndromic	
  Craniosynostosis	
  

(9)	
  

N330I	
   N330I	
   	
   IgIII	
   Mutation	
  causes	
  Osteoglophonic	
  
Dysplasia	
   (9)	
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Table  4.1:  Mutations  in  FGFRs  Identified  in  Diverse  Human  Cancer,  continued  
	
  

FGFR1	
  

Disease	
  
Mutation/Isoform	
   Location	
  in	
  

Receptor	
  
Role	
  in	
  Developmental	
  

Syndromes	
   Reference	
  
Residue	
  in	
  IIIb	
   Residue	
  in	
  IIIc	
   Other	
  

Isoform	
  

	
  

Y374C	
   Y374C	
   	
   TM	
  

Mutation	
  causes	
  Osteoglophonic	
  
Dysplasia;	
  Analogous	
  to	
  FGFR2	
  Y375C	
  in	
  

Beare-­‐Stevenson	
  Cutis	
  Gyrata	
  
Syndrome;	
  Analogous	
  to	
  FGFR3	
  Y373C	
  

in	
  TDI	
  

(9)	
  

C381R	
   C381R	
   	
   TM	
   Mutation	
  causes	
  Osteoglophonic	
  
Dysplasia	
   (9)	
  

R576W	
   R574W	
   	
   KD1	
   	
   (9)	
  

FGFR2	
  

Disease	
  
Mutation/Isoform	
   Location	
  in	
  

Receptor	
  
Role	
  in	
  Developmental	
  

Syndromes	
   Reference	
  
Residue	
  in	
  IIIb	
   Residue	
  in	
  IIIc	
   Other	
  

Isoform	
  

Adenoid	
  Cystic	
  
Carcinoma	
  

Y376C	
   Y375C	
   	
   TM	
  

Mutation	
  causes	
  Beare-­‐Stevenson	
  Cutis	
  
Gyrata	
  Syndrome;	
  Analogous	
  to	
  FGFR1	
  
Y374C	
  in	
  Osteoglophonic	
  Dysplasia;	
  
Analogous	
  to	
  FGFR3	
  Y373C	
  in	
  TDI	
  

(150)	
  

K642R	
   K641R	
   	
   KD2	
   Mutation	
  causes	
  Pfeiffer	
  Syndrome	
   (150)	
  
Bladder	
  Cancer	
   M186T	
   M186T	
  

P21802-­‐
20	
  

M71T	
  
IgII	
   Mutation	
  causes	
  Apert	
  Syndrome	
   (34)	
  

Breast	
  Cancer	
  

R203C	
   R203C	
   	
   IgII	
   	
   (12,	
  141)	
  

N550K	
   N549K	
   	
   KD1	
  

Mutation	
  causes	
  Crouzon	
  and	
  Pfeiffer	
  
Syndromes;	
  

Analogous	
  to	
  FGFR3	
  N540K	
  in	
  
Hypochondroplasia	
  

(92)	
  

S588C	
   S587C	
   	
   KI	
   	
   (92)	
  

K660N	
   K659N	
   	
   KD2	
  
Mutation	
  causes	
  Syndromic	
  

Craniosynostosis;	
  Analogous	
  to	
  FGFR3	
  
mutation	
  K650N	
  in	
  Hypochondroplasia	
  

(12)	
  

Cervical	
  Squamous	
  
Cell	
  Carcinoma	
  

A97T	
   A97T	
   	
   IgI	
   	
   (23)	
  

S252L	
   S252L	
   	
   IgII	
  -­‐	
  IgIII	
   Mutation	
  causes	
  Apert	
  Syndrome;	
  
Mutations	
  in	
  FGFR3	
  at	
  S249	
  cause	
  TDI	
   (58)	
  

P256S	
   P256S	
   	
   IgII	
  -­‐	
  IgIII	
   	
   (58)	
  

K406E	
   K405E	
   	
   JM	
   	
   (58)	
  

Cervical	
  Squamous	
  
Cell	
  Carcinoma	
  

(cont)	
  

M585V	
   M584V	
   	
   KI	
   	
   (58)	
  

Y589D	
   Y588D	
   	
   KI	
   	
   (58)	
  

K660M	
   K659M	
   	
   KD2	
  
Mutation	
  causes	
  Syndromic	
  

Craniosynostosis;	
  Analogous	
  to	
  FGFR3	
  
mutation	
  K650M	
  in	
  SADDAN	
  

(23)	
  

Colorectal	
  Cancer	
  

R203H	
   R203H	
  
P21802-­‐

20	
  
R88H	
  

IgII	
   	
   (142)	
  

R210Q	
   R210Q	
  
P21802-­‐

20	
  
R95Q	
  

IgII	
   	
   (142)	
  

D334N	
   D336N	
  
P21802-­‐

20	
  
D221N	
  

IgIII	
   	
   (142)	
  
Q361R	
   n/a	
   	
   IgIII	
  -­‐	
  TM	
   	
   (151)	
  
L552I	
   L551I	
   	
   KD1	
   	
   (142)	
  
P583L	
   P582L	
   	
   KD1	
   	
   (151)	
  

R665W	
   R664W	
   	
   KD2	
   	
   (142)	
  
E778K	
   E777K	
   	
   C-­‐term	
   	
   (142)	
  

Endometrial	
  
Carcinoma	
  

D101Y	
   D101Y	
   	
   IgI	
   	
   (23)	
  

S252W	
   S252W	
   	
   IgII	
  -­‐	
  IgIII	
   Mutation	
  causes	
  Apert	
  Syndrome;	
  
FGFR3	
  mutation	
  at	
  S249	
  causes	
  TDI	
   (23,	
  32,	
  152)	
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Table  4.1:  Mutations  in  FGFRs  Identified  in  Diverse  Human  Cancer,  continued  
	
  

FGFR2	
  

Disease	
  
Mutation/Isoform	
   Location	
  in	
  

Receptor	
  
Role	
  in	
  Developmental	
  

Syndromes	
   Reference	
  
Residue	
  in	
  IIIb	
   Residue	
  in	
  IIIc	
   Other	
  

Isoform	
  

	
  

P253R	
   P253R	
   	
   IgII	
  -­‐	
  IgIII	
  

Mutation	
  causes	
  Apert	
  Syndrome;	
  
Analogous	
  to	
  FGFR1	
  mutations	
  at	
  P252	
  
in	
  Pfeiffer	
  Syndrome;	
  Analogous	
  to	
  
FGFR3	
  mutation	
  at	
  P250	
  in	
  Muenke	
  

Syndrome	
  and	
  Nonsyndromic	
  
Craniosynostosis	
  

(23,	
  152)	
  

K310R	
   K310R	
   	
   IgIII	
   	
   (23,	
  32)	
  
n/a	
   A314D	
   	
   IgIII	
  

Mutation	
  causes	
  Pfeiffer	
  Syndrome	
  and	
  
Unicoronal	
  Non-­‐Syndromic	
  

Craniosynostosis	
  
(23)	
  

n/a	
   A315T	
   	
   IgIII	
  
Mutation	
  causes	
  Crouzon	
  Syndrome	
  
and	
  Unicoronal	
  Non-­‐Syndromic	
  

Craniosynostosis	
  
(32)	
  

S373C	
   S372C	
   	
   IgIII	
  –	
  TM	
   Mutation	
  causes	
  Beare-­‐Stevenson	
  Cutis	
  
Gyrata	
  Syndrome	
   (32,	
  152)	
  

Y376C	
   Y375C	
   	
   TM	
  

Mutation	
  causes	
  Beare-­‐Stevenson	
  Cutis	
  
Gyrata	
  Syndrome;	
  Analogous	
  to	
  FGFR1	
  
Y374C	
  in	
  Osteoglophonic	
  Dysplasia;	
  
Analogous	
  to	
  FGFR3	
  Y373C	
  in	
  TDI	
  

(32,	
  152)	
  

C383R	
   C382R	
   	
   TM	
   Analogous	
  to	
  FGFR1	
  C381R	
  in	
  
Osteoglophonic	
  Dysplasia	
   (23,	
  32,	
  152)	
  

A390T	
   A389T	
   	
   TM	
   	
   (23)	
  
M392R	
   M391R	
   	
   TM	
   	
   (32,	
  152)	
  
V396D	
   V395D	
   	
   TM	
   	
   (152)	
  

L398M	
   L397M	
   	
   TM	
   	
   (152)	
  

I548D/V	
   I547D/V	
   	
   KD1	
   	
   (32,	
  152)	
  
N550H/K	
   N549H/K	
   	
   KD1	
  

Mutation	
  causes	
  Crouzon	
  Syndrome;	
  
Analogous	
  to	
  FGFR3	
  N540K	
  in	
  

Hypochondroplasia	
  
(23,	
  32,	
  152)	
  

K660E/M/N	
   K659E/M/N	
   	
   KD2	
  

Mutation	
  causes	
  Syndromic	
  
Craniosynostosis;	
  Analogous	
  to	
  FGFR3	
  
mutations:	
  K650E	
  in	
  TDII,	
  K650M	
  in	
  

SADDAN,	
  K650N	
  in	
  Hypochondroplasia	
  

(23,	
  32,	
  152)	
  

Esophageal	
  
Adenocarcinoma	
  

C383R	
   C382R	
   	
   TM	
   Analogous	
  to	
  FGFR1	
  C381R	
  in	
  
Osteoglophonic	
  Dysplasia	
   (144)	
  

Gallbladder	
  Cancer	
  

S252W	
   S252W	
   	
   IgII	
  -­‐	
  IgIII	
   Mutation	
  causes	
  Apert	
  Syndrome;	
  
FGFR3	
  mutation	
  at	
  S249	
  causes	
  TDI	
   (107)	
  

N550K	
   N549K	
   	
   KD1	
  

Mutation	
  causes	
  Crouzon	
  and	
  Pfeiffer	
  
Syndromes;	
  

Analogous	
  to	
  FGFR3	
  N540K	
  in	
  
Hypochondroplasia	
  

(107)	
  

Gastric	
  Cancer	
   S267P	
   S267P	
   	
   IgII	
  -­‐	
  IgIII	
   Mutation	
  causes	
  Crouzon	
  Syndrome,	
  
Pfeiffer	
  Syndrome,	
  Apert	
  Syndrome	
   (153)	
  

Glioblastoma	
  
Q212K	
   Q212K	
   	
   IgII	
   	
   (65)	
  

G463E	
   G462E	
   	
   JM	
   	
   (151)	
  

Head	
  and	
  Neck	
  
Squamous	
  Cell	
  
Carcinoma	
  

N550D/K	
   N549D/K	
   	
   KD1	
  

Mutation	
  causes	
  Crouzon	
  and	
  Pfeiffer	
  
Syndromes;	
  

Analogous	
  to	
  FGFR3	
  N540K	
  in	
  
Hypochondroplasia	
  

(70)	
  

Lung	
  
Adenocarcinoma	
  

E116K	
   E116K	
   	
   IgI	
  -­‐	
  IgII	
   	
   (154)	
  

P253L	
   P253L	
   	
   IgII	
  -­‐	
  IgIII	
  

Mutation	
  causes	
  Apert	
  Syndrome;	
  
Analogous	
  to	
  FGFR1	
  mutations	
  at	
  P252	
  
in	
  Pfeiffer	
  Syndrome;	
  Analogous	
  to	
  
FGFR3	
  mutation	
  at	
  P250	
  in	
  Muenke	
  

Syndrome	
  and	
  Nonsyndromic	
  
Craniosynostosis	
  

(154)	
  

I381V	
   I380V	
   	
   TM	
   	
   (148)	
  

K421I	
   K420I	
   	
   JM	
   	
   (154)	
  

D480N	
   D479N	
   	
   JM	
   	
   (154)	
  

H545Q	
   H544Q	
   	
   KD1	
   	
   (148)	
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Table  4.1:  Mutations  in  FGFRs  Identified  in  Diverse  Human  Cancer,  continued  
	
  

FGFR2	
  

Disease	
  
Mutation/Isoform	
   Location	
  in	
  

Receptor	
  
Role	
  in	
  Developmental	
  

Syndromes	
   Reference	
  
Residue	
  in	
  IIIb	
   Residue	
  in	
  IIIc	
   Other	
  

Isoform	
  

	
  

G584V	
   G583V	
   	
   KI	
   	
   (154)	
  

I591M	
   I590M	
   	
   KI	
   	
   (154)	
  

Q621K	
   Q620K	
   	
   KD2	
   	
   (154)	
  

R626T	
   R625T	
   p.R496T	
   KD2	
   	
   (141)	
  

Lung	
  Squamous	
  Cell	
  
Carcinoma	
  

D138N	
   D138N	
   	
   IgI	
  -­‐	
  IgII	
   	
   (154)	
  

N211I	
   N211I	
   	
   IgII	
   	
   (23)	
  
D247Y	
   D247Y	
   	
   IgII	
  -­‐	
  IgIII	
   	
   (154)	
  

D283N	
   D283N	
   	
   IgIII	
   	
   (141,	
  147)	
  
W290C	
   W290C	
   	
   IgIII	
   Mutation	
  causes	
  Pfeiffer	
  Syndrome	
   	
  (13,	
  23,	
  98,	
  

147,	
  154)	
  

G302W	
   G302W	
   	
   IgIII	
   	
   (154)	
  

S320C	
   n/a	
   	
   IgIII	
   	
   (13,	
  154)	
  

C383R	
   C382R	
   	
   TM	
   Analogous	
  to	
  FGFR1	
  C381R	
  in	
  
Osteoglophonic	
  Dysplasia	
   (154)	
  

E471Q	
   E470Q	
   	
   JM	
   	
   (13,	
  98,	
  154)	
  
M538I	
   M537I	
   	
   KD1	
   	
   (154)	
  

Lung	
  Squamous	
  Cell	
  
Carcinoma	
  (cont)	
  

G584W	
   G583W	
   	
   KI	
   	
   (98,	
  154)	
  
D603E	
   D602E	
   	
   KD2	
   	
   (154)	
  

K660E/N	
   K659E/N	
   	
   KD2	
  

Mutation	
  causes	
  Syndromic	
  
Craniosynostosis;	
  Analogous	
  to	
  FGFR3	
  
mutations:	
  K650E	
  in	
  TDII,	
  K650N	
  in	
  

Hypochondroplasia	
  

(13,	
  98,	
  154)	
  

L773F	
   L772F	
   	
   C-­‐term	
   	
   (154)	
  

T787K	
   T786K	
   	
   C-­‐term	
   	
   (13,	
  98,	
  154)	
  
Lymphoma	
   M186T	
   M186T	
  

P21802-­‐
20	
  

M71T	
  
IgII	
   Mutation	
  causes	
  Apert	
  Syndrome	
   (34)	
  

Medulloblastoma	
   K660E	
   K659E	
   	
   KD2	
  
Mutation	
  causes	
  Syndromic	
  

Craniosynostosis;	
  Analogous	
  to	
  FGFR3	
  
mutation	
  K650E	
  in	
  TDII	
  

(155)	
  

Melanoma	
  	
  

S24F	
   S24F	
   	
   N-­‐term	
   	
   (75)	
  

V77M	
   V77M	
   	
   IgI	
   	
   (75)	
  
H213Y	
   H213Y	
   	
   IgII	
   	
   (75)	
  
E219K	
   E219K	
   	
   IgII	
   	
   (75)	
  
G227E	
   G227E	
   	
   IgII	
   	
   (75)	
  
V248D	
   V248D	
   	
   IgII	
  –	
  IgIII	
   	
   (75)	
  
R251Q	
   R251Q	
   	
   IgII	
  –	
  IgIII	
   	
   (75)	
  
G271E	
   G271E	
   	
   IgII	
  –	
  IgIII	
   	
   (75)	
  
G305R	
   G305R	
   	
   IgIII	
   	
   (75)	
  
T371R	
   T370R	
   	
   IgIII	
  -­‐	
  TM	
   	
   (75)	
  
E476K	
   E475K	
   	
   JM	
   	
   (75)	
  
D531N	
   D530N	
   	
   KD1	
   	
   (75)	
  
E575K	
   E574K	
   	
   KD1	
   	
   (75)	
  
E637K	
   E636K	
   	
   KD2	
   	
   (75)	
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Table  4.1:  Mutations  in  FGFRs  Identified  in  Diverse  Human  Cancer,  continued  
	
  

FGFR2	
  

Disease	
  
Mutation/Isoform	
   Location	
  in	
  

Receptor	
  
Role	
  in	
  Developmental	
  

Syndromes	
   Reference	
  
Residue	
  in	
  IIIb	
   Residue	
  in	
  IIIc	
   Other	
  

Isoform	
  

	
  

M641I	
   M640I	
   	
   KD2	
   	
   (75)	
  
I643V	
   I642V	
   	
   KD2	
   	
   (75)	
  
A649T	
   A648T	
   	
   KD2	
   Mutation	
  causes	
  Lacrimo-­‐Auriculo-­‐

Dento-­‐Digital	
  Syndrome	
   (75)	
  
S689F	
   S688F	
   	
   KD2	
   	
   (75)	
  
G702S	
   G701S	
   	
   KD2	
   	
   (75)	
  
P709S	
   P708S	
   	
   KD2	
   	
   (75)	
  
R760Q	
   R759Q	
   	
   C-­‐term	
   	
   (75)	
  
L771V	
   L770V	
   	
   C-­‐term	
   	
   (75)	
  

Oral	
  Squamous	
  Cell	
  
Carcinoma	
  

P253R	
   P253R	
   	
   IgII	
  -­‐	
  IgIII	
  

Mutation	
  causes	
  Apert	
  Syndrome;	
  
Analogous	
  to	
  FGFR1	
  mutations	
  at	
  P252	
  
in	
  Pfeiffer	
  Syndrome;	
  Analogous	
  to	
  
FGFR3	
  mutation	
  at	
  P250	
  in	
  Muenke	
  

Syndrome	
  and	
  Nonsyndromic	
  
Craniosynostosis	
  

(13)	
  

V393A	
  	
   V392A	
   	
   TM	
   	
   (156)	
  

Ovarian	
  Serous	
  
Carcinoma	
  

G272V	
   G272V	
   	
   IgII	
  –	
  IgIII	
   	
   (141)	
  

Pilocytic	
  
Astrocytoma	
  

K660E	
   K659E	
   	
   KD2	
  
Mutation	
  causes	
  Syndromic	
  

Craniosynostosis;	
  Analogous	
  to	
  FGFR3	
  
mutation	
  K650E	
  in	
  TDII	
  

(60)	
  

Spermatocytic	
  
Seminoma	
  

S252F/W	
   S252F/W	
   	
   IgII	
  -­‐	
  IgIII	
   Mutation	
  causes	
  Apert	
  Syndrome;	
  
Mutations	
  in	
  FGFR3	
  at	
  S249	
  cause	
  TDI	
   (9)	
  

P253R/S	
   P253R/S	
   	
   IgII	
  -­‐	
  IgIII	
  

Mutation	
  causes	
  Apert	
  Syndrome;	
  
Analogous	
  to	
  FGFR1	
  mutations	
  at	
  P252	
  
in	
  Pfeiffer	
  Syndrome;	
  Analogous	
  to	
  
FGFR3	
  mutation	
  at	
  P250	
  in	
  Muenke	
  

Syndrome	
  and	
  Nonsyndromic	
  
Craniosynostosis	
  

(9)	
  

S267P	
   S267P	
   	
   IgII	
  -­‐	
  IgIII	
   Mutation	
  causes	
  Crouzon	
  	
  Syndrome	
   (9)	
  

F276V	
   F276V	
   	
   IgII	
  -­‐	
  IgIII	
   Mutation	
  causes	
  Crouzon	
  Syndrome	
   (9)	
  

C278F	
   C278F	
   	
   IgIII	
   Mutation	
  causes	
  Crouzon	
  and	
  Pfeiffer	
  
Syndromes	
   (9)	
  

Y281C	
   Y281C	
   	
   IgIII	
   Mutation	
  causes	
  Crouzon	
  Syndrome	
   (9)	
  

Q289P	
   Q289P	
   	
   IgIII	
   Mutation	
  causes	
  Crouzon	
  Syndrome	
   (9)	
  

W290C	
   W290C	
   	
   IgIII	
   Mutation	
  causes	
  Pfeiffer	
  Syndrome	
   (9)	
  

n/a	
   A315S	
   	
   IgIII	
  

Mutation	
  causes	
  Crouzon	
  Syndrome	
  
and	
  Unicoronal	
  Non-­‐
Syndromic	
  
Craniosynostosis	
  

(9)	
  

G336R	
   G338R	
   	
   IgIII	
   Mutation	
  causes	
  Crouzon	
  Syndrome	
   (9)	
  

Y338C/H	
   Y340C/H	
   	
   IgIII	
   Mutation	
  causes	
  Crouzon	
  and	
  Pfeiffer	
  
Syndromes	
   (9)	
  

n/a	
   T341P	
   	
   IgIII	
   Mutation	
  causes	
  Pfeiffer	
  Syndrome	
   (9)	
  

C340F/R/S/W/Y	
   C342F/R/S/W/Y	
   	
   IgIII	
   Mutation	
  causes	
  Crouzon	
  and	
  Pfeiffer	
  
Syndromes	
   (9)	
  

n/a	
   A344G/P	
   	
   IgIII	
  -­‐	
  TM	
   Mutation	
  causes	
  Crouzon	
  Syndrome	
   (9)	
  

n/a	
   S347C	
   	
   IgIII	
  -­‐	
  TM	
   Mutation	
  causes	
  Crouzon	
  Syndrome	
   (9)	
  

S352C	
   S354C	
   	
   IgIII	
  -­‐	
  TM	
   Mutation	
  causes	
  Crouzon	
  Syndrome	
   (9)	
  

Y376C	
   Y375C	
   	
   TM	
  

Mutation	
  causes	
  Beare-­‐Stevenson	
  Cutis	
  
Gyrata	
  Syndrome;	
  Analogous	
  to	
  FGFR1	
  
Y374C	
  in	
  Osteoglophonic	
  Dysplasia;	
  
Analogous	
  to	
  FGFR3	
  Y373C	
  in	
  TDI	
  

(9)	
  

K527E	
   K526E	
   	
   KD1	
   Mutation	
  causes	
  Crouzon	
  Syndrome	
   (9)	
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Table  4.1:  Mutations  in  FGFRs  Identified  in  Diverse  Human  Cancer,  continued  
	
  

FGFR2	
  

Disease	
  
Mutation/Isoform	
   Location	
  in	
  

Receptor	
  
Role	
  in	
  Developmental	
  

Syndromes	
   Reference	
  
Residue	
  in	
  IIIb	
   Residue	
  in	
  IIIc	
   Other	
  

Isoform	
  

	
  

N550K	
   N549K	
   	
   KD1	
  

Mutation	
  causes	
  Crouzon	
  and	
  Pfeiffer	
  
Syndromes;	
  

Analogous	
  to	
  FGFR3	
  N540K	
  in	
  
Hypochondroplasia	
  

(9)	
  

K642R	
   K641R	
   	
   KD2	
   Mutation	
  causes	
  Pfeiffer	
  Syndrome	
   (9)	
  

K660E	
   K659E	
   	
   KD2	
  
Mutation	
  causes	
  Syndromic	
  

Craniosynostosis;	
  Analogous	
  to	
  FGFR3	
  
mutation	
  K650E	
  in	
  TDII	
  

(9)	
  

FGFR3	
  

Disease	
  
Mutation/Isoform	
   Location	
  in	
  

Receptor	
  
Role	
  in	
  Developmental	
  

Syndromes	
   Reference	
  
Residue	
  in	
  IIIb	
   Residue	
  in	
  IIIc	
   Other	
  

Isoform	
  

Bladder	
  Cancer	
  

E216K	
   E216K	
   	
   IgII	
   	
   (157)	
  

D222N	
   D222N	
   	
   IgII	
   	
   (157)	
  
G235D	
   G235D	
   	
   IgII	
  -­‐	
  IgIII	
   	
   (157)	
  
R248C	
   R248C	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI	
   (49,	
  53,	
  101,	
  

157-­‐164)	
  
S249C	
   S249C	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI;	
  Mutations	
  in	
  

FGFR2	
  at	
  S252	
  cause	
  Apert	
  Syndrome	
  
(49,	
  53,	
  101,	
  
157-­‐166)	
  	
  

P283S	
   P283S	
   	
   IgIII	
   	
   (101)	
  
V306I	
   V306I	
   	
   IgIII	
   	
   (157)	
  
n/a	
   H349Y	
   	
   IgIII	
  –	
  TM	
   	
   (157)	
  

G372C	
   G370C	
   	
   IgIII	
  –	
  TM	
   Mutation	
  causes	
  TDI	
   (49,	
  101,	
  157-­‐
163,	
  166)	
  

S373C	
   S371C	
   	
   IgIII	
  –	
  TM	
   Mutation	
  causes	
  TDI	
   (101,	
  158,	
  164)	
  

Y375C	
   Y373C	
   	
   TM	
  

Mutation	
  causes	
  TDI;	
  Analogous	
  to	
  
FGFR1	
  Y374C	
  in	
  Osteoglophonic	
  

Dysplasia;	
  Analogous	
  to	
  FGFR2	
  Y375C	
  in	
  
Beare-­‐Stevenson	
  Cutis	
  Gyrata	
  

Syndrome	
  

(49,	
  53,	
  101,	
  
157-­‐160,	
  163,	
  
164,	
  166,	
  167)	
  

I378C	
   I376C	
   	
   TM	
   	
   (164)	
  

Y381C	
   Y379C	
   	
   TM	
   	
   (163)	
  

G382R	
   G380R	
   	
   TM	
   Mutation	
  causes	
  Achondroplasia	
   (49,	
  157,	
  158,	
  
161,	
  164,	
  165)	
  

F386L	
   F384L	
   	
   TM	
   	
   (164)	
  

A393E	
   A391E	
   	
   TM	
   Mutation	
  causes	
  Crouzon	
  Syndrome	
  
with	
  Acanthosis	
  Nigricans	
  

(158,	
  159,	
  161,	
  
163,	
  164,	
  167)	
  

N542S	
   N540S	
   	
   KD1	
  
Mutation	
  causes	
  Hypochondroplasia;	
  
Analogous	
  to	
  FGFR2	
  mutations	
  at	
  N549	
  

in	
  Crouzon	
  Syndrome	
  
(165)	
  

K652E/M/Q/T	
   K650E/M/Q/T	
   	
   KD2	
  
Mutation	
  to	
  E	
  causes	
  TDII	
  ;	
  Mutation	
  to	
  
M	
  causes	
  SADDAN;	
  Mutation	
  to	
  Q/T	
  

causes	
  Hypochondroplasia	
  

(101,	
  141,	
  158-­‐
162,	
  166)	
  

Breast	
  Cancer	
   n/a	
   n/a	
   P22607-­‐
4	
  P688S	
   KD2	
   	
   (92)	
  

Cervical	
  Cancer	
   S249C	
   S249C	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI;	
  Mutations	
  in	
  
FGFR2	
  at	
  S252	
  cause	
  Apert	
  Syndrome	
   (162)	
  

Colorectal	
  Cancer	
  

C228R	
   C228R	
   	
   IgII	
   	
   (141)	
  

n/a	
   E322K	
   	
   IgIII	
   	
   (153)	
  

R401C	
   R399C	
   	
   JM	
   	
   (142)	
  

V679I	
   V677I	
   	
   KD2	
   	
   (142)	
  

Esophageal	
  
Adenocarcinoma	
  

n/a	
   A341T	
   	
   IgIII	
  -­‐	
  TM	
   	
   (144)	
  

Gallbladder	
  Cancer	
   R248C	
   R248C	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI	
   (107)	
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Table  4.1:  Mutations  in  FGFRs  Identified  in  Diverse  Human  Cancer,  continued  
	
  

FGFR3	
  

Disease	
  
Mutation/Isoform	
   Location	
  in	
  

Receptor	
  
Role	
  in	
  Developmental	
  

Syndromes	
   Reference	
  
Residue	
  in	
  IIIb	
   Residue	
  in	
  IIIc	
   Other	
  

Isoform	
  

	
  

S249C	
   S249C	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI;	
  Mutations	
  in	
  
FGFR2	
  at	
  S252	
  cause	
  Apert	
  Syndrome	
   (107)	
  

G372C	
   G370C	
   	
   IgIII	
  –	
  TM	
   Mutation	
  causes	
  TDI	
   (107)	
  

Y375C	
   Y373C	
   	
   TM	
  

Mutation	
  causes	
  TDI;	
  Analogous	
  to	
  
FGFR1	
  Y374C	
  in	
  Osteoglophonic	
  

Dysplasia;	
  Analogous	
  to	
  FGFR2	
  Y375C	
  in	
  
Beare-­‐Stevenson	
  Cutis	
  Gyrata	
  

Syndrome	
  

(107)	
  

G382R	
   G380R	
   	
   TM	
   Mutation	
  causes	
  Achondroplasia	
   (107)	
  

K652M	
   K650M	
   	
   KD2	
   Mutation	
  causes	
  SADDAN	
   (107)	
  

G699C	
   G697C	
   	
   KD2	
   	
   (107)	
  

Glioblastoma	
  
E468K	
   E466K	
   	
   JM	
   	
   (168)	
  

R605Q	
   R603Q	
   	
   KD2	
   	
   (169)	
  

Head	
  and	
  Neck	
  
Squamous	
  Cell	
  
Carcinoma	
  

Q209H	
   Q209H	
   	
   IgII	
   	
   (170)	
  

S249C	
   S249C	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI;	
  Mutations	
  in	
  
FGFR2	
  at	
  S252	
  cause	
  Apert	
  Syndrome	
   (70)	
  (171)	
  

F388L	
   F386L	
   	
   TM	
   	
   (146)	
  

K415N	
   K413N	
   	
   JM	
   	
   (70)	
  

K652N	
   K650N	
   	
   KD2	
   Mutation	
  causes	
  Hypochondroplasia	
   (171)	
  

Lung	
  
Adenocarcinoma	
  

T79S	
   T79S	
   	
   IgI	
   	
   (141)	
  

Lung	
  Squamous	
  Cell	
  
Carcinoma	
  

R248C/H	
   R248C/H	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI	
   (13,	
  98,	
  172)	
  
S249C	
   S249C	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI;	
  Mutations	
  in	
  

FGFR2	
  at	
  S252	
  cause	
  Apert	
  Syndrome	
   (13,	
  98)	
  
S435C	
   S433C	
   	
   JM	
   	
   (13)	
  
K717M	
   K715M	
   	
   KD2	
   	
   (13,	
  98)	
  

Mesothelioma	
   D648Y	
   D646Y	
   	
   KD2	
   	
   (173)	
  

Multiple	
  Myeloma	
  

G197S	
   G197S	
   	
   IgII	
   	
   (174)	
  

Y241C	
   Y241C	
   	
   IgII	
  –	
  IgIII	
   	
   (175)	
  

R248C	
   R248C	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI	
   (176,	
  177)	
  

Y375C	
   Y373C	
   	
   TM	
  

Mutation	
  causes	
  TDI;	
  Analogous	
  to	
  
FGFR1	
  Y374C	
  in	
  Osteoglophonic	
  

Dysplasia;	
  Analogous	
  to	
  FGFR2	
  Y375C	
  in	
  
Beare-­‐Stevenson	
  Cutis	
  Gyrata	
  

Syndrome	
  

(43,	
  178)	
  

G384D	
   G382D	
   	
   TM	
   	
   (178)	
  

F386L	
   F384L	
   	
   TM	
   	
   (43,	
  179)	
  

Multiple	
  Myeloma	
  
(cont)	
  

S435C	
   S433C	
   	
   JM	
   	
   (174)	
  

K652E/M	
   K650E/M	
   	
   KD2	
   Mutation	
  to	
  E	
  causes	
  TDII	
  ;	
  Mutation	
  to	
  
M	
  causes	
  SADDAN	
   (43,	
  174,	
  178)	
  

L796R	
   L794R	
   	
   C-­‐term	
   	
   (180)	
  

P797A	
   P795A	
   	
   C-­‐term	
   	
   (180)	
  

Oral	
  Squamous	
  Cell	
  
Carcinoma	
  

G699C	
   G697C	
   	
   KD2	
   	
   (181)	
  

Seborrheic	
  Keratosis	
  

R248C	
   R248C	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI	
   (182)	
  

S249C	
   S249C	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI;	
  Mutations	
  in	
  
FGFR2	
  at	
  S252	
  cause	
  Apert	
  Syndrome	
   (182)	
  

G372C	
   G370C	
   	
   IgIII	
  –	
  TM	
   Mutation	
  causes	
  TDI	
   (182)	
  

S373C	
   S371C	
   	
   IgIII	
  –	
  TM	
   Mutation	
  causes	
  TDI	
   (182)	
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Table  4.1:  Mutations  in  FGFRs  Identified  in  Diverse  Human  Cancer,  continued  
	
  

FGFR3	
  

Disease	
  
Mutation/Isoform	
   Location	
  in	
  

Receptor	
  
Role	
  in	
  Developmental	
  

Syndromes	
   Reference	
  
Residue	
  in	
  IIIb	
   Residue	
  in	
  IIIc	
   Other	
  

Isoform	
  

	
  
A393E	
   A391E	
   	
   TM	
   Mutation	
  causes	
  Crouzon	
  Syndrome	
  

with	
  Acanthosis	
  Nigricans	
   (182)	
  

K652E/M	
   K650E/M	
   	
   KD2	
   Mutation	
  to	
  E	
  causes	
  TDII;	
  Mutation	
  to	
  
M	
  causes	
  SADDAN	
   (182)	
  

Spermatocytic	
  
Seminoma	
  

R248C	
   R248C	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI	
   (9)	
  

S249C	
   S249C	
   	
   IgII	
  –	
  IgIII	
   Mutation	
  causes	
  TDI;	
  FGFR2	
  S252F/W	
  
causes	
  Apert	
  Syndrome	
   (9)	
  

P250R	
   P250R	
   	
   IgII	
  –	
  IgIII	
  

Mutation	
  causes	
  Muenke	
  Syndrome	
  
and	
  Nonsyndromic	
  Craniosynostosis;	
  

FGFR1	
  mutation	
  at	
  P252	
  causes	
  Pfeiffer	
  
Syndrome;	
  FGFR2	
  mutation	
  at	
  P253	
  
causes	
  Apert	
  and	
  Pfeiffer	
  Syndromes	
  

(9)	
  

E370K	
   E368K	
   	
   IgIII	
  –	
  TM	
   	
   (9)	
  

G372C	
   G370C	
   	
   IgIII	
  –	
  TM	
   Mutation	
  causes	
  TDI	
   (9)	
  

S373C	
   S371C	
   	
   IgIII	
  –	
  TM	
   Mutation	
  causes	
  TDI	
   (9)	
  

Y375C	
   Y373C	
   	
   TM	
  

Mutation	
  causes	
  TDI;	
  Analogous	
  to	
  
FGFR1	
  Y374C	
  in	
  Osteoglophonic	
  

Dysplasia;	
  Analogous	
  to	
  FGFR2	
  Y375C	
  in	
  
Beare-­‐Stevenson	
  Cutis	
  Gyrata	
  

Syndrome	
  

(9)	
  

G377C	
   G375C	
   	
   TM	
   Mutation	
  causes	
  Achondroplasia	
   (9)	
  

G382R	
   G380R	
   	
   TM	
   Mutation	
  causes	
  Achondroplasia	
   (9)	
  

A393E	
   A391E	
   	
   TM	
   Mutation	
  causes	
  Crouzon	
  Syndrome	
  
with	
  Acanthosis	
  Nigricans	
   (9)	
  

N542K/S/T/V	
   N540K/S/T/V	
   	
   KD1	
  
Mutation	
  causes	
  Hypochondroplasia;	
  
Analogous	
  to	
  FGFR2	
  mutations	
  at	
  N549	
  
in	
  Crouzon	
  and	
  Pfeiffer	
  Syndromes	
  

(9)	
  

K652E/M/N/Q/T	
   K650E/M/N/Q/
T	
   	
   KD2	
  

Mutation	
  to	
  E	
  causes	
  TDII	
  ;	
  Mutation	
  to	
  
M	
  causes	
  SADDAN;	
  Mutation	
  to	
  N/Q/T	
  

causes	
  Hypochondroplasia	
  
(9)	
  

G699C	
   G697C	
   	
   KD2	
   	
   (9)	
  

X809C/G/R/T	
   X807C/G/R/T	
   	
   C-­‐term	
   Mutation	
  causes	
  TDI	
   (9)	
  

FGFR4	
  

Disease	
  
Mutation/Isoform	
   Location	
  in	
  

Receptor	
  
Role	
  in	
  Developmental	
  

Syndromes	
   Reference	
  Residue	
  in	
  
P22455-­‐1	
  

Residue	
  in	
  
P22455-­‐2	
  

Other	
  
Isoform	
  

Breast	
  Cancer	
  

E326K	
   E326K	
   	
   IgIII	
   	
   (92)	
  

Y367C	
   n/a	
   	
   TM	
  

Analogous	
  to	
  FGFR1	
  Y374C	
  in	
  
Osteoglophonic	
  Dysplasia;	
  Analogous	
  
to	
  FGFR2	
  Y375C	
  in	
  Beare-­‐Stevenson	
  
Cutis	
  Gyrata	
  Syndrome;	
  Analogous	
  to	
  

FGFR3	
  Y373C	
  in	
  TDI	
  

(34)	
  

A484T	
   A444T	
   	
   KD1	
   	
   (92)	
  

V550M	
   V510M	
   	
   KD1	
   	
   (141)	
  

Colorectal	
  Cancer	
  
P583Q	
   P543Q	
   	
   KI	
   	
   (142)	
  

A614S	
   A574S	
   	
   KD2	
   	
   (142)	
  

Glioblastoma	
  
Q144E	
   Q144E	
   	
   IgI	
  -­‐	
  IgII	
   	
   (65)	
  

R434Q	
   R394Q	
   	
   JM	
   	
   (65)	
  

Head	
  and	
  Neck	
  
Squamous	
  Cell	
  
Carcinoma	
  

D671N	
   D631N	
   	
   KD2	
   	
   (70)	
  

Lung	
  
Adenocarcinoma	
  	
  

R183S	
   R183S	
   	
   IgII	
   	
   (148)	
  

S232I	
   S232I	
   	
   IgII	
  -­‐	
  IgIII	
   	
   (148)	
  

R616G	
   R576G	
   	
   KD2	
   	
   (148)	
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Table  4.1:  Mutations  in  FGFRs  Identified  in  Diverse  Human  Cancer,  continued  
	
  

FGFR4	
  

Disease	
  
Mutation/Isoform	
   Location	
  in	
  

Receptor	
  
Role	
  in	
  Developmental	
  

Syndromes	
   Reference	
  Residue	
  in	
  
P22455-­‐1	
  

Residue	
  in	
  
P22455-­‐2	
  

Other	
  
Isoform	
  

	
  

E681K	
   E641K	
   	
   KD2	
   	
   (148,	
  183)	
  

P712T	
   P672T	
   	
   KD2	
   	
   (141,	
  147)	
  

A729G	
   A689G	
   	
   KD2	
   	
   (148)	
  

Lung	
  
Neuroendocrine	
  

Carcinoma	
  
S772N	
   S732N	
   	
   C-­‐term	
   	
   (141)	
  

Lung	
  Squamous	
  Cell	
  
Carcinoma	
  

Q144E	
   Q144E	
   	
   IgI	
  –	
  IgII	
   	
   (98)	
  

R434Q	
   R394Q	
   	
   JM	
   	
   (98)	
  

Rhabdomyosarcoma	
  

C56S	
   C56S	
   	
   N-­‐term	
   	
   (68)	
  

R72L	
   R72L	
   	
   IgI	
   	
   (68)	
  

T122A	
   T122A	
   	
   IgI	
  –	
  IgII	
   	
   (68)	
  

A175T	
   A175T	
   	
   IgII	
   	
   (68)	
  

R234H	
   R234H	
   	
   IgII	
  -­‐	
  IgIII	
   	
   (68)	
  

N535D/K	
  	
   N495D/K	
   	
   KD1	
  

Mutations	
  in	
  FGFR2	
  at	
  N549	
  cause	
  
Crouzon	
  and	
  Pfeiffer	
  Syndromes.	
  
Analogous	
  to	
  FGFR3	
  N540K	
  in	
  

Hypochondroplasia	
  

(68)	
  

V550E/L/M	
  	
   V510E/L/M	
   	
   KD1	
   	
   (68,	
  71)	
  

A554V	
  	
   A514V	
   	
   KD1	
   	
   (68)	
  

G576D	
  	
   G536D	
   	
   KI	
   	
   (68)	
  

  
Note  to  Table  1:  References  for  germline  mutations  in  developmental  disorders  are:  (2,  18,  29,  
77,  78,  93,  184-­190)  
  

Table  4.2:  Mutations  in  FGFR4  and  PAX-­FKHR  Fusions  in  Rhabdomyosarcoma  
	
  
Mutatio

n	
   Histology	
   PAX-­‐
FKHR	
   Pathway	
  Activation	
   Phenotype	
  	
   Target	
  Drug	
  /	
  

Outcome	
   References	
  

N535D	
   ERMS	
   Absent	
   FGFR4	
  autophosphorylation;	
  
STAT3	
  activation;	
  DNA	
  replication	
  

Pulmonary	
  lesions;	
  Pulmonary	
  
Metastases;	
  decreases	
  

survival	
  
Ponitinib/Apoptosis	
  

(68,	
  69)	
  

N535K	
   Unknown	
   Absent	
   	
   	
   	
  

V550E	
   ERMS	
   Absent	
   FGFR4	
  autophosphorylation;	
  
STAT3	
  activation;	
  DNA	
  replication	
  

Pulmonary	
  lesions;	
  Pulmonary	
  
Metastases;	
  decreases	
  

survival	
  
Ponitinib/Apoptosis	
  

V550L	
   ARMS	
   Present	
   	
   	
   	
  
V550L	
   ERMS	
   Absent	
   	
   	
   	
  
A554V	
   ARMS	
   Present	
   	
   	
   	
  
G576D	
   ARMS	
   Present	
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Table  4.3:  FGFR  Fusion  Proteins  Arising  from  Translocations  
  

5'	
  Gene	
   Disease	
   FGFR	
  
Isoform	
  

5'	
  
Gene	
  
Exon	
  
Fusion	
  
Point	
  

3'	
  
Gene	
  

3'	
  Gene	
  
Exon	
  
Fusion	
  
Point	
  

Occurrences	
   Translocation	
  

Normal	
  	
  
Biological	
  
Function	
  /	
  
Pathway	
  of	
  
FGFR	
  fusion	
  
partner	
  

Fusion	
  
Description	
   Refs	
  

Fusions	
  with	
  FGFRs	
  as	
  5’	
  Gene	
  

FGFR1	
  

Glioblastom
a	
  

	
   17	
   TACC1	
   7	
   2	
   t(8,8)	
  
(p11;p11)	
  

Microtubule	
  
interaction	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(106,	
  
108)	
  

Pilocytic	
  
Astrocytoma	
  

αA1	
   18	
   FGFR1	
   11	
   1	
   duplication	
  

Regulation	
  of	
  
various	
  
cellular	
  

processes	
  

ITD	
  of	
  TK	
  
domain	
   (60)	
  

FGFR2	
  

Breast	
  
Cancer	
  

IIIc	
   19	
   AFF3	
   8	
   1	
   t(2;10)	
  
(q11;q26)	
  

Nuclear	
  
transcription
al	
  activator	
  

TK	
  domain	
  
:	
  AFF3	
  
domain	
  

(96)	
  

IIIc	
   19	
   CASP7	
   4	
   1	
   t(10;10)	
  
(q25;q26)	
  

Caspase	
  
involved	
  in	
  
apoptosis,	
  

inflammation	
  

TK	
  domain	
  
:	
  self	
  

association	
  
domain	
  

(96)	
  

IIIc	
   19	
   CCDC6	
   2	
   1	
   t(10;10)	
  
(q21;q26)	
  

Coiled-­‐coil	
  
domain	
  

containing	
  
protein	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(96)	
  

Cholangiocar
cinoma	
  

	
   19	
   AHCYL1	
   5	
   7	
   t(10;1)	
  
(q26.1;p13.2)	
  

Adenosylhom
ocysteinase	
  
activity	
  /	
  IP3	
  
binding	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(109)	
  

IIIb	
   17	
   BICC1	
   1	
   1	
   t(10;10)	
  
(q21.1;q26.1)	
  

RNA	
  binding	
  
protein	
  

TK	
  domain	
  
:	
  SAM	
   (111)	
  

	
   17	
   BICC1	
   3	
   1	
   t(10;10)	
  
(q21.1;q26.1)	
  

RNA	
  binding	
  
protein	
  

TK	
  domain	
  
:	
  SAM	
   (110)	
  

IIIb	
   19	
   BICC1	
   3	
   4	
   t(10;10)	
  
(q21.1;q26.1)	
  

RNA	
  binding	
  
protein	
  

TK	
  domain	
  
:	
  SAM	
  

(96,	
  
109)	
  

	
   Not	
  
ID’d	
   BICC1	
   Not	
  

ID’d	
   40	
   t(10;10)	
  
(q21.1;q26.1)	
  

RNA	
  binding	
  
protein	
  

TK	
  domain	
  
:	
  SAM	
   (118)	
  

	
   18	
  

KIAA15
98	
  /	
  

SHOOTI
N1	
  

7	
   1	
   t(10;10)	
  
(q25;q26)	
  

Needed	
  for	
  
neuronal	
  

polarization	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(110)	
  

IIIb	
   17	
   MGEA5	
   12	
   1	
   t(10;10)	
  
(q24;q26)	
  

O-­‐GlcNAc	
  
transferase	
   Unknown	
   (111)	
  

IIIb	
   19	
   PPHLN1	
   4	
   17	
   t(10;12)	
  
(q26;q12)	
  

Epithelial	
  
differentiatio

n	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(118)	
  

IIIb	
   17	
   TACC3	
   11	
   2	
   t(4;10)	
  
(p16;q26)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(110,	
  
111)	
  

Colorectal	
  
Cancer	
  

	
   19	
   BICC1	
   3	
   1	
   t(10;10)	
  
(q26.1;q21.1)	
  

RNA	
  binding	
  
protein	
  

TK	
  domain	
  
:	
  SAM	
   (109)	
  

Hepatocellul
ar	
  

Carcinoma	
  
	
   19	
   BICC1	
   3	
   1	
   t(10;10)	
  

(q26.1;q21.1)	
  
RNA	
  binding	
  

protein	
  
TK	
  domain	
  
:	
  SAM	
   (109)	
  

Lung	
  
Adenocarcin

oma	
  
IIIb	
   17	
   CIT	
   23	
   1	
   t(10;12)	
  

(q26;q24)	
   Cell	
  division	
  
TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(116)	
  

Lung	
  
Squamous	
  

Cell	
  
Carcinoma	
  

IIIc	
   19	
  
KIAA19
67	
  /	
  

CCAR2	
  
5	
   1	
   t(8;10)	
  

(p21;q26)	
  

Cell	
  cycle	
  and	
  
apoptosis	
  
regulator	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(96)	
  

IIIc	
   Not	
  
ID’d	
  

KIAA19
67	
  /	
  

CCAR2	
  

Not	
  
ID’d	
   1	
   t(8;10)	
  

(p21;q26)	
  

Cell	
  cycle	
  and	
  
apoptosis	
  
regulator	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(98)	
  

Ovarian	
  
Cancer	
  

	
   17	
   FAM76
A	
  

2	
   1	
   t(1;10)	
  
(p35;q26)	
   Unknown	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(117)	
  

Thyroid	
  
Cancer	
  

IIIc	
   19	
   OFD1	
   3	
   1	
   t(10;X)	
  
(q26;p22)	
  

Centriolar	
  
component,	
  
regulates	
  

Wnt	
  signaling	
  

TK	
  domain	
  
:	
  coiled	
  
coil;	
  LisH	
  
domain	
  

(96)	
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Table  4.3:  FGFR  Fusion  Proteins  Arising  from  Translocations,  continued  
	
  

5'	
  Gene	
   Disease	
   FGFR	
  
Isoform	
  

5'	
  
Gene	
  
Exon	
  
Fusion	
  
Point	
  

3'	
  
Gene	
  

3'	
  Gene	
  
Exon	
  
Fusion	
  
Point	
  

Occurrences	
   Translocation	
  

Normal	
  	
  
Biological	
  
Function	
  /	
  
Pathway	
  of	
  
FGFR	
  fusion	
  
partner	
  

Fusion	
  
Description	
   Refs	
  

	
  
FGFR3	
  

	
  
	
  
	
  
	
  
	
  

Bladder	
  
Cancer	
  

IIIb	
   18	
   BAIAP2
L1	
  

2	
   2	
   t(4;7)	
  
(p16;q22)	
  

Formation	
  of	
  
actin	
  

TK	
  domain	
  
:	
  coiled	
  
coil;	
  IMD	
  
domain	
  

(102,	
  
191)	
  

	
   Not	
  
ID’d	
  

BAIAP2
L1	
  

Not	
  
ID’d	
   3	
   t(4;7)	
  

(p16;q22)	
  
Formation	
  of	
  

actin	
  

TK	
  domain	
  
:	
  coiled	
  
coil;	
  IMD	
  
domain	
  

(191)	
  

	
   16	
   TACC3	
   11	
   3	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(157)	
  

	
   17	
   TACC3	
   4	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(101)	
  

	
   17	
   TACC3	
   11	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(101)	
  

	
  IIIb	
   18	
   TACC3	
   4	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(102)	
  

	
  IIIb	
   18	
   TACC3	
   8	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(102)	
  

Bladder	
  
Cancer	
  
(cont)	
  

	
  IIIb/IIIc	
   18	
   TACC3	
   11	
   5	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(96,	
  
102)	
  

Gallbladder	
  
Cancer	
  

	
   17	
   TACC3	
   11	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(107)	
  

Glioblastoma	
  

	
   16	
   TACC3	
   8	
   3	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(106)	
  

	
   16	
   TACC3	
   9	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(106)	
  

	
   16	
   TACC3	
   10	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(106)	
  

	
   16	
   TACC3	
   11	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(106)	
  

	
   17	
   TACC3	
   6	
   2	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(108)	
  

	
   17	
   TACC3	
   8	
   5	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(108,	
  
192)	
  

	
   17	
   TACC3	
   10	
   4	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(108,	
  
192)	
  

	
   17	
   TACC3	
   11	
   7	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(108,	
  
192)	
  

	
   18	
   TACC3	
   4	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(108)	
  

	
   18	
   TACC3	
   5	
   2	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(108)	
  

	
   18	
   TACC3	
   9	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(108)	
  

	
   18	
   TACC3	
   10	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(105)	
  

	
   18	
   TACC3	
   11	
   4	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(96,	
  
105)	
  

	
   18	
   TACC3	
   13	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(108)	
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Table  4.3:  FGFR  Fusion  Proteins  Arising  from  Translocations,  continued  
	
  

5'	
  Gene	
   Disease	
   FGFR	
  
Isoform	
  

5'	
  
Gene	
  
Exon	
  
Fusion	
  
Point	
  

3'	
  
Gene	
  

3'	
  Gene	
  
Exon	
  
Fusion	
  
Point	
  

Occurrences	
   Translocation	
  

Normal	
  	
  
Biological	
  
Function	
  /	
  
Pathway	
  of	
  
FGFR	
  fusion	
  
partner	
  

Fusion	
  
Description	
   Refs	
  

FGFR3	
  
(cont)	
  

	
   IIIc	
   19	
   TACC3	
   4	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(105)	
  

Head	
  and	
  
Neck	
  

Squamous	
  
Cell	
  

Carcinoma	
  

	
   18	
   TACC3	
   6	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(193)	
  

IIIb	
   18	
   TACC3	
   10	
   2	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(96)	
  

	
   18	
   TACC3	
   14	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(193)	
  

	
   19	
   TACC3	
   11	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(193)	
  

Lung	
  
Adenocarcin

oma	
  

	
   Not	
  
ID’d	
  

BAIAP2
L1	
  

Not	
  
ID’d	
   1	
   t(4;7)	
  

(p16;q22)	
  
Formation	
  of	
  

actin	
  

TK	
  domain	
  
:	
  coiled	
  
coil;	
  IMD	
  
domain	
  

(191)	
  

	
   17	
   TACC3	
   4	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(194)	
  

	
   17	
   TACC3	
   8	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(194)	
  

	
   17	
   TACC3	
   10	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(194)	
  

	
   17	
   TACC3	
   11	
   8	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(97,	
  
194)	
  

Lung	
  
Squamous	
  

Cell	
  
Carcinoma	
  

	
   Not	
  
ID’d	
  

BAIAP2
L1	
  

Not	
  
ID’d	
   1	
   t(4;7)	
  

(p16;q22)	
  
Formation	
  of	
  

actin	
  

TK	
  domain	
  
:	
  coiled	
  
coil;	
  IMD	
  
domain	
  

(191)	
  

	
   17	
   TACC3	
   5	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(97)	
  

	
   17	
   TACC3	
   7	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(103)	
  

Lung	
  
Squamous	
  

Cell	
  
Carcinoma	
  
(cont)	
  

	
   17	
   TACC3	
   8	
   2	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(97,	
  
103)	
  

	
   17	
   TACC3	
   10	
   2	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(97)	
  

	
   17	
   TACC3	
   11	
   7	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(97,	
  
103)	
  

	
   18	
   TACC3	
   9	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(103)	
  

	
   18	
   TACC3	
   10	
   2	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(104)	
  

IIIb	
   18	
   TACC3	
   11	
   6	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(96,	
  
97)	
  

Oral	
  Cancer	
   IIIb	
   18	
   TACC3	
   10	
   1	
   t(4;4)	
  
(p16;p16)	
  

Stabilization	
  
of	
  mitotic	
  
spindle	
  

TK	
  domain	
  
:	
  coiled	
  coil	
  
domain	
  

(96)	
  

Fusions	
  with	
  FGFRs	
  as	
  3’	
  Gene	
  

BAG4	
  

Lung	
  
Squamous	
  

Cell	
  
Carcinoma	
  

	
   1	
   FGFR1	
   8	
   2	
   t(8;8)	
  
(p11;p11)	
  

Anti-­‐
apoptotic	
  
protein	
  

BAG	
  
domain	
  :	
  
Ig,TM,TK	
  
domains	
  

(97)	
  

IIIc	
   2	
   FGFR1	
   9	
   1	
   t(8;8)	
  
(p11;p11)	
  

Anti-­‐
apoptotic	
  
protein	
  

BAG	
  
domain	
  :	
  
Ig,TM,TK	
  
domains	
  

(96)	
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Table  4.3:  FGFR  Fusion  Proteins  Arising  from  Translocations,  continued  
	
  

5'	
  Gene	
   Disease	
   FGFR	
  
Isoform	
  

5'	
  
Gene	
  
Exon	
  
Fusion	
  
Point	
  

3'	
  
Gene	
  

3'	
  Gene	
  
Exon	
  
Fusion	
  
Point	
  

Occurrences	
   Translocation	
  

Normal	
  	
  
Biological	
  
Function	
  /	
  
Pathway	
  of	
  
FGFR	
  fusion	
  
partner	
  

Fusion	
  
Description	
   Refs	
  

BAG4	
  
(cont)	
  

Lung	
  
Squamous	
  

Cell	
  
Carcinoma	
  
(cont)	
  

	
   Not	
  
ID’d	
   FGFR1	
   Not	
  

ID’d	
   3	
   t(8;8)	
  
(p11;p11)	
  

Anti-­‐
apoptotic	
  
protein	
  

BAG	
  
domain	
  :	
  
Ig,TM,TK	
  
domains	
  

(98)	
  

ERLIN2	
   Breast	
  
Cancer	
  

IIIc	
   10	
   FGFR1	
   4	
   1	
   t(8;8)	
  
(p11;p11)	
  

Lipid	
  raft	
  
associated	
  
protein	
  
family	
  

SPFH	
  
domain	
  :	
  
Ig,	
  TM,	
  TK	
  
domain	
  

(96)	
  

FN1	
  

Phosphaturi
c	
  

Mesenchym
al	
  Tumor	
  

	
   22	
   FGFR1	
   3,4	
   1	
   t(2;8)	
  
(q35;p11)	
   Cell	
  adhesion	
  

FN	
  domain	
  
:	
  Ig,	
  TM,	
  TK	
  
domain	
  

(137)	
  

	
   23	
   FGFR1	
   3,4	
   1	
   t(2;8)	
  
(q35;p11)	
   Cell	
  adhesion	
  

FN	
  domain	
  
:	
  Ig,	
  TM,	
  TK	
  
domain	
  

(137)	
  

	
   28	
   FGFR1	
   5	
   1	
   t(2;8)	
  
(q35;p11)	
   Cell	
  adhesion	
  

FN	
  domain	
  
:	
  Ig,	
  TM,	
  TK	
  
domain	
  

(137)	
  

	
   Not	
  
ID’d	
   FGFR1	
   Not	
  

ID’d	
   6	
   t(2;8)	
  
(q35;p11)	
   Cell	
  adhesion	
  

FN	
  domain	
  
:	
  Ig,	
  TM,	
  TK	
  
domain	
  

(137)	
  

FOXO1	
   Rhabdomyos
arcoma	
  

	
   Not	
  
ID’d	
   FGFR1	
   Not	
  

ID’d	
   1	
  
t(8;13;9)	
  

(p11.2;q14;q
32)	
  

Transcription	
  
factor	
   Unknown	
   (136)	
  

SQSTM1	
   Leukemia	
   	
   9	
   FGFR1	
   9	
   1	
   t(5;8)	
  
(q35;p11)	
  

Ubiquitin	
  
binding,	
  
NFκB	
  

regulation	
  

PB1-­‐ZF	
  :	
  TK	
  
domain	
   (138)	
  

TEL/ETV6	
   Lymphoma	
   	
   5	
   FGFR3	
   10	
   1	
   t(4;12)	
  
(p16;p13)	
  

ETS	
  family	
  of	
  
transcription	
  
regulators	
  

SAM	
  :	
  TK	
  
domain	
  

(99,	
  
195)	
  

8p11	
  Myeloproliferative	
  Syndrome	
  (EMS)	
  Resulting	
  from	
  Fusions	
  of	
  FGFR1	
  	
  

BCR	
  

8p11	
  
Myeloprolife

rative	
  
Syndrome	
  
(EMS)	
  

	
   4	
   FGFR1	
   9	
   10	
   t(8;22)	
  
(p11;q11)	
  

Serine/Threo
nine	
  kinase	
  

Coiled	
  coil	
  
domain	
  :	
  
TK	
  domain	
  

(95,	
  
196-­‐
201)	
  
	
  

	
   Not	
  
ID’d	
   FGFR1	
   Not	
  

ID’d	
   5	
   t(8;22)	
  
(p11;q11)	
  

Serine/Threo
nine	
  kinase	
  

Coiled	
  coil	
  
domain	
  :	
  
TK	
  domain	
  

(95,	
  
113,	
  
202,	
  
203)	
  

CEP110	
  /	
  
Centriolin	
  

	
   Not	
  
ID’d	
   FGFR1	
   8	
   2	
   t(8;9)	
  

(p11;q33)	
  

Required	
  for	
  
centrosome	
  
function	
  

LZ	
  /	
  coiled	
  
coil	
  domain	
  

:	
  TK	
  
domain	
  

(123,	
  
204)	
  

	
   38(15)
(40)	
   FGFR1	
   9	
   4	
   t(8;9)	
  

(p11;q33)	
  

Required	
  for	
  
centrosome	
  
function	
  

LZ	
  /	
  coiled	
  
coil	
  domain	
  

:	
  TK	
  
domain	
  

(95)	
  

	
   Not	
  
ID’d	
   FGFR1	
   Not	
  

ID’d	
   7	
   t(8;9)	
  
(p11;q33)	
  

Required	
  for	
  
centrosome	
  
function	
  

LZ	
  /	
  coiled	
  
coil	
  domain	
  

:	
  TK	
  
domain	
  

(95)	
  

CPSF6	
  

	
   8	
   FGFR1	
   9	
   1	
   t(8;12)	
  
(p11;q15)	
  

RNA	
  
processing	
  

RNA	
  
recognition	
  
motif	
  :	
  TK	
  
domain	
  

(95)	
  

	
   Not	
  
ID’d	
   FGFR1	
   Not	
  

ID’d	
   2	
  

t(8;12)	
  
(p11;q15)/	
  
dic(8;12)	
  
(p11;p11)	
  

RNA	
  
processing	
  

RNA	
  
recognition	
  
motif	
  :	
  TK	
  
domain	
  

(95)	
  

CUX1	
   	
   11	
   FGFR1	
   10	
   1	
   t(7;8)	
  
(q22;p11)	
  

Homeodomai
n	
  family	
  of	
  
DNA	
  binding	
  
proteins	
  

Coiled	
  coil	
  
domain	
  :	
  
TK	
  domain	
  

(114)	
  

FGFR1OP	
  
(FOP)	
  

	
   5	
   FGFR1	
   9	
   1	
   t(6;8)	
  
(q27;p11-­‐12)	
  

Microtubule	
  
anchoring	
  

Leu	
  rich	
  
domain	
  :	
  
TK	
  domain	
  

(95)	
  

	
   6	
   FGFR1	
   9	
   4	
   t(6;8)	
  
(q27;p11-­‐12)	
  

Microtubule	
  
anchoring	
  

Leu	
  rich	
  
domain	
  :	
  
TK	
  domain	
  

(95)	
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Table  4.3:  FGFR  Fusion  Proteins  Arising  from  Translocations,  continued  
	
  

5'	
  Gene	
   Disease	
   FGFR	
  
Isoform	
  

5'	
  
Gene	
  
Exon	
  
Fusion	
  
Point	
  

3'	
  
Gene	
  

3'	
  Gene	
  
Exon	
  
Fusion	
  
Point	
  

Occurrences	
   Translocation	
  

Normal	
  	
  
Biological	
  
Function	
  /	
  
Pathway	
  of	
  
FGFR	
  fusion	
  
partner	
  

Fusion	
  
Description	
   Refs	
  

FGFR1OP	
  
(FOP)	
  
(cont)	
  

8p11	
  
Myeloprolife

rative	
  
Syndrome	
  
(EMS)	
  (cont)	
  

	
   7	
   FGFR1	
   9	
   2	
   t(6;8)	
  
(q27;p11-­‐12)	
  

Microtubule	
  
anchoring	
  

Leu	
  rich	
  
domain	
  :	
  
TK	
  domain	
  

(95)	
  

	
   Not	
  
ID’d	
   FGFR1	
   Not	
  

ID’d	
   3	
   t(6;8)	
  
(q27;p11-­‐12)	
  

Microtubule	
  
anchoring	
  

Leu	
  rich	
  
domain	
  :	
  
TK	
  domain	
  

(95)	
  

FGFR1OP
2	
  

	
   4	
   FGFR1	
   9	
   3	
  

t(8;12)	
  
(p11;p12)/ins

(12;8)	
  
(p11;p11p22)	
  

Wound	
  
healing	
  

Coiled	
  coil	
  
domain	
  :	
  
TK	
  domain	
  

(95,	
  
115,	
  
205)	
  	
  

HERV-­‐K	
  
	
   3	
   FGFR1	
   9	
   1	
   t(8;19)	
  (p12;	
  

q13.3)	
  
Retroviral	
  
sequence	
  

LTR	
  :	
  TK	
  
domain	
   (206)	
  

	
   Not	
  
ID’d	
   FGFR1	
   Not	
  

ID’d	
   1	
   t(8;19)	
  (p12;	
  
q13.3)	
  

Retroviral	
  
sequence	
  

LTR	
  :	
  TK	
  
domain	
   (139)	
  

LRRFIP1	
   	
   9	
   FGFR1	
   9	
   1	
   t(2;8)	
  
(q37;p11)	
  

Transcription
al	
  repressor	
  

Coiled	
  coil	
  
domain	
  :	
  
TK	
  domain	
  

(95)	
  

MYO18A	
   	
   32	
   FGFR1	
   9	
   1	
   t(8;17)	
  
(p11;q23)	
  

Golgi	
  
membrane	
  
trafficking	
  
and	
  shape	
  

Coiled	
  coil	
  
domain	
  :	
  
TK	
  domain	
  

(95)	
  

NUP98	
   	
   Not	
  
ID’d	
   FGFR1	
   Not	
  

ID’d	
   1	
   t(8;11)	
  
(p11;p15)	
  

Nuclear	
  pore	
  
complex	
  

component	
  
Unknown	
   (95)	
  

RANBP2	
  /	
  	
  
NUP358	
  

	
   20	
   FGFR1	
   9	
   1	
   t(2;8)	
  
(q12;p11)	
  

Nuclear	
  pore	
  
complex	
  

component	
  

LZ	
  :	
  TK	
  
domain	
   (128)	
  

TRIM24	
  
(TIF1)	
  

	
   12	
   FGFR1	
   9	
   1	
   t(7;8)	
  
(q34;p11)	
  

Transcription	
  
control	
  

Coiled	
  coil	
  
domain	
  :	
  
TK	
  domain	
  

(95)	
  

TPR	
  

	
   22	
   FGFR1	
   13	
   1	
   t(1;8)	
  
(q25;p11.2)	
  

Nuclear	
  pore	
  
complex	
  

component	
  

Coiled	
  coil	
  
domain	
  :	
  
TK	
  domain	
  

(207)	
  

	
   23	
   FGFR1	
   13	
   1	
   t(1;8)	
  
(q25;p11.2)	
  

Nuclear	
  pore	
  
complex	
  

component	
  

Coiled	
  coil	
  
domain	
  :	
  
TK	
  domain	
  

(119)	
  

	
   Not	
  
ID’d	
   FGFR1	
   Not	
  

ID’d	
   1	
   t(1;8)	
  
(q25;p11.2)	
  

Nuclear	
  pore	
  
complex	
  

component	
  

Coiled	
  coil	
  
domain	
  :	
  
TK	
  domain	
  

(208)	
  

ZNF198	
  /	
  	
  
ZMYM2	
  

	
   17	
   FGFR1	
   9	
   34	
   t(8;13)	
  	
  
(p11;q12)	
  

Transcription	
  
factor	
  

ZF	
  :	
  TK	
  
domain	
  

(95,	
  
209)	
  	
  

Note  to  Table  3:  FGFR  fusions  and  translocations  identified  in  human  cancers.  Several  fusions  
are  described  in  an  earlier  review  article,  Ref  (95).    
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