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1  ABSTRACT  

Gene  expression   is  severely  deregulated   in  cancer,   leading  to  uncontrolled  cell  growth,  

proliferation,   and   tissue   dedifferentiation.   In   late-­‐‑stage   cancers,   these   processes  

culminate   in   the   formation   of   metastasis,   resulting   in   a   poor   patient   prognosis.  

Carcinoma  cell  dissemination  is  essentially  enhanced  by  the  transition  from  an  immotile  

epithelial  cell  phenotype  to  a  motile  mesenchymal-­‐‑like  phenotype.  Such  malignant  form  

of   epithelial-­‐‑to-­‐‑mesenchymal   transition   (EMT)   is   facilitated   by   the   reprogramming   of  

gene  expression  at  the  transcriptional  as  well  as  post-­‐‑transcriptional  level.  

This   doctoral   study   investigated   the   interplay   of   transcriptional   and   post-­‐‑

transcriptional   regulators   involved   in  malignant  EMT  of  anaplastic   thyroid  carcinomas  

(ATCs).  E-­‐‑cadherin  (CDH1)  and  the  miR-­‐‑200-­‐‑3p  family  (f),  genes  strongly  associated  with  

the   epithelial   phenotype,   were   severely   downmodulated   in   tumor   tissues   of   patients  

suffering   from  ATCs.   In   contrast   to  ATCs,   less   aggressive   subclasses  of   thyroid   cancer  

preserved   CDH1   and  miR-­‐‑200-­‐‑3p   family   expression.   The   onset   of   EMT   in   ATCs   was  

accompanied   by   the   increased   abundance   of   the   CDH1-­‐‑   and   miR-­‐‑200-­‐‑3p-­‐‑repressing  

transcription   factor   ZEB1.   Malignant   EMT   as   well   as   ZEB1   expression   are   generally  

induced  by  cytokines  of  the  transforming  growth  factor  β   (TGFB)  family,  which  trigger  

SMAD-­‐‑dependent   transcription.   Studies   in   ATC-­‐‑derived   cells   revealed   a   negative  

feedback   regulation   between   the   TGFB   signaling   pathway   and   the  miR-­‐‑200-­‐‑3p   family.  

Consistent  with  this  negative  feedback  loop,  TGFB  receptor  type  I  (TGFBR1)  and  SMAD2  

expressions   were   elevated   in   ATCs.   In   addition   to   the   tumor-­‐‑suppressive  miR-­‐‑200-­‐‑3p  

family,   comparative   microRNA   (miRNA)   expression   analyses   of   ATC   and   non-­‐‑

transformed   tissues   identified   the  miR-­‐‑30-­‐‑5p   family   as   significantly   reduced   in   ATCs.  

Like  miR-­‐‑200-­‐‑3p   f,   miR-­‐‑30-­‐‑5p   f   interfered   with   cancer   cell   invasion   and   mesenchymal  

marker  expression.    

The  observed   tumor-­‐‑suppressive   functions  of  miR-­‐‑200-­‐‑3p   f   and  miR-­‐‑30-­‐‑5p   f   in  ATC-­‐‑

derived   cells   suggested   post-­‐‑transcriptional   regulators   as   powerful   suppressors   of  

malignant   EMT   in   ATCs.   However,   in   contrast   to   the   reduced   expression   of   tumor-­‐‑

suppressive   miRNAs,   the   IGF2   mRNA-­‐‑binding   protein   1   (IGF2BP1)   was   de   novo  

synthesized   in   ATC.   IGF2BP1   expression   is   essentially   lost   in   adult   tissues;   however,  

during  development  IGF2BP1  promotes  cell  migration  and  proliferation.  Several  studies  

identified  IGF2BP1  expression  in  neoplasia  and  suggested  a  role  in  tumor  progression.  In  

ATC   tissues,   re-­‐‑expression   of   IGF2BP1   correlated   with   the   loss   of   epithelial   marker  
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expression  and  the  increased  abundance  of  ZEB1.  Consistent  with  this  observation,  loss-­‐‑

of-­‐‑function   studies   revealed   that   IGF2BP1   sustained   ZEB1   expression,   as   well   as   the  

migratory,   invasive   and   proliferative   potential   of   ATC-­‐‑derived   cells.   Interestingly,   the  

reduced   abundance   of   IGF2BP1   protein   and   IGF2BP1   mRNA   upon   ZEB1   depletion  

indicated   that   ZEB1   in   turn   sustains   IGF2BP1   expression.   Accordingly,   a   positive  

feedback   regulation   between   IGF2BP1   and   ZEB1   may   synergize   in   promoting   ATC  

tumorigenesis.   Taken   together,   this   doctoral   study   identified   post-­‐‑transcriptional  

regulators  as  potent  biomarkers  of  ATCs  and  putative  targets  for  therapeutic  protocols.    

In  addition   to  ATC-­‐‑focused  studies,   the  miTRAP   (miRNA  trapping  by  RNA   in  vitro  

affinity  purification)   approach  was  developed.  MiTRAP  allows  miRNA   co-­‐‑purification  

from  cellular  extracts  with  immobilized  in  vitro  transcribed  MS2-­‐‑tagged  bait  RNAs.  With  

this   protocol,   reported  miRNA  binding   to   the  MYC  and  ZEB2   3’UTRs  was   confirmed.  

Combined  with  next  generation  sequencing  of  miRNAs,  miTRAP  identified  novel  MYC-­‐‑

regulatory  miRNAs.  Loss-­‐‑of-­‐‑function  studies  confirmed  their  potency  in  controlling  the  

expression  of  MYC   in  vivo.  Hence,   these  findings  proved  the  suitability  of   in  vitro  RNA  

affinity  purifications  to  reliably  and  comprehensively  identify  regulatory  miRNAs  for  a  

bait  RNA  of  choice  in  a  given  cell  context  of  interest.    
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2  INTRODUCTION  

Multicellular  organisms  consist  of  phenotypically  distinct  cell  types.  Although  most  cells  

comprise  the  same  set  of  genetic  information,  cellular  heterogeneity  essentially  relies  on  

cell-­‐‑specific  gene  expression  signatures.  Whereas  some  genes  are  expressed  in  every  cell,  

others  are  expressed  in  a  cell  type-­‐‑specific  manner.  To  regulate  these  processes,  the  way  

from   a   gene   to   its   product   is   controlled   at   every   stage   including   transcription   of   the  

DNA,   processing   of   the   transcript,   transport   of   the   transcript   to   the   cytoplasm,  

localization  of  the  transcript  within  the  cell  and  stability  of  the  transcript.  In  the  case  of  

protein-­‐‑coding   genes   also   translation   efficiency   and   protein   stability   are   subjected   to  

regulation.   In   addition   to   transcriptional   regulators,   which   affect   all   of   the   following  

steps,   a   plethora   of   post-­‐‑transcriptional   regulators,   e.g.  microRNAs   and   RNA-­‐‑binding  

proteins,   are   necessary   to   control   gene   expression,   and   thereby   cell   type-­‐‑specific  

homeostasis  and  function,  as  well  as  cellular  reorganization  in  developmental  processes.  

The  scientific  interest  to  study  post-­‐‑transcriptional  mechanisms  increased  strongly  with  

the   identification   of   aberrant   post-­‐‑transcriptional   gene   regulation   associated   to  

developmental  defects  and  diseases  like  cancer.    

Anaplastic  thyroid  carcinomas  

Anaplastic  thyroid  carcinomas  (ATCs)  originate  from  follicular  (thyroid  epithelial)  cells  

of   the  thyroid.  The  thyroid  gland  is  composed  of   follicles   filled  with  thyroid  hormones  

containing  colloid.  Follicles  are   lined  by   follicular   cells   that  produce   thyroid  hormones  

(T3,  T4)  and  to  a  small  proportion  by  parafollicular  cells  (C  cells)  that  produce  calcitonin.  

Thyroid  cancer  can  originate  from  follicular  or  parafollicular  cells.  In  contrast  to  the  rare  

C   cell-­‐‑originating   medullary   thyroid   carcinomas   (MTCs),   thyroid   cancers   of   follicular  

origin   are   histopathologically   classified   into   four   major   subclasses:   well-­‐‑differentiated  

follicular  or  papillary  thyroid  carcinomas  (FTCs  or  PTCs),  poorly  differentiated  thyroid  

carcinomas   (PDTCs),   and  undifferentiated  anaplastic   thyroid   carcinomas.  PTCs  are   the  

most   frequent   thyroid   carcinomas   (approximately   90%).   This   subtype   is   composed   of  

epithelial  cells  with  visible  changes  in  nuclear  morphology  and  appearance.  FTCs  with  a  

prevalence  of  less  than  10%  are  also  composed  of  differentiated  epithelial  cells,  but  lack  

nuclear  features  of  PTCs.  Although  some  of  these  well-­‐‑differentiated  carcinomas  behave  

aggressively,  the  vast  majority  of  PTCs  and  FTCs  can  be  effectively  cured.  ATC  tumors  

are   composed   of   undifferentiated   cells   with   a   high   mitosis   rate,   spindle-­‐‑like   cell  
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morphologies   as   well   as   osteoclast-­‐‑like   giant   cells.   The   patients   suffer   from   a   rapidly  

growing   neck  mass   and  metastatic   spread   to   other   organs.   Accordingly,   all   ATCs   are  

classified  as  stage  IV  diseases,  and  the  patient’s  median  survival  time  is  only  six  months.  

PDTCs  represent  an  ‘intermediate’  entity  between  ATCs  and  well-­‐‑differentiated  thyroid  

carcinomas.   They   appear   partially   dedifferentiated   compared   to   FTCs   or   PTCs,   and  

behave   more   aggressively   than   these.   (Thyroid   tumor   characteristics   are   reviewed   in  

[Kondo  et  al.,  2006;  Cornett  et  al.,  2007;  O'ʹNeill  et  al.,  2010;  Schmid,  2010].)  

Although  ATCs   account   for   a   small   fraction   of   thyroid   cancers   (2-­‐‑7%),   over   half   of  

thyroid  cancer  associated  deaths  are  related  to  the  anaplastic  variant.  The  essential  part  

of   ATC   treatment   displays   surgery,   if   manageable   full   resection,   often   involving   vital  

organs  like  trachea  or  larynx,  followed  by  chemotherapy  and  radiation.  Risk  factors  for  

ATCs  are  age  and  female  sex.  The  mean  age  of  ATC  diagnosis  is  65  years  and  60  -­‐‑  70%  of  

tumors  occur   in  women.   It  was  also  suggested   that  ATCs  arise   from  pre-­‐‑existing  FTCs  

and   PTCs   by   post-­‐‑malignant   dedifferentiation.   This   suggestion   is   supported   by   the  

histological   observation   of   concurrent   well-­‐‑differentiated   forms   of   thyroid   cancer,   as  

well   as   the   identification   of   FTC-­‐‑   and   PTC-­‐‑specific   mutations   in   ATCs   (Figure   1).  

Historical   events   exhibit   radiation   exposure   as   the   major   risk   for   PTCs,   since   atomic  

bomb   survivors   and  Chernobyl   victims   frequently  developed   these   tumors.   The  major  

risk   for   FTCs   represents   dietary   iodine   deficiency   resulting   in   thyroid   growth   as   a  

compensatory  mechanism.  Other  risk   factors   for   thyroid  carcinomas  are  active  oxygen-­‐‑

species  like  H2O2,  which  is  necessary  for  thyroid  hormone  synthesis.    

For   neoplastic   transformation   activating  mutations   or   rearrangements   in   genes   that  

encode   MAPK   (mitogen-­‐‑activated   protein   kinase)   pathway   effectors   like   RAS   (rat  

sarcoma   viral   oncogene   homologue)   or   BRAF   (v-­‐‑raf   murine   sarcoma   viral   oncogene  

homologue   B)   seem   to   be   required.   Such   oncogenic   activation   of   the  MAPK   signaling  

pathway   was   suggested   to   promote   proliferation   and   genomic   instability,   which  

possibly  causes  additional  somatic  mutations.  Moreover,  activating  mutations  in  PIK3CA  

(phosphatidylinositol-­‐‑4,5-­‐‑bisphosphate   3-­‐‑kinase,   catalytic   subunit   alpha)   occur   in   ATCs   and  

FTCs,   and   potentially   enhance   phosphatidylinositol-­‐‑3   kinase   (PI3K)/Akt   signaling.  

Increased  expressions  of  growth  factor  receptors  have  been  identified  in  all  subclasses  of  

thyroid   carcinomas.   Activated   by   growth   factors,   these   receptors   were   suggested   to  

trigger   in   addition   to   the  MAPK   pathway   also   the   PI3K/Akt   pathway.   Tumor   growth  

activity   of   ATCs   and   PTCs   was   also   suggested   to   be   governed   by   the   increased  

expression   of   cyclins   and   the   downregulation   of   cyclin-­‐‑dependent   kinase   inhibitor   (CDKI)  

genes.   The   predominant   association   of  TP53   (tumor   protein   p53)   mutations   with   ATCs  



  INTRODUCTION 

      5  

and  PDTCs  suggested  TP53  as  a  crucial  gatekeeper  in  the  progression  from  manageable  

to   lethal   thyroid  cancers.  Loss-­‐‑of-­‐‑function  mutations  of  TP53  were  suggested   to   induce  

genomic  instability,  cell  cycle  progression  and  epithelial  dedifferentiation.  Additionally,  

ATC  and  PDTC-­‐‑specific  mutations  in  CTNNB1  (β-­‐‑catenin)  were  proposed  as  precautions  

for   aberrant   Wnt   signaling,   which   also   promotes   proliferation   and   epithelial  

dedifferentiation.   Accordingly,   ATCs   were   proposed   to   exhibit   a   genetic   status   of  

maximal   activated   signal   transduction,   which   promotes   cell   growth,   proliferation,  

survival   and   dissemination.   (Classification,   histological   and   pathogenic   characteristics,  

risk  factors,  and  treatment  of  thyroid  carcinomas  are  reviewed  in  [Are  and  Shaha,  2006;  

Kondo  et  al.,  2006;  Cornett  et  al.,  2007;  O'ʹNeill  et  al.,  2010;  Schmid,  2010;  Regalbuto  et  al.,  

2012;  Denaro   et  al.,   2013;  Pallante   et  al.,   2014],  genetic  alterations  of   thyroid  carcinomas  

are   reviewed   in   [Kondo   et   al.,   2006;   Sobrinho-­‐‑Simoes   et   al.,   2008;   O'ʹNeill   et   al.,   2010;  

Schmid,  2010;  Xing,  2010;  Pallante  et  al.,  2014].)  

  

  
  

Figure 1 | Multistep carcinogenesis model of thyroid cancer and the occurrence of alterations in gene expression.  
The thyroid gland contains follicular and C cells. Medullary thyroid carcinomas (MTC) derive from C cells. The vast majority of benign 
thyroid tumors are follicular thyroid adenomas (FTA) that often carry RAS point mutations. Carcinomas of follicular origin are subdivided in 
well-differentiated follicular thyroid carcinomas (FTC) and papillary thyroid carcinomas (PTC), poorly differentiated thyroid carcinomas 
(PDTC) and undifferentiated anaplastic thyroid carcinomas (ATC). RAS mutations have been associated with FTCs, PTCs, PDTCs and 
ATCs. In addition to RAS, genetic defects that activate BRAF often represent PTC-initiating events. Both RAS and BRAF mutations have 
been identified in PDTCs and ATCs. Additionally, the overexpression of genes encoding cyclins and the repression of genes encoding 
CDKIs has been identified with increasing incidence from PTCs, over PDTCs to ATCs. Like BRAF mutations in PTCs, mutations activating 
PIK3CA were identified in FTCs, and with high incidence in ATCs. ATC- or PDTC-specific genetic events represent the mutations of TP53 
and CTNNB1, which potentially lead to an undifferentiated state. Note, figure displays only those alterations of FTAs, FTCs, PTCs, and 
PDTCs yet identified in ATCs. (Scheme modified from [Kondo et al., 2006; Pallante et al., 2014].) 
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Epithelial-­‐‑to-­‐‑mesenchymal  transition  in  cancer  

ATC  patients   suffer   from  a   rapidly  growing   tumor  mass   and  a  high  metastatic   spread  

[O'ʹNeill  et  al.,  2010].  Metastases  were  suggested  to  be  responsible  for  more  than  90%  of  

cancer-­‐‑associated   mortality   [Brabletz,   2012].   Accordingly,   the   investigation   of   these  

phenomena   is   of   special   interest.   The   prerequisite   for   carcinoma   cell   invasion   and  

metastasis   formation   is   the   conversion   of   an   immotile   epithelial   to  migratory/invasive  

mesenchymal-­‐‑like   cell   phenotype.   Interconnected   by   cell-­‐‑cell   junctions   (Figure   2A),  

epithelial  cells  line  cavities  and  free  surfaces  of  the  body,  and  form  barriers  to  inhibit  the  

movement   of   solutes   and   cells.   Mesenchymal   cells,   by   contrast,   are   predominantly  

attached   to   the   interstitial   extracellular   matrix   (ECM),   where   they   can   move   in   three  

dimensions   (Figure   2B).   Accordingly,   the   biological   process   of   an   epithelial-­‐‑to-­‐‑

mesenchymal   transition   (EMT)   requires   changes   in   cell   morphology,   cell   architecture,  

adhesion  and  migration  capacity.  To  achieve   these  changes,   cellular  gene  expression   is  

reprogrammed  resulting  in  the  downregulation  of  epithelial  genes  and  the  upregulation  

of  mesenchymal  genes.   In   contrast   to   cancer,   coordinated  EMTs,  as  well  as   the   reverse  

mesenchymal-­‐‑to-­‐‑epithelial   transitions   (METs)   are   fundamental   processes   during  

embryogenesis  to  allow  germ  layer  formation  and  organ  development  (type  1  EMT).  In  

adult   tissues,   EMTs   are   also   necessary   for   wound   healing,   tissue   regeneration   and  

fibrosis  (type  2  EMT).  These  events  generate  fibroblasts  or  myofibroblasts  to  reconstruct  

tissues   that   were   injured   by   trauma   or   inflammation   (type   2   EMT).   (Epithelial   and  

mesenchymal  cell  characteristics,  as  well  as  EMT  and  MET  are  reviewed  in  [Alberts  et  al.,  

2002;   Kalluri   and   Weinberg,   2009;   De   Craene   and   Berx,   2013;   Jaime   A.   Rivera-­‐‑Pérez,  

2013;  Nisticò  et  al.,  2013].)  

  

  
Figure 2 | Epithelial and mesenchymal cell characteristics.  
(A) Epithelial cells are interconnected through tight junctions (grey), adherens junctions (red), which are connected to the actin cytoskeleton 
(black filaments), gap junctions (pink/blue), and desmosomes (cyan), which are connected to the cytokeratin-based intermediate filament 
cytoskeleton (red filaments). Epithelial cells also have specialized cell-ECM (extracellular matrix) interactions (hemidesmosomes) for 
adhesion to the laminin-rich basal lamina (BL), a specialized form of the ECM that underlies epithelial tissue. Note scheme represents 
epithelium consisting of one cell layer, however, dependent on the organ, epithelial tissue is composed of two or more epithelial cell layers. 
(B) Mesenchymal cells show a shift to a vimentin-based intermediate filament (dark blue) cytoskeleton and altered composition of cell-ECM 
interactions optimized for adhesion to the interstitial matrix (IM, green fibers). (Illustrations modified from [Nisticò et al., 2013]) 
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An   important   hallmark   of   malignant   EMT   (type   3   EMT)   is   the   loss   of   E-­‐‑cadherin  

(CDH1)-­‐‑based   adherens   junctions   (see   Figure   2).   Such   adherens   junctions   (AJs)   link  

neighboring  epithelial  cells  together,  mechanically  stabilize  the  tissue  and  control  the  cell  

shape   through   the   association   with   the   actin   cytoskeleton   (reviewed   in   [Lecuit   and  

Lenne,  2007;  Guillot  and  Lecuit,  2013]).  CDH1  is  a  trans-­‐‑membrane  protein  consisting  of  

five   ‘extracellular   cadherin’   domains   (ECs),   EC1–5,   which   form   calcium-­‐‑dependent  

interactions  with  AJs  of   the   same  kind  on  adjacent  epithelial   cells   (reviewed   in   [Perez-­‐‑

Moreno   and   Fuchs,   2006]).   Through   these   interactions   cadherins   function   as   surface  

markers.   Experiments   in   cell   culture   revealed   that   epithelial   cells   expressing   the   same  

levels  of  CDH1  aggregate   into   tissue-­‐‑like   structures,  whereas   cells   expressing  different  

CDH1  levels  are  sorted  out  [Friedlander  et  al.,  1989;  Chanson  et  al.,  2011].  Beyond  the  cell  

surface,   the   cytoplasmic   tail   of   CDH1   binds   CTNNB1,   which   connects   CDH1   via  

CTNNA1  (α-­‐‑catenin)  to  the  actin  cytoskeleton  [Perez-­‐‑Moreno  and  Fuchs,  2006].    

CDH1   expression   was   demonstrated   to   be   directly   repressed   by   various   pro-­‐‑

mesenchymal  transcription  factors  (TFs)  such  as  the  zinc-­‐‑finger  proteins  SNAI1,  SNAI2  

(Drosophila  melanogaster  homologues  Snail  1  and  2)  and  KLF8  (Kruppel-­‐‑like  factor  8),  the  

zinc-­‐‑finger  E-­‐‑box-­‐‑binding  homeobox  proteins  ZEB1  and  ZEB2,  and  the  basic  helix-­‐‑loop-­‐‑

helix  (bHLH)  factors  TWIST1,  TWIST2  (twist  family  bHLH  transcription  factor  1,  2)  and  

E47  (transcription  factor  3).  These  factors  were  suggested  to  be  the  master  EMT-­‐‑inducing  

transcription   factors.   Their   high   potency   to   induce   EMT   relies   in   addition   to   CDH1  

repression  on  the  repression  of  other  epithelial  genes  that  encode  epithelial  intermediate  

filaments   (cytokeratins),   components   of   tight   junctions   (claudins,   occludin)   as   well   as  

desmosomes   (plakophilins,   desmoplakin).   Moreover,   they   activate   the   expression  

mesenchymal   genes   encoding   for   vimentin   (mesenchymal   intermediate   filament),  

proteins   of   the   ECM   (fibronectin,   vitronectin,   collagen   III,   V),   and   matrix  

metalloproteases  (MMPs).  These  pleiotropic  changes  in  gene  expression  were  suggested  

to  be  facilitated  by  the  interaction  with  epigenetic  modifiers  like  histone  deacetylases.    

All   master   EMT-­‐‑inducing   TFs   bind   to   E-­‐‑box   elements   formed   by   the   consensus  

sequence  CANNTG  (N  =  C/G).  Although   targeting  highly   similar  DNA  elements,   each  

factor  exhibits  a  different  target  specificity,  generated  most  likely  by  specific  interactions  

with  transcriptional  co-­‐‑activators  or  co-­‐‑repressors.  This  hypothesis  is  supported  by  two  

findings:  1)  Each  TF  modulates  gene  expression   in  a  cell  context-­‐‑dependent  manner.  2)  

Protein-­‐‑protein   interaction   domains   of   some   EMT-­‐‑driving   TFs,   for   instance   the  

homeodomain   of   ZEB1   and   ZEB2   share,   in   contrast   to   other   domains,   little   sequence  
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similarity.   (EMT-­‐‑inducing   TFs   are   reviewed   in   [Peinado   et   al.,   2007;   Xu   et   al.,   2009;  

Gheldof  et  al.,  2012;  Scheel  and  Weinberg,  2012;  De  Craene  and  Berx,  2013].)  

TGFB   signaling   directly   activates   the   expression   of   EMT-­‐‑inducing   transcription  

factors  as  demonstrated  in  various  biological  systems  e.g.  lung  carcinoma-­‐‑derived  A549  

cells   [Kasai   et   al.,   2005]   and   kidney-­‐‑derived  MDCK   cells   [Gregory   et   al.,   2008a].   TGFB  

binds   to   a   heterotetrameric   complex   of   type   I   and   type   II   serine/threonine   kinase  

receptors  (TGFBR1/2).  Upon  ligand  binding,  both  receptors  come  in  close  proximity  and  

the   constitutive   active   TGFBR2   phosphorylates   TGFBR1,   which   subsequently  

phosphorylates   SMAD2   and   SMAD3   (similar   to   the   gene   products   of   the   Drosophila  

melanogaster  gene  ‘mothers  against  decapentaplegic’  (Mad)).  Together  with  SMAD4,  the  

SMAD2/3/4  complex  translocates  into  the  nucleus,  where  it  interacts  with  DNA-­‐‑binding  

transcription  factors  (Figure  3).  (TGFB  signaling  is  reviewed  in  [Xu  et  al.,  2009;  Ikushima  

and  Miyazono,   2010].)   In   addition   to   such   canonical  TGFB   signaling,   activated  TGFBR  

complexes  can   transduce  TGFB  signals  via   the  MAPK  or  Wnt  signaling  pathway   (non-­‐‑

canonical   TGFB   signaling)   (Figure   3).   Both   pathways   have   been   shown   to   activate   the  

expression   of   various   EMT-­‐‑inducing   transcription   factors.   It   is   suggested   that   acting  

alone,   canonical   TGFB   signaling   is   not   sufficient   to   permanently   convert   an   epithelial  

into  a  mesenchymal  phenotype.  Moreover,  it  is  hypothesized  that  EMT  induction  has  to  

be   promoted   by   additional   signaling   molecules   including   receptor   tyrosine   kinase  

ligands  that  triggers  the  canonical  MAPK/RAS  pathway  and  the  Wnt  ligand  that  triggers  

the   canonical   Wnt   signaling   pathway   (Figure   3)   (Crosstalk   of   the   TGFB   signaling  

pathway  with  MAPK  and  Wnt  signaling  pathways  is  reviewed  in  [Huber  et  al.,  2005;  Xu  

et  al.,  2009;  Heldin  et  al.,  2012]).    

In  advanced  cancers,  TGFB  is  often  overexpressed  (reviewed  in  [Heldin  et  al.,  2012]),  

whereas   the   MAPK   pathway   is   activated   by   oncogenic   mutations   in   RAS   and/or   its  

downstream  factor  BRAF  (reviewed  in  [Friday  and  Adjei,  2008]),  as  indicated  for  thyroid  

cancer   (see   Figure   1).   Oncogenic   Wnt   pathway   mutations   were   mostly   observed   in  

tissues   that  depend  on  Wnt   for   self-­‐‑renewal  and   repair   as   e.g.   colon  mucosa,  but  have  

also   been   proposed   for   ATCs   (see   Figure   1).   Inappropriate   stabilization   of   the   Wnt  

downstream   coactivator   CTNNB1,   or   the   formation   of   constitutive   complexes   of  

CTNNB1  with   transcription   factors   like  LEF1   (lymphoid   enhancer   binding   factor   1)   or  

TCF4   (T-­‐‑cell   specific   transcription   factor  4)   trigger  malignant  proliferation  and  support  

EMT  (Figure  3)  (reviewed  in  [Clevers  and  Nusse,  2012]).  Additionally,  the  loss  of  CDH1  

expression  as   a   consequence  of  EMT,   leads   to   an   increase  of   the   cytoplasmic  CTNNB1  

pool  due  to  the  lack  of  binding  at  adherens  junctions  [Clevers,  2006].    
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Figure 3 | Scheme of signal transduction pathways that crosstalk during EMT.  
(A) The MAPK pathway is usually activated by auto-phosphorylation of receptor tyrosine kinase (RTK) complexes upon binding of growth 
factors (GF) like EFG (epidermal growth factor) or FGF (fibroblast growth factor). Then RTK phosphotyrosines recruit the GRB2/SOS/RAS 
complex, which activates the MAPK kinase kinase RAF (oncogene homologue of rodent raf (rapidly accelerated fibrosarcoma or rat 
fibrosarcoma)). SOS (son of sevenless) is the guanine exchange factor of RAS, and GRB2 (growth factor receptor-bound protein 2) is an 
adapter protein that binds phosphotyrosines. RAF then initiates a phosphorylation cascade involving MEK (MAPK/ERK kinase) and ERK 
(MAPK extracellular regulated kinase) resulting in the activation of transcription factors by phosphorylation (scheme modified from [Friday 
and Adjei, 2008]). (B, D) The non-canonical TGFB signaling results from the crosstalk with the MAPK or Wnt signaling pathway. (B) 
TGFB binds to the heterotetrameric complex of type I and type II serine/threonine kinase receptors (TGFBR1/2), which trigger the 
phosphorylation of SHCA (Src homology 2 domain containing). The SHCA phosphotyrosines allow docking of the GRB2/SOS/RAS 
complex, which activates the MAPK kinase cascade (scheme modified from [Chapnick et al., 2011; Gui et al., 2012]). (C) In canonical 
TGFB signaling, the activated TGFBR1 phosphorylates SMAD2 and SMAD3. Both form a complex with SMAD4. Through interactions 
with transcription factors like SNAIs and ZEBs, SMAD2/3/4 modulate transcription (scheme modified from [Xu et al., 2009; Xiao and He, 
2010]). (D) TGFB signaling is also suggested to crosstalk with the Wnt signaling pathway through the transcription factors LEF1 (lymphoid 
enhancer binding factor 1) and TCF4 (T-cell specific transcription factor 4), as well as the coactivator CTNNB1. In this crosstalk, activated 
SMAD2/3/4 complexes would regulate gene expression in a complex with TCF4, LEF1 and/or CTNNB1 (scheme modified from [Xu et al., 
2009]). (E) The canonical Wnt signaling pathway is initiated by the binding of the Wnt ligand to a receptor complex formed between the 
Frizzled receptor and its coreceptor LRP6 (low-density lipoprotein receptor related protein 6) or its close relative LRP5. Recruitment of the 
scaffold protein Dvl (Dishevelled) by Frizzled leads to LRP5/6 phosphorylation and Axin recruitment, which disrupts Axin-mediated 
phosphorylation and subsequent degradation of CTNNB1. The latter accumulates in the cell and serves as a coactivator for transcription 
factors like LEF1 or TCF4. In the absence of Wnt, cytoplasmic CTNNB1 is constantly degraded. A complex composed of Axin (scaffold 
protein), APC (adenomatous polyposis coli), CK1 (casein kinase 1) and GSK3 (glycogen synthase kinase 3) phosphorylates CTNNB1, 
which is then recognized by the E3 ubiquitin ligase BTRC (β-transducin repeat containing E3 ubiquitin protein ligase). Ubiquitinylation of 
CTNNB1 induces its proteasomal degradation (scheme modified from [MacDonald et al., 2009]). 

  

In   addition   to   the   generation   of   highly   invasive   cells,   the  malignant   EMT   program  

was   suggested   to   induce   and/or  promote   a   stemness-­‐‑like  phenotype   [Mani   et   al.,   2008;  

Morel   et   al.,   2008;   Scheel   et   al.,   2011].   Like   non-­‐‑malignant   stem   cells,   cancer   stem   cells  

(CSCs)   are   defined   by   their   capability   of   renewing   themselves   unlimitedly   through  

symmetrical  and  asymmetrical  cell  division.  The  latter  generates  a  stem  cell  as  well  as  a  

cell  with   the   ability   to   differentiate   into   tumor   tissue   (reviewed   in   [Heldin   et   al.,   2012;  

Scheel  and  Weinberg,  2012]).    Hence,  they  have  a  high  potential  to  generate  a  tumor,  as  

demonstrated   by   studies   with   mice   [Ishikawa   et   al.,   2007;   Quintana   et   al.,   2008].  

Therefore,   CSCs   are   also   termed   tumor-­‐‑initiating   cells   (TICs).   The   concept   of  

migrating/invading   cancer   stem   cells   would   explain   how   cancer   cells   survive   and  

proliferate   during   dissemination   and   in   the  microenvironment   of   foreign   tissues   after  

extravasation  (reviewed  in  [Brabletz  et  al.,  2005;  Heldin  et  al.,  2012;  Scheel  and  Weinberg,  
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2012]).  CSCs  represent  a  side  population  in  solid  tumors  and  cultured  cancer-­‐‑derived  cell  

line  populations  (reviewed  in  [Lin,  2011;  Scheel  and  Weinberg,  2012]),  from  which  they  

can  be  isolated  by  cell-­‐‑surface  markers  [O'ʹBrien  et  al.,  2007;  Ricci-­‐‑Vitiani  et  al.,  2007;  Mani  

et   al.,   2008].  Notably,   carcinoma-­‐‑originating  CSCs  were   characterized   by  mesenchymal  

marker  expression  and  epithelial  dedifferentiation  [Mani  et  al.,  2008].    

Post-­‐‑transcriptional  gene  regulation  by  microRNAs    

MicroRNAs   (miRNAs)   are   evolutionary   conserved,   small   non-­‐‑coding   RNAs   of   20-­‐‑27  

nucleotides   in   length.   They   serve   as   specificity   guides   for   a   protein   complex   termed  

miRNA-­‐‑induced   silencing   complex   (miRISC)   that   mediates   post-­‐‑transcriptional   gene  

regulation.  MiRNA  genes  are  transcribed  by  RNA  polymerase  II  into  primary  precursors  

(pri-­‐‑miRNA)   that   fold   into   stem   loop   structures.   The   nuclear   Drosha   (class   2  

ribonuclease  type  III)-­‐‑containing  microprocessor  complex  releases  these  stem  loops  and  

generates   ~70-­‐‑nucleotides   long   pre-­‐‑mature   miRNAs   (pre-­‐‑miRNAs).   After   transport   to  

the  cytoplasm,  Dicer  (class  3  ribonuclease  type  III)  cleaves  of  their  loop  regions,  and  one  

strand   of   the   resulting   duplexes   is   incorporated   into   miRISC;   the   other   strand   is  

normally   degraded.   Apart   from   canonical   miRNA   biogenesis,   pre-­‐‑miRNAs   can   be  

generated  from  small  nucleolar  RNAs  (snoRNAs)  or  short  introns  (mirtrons).  The  latter  

are  Drosha-­‐‑independent;  instead  the  pre-­‐‑miRNAs  are  liberated  by  the  spliceosome.  How  

snoRNAs  are  processed  into  pre-­‐‑miRNAs  remains  largely  elusive  (MiRNA  biogenesis  is  

reviewed  in  [Pasquinelli,  2012;  Meister,  2013]).    

The   miRISC   minimally   consists   of   an   Argonaute   (AGO)   and   a   TNCR6   protein.  

Vertebrates   contain   four   AGO   (AGO1-­‐‑4)   and   three   TNRC6   paralogues   (TNRC6A-­‐‑C).  

TNRC6  that  binds  via  AGO  to  the  miRNA-­‐‑mRNA  hybrids,  seems  to  play  the  central  role  

in   miRNA-­‐‑mediated   induction   of   mRNA   decay   and   repression   of   mRNA   translation.  

The   protein   was   suggested   to   interact   directly   with   the   cytoplasmic   poly(A)-­‐‑binding  

protein   (PABPC)   and   the   deadenylase   complexes   CCR4-­‐‑NOT   and   PAN2-­‐‑PAN3.   Both,  

the   interaction   with   PABPC   and   the   interaction   with   the   CCR4-­‐‑NOT   complex,   was  

suggested   to   result   in   the   dissociation   of   PABPC   from   the   poly(A)-­‐‑tail   of   the  mRNA,  

which   increases   the   accessibility   of   deadenylases.   As   a   consequence   of   ongoing  

deadenylation,   the   mRNA   is   decapped   by   the   DCP1-­‐‑DCP2   decapping   complex   and  

subsequently   degraded   by   the   5’-­‐‑to-­‐‑3’   exonuclease   XRN1   (5'ʹ-­‐‑3'ʹ   exoribonuclease   1)  

(Figure  4).  However,  in  the  case  of  fully  complementary  miRNA-­‐‑mRNA  duplexes  these  

mechanisms  seem  dispensable,  because  AGO2  directs  mRNA  decay  by  endonucleolytic  

cleavage.  (MiRNA-­‐‑mediated  mRNA  degradation  and  miRISC  components  are  reviewed  
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in  [Tolia  and  Joshua-­‐‑Tor,  2007;  Huntzinger  and  Izaurralde,  2011;  Pasquinelli,  2012;  Braun  

et  al.,  2013].)  

Although   the   mechanism   of   miRNA-­‐‑mediated   mRNA   decay   is   relatively   well  

understood,   the   mechanism   of   miRNA-­‐‑mediated   translational   repression   is   still  

controversially   discussed.   Conflicting   data   argue   either   for   a   repression   of   translation  

initiation  or  for  post-­‐‑initiation  mechanisms.  The  latter  was  indicated  by  the  association  of  

miRNAs  and  target  transcripts  with  polysomes  in  sucrose  gradients  [Olsen  and  Ambros,  

1999;  Maroney   et  al.,   2006;  Nottrott   et  al.,   2006;  Petersen   et  al.,   2006].  Additionally,   cap-­‐‑

independent   translation   of   reporters   harboring   an   internal   ribosome   entry   site   (IRES)  

was   shown   to   be   repressed  by  miRNAs   [Petersen   et   al.,   2006].   Two  models   of  miRNA  

action   after   initiation   were   proposed:   1)   MiRNAs   reduce   translation   elongation   rates,  

which  results  in  a  ribosome  drop  off  [Petersen  et  al.,  2006].  2)  MiRNAs  recruit  proteases  

that   degrade   the   growing   protein   chain   [Nottrott   et   al.,   2006].   Several   studies   argued  

against   these   hypotheses,   because   they   observed   a   shift   of   miRNA-­‐‑targeted   reporter  

RNAs   towards   lighter  monosomal   fractions,   as   well   as  miRNA-­‐‑resistant   IRES-­‐‑   or   cap  

analog-­‐‑driven   translation   [Humphreys   et   al.,   2005;   Pillai   et   al.,   2005;   Mathonnet   et   al.,  

2007].   The   hypothesis   of   a   pre-­‐‑initiation   mechanism   was   further   supported   by   the  

observation   that   Drosophila   melanogaster   AGO   proteins   bind   directly   to   the   m7G   cap  

[Djuranovic   et   al.,   2010].  However,   the   relevance  of   this   association  was  questioned  by  

tethering  approaches   [Eulalio  et  al.,  2008;  Braun   et  al.,  2011].   Instead  of  AGO1,   tethered  

Drosophila  melanogaster  TNRC6  was  able  to  repress  translation  of  a  reporter  RNA  [Eulalio  

et   al.,   2008;   Braun   et   al.,   2011].   Translation   repression   by   TNRC6   was   suggested   to  

essentially   rely   on   the   dissociation   of   the   poly(A)-­‐‑PABPC   association,   and   thus   the  

disruption  of  the  translation  promoting  ‘closed  loop’  configuration  bringing  the  mRNA’s  

3’-­‐‑end   termination  site   in  proximity   to   the  5’-­‐‑Cap   [Fabian   et  al.,   2009;  Zekri   et  al.,   2009;  

Zekri  et  al.,  2013].  On  the  basis  of  this  model,  TNRC6  may  mediate  gene  repression  as  a  

combination   of   mRNA   degradation   and   translational   repression   by   interacting   with  

multiple   components   involved   in   translation   and   mRNA   decay.   Regarding   the   time  

course   of   these   processes,   different   studies   performed   time-­‐‑dependent   analyses   and  

suggested   that   miRNA-­‐‑dependent   silencing   is   initiated   by   translational   repression,  

followed  by  deadenylation-­‐‑induced  mRNA  decay  [Selbach  et  al.,  2008;  Fabian  et  al.,  2009;  

Djuranovic  et  al.,  2012].    
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Figure 4 | Model of miRNA-mediated regulation of gene expression in animals. 
MiRISCs, consisting of an miRNA, an AGO and a TNRC6 protein, bind to mRNA targets by incomplete base pairing. An mRNA consists of 
a 5’- and 3’-untranslated region (5’UTR and 3’UTR) as well as a coding sequence. TNRC6 interacts with PABPC leading to the release of 
PABPC from the poly(A)-tail, and the interference with the PABPC-eIF4G interaction resulting in an open loop configuration of the mRNA, 
which was suggested to contribute to a reduced translation efficiency. Moreover, TNRC6 interacts with the two cytoplasmic deadenylase 
complexes CCR4/NOT1/CAF1 and PAN2/PAN3, that deadenylate the mRNA; and TNRC6 promotes the association of the decapping 
complex (DCP1/2/DDX6/EDC4). EDC4, a component of the decapping complex, interacts with XRN1, which degrades the decapped 
mRNA from the 5’-end. (Illustration modified from [Huntzinger and Izaurralde, 2011].) 

  

MicroRNA  targeting  site  characteristics    

Animal   miRNA-­‐‑target   interactions   are   characterized   by   a   discontinuous  

complementarity  with  one  frequent  feature:  perfect  pairing  to  the  miRNA  seed  sequence  

comprising  nucleotide  2  to  7  or  8,  often  supplemented  with  pairing  to  the  3’-­‐‑end  and  a  

characteristic  bulge   in   the  center  of   the  duplex  (Figure  5A)  (reviewed  in   [Bartel,  2009]).  

This   so-­‐‑called   ‘seed   hypothesis’   was   supported   by   transcriptome-­‐‑wide   computational  

analyses   that   identified   6-­‐‑   or   7-­‐‑mer   seed-­‐‑matching   sequences   as   the   most  

overrepresented  sequences  in  3’-­‐‑untranslated  regions  (3’UTRs)  of  genes  downregulated  

by   ectopic  miRNA  expression   [Grimson   et   al.,   2007].  Moreover,   the   seed   sequence  was  

considered  the  miRNA  segment  with  the  highest  tendency  to  match  multiple  conserved  

elements   within   3’UTRs   [Lewis   et   al.,   2003;   Lewis   et   al.,   2005].   In   view   of   the   ‘seed  

hypothesis’,  miRNAs  that  comprise  the  same  seed  sequence  predominantly  regulate  the  

same   genes   and   are   assigned   to   miRNA   seed   families   (f)   (Figure   5B).   Nevertheless,  

miRNAs   also   exhibit   non-­‐‑canonical   binding   modes   defined   by   discontinuous   seed  

pairing  with  instead  extensive  complementarity  to  the  miRNA  center  or  3’-­‐‑end  [Reinhart  

et   al.,   2000;   Shin   et   al.,   2010;   Helwak   et   al.,   2013].   However,   only   a   few   of   these   3’-­‐‑

compensatory,  centered  and  3’-­‐‑end  sites  have  been  experimentally  validated  (Figure  5C-­‐‑
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E).   This   also   applies   for   miRNA   targeting   sites   (MTSs)   with   a   near-­‐‑perfect  

complementarity.  To  my  knowledge,  the  only  validated  example  is  the  miR-­‐‑196a-­‐‑5p  MTS  

of  HOXB8  (homeobox  B8)  [Yekta  et  al.,  2004]  (Figure  5F).  

  

  
  
Figure 5 | Categories and functional examples of miRNA targeting sites. 
(A) Canonical miRNA targeting sites are characterized by perfect complementarity to the miRNA seed sequence, and by complementarity to 
the 3’-end of the miRNA. The displayed example shows a miR-200b-3p targeting site within the ZEB1 (zinc finger E-box binding homeobox 
1)-3’UTR as a duplex with miR-200b-3p. (B) A miRNA seed family is characterized by the same seed sequence comprising nucleotide 2-7 
or 8 (grey box). The human (hsa) miR-200-3p seed family comprises five members: miR-141-3p, 200a-3p, b-3p, c-3p, 429. Note although the 
seed sequences vary in one nucleotide (underlined), cytosine as well as uridine allow base pairing with guanosines. (C-E) Non-canonical 
MTSs are characterized by discontinuous seed-pairing, compensated by extensive 3’-end pairing (C, D), or extensive pairing to the miRNA 
center (E). Experimentally validated examples are (C) the nematode (Ceanorhabditis elegans, cel) let-7-5p MTS of LIN41, (D) the human 
miR-92a-3p MTS of OSBPL8 (oxysterol binding protein-like 8) and (E) the zebrafish (Danio rerio, dre) miR-124 MTS of RPTOR 
(regulatory associated protein of MTOR, complex 1). (F) A near-perfect complementary MTSs was identified for miR-196a-5p in the 
HOXB8-3’UTR.  
 

  

The   number   of   MTSs   per   transcript   was   suggested   to   correlate   with   the   extent   of  

miRNA-­‐‑directed  gene  repression  [Doench  et  al.,  2003;  Grimson  et  al.,  2007].  Experimental  

data   provide   examples   like   the   3’UTRs   of   IGF2BP1   (IGF2   mRNA-­‐‑binding   protein   1)   or  

ZEB1   that   comprise  multiple   cognate  MTSs   for   let-­‐‑7-­‐‑5p   or  miR-­‐‑200-­‐‑3p   family  members,  

which   amplify  miRNA-­‐‑mediated   repression   resulting   in   a   dramatic   reduction   of   gene  

expression   rather   than   fine-­‐‑tuning   [Boyerinas   et   al.,   2008;   Gregory   et   al.,   2008a;   Bartel,  

2009].  These   so-­‐‑called   ‘switch   interactions’  were  proposed   to   control   cell   fate  decisions  

during  development  (reviewed  in  [Bartel,  2009]).  Accordingly,  target  genes  with  roles  in  

development  and  tissue-­‐‑specific  expression  were  suggested  to  preferentially  harbor  long  

3’UTRs  with  evolutionary  accumulated  MTSs  [Stark  et  al.,  2005].   In  contrast,  genes   that  

are   involved   in   basic   cellular   processes   are   co-­‐‑expressed   with   multiple   different  

miRNAs,  and  as  a  result  of  ‘evolutionary  avoidance’  they  were  suggested  to  harbor  short  

3’UTRs   with   few   single   MTSs   [Stark   et   al.,   2005].   In   addition   to   multiple   cognate  

targeting   sites,   other   mRNA   context   features   that   enhance   MTS   efficiency   were  
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hypothesized.  These  include:  1)  MTS  positioning  within  the  3’UTR  at  least  15  nucleotides  

from   the   stop   codon;   2)  MTS  positioning   away   from   the   center   of   long  UTRs;   3)  MTS  

positioning   in   regions  with   a  predicted   accessible   secondary   structure;   and   4)  AU-­‐‑rich  

nucleotide   composition   near   the   MTS   [Grimson   et   al.,   2007;   Bartel,   2009].   AU-­‐‑rich  

sequences  serve  as  binding  sites  for  at  least  20  different  RNA-­‐‑binding  proteins  known  to  

be   involved   in   mRNA   degradation   and/or   suppression   of   translation   [Meisner   and  

Filipowicz,  2010].  Although,  functional  MTSs  were  also  identified  in  5’UTRs  and  coding  

sequences,   these  sites  were  suggested   to  rather  enhance  regulatory  effects  mediated  by  

the  3’UTR  than  act  on  their  own  [Grimson  et  al.,  2007;  Fang  and  Rajewsky,  2011].    

The  roles  of  microRNAs  in  cancer  and  EMT  

By  regulating  multiple  mRNAs,  miRNAs  are  involved  in  a  plethora  of  cellular  processes  

including   proliferation,   apoptosis,   differentiation,   cell   motility,   and   tissue   invasion  

(reviewed  in  [Santarpia  et  al.,  2010;  Kasinski  and  Slack,  2011]).  These  processes  form  the  

basis   for   cellular   properties   that   define   the   hallmarks   of   cancer:   1)   sustaining  

proliferative   signaling,   2)   evading   antigrowth   signals,   3)   activating   invasion   and  

metastasis,  4)  enabling  replicative  immortality,  5)  inducing  angiogenesis,  and  6)  resisting  

cell   death   (reviewed   in   [Hanahan   and   Weinberg,   2011]).   The   expressiveness   of   these  

characteristics  was   suggested   to   correlate  with   the   differentiation   stage   of   tumor   cells  

(reviewed   in   [Jogi   et   al.,   2012]).   A   tumor   composed   of   undifferentiated   cells   is   more  

aggressive  than  its  differentiated  counterpart  (reviewed  in  [Jogi  et  al.,  2012]).  Although,  

differentiation  denotes  a  developmental  process  whereby  cells  acquire  the  capacity  for  a  

specialized  function,  in  cancer  these  processes  can  reverse  (reviewed  in  [Jogi  et  al.,  2012]).  

The   let-­‐‑7-­‐‑5p   and  miR-­‐‑200-­‐‑3p   families   have   been   identified   as   key   regulators   of   general  

and   epithelial   differentiation   processes,   respectively.   In   many   organisms   including  

humans,   let-­‐‑7-­‐‑5p   family   expression   was   reported   to   increase   in   late   development   to  

induce  and  sustain  tissue  differentiation  (reviewed  in  [Boyerinas  et  al.,  2010]).  A  loss  of  

their   expression   in   turn  marks   tissue   dedifferentiation   in   cancer.   The   let-­‐‑7-­‐‑5p   family   is  

expressed  from  eight  different  chromosomes  and  comprises  twelve  members  (let-­‐‑7a-­‐‑1,  a-­‐‑

2,   a-­‐‑3,   e,   f-­‐‑1,   f-­‐‑2,   g,   i,   and  miR-­‐‑98)   that   represent   nine   distinct   let-­‐‑7-­‐‑5p   sequences   with  

identical  seeds  (reviewed  in  [Peter,  2009]).  Major  let-­‐‑7-­‐‑5p  f  targets  include  genes  encoding  

for   cell   cycle   regulators   such   as   CDC25A   (cell   division   cycle   25A)   and   CDK6   (cyclin-­‐‑

dependent  kinase  6),  promoters  of  proliferation   including  RAS  and  MYC  (v-­‐‑myc  avian  

myelocytomatosis   viral   oncogene   homologue),   as   well   as   genes   involved   in   early  

development  like  HMGA2  (high  mobility  group  AT-­‐‑hook  2)  and  IGF2BP1.  Accordingly,  let-­‐‑
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7-­‐‑5p   family   members   were   established   as   common   tumor-­‐‑suppressive   miRNAs.   (The  

function  of  let-­‐‑7-­‐‑5p  is  reviewed  in  [Peter,  2009;  Boyerinas  et  al.,  2010].)    

The  miR-­‐‑200-­‐‑3p   family   was   shown   to   be   a   fundamental   regulator   of   the   epithelial  

phenotype   and   repressor   of   epithelial  dedifferentiation.  This  miRNA   family   comprises  

five  members   (see   Figure   3)   that   are   expressed   from   two   different   gene   clusters,  miR-­‐‑

141/200c   and   miR-­‐‑200a/200b/429.   All   members   of   the   miR-­‐‑200-­‐‑3p   family   silence   the  

expression   of   the   EMT-­‐‑inducing   transcription   factors   ZEB1   and   ZEB2.   Like   other  

epithelial   genes,   the   promoter   regions   of   the  miR-­‐‑200   gene   clusters   comprise   E-­‐‑boxes,  

responsible  for  the  repression  by  ZEB1  and  ZEB2.  Consistent  with  this  double  negative  

feedback   loop,   the   expression   of   miR-­‐‑200-­‐‑3p   f   during   development   is   restricted   to  

epithelial   cells   of   the   endoderm   and   ectoderm,   whereas   ZEB1-­‐‑   and   ZEB2-­‐‑expressing  

mesoderm  lacks  miR-­‐‑200-­‐‑3p  f  expression.  Similar  expression  patterns  were  hypothesized  

for  solid  tumors.  Carcinoma-­‐‑derived  cell  lines  that  underwent  EMT  also  lack  miR-­‐‑200-­‐‑3p  

f  expression,  but  express  ZEB1  and  ZEB2.  (The  role  of  miR-­‐‑200-­‐‑3p  in  EMT  and  cancer  is  

reviewed   in   [Gregory   et   al.,   2008b;   Peter,   2009;   Brabletz,   2012;   De   Craene   and   Berx,  

2013].)  

Most   recently,   several   other   miRNAs   with   tumor-­‐‑   and   EMT-­‐‑suppressive   functions  

have  been   identified.  Two  prominent  examples  are   the  miR-­‐‑34-­‐‑5p   family  and  miR-­‐‑203a,  

which  were   suggested   to   suppress   the   invasive   and   migratory   potential,   as   well   as  

stemness-­‐‑like  properties  of  cancer-­‐‑derived  cells  in  culture  [Wellner  et  al.,  2009;  Viticchie  

et   al.,   2011;   Ahn   et   al.,   2012;   Wang   et   al.,   2013;   Rokavec   et   al.,   2014].   Moreover,   both  

miRNAs  suppress  SNAI1  directly,  and  ZEB1   indirectly  [Siemens  et  al.,  2011;  Moes  et  al.,  

2012],   potentially   by   the   SNAI1-­‐‑mediated   repression   of   the  miR-­‐‑141/200c   gene   cluster  

[Burk  et  al.,  2008;  Gill  et  al.,  2011;  Siemens  et  al.,  2011].  Consistent  with  the  reversibility  of  

EMT  and  MET  programs,   SNAI1   and  ZEB1   in   turn  directly   and   also   indirectly   inhibit  

miR-­‐‑203a  [Wellner  et  al.,  2009;  Moes  et  al.,  2012]  and  miR-­‐‑34a-­‐‑5p  [Siemens  et  al.,  2011;  Ahn  

et  al.,  2012]  transcription,  resulting  in  double  negative  feedback  regulations.    

Although   it   is  suggested   that  miRNAs  are  generally  downregulated   in  cancer   [Lu  et  

al.,  2005],  some  miRNAs  are  highly  expressed  in  cancer  and  are  defined  as  acting  in  an  

‘oncogenic’  manner  by   targeting   tumor-­‐‑suppressor  genes   (reviewed   in   [Santarpia  et  al.,  

2010;  Kasinski   and  Slack,   2011]).  Among   those,   the  oncogenic  miR-­‐‑21-­‐‑5p  represents   the  

best-­‐‑studied   candidate.   It   was   found   to   be   upregulated   in   various   carcinomas,   and  

suggested   to  mainly   repress   tumor-­‐‑suppressor   genes   like  PTEN   (phosphatase   and   tensin  

homologue)  and  PDCD4  (programmed  cell  death  4)  (reviewed  in  [Selcuklu  et  al.,  2009;  Liu  et  

al.,   2010]).   Moreover,   miR-­‐‑21-­‐‑5p   was   proposed   to   promote   mesenchymal   marker  
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expression,  stemness-­‐‑like  properties,  in  vitro  cell  migration  and  invasion  [Asangani  et  al.,  

2008;  Yan  et  al.,  2011;  Han  et  al.,  2012],  as  well  as  intravasation  and  metastasis  formation  

as  demonstrated  in  a  mouse  squamous  cell  carcinoma  model  [Bornachea  et  al.,  2012].  In  

accord  to  its  pro-­‐‑mesenchymal  function,  processing  of  pre-­‐‑miR-­‐‑21-­‐‑5p  was  suggested  to  be  

stimulated  by  TGFB  signaling  [Davis  et  al.,  2008].  Other  cellular  mechanisms  that  cause  

deregulated   miRNA   expressions   may   involve   genomic   alterations   like   allelic  

amplification  or  deletion,  transcriptional  modulations  like  promoter  methylation  and  an  

altered   availability   of   transcription   factors,   as  well   as   post-­‐‑transcriptional  mechanisms  

that   affect   miRNA   biogenesis   (reviewed   in   [Santarpia   et   al.,   2010;   Kasinski   and   Slack,  

2011]).  

The   comparative   analyses   of   miRNA   expression   signatures   from   ATCs   and   non-­‐‑

transformed   thyroid   tissues   by   using  microRNA  microarrays   determined   a   decreased  

expression  of  20  and  an  elevated  abundance  of   four  miRNAs  (222-­‐‑3p,  198,  let-­‐‑7f-­‐‑5p  and  

let-­‐‑7a-­‐‑5p)  [Visone  et  al.,  2007].  The  most  severe  decrease  in  expression  was  observed  for  a  

set  of  four  miRNAs  comprising  miR-­‐‑30a-­‐‑5p,  -­‐‑30d-­‐‑5p,  -­‐‑125b-­‐‑5p,  and  -­‐‑26a-­‐‑5p.  Another  study  

demonstrated   that   this   set   of   miRNAs   is   sufficient   to   discriminate   ATCs   from   PTCs  

[Schwertheim   et   al.,   2009].   Although,   gain-­‐‑of-­‐‑function   studies   in   ATC-­‐‑derived   cells  

suggested   a   repressive   function   of  miR-­‐‑125b-­‐‑5p   and   -­‐‑26a-­‐‑5p   on   ATC   cell   proliferation  

[Visone  et  al.,  2007],   relevant   target  genes  remain   to  be   identified.  The   function  of  miR-­‐‑

30a/d-­‐‑5p   in   ATCs   was   not   determined.   Another   study   focused   exclusively   on   the  

determination   and   verification   of   miRNAs   upregulated   in   all   thyroid   cancer,   and  

identified   the   general   upregulation   of  miR-­‐‑221-­‐‑3p,   -­‐‑222-­‐‑3p,   -­‐‑146b-­‐‑5p,   -­‐‑155-­‐‑5p,   -­‐‑181b-­‐‑5p,  

and  -­‐‑187-­‐‑3p   in  all  analyzed  malignant  subclasses  of  thyroid  cancer,  as  well  as  the  ATC-­‐‑

specific  upregulation  of  miR-­‐‑204-­‐‑5p,  -­‐‑137,  and  -­‐‑214-­‐‑3p  [Nikiforova  et  al.,  2008].  However,  

the  role  of  these  miRNAs  was  not  analyzed.  

Identification  of  miRNA-­‐‑target  interactions  

In   order   to   unravel   the   complexity   and   the   physiological   impact   of   post-­‐‑

transcriptional   regulation  by  miRNAs,   the   reliable   identification  of   functional  miRNA-­‐‑

target  interactions  in  specific  biological  contexts  is  necessary.  A  variety  of  algorithms  has  

been   developed   to   predict   such   interactions   in   silico   (Table   1).   These   prediction   tools  

mainly   suggest  MTSs   according   to   seed   complementarities,   evolutionary   conservation,  

target   secondary   structure,   presence   of   multiple   cognate   sites,   and   thermodynamic  

properties  of  potential  miRNA-­‐‑target  RNA  duplexes  (reviewed  in  [Min  and  Yoon,  2010;  

Thomson   et   al.,   2011]).   Due   to   the   weighting   of   these   features,   distinct   prediction  
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platforms   suggest   substantially   different   MTSs   and   targeting   miRNAs   for   some  

transcripts.  To  give  an  example,  the  experimentally  verified  targeting  of  MYC  by  the  let-­‐‑

7-­‐‑5p   family   [Sampson   et   al.,   2007;   Shah   et   al.,   2007;   Bueno   et   al.,   2011]   is   predicted   by  

miRANDA  [Enright  et  al.,  2003;   John  et  al.,  2004;  Betel  et  al.,  2008;  Betel  et  al.,  2010],  but  

cannot  be   identified  by  TargetScan  [Lewis  et  al.,  2005;  Grimson  et  al.,  2007;  Friedman  et  

al.,   2009;   Garcia   et   al.,   2011].   However,   both   algorithms   suggest   reported   targeting   of  

MYC  by  the  miR-­‐‑34-­‐‑5p  family  [Kong  et  al.,  2008;  Kress  et  al.,  2011].  Hence,  experimental  

identification  and  verification  of  miRNA-­‐‑target  interactions  is  indispensable.      

  
Table  1  |  List  of  accessible  miRNA  target  prediction  algorithms.  
 

  
  

Several   high-­‐‑throughput   methods   have   been   developed   to   identify   miRNA-­‐‑target  

interactions  experimentally.  Some  of  these  aimed  at  the  identification  of  genes  regulated  

by   specific,   ectopically   expressed   miRNAs   or   miRISC   components   (Table   2).   Global  

target  determination  was  then  achieved  either  by  gene  expression  analyses  at  the  mRNA  

(gene  expression  analyses,  [Lim  et  al.,  2005;  Grimson  et  al.,  2007])  or  protein  level  (SILAC,  

[Baek   et   al.,   2008;   Selbach   et   al.,   2008];   translational   profiling   [Hendrickson   et   al.,   2009;  

Guo   et   al.,   2010]),   or   RNA   co-­‐‑immunoprecipitation   (co-­‐‑IP)   with   miRISC   components  

[Easow  et  al.,  2007;  Orom  and  Lund,  2007;  Chi  et  al.,  2009;  Hafner  et  al.,  2010;  Cambronne  

et   al.,   2012].   Although   all   approaches   identified   multiple   miRNA   targets,   it   remained  

elusive  whether  they  are  physiologically  relevant,  because  the  findings  could  potentially  

be   biased   by   the   severe   overexpression   of   miRNAs   or   miRISC   components.   Another  

disadvantage  of   these  methods   is   that  one   can  hardly  discriminate  between  direct   and  

indirect  miRNA   targets   unless   a   functional   validation   is   performed.   To   overcome   this  

limitation   a  most   recent   approach   combined   crosslinking   and   IP   (CLIP)   of   ectopically  

expressed   AGO1   with   ligation   and   sequencing   of   purified   miRNA-­‐‑mRNA   hybrids  

(CLASH)   [Helwak   et   al.,   2013].   However,   in   addition   to   a   potential   bias   by   AGO1  

overexpression,  CLASH  is  apparently  biased  by  the  abundance  of  endogenous  mRNAs.  

The   sequenced   CLASH   hits   were   enriched   in   coding   sequences   of   highly   abundant  
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transcripts  like  the  overexpressed  AGO1  transcript  or  genes  encoding  for  housekeeping  

or   ribosomal   proteins.   Thus,   strongly   regulated   miRNA   targets   expressed   at   low  

abundance,  due  to  mRNA  destabilization,  were  most  likely  missed  by  CLASH.    

On   the   other   hand,   two   types   of   methods   allow   the   identification   of   regulatory  

miRNAs  for  a   target  RNA  of   interest:  high-­‐‑throughput  reporter  assays  [Wu  et  al.,  2010;  

Gaken   et   al.,   2012]   and   RNA   affinity   purifications   [Vo   et   al.,   2010;   Yoon   et   al.,   2012;  

Hassan   et   al.,   2013]   (Table   2).  Although,   the  use  of  high-­‐‑throughput   luciferase   reporter  

assays  identified  for  instance  the  regulation  of  CDKN1A  (cyclin-­‐‑dependent  kinase  inhibitor  

1A,   p21)   by   28   distinct  miRNAs   [Wu   et   al.,   2010],   these   approaches   are   biased   by   the  

choice   of   tested  miRNA   candidates.   RNA   affinity   purification   approaches   circumvent  

this   issue   by   globally   screening   for   RNA-­‐‑interacting   miRNAs.   Capturing   endogenous  

AAT   (serpin   peptidase   inhibitor,   clade   A,   member   1)   mRNAs   with   a   complementary,  

immobilized  DNA  oligonucleotide   identified   a   total   of   140  mRNA-­‐‑associated  miRNAs  

from   three   different   cell   lines   [Hassan   et   al.,   2013].   Although,   such   a   high   number   of  

candidates   provided   evidence   that   mRNAs   can   be   regulated   by   dozens   of   different  

miRNAs,   co-­‐‑purification   of   about   40   -­‐‑   60%   of   all   miRNAs   expressed   in   the   used   cell  

models   suggests   a  potential  bias  by   false-­‐‑positives.   In   contrast,   affinity  purifications  of  

ectopically  expressed  MS2-­‐‑tagged  reporter  RNAs  encoding   the  mouse  Hand2  (heart  and  

neural  crest  derivatives  expressed  2)-­‐‑3’UTR  or  the  lincRNA-­‐‑p21  captured  only  mmu-­‐‑miR-­‐‑1-­‐‑3p  

and  mmu-­‐‑miR-­‐‑133a-­‐‑3p,  or  respectively  mmu-­‐‑let-­‐‑7-­‐‑5p  family  members,  which  were  among  

the  most  abundantly  expressed  miRNAs  [Vo  et  al.,  2010;  Yoon  et  al.,  2012].  Low  abundant  

candidates   were   potentially   missed   because   of   low   signal-­‐‑to-­‐‑noise   ratios,   presumably  

due  to  exceedingly  low  RNA  purification  rates.       
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Table  2  |  Summary  of  available  experimental  approaches  to  identify  miRNA-­‐‑mRNA  interactions.    
 

  

The  aim  of  the  study  

The   aggressive   behavior   of   anaplastic   thyroid   cancer   results   from   the   high  metastatic  

potential  and  the  rapidly  growing  tumor  mass  [O'ʹNeill  et  al.,  2010].  Genetic  alterations  in  

genes   encoding   signaling   transducers   and   cell   cycle   regulators,   as   well   as   aberrant  

expression  of  miRNAs  had  been  associated  with  a  status  of  maximal  signal  transduction  

and  cell  proliferation   in  ATCs   [Visone  et  al.,  2007;  O'ʹNeill  et  al.,  2010;  Schmid,  2010].   In  

contrast,   at   the   beginning   of   this   study   the   molecular   determinants   that   direct   ATC  

invasiveness  were  essentially  unknown.  The  observations  that  ATCs  show  a  reduced  or  

lost  CDH1   expression   [Brabant   et   al.,   1993;   Scheumman   et   al.,   1995;   Naito   et   al.,   2001;  

Rocha  et  al.,  2003;  Brecelj  et  al.,  2005;  Wiseman  et  al.,  2006],  and  that   this  coincides  with  

metastatic  spread  [Scheumman  et  al.,  1995]  suggested  the  involvement  of  malignant  EMT  

processes  in  thyroid  cancer  progression.  On  the  basis  of  this  suggestion,  one  of  the  main  

subjects   of   the   study   was   to   identify   the   molecular   determinants   that   direct   EMT   in  

thyroid  cancer.    

In   addition   to   protein-­‐‑coding   genes,   miRNAs   had   been   suggested   as   molecular  

markers   of   advanced   cancers   as  well   as   crucial   gatekeepers   of   tissue   homeostasis   and  

differentiation   (reviewed   in   [Croce,   2009;   Peter,   2009]).   Accordingly,   aberrant   miRNA  

expression   signatures  were   hypothesized   to   distinguish  ATCs   from  well-­‐‑differentiated  

subclasses   of   thyroid   cancer,   and   to   direct   malignant   EMT.   Molecules   that   mark   the  
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transformation   from  non-­‐‑metastatic   to  aggressive  anaplastic   thyroid  carcinomas  would  

provide  a  valuable  tool  for  diagnosis  and  the  assessment  of  treatment  effects.  In  contrast  

to   mRNAs,   studying   miRNAs   expression   signatures   are   more   manageable.   MiRNA  

expression   signatures   consider   hundreds   of  molecules;   those   for   protein-­‐‑coding   genes  

consider   thousands.   Upon   identification   of   candidate   miRNAs,   studying   their  

downstream   effectors   might   also   allow   a   detailed   view   if,   how   and   to   what   extend  

miRNAs  modulate  EMT  in  ATCs.    

The   second   major   aim   of   this   study   was   to   develop   an   experimental   approach   to  

identify   regulatory  miRNAs  of  an  RNA  of   choice.  This  exhibits  a  prerequisite   to   study  

miRNA-­‐‑mediated  post-­‐‑transcription  control  of  mRNAs,  long  noncoding  RNAs  and  also  

viruses.   Incomplete   base   pairing   between   miRNAs   and   their   target   transcripts   often  

impedes   reliable   suggestion   of   miRNA-­‐‑target   interactions   by   in   silico   predictions.  

However,   at   the   beginning   of   this   doctoral   study,   experimental   high-­‐‑throughput  

approaches   aimed   exclusively   at   the   identification   of   target   transcripts   of   a   specific  

miRNA  [Lim  et  al.,  2005;  Easow  et  al.,  2007;  Grimson  et  al.,  2007;  Orom  and  Lund,  2007;  

Baek  et  al.,  2008;  Selbach  et  al.,  2008;  Chi  et  al.,  2009;  Hendrickson  et  al.,  2009].  In  contrast  

to   miRNAs,   regulatory   RNA-­‐‑binding   proteins   had   been   successfully   identified   by  

affinity  purifications  of  in  vitro  transcribed  RNAs  from  cellular  extracts  [Czaplinski  et  al.,  

2005;  Duncan   et  al.,   2006].  These   results  proposed   in  vitro  RNA  affinity  purifications  as  

promising   approaches   for   the   comprehensive   identification   of   regulatory   miRNAs.  

Moreover,   studies   demonstrating   RNA   interference   [Tuschl   et   al.,   1999]   and   miRNA-­‐‑

mediated  regulation  in  cell-­‐‑free  systems  [Mathonnet  et  al.,  2007]  hypothesized  preserved  

binding  specificities  of  siRNAs  or  miRNAs  to  in  vitro  transcribed  bait  RNAs.  The  MYC-­‐‑

3’UTR  was   used   as   an   RNA   testing   bait,   because   post-­‐‑transcriptional   control   of  MYC  

expression  by  miRNAs  was  proposed  before  this  study  started  (let-­‐‑7-­‐‑5p  [Sampson  et  al.,  

2007;   Shah   et   al.,   2007],  miR-­‐‑34-­‐‑5p   [Kong   et   al.,   2008]).  Hence,   testing   co-­‐‑purification   of  

these  miRNAs  would  allow  evaluation  of  experimental  conditions.    
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3  RESULT  SUMMARY  &  DISCUSSION  

In  the  context  of  this  doctoral  study  molecular  determinants  involved  in  the  aggressive  

behavior   of   anaplastic   thyroid   carcinomas   were   investigated.   New   insights   were  

obtained  regarding  transcriptional  and  post-­‐‑transcriptional  regulators   involved  in  EMT  

processes   of   thyroid   cancer   ([Braun   et   al.,   2010;   Braun   and   Huttelmaier,   2011];  

ADDITIONAL  RESULTS).  Moreover,  by  improving  an  in  vitro  RNA  affinity  purification  

protocol,   a   new   approach   for   the   comprehensive   identification   of   regulatory  miRNAs  

was  developed  [Braun  et  al.,  2014].  

Post-­‐‑transcriptional  gene  regulation  modulates  epithelial-­‐‑to-­‐‑mesenchymal  

transition  of  anaplastic  thyroid  carcinomas    

Due  to  a  high  metastatic  potential  and  a  rapidly  growing  tumors  mass,  ATCs  represent  

highly   aggressive   and   lethal   cancers.   Before   this   study   started,   a   positive   correlation  

between   the   metastatic   spread   of   ATCs   and   CDH1   expression   was   observed  

[Scheumman   et   al.,   1995;   Naito   et   al.,   2001].   Consistent   with   these   observations,   the  

majority   of   ATC   cases   analyzed   in   this   study   showed   a   decreased   or   lost   CDH1  

expression   (Figure   2d   in   [Braun   et   al.,   2010];   Figure   9C   in  ADDITIONAL  RESULTS,  p.  

98).  From  a  total  of  29  ATC  tumor  tissues  analyzed  only  10  exhibited  CDH1  expression,  

whereas   five  of   these   10   tumors   expressed  CDH1   at   low   levels   (compare  A1,  A6,  A11,  

A14,  A15  with  A2-­‐‑5,  A7  in  Figure  9C  in  ADDITIONAL  RESULTS,  p.  98).   In  contrast   to  

previous  studies  that  determined  the  reduction  of  CDH1  expression  in  ATCs  by  means  

of   immunohistochemistry  (IHC),  the  findings  of  this  study  were  based  on  Western  blot  

analyses   of   protein   extracts   from   tumor   tissues   or   non-­‐‑transformed   tissues   (NTs).  

Although   the   evaluation   of   protein   expression   in   tumor   tissues   by   IHC   is   superior   to  

Western   blot   analyses,   paraffin-­‐‑embedded   tissues  were   not   available.   The   lack   of   IHC  

evaluation  harbors   the   risk   that   tumor   tissue   is  partially  mixed  with  CDH1-­‐‑expressing  

non-­‐‑transformed  tissue  or  concurrent  differentiated  variants  of  thyroid  cancer  that  have  

been  suggested  as  ATC  precursor  [Kondo  et  al.,  2006;  Pallante  et  al.,  2014].  In  this  respect,  

it  also  has  to  be  mentioned  that  immune  cells,  fibroblasts  as  part  of  tumor  stroma  or  even  

cancer   cells   could   have   infiltrated   the   non-­‐‑transformed   tissues   used   for   Western   blot  

analyses.   In   view   of   these   limitations   it   was   quite   surprising   that   the   loss   of   CDH1  

expression  correlated  well  to  the  gain  of  ZEB1  expression  in  ATCs  (Figure  2d  in  [Braun  et  

al.,   2010];   Figure   9C   in  ADDITIONAL  RESULTS,  p.   98).  This   finding  was  of  particular  



RESULT SUMMARY & DISCUSSION   

22  

interest,   because  ZEB1   is   a  known   transcriptional   repressor  of  CDH1   [Eger   et   al.,   2005]  

and  a  potent  inducer  and  sustainer  of  the  mesenchymal  cell  phenotype  [Eger  et  al.,  2005;  

Aigner   et   al.,   2007b;   Burk   et   al.,   2008].   In   contrast,  ZEB2,   another   reported   repressor   of  

CDH1  [Comijn  et  al.,  2001]  was  in  addition  to  its  re-­‐‑expression  in  ATCs  also  detectable  in  

CDH1-­‐‑expressing  NTs,  FTCs  and  PTCs,  although  at  lower  levels  (Figure  2d  in  [Braun  et  

al.,  2010];  Figure  9C  in  ADDITIONAL  RESULTS,  p.  98).  Such  co-­‐‑existence  of  ZEB2  with  

CDH1  was  also  suggested  for  normal  epithelial  cells  of  kidney,  stomach,  colon,  rectum  

and   oesophagus   [Oztas   et   al.,   2010].   Thus,   ZEB1   is,   rather   than   ZEB2,   a   promising  

candidate  responsible  for  CDH1  repression  as  well  as  the  loss  of  epithelial  differentiation  

in   ATCs.   Nevertheless,   high   levels   of   ZEB2   may   support   the   function   of   ZEB1.   The  

potential  of  ZEB1  to  repress  CDH1  was  confirmed  by  the  induction  of  CDH1  expression  

upon  ZEB1  knockdown  in  8505C  and  HeLa  cells  (Figure  14  in  ADDITIONAL  RESULTS,  

p.   109).   In   contrast,   the   knockdown   of  ZEB2   in   both   cell   lines   did   not   increase  CDH1  

levels  (data  not  shown).  However,  in  addition  to  ZEB1  and  ZEB2,  the  presence  of  other  

EMT-­‐‑inducing  transcription  factors  remains  to  be  analyzed  in  ATCs.  It  is  most  likely  that  

factors  like  SNAI1/2  or  TWIST1/2  also  play  a  role  in  thyroid  cancer  progression.    

What   are   the   reasons   for   the   gain   of   ZEB1   expression?   To   answer   this   question   a  

multitude  of  events   that  most   likely  depend  on  each  other  have   to  be  considered.  One  

crucial   event   is   supposed   to   be   the   identified   loss   of  miR-­‐‑200-­‐‑3p   f   expression   in  ATCs  

(Figure   1a   in   [Braun   et   al.,   2010];   Figure   9F   in   ADDITIONAL   RESULTS,   p.   98).   This  

miRNA  family  efficiently  decreased  the  expression  of  ZEB1,  and  potentially  as  a  result  of  

this,   it   increased   the   expression   of  CDH1   in   ATC-­‐‑derived   8505C   cells   (Figure   2b,   c   in  

[Braun   et   al.,   2010]).   Whether   the   loss   of   miR-­‐‑200-­‐‑3p   f   induces   ZEB1   transcription   in  

ATCs,  or  whether  ZEB1  mRNA  is  produced  and  post-­‐‑transcriptionally  regulated  by  miR-­‐‑

200-­‐‑3p  f  in  normal  thyrocytes  remains  to  be  tested.    

Concomitantly   with   the   loss   of   miR-­‐‑200-­‐‑3p   expression   in   ATCs,   accelerated   TGFB  

signaling   may   trigger   ZEB1   expression.   TGFB   signaling   is   a   strong   inducer   of   ZEB1  

expression   [Shirakihara   et  al.,   2007;  Gregory   et  al.,   2008a],  and   in  ATC-­‐‑derived  cells   the  

inhibition   of   the   TGFB   signaling   pathway   via   blocking   TGFBR1   reduced   ZEB1  

expression   and   accelerated   CDH1   expression,   however   only   detectable   at   the  mRNA  

level   (Figure   3f,   g   in   [Braun   et   al.,   2010]).   In   advanced-­‐‑stage   tumors   several   studies  

suggested   TGFB   signaling   as   an   inducer   of   EMT,   and   subsequent   tumor   cell  

dissemination   (reviewed   in   [Heldin   et   al.,   2012;   Morrison   et   al.,   2013]).   The   increased  

expression  of  TGFBR1  in  ATCs  compared  to  NTs,  FTCs  and  PTCs  (Figure  3a  in  [Braun  et  

al.,   2010],   Figure   9C   in   ADDITIONAL   RESULTS,   p.   98)  may   sensitize   ATC   tumors   to  
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TGFB  present   in   the  microenvironment.  However,   it   remains   to  be  verified  via   IHC  of  

ATC  specimen  whether  TGFB  is  available  in  ATCs.  Moreover,  to  transduce  TGFB  signals  

TGFBR1   needs   to   heterodimerize  with   TGFBR2.   To   finally   clarify  whether   accelerated  

TGFB  signaling  induces  EMT  in  ATCs,  TGFBR2  expression  has  to  be  analyzed,  as  well  as  

the   IHC   co-­‐‑staining   of   ZEB1,   TGFBRs   and   phospho-­‐‑SMAD2/3   in   tissue   specimen  

negative  for  CDH1  expression.    

Two   other   potential   mechanisms   that   may   modulate   ZEB1   expression   in   ATCs  

involve   TP53   and   integrin-­‐‑linked   kinase   (ILK).   The   latter   was   found   significantly  

overexpressed  in  ATC  tissues  [Younes  et  al.,  2005].  ILK  interacts  with  the  cytoplasmic  tail  

of   integrins,   transmembrane   receptors   responsible   to   transduce   mechanical   and  

biochemical   changes   of   the   extracellular   matrix   into   the   cell   (reviewed   in   [Kim   et   al.,  

2011a;  Qin  and  Wu,  2012]).  In  bladder  cancer  cells,  the  depletion  of  ILK  downregulated  

ZEB1   and   upregulated   CDH1   expression,   whereas   the   overexpression   of   constitutive  

active   ILK   increased   ZEB1   and   decreased   CDH1   expression   [Matsui   et   al.,   2012].  

Inactivating   mutations   of   TP53   were   identified   with   high   frequency   in   ATCs   and  

suggested   to   be   associated   with   tissue   dedifferentiation   [Ito   et   al.,   1992;   Donghi   et   al.,  

1993;  Fagin  et  al.,  1993;  Antico  Arciuch  et  al.,  2011].  TP53  was  shown  to  activate  miR-­‐‑200c-­‐‑

3p  expression  by  directly  binding   to   its  promoter   [Chang  et  al.,  2011;  Kim  et  al.,  2011b].  

Depletion  of  TP53  in  mammary  epithelial  cells  or  colon  carcinoma-­‐‑derived  cells  resulted  

in   the   induction   of   EMT   and   ZEB1   expression   due   to   the   decrease   of   miR-­‐‑200c-­‐‑3p  

expression   [Chang   et   al.,   2011;   Kim   et   al.,   2011b].  Accordingly,   it  will   be   interesting   to  

analyze   whether   TP53   loss-­‐‑of-­‐‑function   mutations   and/or   ILK   overexpression   correlate  

with  the  gain  of  ZEB1  expression  in  ATC,  and  the  onset  of  EMT.    

ZEB1  promotes  several  hallmarks  of  cancer  that  have  been  associated  with  ATCs  

The  expression  of  ZEB1  in  CDH1-­‐‑negative  ATC  tumors  may  also  explain  the  aggressive  

behavior   of   these   tumor   types   [Scheumman   et   al.,   1995].   A   role   of   ZEB1   in   directing  

thyroid  cancer  progression  is  given  by  the  fact  that  ZEB1  is  an  extremely  potent  inducer  

and  sustainer  of  the  mesenchymal  cell  phenotype,  which  is  for  instance  characterized  by  

a  high  cell  migration  and  invasion  capacity  [Eger  et  al.,  2005;  Aigner  et  al.,  2007a;  Bracken  

et   al.,   2008;  Burk   et   al.,   2008;   Spaderna   et   al.,   2008;  Ahn   et   al.,   2012].  Accordingly,  ZEB1  

expression  contributed  to  tumor  cell  dissemination  in  a  mouse  xenograft  model  [Wellner  

et   al.,   2009].   EMT   induction   by  ZEB1   is   facilitated   by   repressing   a   plethora   of   protein-­‐‑

coding  and  miRNA  genes  that  control  epithelial  cell-­‐‑cell  adhesion,  apicobasolateral  cell  

polarity  and  cell-­‐‑basement  membrane  interactions  [Aigner  et  al.,  2007a;  Burk  et  al.,  2008;  
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Spaderna   et   al.,   2008;  Wellner   et   al.,   2009;   Ahn   et   al.,   2012;  Horiguchi   et   al.,   2012].   The  

fundamental   role   of   ZEB1   in   inducing   and   sustaining   the  mesenchymal   phenotype   is  

also   indirectly  given  by   the   fact   that   it   represents,  next   to  ZEB2,   the  main   target  of   the  

miR-­‐‑200-­‐‑3p   family   [Burk   et   al.,   2008;   Gregory   et   al.,   2008a].   This   finding   is   important,  

because   the   expression   of   miR-­‐‑200-­‐‑3p   f   is   strongly   associated   with   the   epithelial  

phenotype  (Figure  2  in  [Park  et  al.,  2008],  Figure  1a  in  [Braun  et  al.,  2010];  Figure  10B  in  

ADDITIONAL  RESULTS,  p.  100).  Moreover,  miR-­‐‑200-­‐‑3p  f  is  a  crucial  suppressor  of  EMT  

(Figure  2b,  c  in  [Braun  et  al.,  2010],  [Bracken  et  al.,  2008;  Gregory  et  al.,  2008a;  Park  et  al.,  

2008]).  The  strong  EMT-­‐‑suppressing  effect  of  miR-­‐‑200-­‐‑3p  was  suggested  to  be  essentially  

due   to   the   repression   of  ZEB1   and  ZEB2   [Brabletz   and   Brabletz,   2010].   However,   the  

identification  of  ZEB2  expression  in  less  aggressive,  differentiated  subclasses  of  thyroid  

cancer  (FTCs,  PTCs)  and  even  in  tumor  surrounding  tissue  argues  against  ZEB2  as  a  key  

driver   of   malignant   EMT   in   ATCs.   In   contrast,   ZEB1   expression   was   until   now   not  

identified  in  normal  epithelium,  but  in  invading  dedifferentiated  cancers  of  colon,  breast,  

liver,  ovary,  lung,  prostate,  and  pancreas  (reviewed  in  [Sanchez-­‐‑Tillo  et  al.,  2012]).    

Beyond  EMT  induction,  ZEB1  expression  was  suggested  to  promote  other  hallmarks  

of  cancer  (reviewed  in  [Sanchez-­‐‑Tillo  et  al.,  2012]),  which  have  been  associated  with  ATC  

carcinogenesis  (reviewed  in  [O'ʹNeill  et  al.,  2010]).  Findings  from  mouse  development  as  

well   as   studies   in   esophageal   cancer   cells   and   endothelial   cells   indicated   that   ZEB1  

sustains   cell   proliferation  by  directly   repressing   the   cyclin-­‐‑dependent   kinase   inhibitors  

1a  (p21),  2a  (p16),  and  2b  (p15)  [Liu  et  al.,  2008;  Ohashi  et  al.,  2010;  Magenta  et  al.,  2011].  

ZEB1   loss-­‐‑of-­‐‑function   also   led   to   cellular   senescence,   and   in   the   case   of   esophageal  

cancer   cells   impaired   sensitivity   for   TGFB   to   induce   EMT   [Ohashi   et   al.,   2010].  Hence,  

one  can  imagine  that  ZEB1  expression  accelerates  ATC  cell  proliferation  and  sensitivity  

to  TGFB.  ZEB1  may   also  promote   tumor  growth   and  dissemination   through   increased  

resistance   to   apoptosis.   The   knockdown   of   ZEB1   in   non-­‐‑small   cell   lung   cancer   cells  

reduced  colony  formation  under  anchorage-­‐‑independent  growth  conditions  in  soft  agar  

assays  [Takeyama  et  al.,  2010].  Anchorage-­‐‑independent  growth  is  a  feature  of  aggressive  

cancer  cells,  which  enables  survival  during  transport  through  lymph  or  blood  vessels  as  

well  as  in  new  environments.  In  normal  cells,  these  conditions  trigger  caspase-­‐‑dependent  

apoptosis  [Sanchez-­‐‑Tillo  et  al.,  2012].    

In  addition  to  its  function  in  cancer  cell  proliferation  and  resistance  to  apoptosis,  ZEB1  

expression  was  connected  to  cancer  stem  cell  properties,  namely  sphere  formation,  stem  

cell  marker  expression,  drug  resistance  and  the  potential  to  induce  tumors  for  instance  in  

mice   [Wellner   et   al.,   2009].   These   effects  were   demonstrated   to   be   partially   due   to   the  
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ability   of   ZEB1   to   suppress   the   stemness-­‐‑inhibiting  miRNAs   200-­‐‑3p   f,   203a   and   183-­‐‑5p  

[Wellner  et  al.,  2009].  Like  for  other  cancers,  CSCs  were  identified  in  thyroid  carcinomas  

[Todaro  et  al.,  2010].  Consistent  with  the  high  recurrence  potential  of  ATCs,  these  tumors  

harbored  more   than  double   the  amount  of  CSCs   (14  ±  3%)  compared   to  PTCs   (5  ±  2%)  

and   FTCs   (2   ±   1.2%)   [Todaro   et   al.,   2010].   Whether   ZEB1   sustains   the   replicative  

immortality  of  ATC  stem  cells  or  modulates  the  balance  between  tumorigenic  and  non-­‐‑

tumorigenic  CSC   states  would   be  worth   to   analyze.  Moreover,   the   connection   of   EMT  

and/or   ZEB1   expression   with   resistance   to   chemotherapeutics   (reviewed   in   [Sanchez-­‐‑

Tillo  et  al.,  2012]),  a  main  characteristic  of  cancer  stem  cells,  proposes  ZEB1  as  a  potential  

target   to   decrease  ATC   recurrence.  Usually,  ATCs   are   highly   resistant   to   conventional  

cancer   therapies   (radiotherapy,   chemotherapy),   and   90%   of   patients   die   within   six  

months   after  diagnosis   through   recurrence  or  distant  metastasis   [Lin,   2011].  Therefore,  

methods  to  reduce  ATC  stem  cells  offer  a  great  potential  to  manage  ATCs.    

The  miR-­‐‑200-­‐‑3p  family  regulates  TGFB  signaling  pathway  at  multiple  levels  

TGFB-­‐‑mediated  SMAD  signaling  was  proposed  to  be  essential  to  induce  EMT,  invasion  

and   metastasis   in   late-­‐‑stage   cancers   (reviewed   in   [Heldin   et   al.,   2012;   Morrison   et   al.,  

2013]).   ZEB1   and  ZEB2   are   two   of   several   EMT-­‐‑inducing   transcription   factors   that   are  

expressed   in   response   to   TGF   signals   [Shirakihara   et   al.,   2007;   Gregory   et   al.,   2008a;  

Gregory  et  al.,  2011].  In  addition  to  inducing  their  expression,  TGFB  also  mediates  their  

transcriptional  activity  [Gregory  et  al.,  2008a;  Gregory  et  al.,  2011].  In  the  nucleus,  ZEB1  

and   ZEB2   were   suggested   to   interact   with   the   trimeric   SMAD2/3/4   complex   [Postigo,  

2003;  Xu  et  al.,  2009].  This  was  evidenced  for  instance  in  kidney-­‐‑derived  MDCK  cells,  in  

which   TGFB-­‐‑induced   ZEB1/2-­‐‑dependent   induction   of   EMT   was   impaired   upon   the  

knockdown  of   SMAD4   [Gregory   et   al.,   2011].   In   accord   to   the   crucial   role   of   the  TGFB  

pathway   in   EMT   induction,   it   appeared   tempting   to   hypothesize   that   the  miR-­‐‑200-­‐‑3p  

family   does   not   only   control   ZEB1   and   ZEB2   expression,   but   also   genes   encoding  

effectors  of  the  TGFB  signaling  pathway.    

The  miRANDA  [Enright  et  al.,  2003;  John  et  al.,  2004;  Betel  et  al.,  2008;  Betel  et  al.,  2010]  

or   RNAhybrid   [Rehmsmeier   et   al.,   2004]   algorithms   predict   several   target   sites   for  

members  of   the  miR-­‐‑200-­‐‑3p   family   in  the  3’UTRs  of  TGFBR1   (Figure  3b   in  [Braun  et  al.,  

2010])  and  TGFBR2,  as  well  as  in  the  SMAD2  (Figure  3b  in  [Braun  et  al.,  2010]),  SMAD3,  

SMAD4   and   TGFB2   3’UTRs.   Accordingly,   miR-­‐‑200-­‐‑3p   f   may   post-­‐‑transcriptionally  

control   the   TGFB   signaling   pathway   at   multiple   levels   (Figure   6).   The   reduction   of  

TGFB2   expression   upon   miR-­‐‑141-­‐‑3p   overexpression   in   colorectal   and   pancreas  
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carcinoma-­‐‑derived   cells   supported   this   notion   [Burk   et   al.,   2008].   Additionally,   in   the  

context  of  this  doctoral  study,  the  repression  of  TGFBR1  and  SMAD2  expression  by  miR-­‐‑

200-­‐‑3p  family  members  was  confirmed.  Ectopic  expression  of  miR-­‐‑141-­‐‑3p  and  miR-­‐‑200a-­‐‑

3p   in   8505C   cells   decreased   TGFBR1   and   SMAD2   expression   at   both,   the   mRNA   and  

protein  level  (Figure  3c,  d  in  [Braun  et  al.,  2010]).  Moreover,  SMAD2  expression  was  also  

reduced  by  miR-­‐‑200c-­‐‑3p  overexpression  (Figure  3c,  d  in  [Braun  et  al.,  2010]).  To  test  direct  

targeting  of  miR-­‐‑200-­‐‑3p   family  members   to   the  TGFBR1  and  SMAD2  3’UTRs,   luciferase  

reporter   assays   were   performed   (Supplementary   Figure   1,   2   in   [Braun   et   al.,   2010]).  

Luciferase   reporters   harbored   either   two   fragments   (nt   1-­‐‑1500;   1500-­‐‑4887)   of   the   4887  

nucleotide  long  TGFBR1-­‐‑3’UTR  or  the  1000  nucleotide  long  5’-­‐‑end  fragment  of  the  8732  

nucleotide   long   SMAD2-­‐‑3’UTR.   Co-­‐‑transfection   of  miR-­‐‑141-­‐‑3p   with   the   two   TGFBR1-­‐‑

reporters  resulted  in  an  approximately  40-­‐‑50%  decreased  reporter  activity.  The  mutation  

of  potential  miR-­‐‑141-­‐‑3p  targeting  sites  in  the  TGFBR1-­‐‑3’UTR  abolished  the  miRNA  effect,  

which  suggested  3’UTR-­‐‑directed  targeting  of  miR-­‐‑141-­‐‑3p.  Co-­‐‑transfections  with  cel-­‐‑miR-­‐‑

239b-­‐‑5p  served  as  a  negative  control;  as  well  as  co-­‐‑transfections  of  miR-­‐‑200c-­‐‑3p  with  the  

TGFBR1-­‐‑reporter,  which  did  not  alter  reporter  activity.  In  contrast,  the  SMAD2-­‐‑reporter  

responded  to  the  transfection  of  miR-­‐‑200c-­‐‑3p.  Again,  reporter  expression  was  rescued  by  

the   mutation   of   potential   miRNA   target   sites.   Unfortunately,   these   studies   did   not  

completely   elucidate   whether   all   in   silico   predicted   miRNA   target   sites   (MTSs)   are  

responsible   for   miRNA-­‐‑mediated   repression,   because   mutant   reporters   harbored  

concurrent   mutations   in   several   MTSs   predicted   for   one   specific   miRNA.   To   fully  

characterize   the   competence   of   individual   MTSs,   3’UTR-­‐‑reporters   with   mutations   in  

individual   MTSs   have   to   be   tested.   In   addition,   miRNA-­‐‑MTS   interaction   could   be  

verified  by  using  isolated  MTSs  as  miTRAP  bait  RNAs.  Similar  experiments  were  carried  

out  to  confirm  the  interaction  of  miR-­‐‑455-­‐‑3p  and  miR-­‐‑125a-­‐‑3p  with  MTSs  from  the  MYC-­‐‑

3’UTR  (Figure  4E  in  [Braun  et  al.,  2014]).  MiTRAP  would  also  be  a  valuable  method  for  

future  studies  aiming  at  verifying  in  silico  predicted  miR-­‐‑200-­‐‑3p  f  targeting  of  additional  

effectors  of  the  TGFB  signaling  pathway,  namely  TGFBR2,  SMAD3  and  SMAD4  (Figure  

6).    

The   slight   reduction  of   endogenous  TGFBR1   and  SMAD2  protein  and  mRNA   levels  

suggests   that   the  miR-­‐‑200-­‐‑3p   family   dampens   TGFB   signaling.   Fine-­‐‑tuning   of   SMAD2  

and  TGFBR1  contrasts  the  severe  repression  of  ZEB1  and  ZEB2  upon  overexpression  of  

miR-­‐‑200-­‐‑3p   family   members   (compare   Figure   2b   with   3c   in   [Braun   et   al.,   2010]).   This  

difference  may   be   explained   by   the   “TGFB   paradox”:   In   normal   cells   and   early-­‐‑stage  

cancers  TGFB  functions  as  a  tumor  suppressor  by  inducing  growth  arrest  and  promoting  
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apoptosis,   whereas   in   late-­‐‑stage   cancers   it   promotes   tumorigenesis   by   inducing   EMT  

(reviewed  in  [Morrison  et  al.,  2013]).  Hence,  a  strong  repression  of  TGFBR1  and  SMAD2  

would   impair   the   tumor-­‐‑suppressive   function   of   TGFB   signaling   in   epithelia.  

Accordingly,  SMAD2  and  TGFBR1  were  detectable  in  non-­‐‑transformed  tissues  of  thyroid  

cancer  patients,   as  well   as   in   less  aggressive   subclasses  of   thyroid  cancer   (FTCs,  PTCs)  

(Figure  3a  in  [Braun  et  al.,  2010],  Figure  9C  in  ADDITIONAL  RESULTS,  p.  98).  However,  

elevated   expression   levels   of   TGFBR1   and   SMAD2   in   ATCs   potentially   trigger   TGFB  

stimulation   of   EMT.   This   hypothesis   is   supported   by   studies   in   mammary   epithelial  

cells.   The   overexpression   of   constitutive   active   TGFBR1   at   high   doses   induced   a  

mesenchymal-­‐‑like  phenotype,  whereas  low  doses  had  to  be  supplemented  with  SMAD2  

and  SMAD4  overexpression  to  induce  EMT  [Piek  et  al.,  1999].  Taken  together,  fine-­‐‑tuning  

of  TGFB  signaling  effectors  in  addition  to  the  severe  repression  of  ZEB1  and  ZEB2  may  

represent   a   fail-­‐‑safe   mechanism   of   the  miR-­‐‑200-­‐‑3p   family   to   prevent   induction   of   the  

mesenchymal  phenotype  in  epithelial  cells.  Moreover,  repression  of  multiple  genes  that  

sustain  the  mesenchymal  phenotype  allows  rapid  induction  of  an  MET  by  miR-­‐‑200-­‐‑3p  f.  

Fine-­‐‑tuning   of   TGFB   signaling   effectors   would   also   decrease   the   crosstalk   with   other  

signaling  pathways  (see  Figure  3  in  INTRODUCTION,  p.  9),  which  was  suggested  to  be  

indispensible   to  permanently   convert   an   epithelial   cancer   cell   into   a  mesenchymal-­‐‑like  

phenotype  [Parvani  et  al.,  2011].    

  

  

  

Figure 6 | Post-transcriptional control of genes 
involved in the TGFB signaling pathway by miR-
200-3p family members.  
TGFB signals by binding to type I and type II TGFB 
receptor (TGFBR1/2) complex. TGFBR1 
phosphorylates SMAD2 and SMAD3, which 
subsequently form a complex with SMAD4. In the 
nucleus, the SMAD2/3/4 complex interacts with 
cofactors and transcription factors like ZEB1 or ZEB2 
and modulates transcription [Piek et al., 1999; Postigo, 
2003]. Members of the miR-200-3p family have been 
shown to simultaneously modulate expression of 
genes encoding TGFB2 [Burk et al., 2008], TGFBR1, 
SMAD2 [Braun et al., 2010], ZEB1 and ZEB2 [Burk 
et al., 2008; Gregory et al., 2008a] (blue lines). 
Moreover, in silico predictions suggest MTSs for miR-
200-3p family members in the 3’UTRs of genes 
encoding TGFBR2, SMAD3 and SMAD4 (dashed 
lines). Note, although miR-141/200a-3p and miR-
200c-3p belong to the miR-200-3p seed family, their 
seed differs in one nucleotide (see Figure 5 in 
INTRODUCTION, p. 13), which results in a slightly 
different binding behavior.  
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Interestingly,  miRNA-­‐‑mediated  co-­‐‑downregulation  of  genes  from  the  same  functional  

module  was   also  proposed   for  miR-­‐‑33a/b-­‐‑5p   and  miR-­‐‑124-­‐‑3p.   The   latter   simultaneously  

repressed  AKT2   (v-­‐‑akt  murine   thymoma   viral   oncogene   homologue   2),  MAPK14   (p38),   and  

STAT3   (signal   transducer   and   activator   of   transcription   3)   to   inhibit   the   EGFR   (epidermal  

growth   factor   receptor)-­‐‑driven   signaling   pathway,   leading   to   a   cell   cycle   inhibition  

[Uhlmann   et   al.,   2012].   On   the   other   hand,  miR-­‐‑33a/b-­‐‑5p   controlled   the   expression   of  

genes   encoding   key   enzymes   involved   in   fatty   acid  metabolism   [Davalos   et   al.,   2011].  

Whether  other  miRNAs  regulate  signaling  pathways  or  metabolic  pathways  at  multiple  

levels  remains  to  be   investigated.  Nevertheless,   it  would  be  a  very  efficient  mechanism  

to  control  cellular  homeostasis  at  the  post-­‐‑transcriptional  level.    

ATCs  are  characterized  by  a  downregulation  of  miRNAs  rather  than  an  upregulation    

The   observation   that   miRNAs   are   mainly   downregulated   in   tumor   tissues   [Lu   et   al.,  

2005]  suggested  that  global  miRNA  expression  reflects  the  state  of  cellular  differentiation  

[Peter,   2009;   Blandino   et   al.,   2014].   Consistent   with   this   hypothesis,   the   comparative  

expression   analysis   of   ATC   tisssues   and   non-­‐‑transformed   tissues   by   using  microRNA  

microarrays   identified   a   higher   number   of   downregulated   than   upregulated   miRNAs  

(Table   1   in   [Braun  and  Huttelmaier,   2011]).  Regarding   a   threshold  of   two,   62  miRNAs  

were  downregulated,  and  21  miRNAs  were  upregulated  in  at  least  two  of  three  ATC/NT  

pairs   (Table   1   in   [Braun   et   al.,   2010]).  Notably,   the   downregulated   population   covered  

more  than  half  of  the  miRNAs  (13  of  20)  identified  as  downmodulated  by  Visone  et  al.,  

namely  miR-­‐‑30a/d-­‐‑5p,  miR-­‐‑125a-­‐‑5p/125b-­‐‑1/2-­‐‑5p,  miR-­‐‑26a-­‐‑5p,  miR-­‐‑138-­‐‑5p,  miR-­‐‑29b-­‐‑3p,  miR-­‐‑

99a/b-­‐‑5p,   miR-­‐‑145-­‐‑5p,   let-­‐‑7c-­‐‑5p,   and  miR-­‐‑151   [Visone   et   al.,   2007].   In   total,   Visone   et   al.  

identified  20  downregulated  and  four  upregulated  miRNAs  regarding  a  threshold  of  -­‐‑/+  

1.25  fold  [Visone  et  al.,  2007].  The  lower  number  of  affected  miRNA  candidates  may  be  

due  to  lower  probe  content  of  the  used  microarray  platform.  In  contrast  to  773  miRNAs  

analyzed   in   this   study,  Visone   and   colleagues   used  microarrays,  which   harbored   only  

245  probes.  From  the  upregulated  miRNA  population,  only  miR-­‐‑222-­‐‑3p  was  identified  by  

Visone   et  al..  The  upregulation  of  miR-­‐‑222-­‐‑3p   and  miR-­‐‑221-­‐‑3p,   both  expressed   from   the  

same  genomic  cluster,  seems  to  be  a  hallmark  of  thyroid  carcinomas  of  follicular  origin  

[Braun   and  Huttelmaier,   2011].   All   studies   that   analyzed  miRNA   expression   in   either  

FTCs,  PTCs,  PDTCs  or  ATCs  identified  this  miRNA  cluster  to  be  upregulated  [He  et  al.,  

2005;  Pallante   et  al.,   2006;  Visone   et  al.,   2007;  Nikiforova   et  al.,   2008;  Schwertheim   et  al.,  

2009;   Braun   et   al.,   2010].   Only   the   study   by   Schwertheim   et   al.   contradicted   this  
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hypothesis.  Although  Nikiforova  et  al.  identified  miR-­‐‑221-­‐‑/222-­‐‑3p  upregulated  in  PDTCs,  

Schwertheim  et  al.  observed  negligible  changes.    

The  finding  that  29  of  the  62  downregulated  miRNAs  are  expressed  from  12  genomic  

clusters  as  well  as  the  identification  of  four  downregulated  miRNA  pairs  processed  from  

the   same   precursor   (199a-­‐‑5p/-­‐‑3p;   29c-­‐‑5p/-­‐‑3p;   30a-­‐‑5p/-­‐‑3p;  miR-­‐‑361-­‐‑5p/-­‐‑3p)   suggests   a   high  

reliability   of   the   results   (Table   1   in   [Braun   et   al.,   2010]).   Moreover,   this   observation  

proposes   a   selective   downmodulation   of   miRNA   transcription   units   in   ATCs   via  

oncogenic   transcription   factors,   promoter  methylation   [Lopez-­‐‑Serra   and   Esteller,   2012]  

and/or  from  genomic  deletions  [Calin  and  Croce,  2006;  Rossi  et  al.,  2008].  As  mutations,  

deletions,   or   amplifications   have   been   shown   to   alter   the   expression   of   protein-­‐‑coding  

genes  in  human  cancers,  Calin  et  al.  analyzed  the  location  of  miRNA  genes  in  regard  to  

reported   cancer-­‐‑associated   genomic   regions   (CAGRs)   [Calin   et   al.,   2004].   Interestingly,  

five  of  the  twelve  downregulated  miRNA  gene  clusters  in  ATCs  (let-­‐‑7a/f/d;  let-­‐‑7c/miR-­‐‑99a;  

miR-­‐‑24/27b/23b;  miR-­‐‑143/145;  miR-­‐‑29a/b)  were  located  close  to  fragile  sites  reported  to  be  

affected   by   deletion   in   various   cancers   [Calin   et   al.,   2004].   However,   up   until   now   no  

study   directly   linked   miRNA   expression   to   genomic   alterations.   Instead,   DNA  

hypermethylation   was   suggested   to   be   the   most   common   cause   of   miRNA   gene  

promoter   shutdown   in   cancer   [Lopez-­‐‑Serra   and   Esteller,   2012].   Hypermethylation-­‐‑

associated   silencing   of   both   miR-­‐‑200   clusters   (miR-­‐‑141/200c;   miR-­‐‑200a/200b/429)   was  

reported  for  different  cancer  cell  lines  [Ceppi  et  al.,  2010;  Vrba  et  al.,  2010;  Wiklund  et  al.,  

2010;  Eades   et   al.,   2011].  TGFB   treatment  of  mammary  epithelial   cells  was  proposed   to  

mediate  miR-­‐‑200a/200b/429   promoter  methylation   via   upregulation   of  SIRT1   (sirtuin   1)  

expression   [Eades   et   al.,   2011].   SIRT1   is   a   histone   deacetylase   (HDAC)   that   was   also  

shown   to   silence   the  CDH1  promoter   by   interacting  with  ZEB1   [Byles   et   al.,   2012].  An  

association  between  miR-­‐‑141/200c  histone  deacetylation  and  promoter  methylation  was  

identified  in  human  mammary  [Vrba  et  al.,  2010]  and  bladder  cells  lines  [Wiklund  et  al.,  

2010].  In  addition  to  SIRT1,  ZEB1  was  proposed  to  interact  with  HDAC1  and  HDAC2  to  

silence   CDH1   expression   [Aghdassi   et   al.,   2012].   Taken   together,   accelerated   TGFB  

signaling   and   increased  ZEB1   expression   in  ATCs  may   reduce  miR-­‐‑200   f   transcription,  

potentially   by   promoter   hypermethylation   as   a   result   of   histone   deacetylation.   The  

repressive   function   of   the   TGFBR1   and   of   ZEB1/2   was   supported   by   the   observed  

increase  of  miR-­‐‑200-­‐‑3p  f  expression  upon  TGFBR1  knockdown  and  inhibition,  as  well  as  

ZEB1/2  depletion  in  8505C  cells  (Figure  3h  and  Supplementary  Figure  4A  in  [Braun  et  al.,  

2010]).   On   the   contrary,   TGFB   signaling   may   enhance  miR-­‐‑21-­‐‑5p   expression   in   ATCs  

(Figure  3h   in   [Braun   et  al.,   2010])  by  promoting   its  maturation   [Davis   et  al.,   2008].  This  
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oncogenic   miRNA   [Selcuklu   et   al.,   2009]   was   found   dramatically   upregulated   in   ATC  

tissues  analyzed  by  this  study  (Table  1  in  [Braun  et  al.,  2010],  Figure  9G  in  ADDITIONAL  

RESULTS,   p.   98)   and  by   another   study   [Frezzetti   et   al.,   2011].   In   addition   to   the  TGFB  

signaling  pathway,  also   the  MAPK  pathway  was  suggested  to  alter  miRNA  expression  

patterns.   ERK-­‐‑mediated   phosphorylation   of   the   Dicer   cofactor   TARBP2   selectively  

enhanced   Dicer-­‐‑mediated   processing   of   pro-­‐‑proliferative   miRNAs   and   inhibited  

processing  of  anti-­‐‑proliferative  miRNAs  [Paroo  et  al.,  2009].    

To   validate   the   microarray   analysis   and   to   compare   miRNA   expressions   in   ATC  

tissues  with  those  in  FTC  and  PTC  tissues,  qRT-­‐‑PCR  analyses  were  performed  for  14  of  

the  62  downmodulated  miRNAs,  which  involved  two  let-­‐‑7-­‐‑5p  family  members,  as  well  as  

all  members  of  the  miR-­‐‑200-­‐‑3p,  miR-­‐‑30-­‐‑5p,  and  miR-­‐‑26-­‐‑5p  family  (Figure  1  in  [Braun  et  al.,  

2010]).  For  internal  normalization,  the  snRNA  U18  was  validated  to  barely  vary  in  their  

abundance   (data   not   shown).   Consistent   with   the   findings   from   the   microarray,   the  

relative   expression   of   all   analyzed  miRNAs  was   significantly   downregulated   in  ATCs  

compared   to   non-­‐‑transformed   tissues.   This  was   further   confirmed   for  miR-­‐‑141-­‐‑3p   and  

miR-­‐‑200c-­‐‑3p  by  using  a  larger  cohort  of  samples  (Figure  9F  in  ADDITIONAL  RESULTS,  

p.   98).   The   comparison   of   the   miRNA   expression   between   FTCs,   PTCs   and   ATCs  

uncovered  miR-­‐‑200-­‐‑3p   family  members   as   preferentially   downregulated   in  ATCs.   This  

finding   supported   the   role   of   miR-­‐‑200-­‐‑3p   f   in   sustaining   the   epithelial   phenotype   of  

ATCs.   In   addition   to   ATCs,   reduced   expression   of   let-­‐‑7-­‐‑5p,   miR-­‐‑26-­‐‑5p   and  miR-­‐‑30-­‐‑5p  

family   members   was   also   detectable   in   differentiated   subclasses   of   thyroid   cancer.  

However,   the   reduction   of  miR-­‐‑30-­‐‑5p   f   expression   was   less   pronounced   in   FTCs   and  

PTCs  suggesting  a  role  of  miR-­‐‑30-­‐‑5p  f  in  sustaining  the  epithelial  phenotype.  The  tumor-­‐‑

suppressive  functions  of  miR-­‐‑26-­‐‑5p  f  and  let-­‐‑7-­‐‑5p  f  were  previously  connected  to  thyroid  

cancer  cell  proliferation  [Visone  et  al.,  2007;  Ricarte-­‐‑Filho  et  al.,  2009].    

The   differential   expression   of   the   miR-­‐‑200-­‐‑3p   family   is   of   particular   interest   since  

ATCs   often   emerge   from   manageable   differentiated   thyroid   carcinomas   (see  

INTRODUCTION,  p.  5).  It  could  be  a  useful  biomarker  to  distinguish  between  ATCs  and  

ATC   precursors.   An   early   ATC-­‐‑diagnosis   displays   an   essential   prerequisite   for  

therapeutic   strategies   involving  neo-­‐‑adjuvant,   additive   or  palliative   concepts   (personal  

communication  of  Stefan  Hüttelmaier  and  Kerstin  Lorenz  (surgeon  university  hospital  of  

Halle)).   Usually,   ATC   diagnosis   relies   exclusively   on   the   preoperative,   cytologic  

examination   of   fine-­‐‑needle   aspiration   biopsy   (FNAB)   samples   [Cornett   et   al.,   2007;  

Pallante  et  al.,  2014].  However,  the  feasibility  to  use  miR-­‐‑200-­‐‑3p  f  as  a  diagnostic  marker  

has  to  be  evaluated  by  analyzing  a  substantially  larger  cohort  of  samples  including  also  
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PDTCs  in  addition  to  FTCs,  PTCs  and  ATCs.  Beyond  the  use  as  biomarkers,  miR-­‐‑200-­‐‑3p  

family  members   repletion   therapy  may   reverse  malignant   EMT   of   ATCs   and   prevent  

cancer  cell   invasion.  Lipid-­‐‑based  delivery  of  for   instance   let-­‐‑7b-­‐‑5p  has  been  successfully  

used   to   decrease   tumor   burden   in   an   orthotopic  mouse  model   of   non-­‐‑small   cell   lung  

cancer  [Trang  et  al.,  2011].    

The  role  of  the  tumor-­‐‑suppressive  miR-­‐‑30-­‐‑5p  family  in  the  context  of  anaplastic  

thyroid  carcinomas    

The   significant   downregulation   of   miR-­‐‑30-­‐‑5p   f   in   ATC   tissues   compared   to   non-­‐‑

transformed  thyroid  and  well-­‐‑differentiated  thyroid  tumor  tissues  (Figure  1b  in  [Braun  et  

al.,   2010])   proposed   a   tumor-­‐‑suppressive   function   of  miR-­‐‑30-­‐‑5p   f   in   thyroid   follicular  

cells.  This  suggestion  was  supported  by  studies  in  8505C  cells  (Figure  2b,  c,  f  in  [Braun  et  

al.,  2010])  and  several  recent  reports  demonstrating  a  tumor-­‐‑suppressive  role  of  the  miR-­‐‑

30-­‐‑5p   family.   Ectopic   expression   of   miR-­‐‑30d/e-­‐‑5p   in   8505C   cells   reduced   in   vitro   cell  

invasion  (Figure  2f  in  [Braun  et  al.,  2010]),  which  was  potentially  linked  to  the  repression  

of  vimentin  (VIM),  ZEB2  and  SMAD2  expression  (Figure  2b,  c,  Figure  3c,  d   in   [Braun  et  

al.,  2010]).  In  breast  cancer-­‐‑derived  cells,  another  miR-­‐‑30-­‐‑5p  family  member  (miR-­‐‑30a-­‐‑5p)  

decreased  the  abundance  of  VIM,  which  was  suggested  to  modulate  in  vitro  cell  invasion  

[Cheng   et   al.,   2012].   Based   on   luciferase   reporter   studies,   the   direct   targeting   of   VIM  

[Cheng  et  al.,  2012],  SMAD2   (Supplementary  Figure  2   in  [Braun  et  al.,  2010]),  and  ZEB2  

3’UTRs   (Supplementary   Figure   3   in   [Braun   et   al.,   2010])   by  members   of   the  miR-­‐‑30-­‐‑5p  

family  was   hypothesized.   Targeting   to   the  ZEB2-­‐‑3’UTR  was   further   supported   by   the  

affinity  purification  of  miR-­‐‑30c-­‐‑5p  and  miR-­‐‑30e-­‐‑5p  with  a  bait  RNA  comprising  the  ZEB2-­‐‑

3’UTR  (Figure  1E  in  [Braun  et  al.,  2014]).  In  addition  to  ZEB2,   the  miR-­‐‑30-­‐‑5p  family  was  

shown   to   directly   target   SNAI1,   which   encodes   another   EMT-­‐‑inducing   transcription  

factor  [Kumarswamy  et  al.,  2012].    

The  suppressive   function  of  miR-­‐‑30-­‐‑5p   f  on  cell   invasiveness  and,   in  addition   to   this  

study,  cell  motility  was  shown  for  breast  cancer  cells  [Cheng  et  al.,  2012],  non-­‐‑small  cell  

lung  cancer  cells   [Kumarswamy  et  al.,  2012],  and  prostate  cancer  cells   [Kao  et  al.,  2013].  

Consistent   with   these   findings,   miR-­‐‑30-­‐‑5p   f   overexpression   in   mouse   xenografts  

generated  from  multiple  myeloma  cells  [Zhao  et  al.,  2014]  and  breast  cancer  cells  [Yu  et  

al.,  2010]  reduced  metastatic  spread.  Additionally,  miR-­‐‑30-­‐‑5p  f  was  suggested  to  decrease  

the  self-­‐‑renewal  capacity  of  cancer  stem  cells  from  multiple  myeloma  [Zhao  et  al.,  2014]  

and  breast  cancer  cell  populations  [Yu  et  al.,  2010;  Ouzounova  et  al.,  2013],  which  may  be  

linked   to   the   reduced  growth  of  miR-­‐‑30-­‐‑5p   f   overexpressing  xenografts   [Yu   et  al.,   2010;  
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Ouzounova   et   al.,   2013;   Zhao   et   al.,   2014].   Taken   together,   the   plethora   of   functions  

exhibit  miR-­‐‑30-­‐‑5p  f  as  essential  tumor-­‐‑suppressive  miRNAs  in  the  thyroid.  In  addition  to  

the  decrease  of  miR-­‐‑200-­‐‑3p   f   expression,  miR-­‐‑30-­‐‑5p   f  downmodulation  may  be  a   crucial  

step  in  thyroid  cancer  progression.    

Identification  of  regulatory  microRNAs  by  miTRAP  

Studying   post-­‐‑transcriptional   control   by   miRNAs   presupposes   the   identification   of  

physiological   relevant   miRNA-­‐‑target   interaction.   Incomplete   base   pairing   between  

miRNAs   and   target   RNAs   however   challenges   the   identification   of   these   interactions.  

Although  a  variety  of   in  silico  prediction   tools   (see  Table  1   in   INTRODUCTION,  p.  17)  

have   been   developed   to   identify   these   interactions,   different   output   lists   limit   reliable  

determination.  Therefore,   in   the   context  of   this  doctoral   study  an   in  vitro  RNA  affinity  

purification   protocol   initially   developed   to   identify   regulatory   RNA-­‐‑binding   proteins  

[Czaplinski  et  al.,  2005;  Duncan  et  al.,  2006]  was  adapted  and  tested  as  an  approach   for  

the   comprehensive   identification   of   regulatory   miRNAs.   The   protocol   was   termed  

miTRAP  (microRNA  trapping  by  RNA  in  vitro  affinity  purification)  and  the  MYC-­‐‑3’UTR  

was   used   as   the   major   testing   bait.   The   large   repertoire   of   documented   regulatory  

miRNAs,   as   well   as   the   reported   interaction   with   the   RNA-­‐‑binding   protein   ELAVL1  

(embryonic   lethal   abnormal   vision   like   RNA-­‐‑binding   protein   1)   [Kim   et   al.,   2009a]  

qualified   this   3’UTR   as   an   optimal   RNA   bait   for   the   analysis   and   evaluation   of  

purification   results.   MiRNA-­‐‑mediated   post-­‐‑transciptional   control   of  MYC   expression  

was  suggested  to  involve  the  following  miRNAs  or  miRNA  families:  let-­‐‑7-­‐‑5p  f  [Sampson  

et  al.,  2007;  Shah  et  al.,  2007;  Bueno  et  al.,  2011],  miR-­‐‑34-­‐‑5p  f  [Kong  et  al.,  2008;  Kress  et  al.,  

2011]  (Supplementary  Figure  1A  in  [Braun  et  al.,  2014]),  miR-­‐‑33-­‐‑5p  f   [Takwi  et  al.,  2012],  

miR-­‐‑92-­‐‑3p   f   (also   known   as  miR-­‐‑25-­‐‑3p   f)   [Bueno   et   al.,   2011],  miR-­‐‑331-­‐‑3p   [Bueno   et   al.,  

2011],  miR-­‐‑24-­‐‑3p  [Lal  et  al.,  2009],  miR-­‐‑145-­‐‑5p  [Sachdeva  et  al.,  2009],  and  miR-­‐‑185-­‐‑3p  [Liao  

and  Lu,  2011].  

The   MYC-­‐‑3’UTR   bait   was   tagged   with   four   MS2   stem-­‐‑loops,   which   facilitated  

immobilization   to  amylose   resin  via   recombinant  maltose-­‐‑binding  protein   (MBP)-­‐‑fused  

MS2-­‐‑coat  protein   (CP)   (Figure  1A,  B   in   [Braun   et  al.,   2014]).   Incubation  of   immobilized  

bait  RNA  with  U2OS  as  well   as  HEK293   cell   lysates   allowed  co-­‐‑purification  of   let-­‐‑7-­‐‑5p  

and   miR-­‐‑34-­‐‑5p   family   members,   as   determined   by   means   of   qRT-­‐‑PCR   (Figure   1C,  

Supplementary  Figure  2A  in  [Braun  et  al.,  2014]).  Demonstrating  miTRAP  specificity,  the  

substitution  of  two  cytosines  by  guanines  within  the  overlapping  seed-­‐‑matching  region  

(Figure  1B  in  [Braun  et  al.,  2014],  lower  panel)  abolished  specific  miRNA  co-­‐‑purification,  
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and   miTRAP   ratios   (Figure   1C   in   [Braun   et   al.,   2014],   upper   panel)   dropped   to   MS2  

control  bait   levels  (Figure  1C  in  [Braun  et  al.,  2014],   lower  panel;  Supplementary  Figure  

2A   in   [Braun   et   al.,   2014]).   Analyzing   co-­‐‑purification   of   non-­‐‑reported,   non-­‐‑predicted  

control   miRNAs   further   controlled   selective   co-­‐‑purification.   In   contrast   to   reported  

MYC-­‐‑regulatory  miRNAs,  the  five  control  miRNAs  including  high  abundant  miR-­‐‑21-­‐‑5p  

(Supplementary   Figure   1B   in   [Braun   et   al.,   2014])   co-­‐‑purified   at   miTRAP   ratios  

indistinguishable   for   all   three   bait   RNAs.   Consistent  with  miRNA   co-­‐‑purification,   the  

miRISC  component  AGO2  was  co-­‐‑purified  with  the  wild  type  and  to  a  lesser  extend  with  

the  mutant  MYC-­‐‑3’UTR  bait  (Figure  1D,  Supplementary  Figure  2B  in  [Braun  et  al.,  2014]).  

In   contrast   to   AGO2,   ELAVL1   proteins   co-­‐‑purified   at   indistinguishable   amounts   with  

wild   type   and   mutant  MYC-­‐‑3’UTR   baits,   but   not   with   the   bead   control   or   the   MS2  

control  bait  (Figure  1D,  Supplementary  Figure  2B  in  [Braun  et  al.,  2014]).    

The   analyses   of   co-­‐‑purified  miRNAs  by  next   generation   sequencing  determined   the  

selective  co-­‐‑purification  of  36  miRNAs  including  18  reported  MYC-­‐‑regulatory  miRNAs  

(Figure   2E,   Supplementary  Table   1   in   [Braun   et   al.,   2014]).   These   18   reported  miRNAs  

comprised   members   of   the   let-­‐‑7-­‐‑5p,   miR-­‐‑34-­‐‑5p,   miR-­‐‑92-­‐‑3p   and   miR-­‐‑33-­‐‑5p   families.   In  

contrast,   eight   miRNAs   previously   suggested   to   control   MYC   expression   were   not  

specifically   co-­‐‑purified  with   the  MYC-­‐‑3’UTR   bait.   However,   one  miRNA   (miR-­‐‑185-­‐‑3p)  

was  proposed  to  target  the  coding  sequence  (CDS)  of  MYC  [Liao  and  Lu,  2011],  and  six  

other   were   expressed   at   low   levels   in   U2OS   cells   (see   input   reads   in   Supplementary  

Table   S1   in   [Braun   et   al.,   2014]).   Low   expression   and   a   potential   low   affinity   of   these  

miRNAs   to   the   MYC-­‐‑3’UTR   may   have   reduced   the   amount   of   co-­‐‑purification.   The  

positive  correlation  between  miRNA  abundance  in  miTRAP  eluates  to  input  levels  was  

visualized   in   Figure   2G   in   [Braun   et   al.,   2014].  MiR-­‐‑24-­‐‑3p  was   the   only   reported  MYC-­‐‑

regulatory  miRNA  that  was  expressed  at  high  levels  in  U2OS  cells  (Supplementary  Table  

S1   in   [Braun   et   al.,   2014]).   However,   it   has   to   be   noted   that  miR-­‐‑24-­‐‑3p   targeting   was  

validated   on   the   basis   of   gain-­‐‑of-­‐‑function   studies  with   luciferase   reporters   comprising  

isolated  wild   type   or  mutant  miR-­‐‑24-­‐‑3p   targeting   sites,  whereas   one   of   two   functional  

sites  was   encoded   by   a   region  downstream  of   the   last   poly(A)-­‐‑signal   [Lal   et   al.,   2009].  

Hence,  for  this  miRNA  it  remains  to  be  addressed  whether  it  regulates  MYC  expression  

in  a  direct  and  3’UTR-­‐‑dependent  manner.    

Nevertheless,   the   specific   co-­‐‑purification   of   18   reported  MYC-­‐‑regulatory   as   well   as  

their  significant  enrichment  within  the  MYC  sequencing  libraries  compared  to  the  MS2  

control  libraries  (Figure  2B  in  [Braun  et  al.,  2014])  suggested  miTRAP  as  a  reliable  tool  for  

the   identification  of  novel  MYC-­‐‑regulatory  miRNAs.  To   test   this  notion,   the  regulatory  
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potency   of   10   non-­‐‑reported,   but   selectively   co-­‐‑purified  miRNAs  was   analyzed   in   vivo.  

Strikingly,  silencing  of  nine  candidates  increased  endogenous  MYC  expression  in  U2OS  

cells   (Figure  3   in   [Braun   et   al.,   2014]),   as  well   as   the   expression  of   a   luciferase   reporter  

comprising   the  MYC-­‐‑3’UTR   (Figure   4A,   B   in   [Braun   et   al.,   2014]).   Moreover,   ectopic  

expression   of   these   miRNAs   in   HEK293   cells   decreased  MYC-­‐‑3’UTR   reporter   activity  

(Figure   4C   in   [Braun   et   al.,   2014]).  One   of   the   ten   tested   candidates,  miR-­‐‑1294,   did   not  

regulate  endogenous  MYC  expression,  however,  it  affected  luciferase  expression  in  both  

loss-­‐‑  and  gain-­‐‑of-­‐‑function  analyses.  This  discrepancy  may  be  due  to  additional  sequence  

elements  present  in  the  full   length,  endogenous  MYC   transcript.  It  remains  to  be  tested  

by   future   studies,   whether  miR-­‐‑1294   co-­‐‑purifies   less   efficiently   with   full-­‐‑length  MYC  

miTRAP  bait  RNAs  comprising  5’UTR,  CDS,  and  3’UTR.    

The   surprisingly   low   false-­‐‑positive   rate  determined  by   the   in  vivo  validation   studies  

suggests  that  miRNAs  of  cell  lysates  specifically  associate  with  in  vitro  transcribed  RNAs  

lacking  5’-­‐‑  or  3’-­‐‑modifications.  Several  previous  observations  supported   the  hypothesis  

of  preserved  targeting  of  miRNAs  or  RNA-­‐‑binding  proteins  (RBPs)  to  in  vitro  transcribed  

RNAs:  1)  The  formation  of  miRNA-­‐‑AGO  complexes  was  observed  after  cell  lysis  without  

precedent   chemical   or   UV-­‐‑based   stabilization   of   protein-­‐‑RNA   complexes   [Zekri   et   al.,  

2009;  Riley   et   al.,   2012].   2)   The   regulatory   role   of  miRNAs  or   siRNAs  was   successfully  

recapitulated  in  vitro  [Tuschl  et  al.,  1999;  Mathonnet  et  al.,  2007].  3)  RBPs  were  co-­‐‑purified  

with   in  vitro   transcribed  bait  RNAs  [Zhou  et  al.,  2002;  Czaplinski  et  al.,  2005;  Duncan  et  

al.,   2006]   or   pre-­‐‑miRNAs   [Lee   et   al.,   2013]   at   high   specificity.   Additionally,   the  

identification   of   MYC-­‐‑regulatory   miRNAs   by   miTRAP   suggests   that   an  

overrepresentation  of  bait  RNAs  did  not  significantly  bias  miRNA-­‐‑targeting  specificity.  

Instead,  it  increased  signal-­‐‑to-­‐‑noise  ratios  by  enhancing  purification  yields.  Accordingly,  

miTRAP  also   identified   low  abundant  MYC-­‐‑targeting  miRNAs   (Figure  2G   in   [Braun   et  

al.,  2014]).  Low  purification  rates  of  endogenously  expressed  MS2-­‐‑tagged  bait  transcripts  

may  be  one  explanation,  why  previously  reported  affinity  purifications  of  endogenously  

expressed   reporter   RNAs   did   exclusively   identify   high   abundant   regulatory   miRNAs  

[Vo   et   al.,   2010;  Yoon   et   al.,   2012].  However   to   evaluate   this  hypothesis,   the  bait  RNAs  

used   in   those   studies   remain   to   be   analyzed   by   miTRAP.   Nevertheless,   although  

different   in   the   set   up,   these   approaches   also   demonstrated   the   suitability   of   RNA  

affinity  purifications   to   identify   regulatory  miRNAs.  Moreover,   they  confirmed   in  vitro  

targeting   of   miRNAs,   because   the   endogenously   expressed   bait   RNAs   were   purified  

from  cell   lysates  without  covalent  stabilization  of  RNA-­‐‑complexes  prior   to  cell   lysis.   In  

accord  with  the  identified  de  novo  formation  of  miRISC-­‐‑mRNA  complexes  after  cell  lysis  
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[Zekri  et  al.,  2009;  Riley  et  al.,  2012],  miRNA  targeting  may  be  a  highly  dynamic  process,  

which  can  be  rapidly  affected  by  an  altered  stoichiometry  of  target  RNAs.  In  the  cell,  this  

may   be   necessary   to   rapidly   adjust   gene   expression   to   different   conditions   of   gene  

expression  like  entry  into  cell  cycle  or  response  to  altered  nutrition.    

In   addition   to   higher   purification   rates,   in   vitro   systems   allow   the   investigation   of  

isolated   RNA   cis-­‐‑elements,   and   can   be   easily   supplemented   with   reagents,   such   as  

recombinant   proteins   or   even   miRNAs.   Up   until   now,   miTRAP   was   applied   for   the  

MYC,   ZEB2   and   IGF2BP1   3’UTRs,   as   well   as   for   isolated   miRNA   targeting   sites.   In  

addition  to  these  cis-­‐‑elements,  miTRAP  would  allow  the  analyses  of  miRNA  targeting  to  

isolated   CDSs   or   5’UTRs.  MiRNA-­‐‑mediated   repression   via   CDSs   [Forman   et   al.,   2008;  

Elcheva  et  al.,  2009]  and  5’UTRs  [Lee  et  al.,  2009]  was  reported,  however,  it  was  proposed  

that   e.g.   MTSs   within   the   CDSs   enhance   miRNA-­‐‑mediated   repression   via   the   3’UTR  

instead   of   acting   independently   [Fang   and   Rajewsky,   2011].   Therefore,   it   will   be  

interesting   to   analyze   whether   the   miRNA   interactomes   of   CDSs   predominantly  

resemble  3’UTR-­‐‑targeting  miRNA  populations.    

The   successful   co-­‐‑purification   of   reported   and   verified   miRNAs   with   bait   RNAs  

ranging  from  280  nucleotides  (MTS  plus  4MS2  tag)  (Figure  4D  in  [Braun  et  al.,  2014])  to  

approximately   6700   nucleotides   (IGF2BP1-­‐‑3’UTR   bait)   (Figure   16A   in   ADDITIONAL  

RESULTS,  p.  113)  suggests  that  miTRAP  specificity   is   independent  of  bait  RNA  length.  

In   regard   of   this   bait   length   independence,   miTRAP   may   also   allow   mapping   of  

targeting  miRNAs  to  full-­‐‑length  mRNAs,  long  noncoding  RNAs  as  well  as  to  viral  RNA  

genomes.  The   clinical   relevance  of  viral-­‐‑miRNA   interactions  was  demonstrated   for   the  

binding  of  host  miR-­‐‑122-­‐‑5p  to  the  hepatitis  C  virus  RNA  [Henke  et  al.,  2008].  Silencing  of  

miR-­‐‑122-­‐‑5p   with   locked   nucleic   acids   in   chimpanzee   strongly   reduced   blood   HCV  

concentration  [Lanford  et  al.,  2010].    

Most   strikingly,  miTRAP   identified   five  MYC-­‐‑regulatory  miRNAs   that   could  not   be  

predicted  by  the  classical  prediction  algorithms  (see  Table  1  in  INTRODUCTION,  p.  17).  

Consistent   with   these   findings,   the   recently   reported   CLASH   approach   (Table   2   in  

INTRODUCTION,   p.   19)   also   identified   a   high   number   of   seedless   miRNA-­‐‑mRNA  

interactions  [Helwak  et  al.,  2013].  Although,  the  extensive  list  of  putative  miRNA-­‐‑target  

interactions  still  awaits   thorough  evaluations,   it   further  supported   the  notion   that  non-­‐‑

canonical  miRNA  targeting  modes  exist.  To  confirm  MYC-­‐‑3’UTR-­‐‑dependent  targeting  of  

five   ‘unpredictable’   miRNAs,   putative   targeting   sites   within   the   MYC-­‐‑3’UTR   were  

mutated.  Although  barely  matching  with  previously  described  miRNA  binding  patterns  

(Figure   5   in   INTRODUCTION,   p.   13),   the  mutation   of   these  MTSs   abolished  miRNA-­‐‑
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mediated   regulation   of   the  MYC-­‐‑3’UTR   comprising   luciferase   reporter   (Figure   4A-­‐‑C  

[Braun   et   al.,   2014]).   These   analyses   provided   strong   evidence   that  miTRAP   identified  

miRNAs  regulate  MYC  expression  in  a  3’UTR-­‐‑dependent  manner.  However,  it  has  to  be  

mentioned  that  these  analyses  cannot  exclude  bias  by  structural  constraints,  or  targeting  

via  additional  sites,  nor  do  they  clarify  MTS  base  pairing  thoroughly.  To  further  evaluate  

miRNA   targeting  via   the  putative  non-­‐‑canonical  MTSs,   in  vitro   binding  of  miR-­‐‑125a-­‐‑3p  

and   miR-­‐‑455-­‐‑3p   was   analyzed   by   using   the   respective   MTSs   as   miTRAP   bait   RNAs  

(Figure  4D  in   [Braun  et  al.,  2014]).  Future  studies  remain   to  evaluate  binding  of   the  yet  

not  analyzed  MYC-­‐‑regulatory  non-­‐‑canonical  miRNAs  (miR-­‐‑1248,  miR-­‐‑375  and  miR-­‐‑4677-­‐‑

3p)  to  their  respective  MTSs.    

Interestingly,   for   the   majority   of   miTRAP-­‐‑identified   MYC-­‐‑regulatory   miRNAs  

targeting  was  suggested  within  the  first  170  nucleotides  of  the  MYC-­‐‑3’UTR  (Figure  4A  in  

[Braun  et  al.,  2014]).  Although  this  needs  experimental  validation,  such  MTS  positioning  

away  from  the  center  of  the  3’UTR  and  in  proximity  to  AU-­‐‑rich  regions  was  previously  

hypothesized   [Grimson   et   al.,   2007;   Bartel,   2009].   Moreover,   HITS-­‐‑CLIP   studies  

experimentally  identified  AGO2  binding  preferences  in  3’UTRs  mainly  around  the  stop  

codon  and  at   the  3’-­‐‑ends  [Chi  et  al.,  2009].  Based  on  the  binding  specificity  of  ELAVL1,  

two  AU-­‐‑rich   elements   have   been   identified  within   the  MYC-­‐‑3’UTR   [Kim   et   al.,   2009a].  

Both  elements  comprise  approximately  50  nucleotides  and  are  located  at  the  very  3’-­‐‑end  

and   downstream   of   the  miRNA   targeting   hotspot   at   the   5’-­‐‑end   of   the  MYC-­‐‑3’UTR.   In  

regard  of  the  suggested  stimulatory  effect  of  ELAVL1  on   let-­‐‑7-­‐‑5p  f  binding  to  the  MYC-­‐‑

3’UTR  [Kim  et  al.,  2009a]  the  question  arises  whether  ELAVL1  or  other  AU-­‐‑rich  element-­‐‑

binding  proteins  modulate  post-­‐‑transcriptional   regulation  of  MYC  by  one  or   several  of  

the  miTRAP-­‐‑identified  miRNAs.  To  address  this  question  future  studies  will  analyze  the  

regulatory  potency  of  these  miRNAs  in  the  absence  of  these  proteins.    

Relevance  of  miTRAP  results  in  context  of  the  post-­‐‑transcriptional  control  of  MYC  

and  IGF2BP1  expression  

The  miTRAP  results  for  MYC  as  well  as  for  IGF2BP1  (miTRAP  experiment  conducted  by  

Bianca  Busch)  suggest  post-­‐‑transcriptional  regulation  by  multiple  miRNAs  ([Braun  et  al.,  

2014],  Figure  16A  in  ADDITIONAL  RESULTS,  p.  113).  To  some  extend,  this  notion  was  

in   agreement   with   previous   studies   that   identified   several   human   and   murine   MYC-­‐‑

regulatory  miRNAs   [Sampson   et   al.,   2007;   Shah   et   al.,   2007;  Kong   et   al.,   2008;   Lal   et   al.,  

2009;   Sachdeva   et   al.,   2009;   Bueno   et   al.,   2011;   Liao   and   Lu,   2011;   Takwi   et   al.,   2012].  

However,   experimental   data   provided   only   CDKN1A   as   another   example   for   such   a  
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multilayered  regulation  by  more  than  ten  different  miRNAs  [Wu  et  al.,  2010].  In  contrast  

to  experimental  data,   in  silico  predictions  like  TargetScan  [Lewis  et  al.,  2005;  Grimson  et  

al.,  2007;  Friedman  et  al.,  2009;  Garcia  et  al.,  2011]  or  PicTar  [Grun  et  al.,  2005;  Krek  et  al.,  

2005;   Chen   and   Rajewsky,   2006;   Lall   et   al.,   2006]   (Table   1   in   INTRODUCTION,   p.   17)  

support   the   view   that   the   human  genome   encodes   thousands   of   so-­‐‑called   target   hubs,  

genes  with  more  than  15  unrelated  potential  MTSs  [Shalgi  et  al.,  2007].  Particularly,  genes  

associated   to   development   and   transcription   factors   were   enriched   among   these  

computationally   identified   target   hubs   [Shalgi   et   al.,   2007].   The   tight   control   of  

transcription   factor   expression   most   likely   corresponds   to   their   crucial   function   in  

regulating  a  variety  of  cellular  processes.  On  the  other  hand,  genes  expressed  exclusively  

during   development  may   evolutionary   accumulate  MTSs   for  miRNAs   expressed   post-­‐‑

developmentally   in   differentiated   cells   [Stark   et   al.,   2005;   Bartel,   2009].   In   accord  with  

their   function,   IGF2BP1   and  MYC  belong   to   the   respective  gene  classes:   IGF2BP1  plays  

an  crucial  role  during  development,  but  its  expression  is  essentially  lost  in  adult  tissues  

(reviewed  in  [Bell  et  al.,  2013]),  whereas  MYC  is  a  transcription  factor  with  broad  impact  

(reviewed   in   [Eilers   and   Eisenman,   2008;   Meyer   and   Penn,   2008]).   Hence,   the   high  

number   of   regulatory  miRNAs   identified   for   these   transcripts   supports   the   target   hub  

hypothesis   [Shalgi   et  al.,   2007].  However,   to   further  evaluate   this  hypothesis  as  well   as  

the   reliability   of  miTRAP-­‐‑identified  miRNAs,   a   larger   set   of   transcripts   remains   to   be  

analyzed.   Moreover,   it   has   to   be   demonstrated   that   miTRAP   bait   RNAs   co-­‐‑purify   an  

essentially  lower  number  of  miRNAs  when  encoding  3’UTRs  of  e.g.  housekeeping  genes.  

To   complete   the   picture,   future   studies   remain   to   verify   the   regulatory   potency   of   all  

miTRAP-­‐‑identified  MYC-­‐‑  and  IGF2BP1-­‐‑interacting  miRNAs.    

In  addition  to  the  reported  autoregulation  of  MYC  by  miR-­‐‑185-­‐‑3p  [Liao  and  Lu,  2011],  

the  miTRAP   analyses  uncovered   an   autoregulatory   feedback   loop   involving  MYC  and  

the   miR-­‐‑17/92   genomic   cluster.   Consistent   with   previous   findings   that   suggested   the  

regulation  of  MYC  by  miR-­‐‑363-­‐‑3p  [Bueno  et  al.,  2011],  miTRAP  identified  the  interaction  

of  additional  members  of  the  miR-­‐‑92-­‐‑3p  family  (miR-­‐‑92a/b-­‐‑3p,  miR-­‐‑25-­‐‑3p)  with  the  MYC-­‐‑

3’UTR  [Braun  et  al.,  2014].  Moreover,  silencing  of  miR-­‐‑92a-­‐‑3p  in  U2OS  cells  increased  the  

expression   of  MYC   (Figure   3   in   [Braun   et   al.,   2014]).   The  majority   of  miR-­‐‑92-­‐‑3p   family  

members   (miR-­‐‑92a-­‐‑3p,   miR-­‐‑25-­‐‑3p   and  miR-­‐‑363-­‐‑3p)   is   expressed   from   three   paralogues  

gene   clusters   (Figure   7)   (reviewed   in   [Mogilyansky   and  Rigoutsos,   2013]),   from  which  

one   miR-­‐‑92a-­‐‑3p-­‐‑expressing   cluster   was   shown   to   be   directly   activated   by   MYC  

[O'ʹDonnell  et  al.,  2005].  Hence,  MYC  potentially  autoregulates  its  expression  by  inducing  

miR-­‐‑92a-­‐‑3p   expression   (Figure   7).   Furthermore,   miTRAP   studies   by   Bianca   Busch  
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identified   in   vitro   binding   of  miR-­‐‑17-­‐‑5p,   -­‐‑20a-­‐‑5p,   -­‐‑93-­‐‑5p   and   -­‐‑106b-­‐‑3p   to   the   IGF2BP1-­‐‑

3’UTR  (Figure  16A  in  ADDITIONAL  RESULTS,  p.  113).  Like  miR-­‐‑92a-­‐‑3p,  miR-­‐‑17-­‐‑5p  and  -­‐‑

20a-­‐‑5p   are   encoded   by   the   miR-­‐‑17/92   cluster,   whereas   miR-­‐‑93-­‐‑5p   and   -­‐‑106b-­‐‑3p   are  

encoded   by   its   paralogue,   the   miR-­‐‑106b/25   cluster   (Figure   7).   In   view   of   the   role   of  

IGF2BP1  in  preventing  MYC  mRNA  degradation  [Lemm  and  Ross,  2002;  Weidensdorfer  

et  al.,  2009],  these  findings  add  an  additional  protagonist  to  the  autoregulatory  network  

of  MYC.  Induction  of  miR-­‐‑17/20a-­‐‑5p  expression  by  MYC  would  decrease  IGF2BP1  levels,  

which  results  in  reduced  MYC  mRNA  levels.      

  

  
 
Figure 7 | Model of potential autoregulation of MYC by the miR-17-92 cluster.  
MYC transcriptionally activates the miR-17/92 cluster [O'Donnell et al., 2005], which is located on chromosome 13 (Chr. 13) and encodes 
miR-18a, -19a/b-1, -17, -20a and -92a-1. The RNA-binding protein IGF2BP1 promotes MYC expression by stabilizing its mRNA [Lemm 
and Ross, 2002; Weidensdorfer et al., 2009]. MiTRAP studies suggested MYC and IGF2BP1 as targets of several miRNAs (red and dashed 
blue lines) expressed by the miR-17/92 cluster or its paralogues located on chromosome X and 7. Regulation of MYC expression by miR-
363-3p, a miR-92-3p family member was previously shown by gain-of-function analyses [Bueno et al., 2011]. Moreover, in U2OS cells, 
silencing of miR-92a-3p increased MYC expression. The regulation of MYC and IGF2BP1 expression by miR-25-3p and respectively miR-
17/20/93-5p and miR-106b-3p remains to be validated in vivo (dashed lines).  
 
 

What  may   be   the   physiological   role   of   this   regulatory   feedback   loop?  MYC  has   the  

ability   to   promote   cell   growth,   cell   proliferation   and   to   inhibit   cell   differentiation  

(reviewed  in  [Dang,  2013]).  It  was  suggested  that  MYC-­‐‑mediated  gene  regulation  pushes  

growing  cells  to  a  critical  mass  until  cells  are  pulled  into  S  (synthesis)  phase  of  cell  cycle.  

Moreover,  MYC  directly  activates  expression  of  genes   like  E2F1   (E2F  transcription  factor  

1),  which  are   involved   in  DNA  replication  (reviewed  in  [Dang,  2013]).  By   inducing  the  

miR-­‐‑17/92  cluster,  it  was  proposed  that  MYC  tempers  E2F1  expression  through  G1  phase  

until   cells   enter   S   phase   [Pickering   et   al.,   2009].   Premature   accumulation   of   E2F1   by  

blocking  miR-­‐‑17-­‐‑5p   and  miR-­‐‑20a-­‐‑5p   led   to  a  DNA-­‐‑damage-­‐‑induced  G1  checkpoint,   and  

as   a   result   of   this,   induced   cell   cycle   arrest   [Pickering   et   al.,   2009].  High   [Felsher   et   al.,  

2000]  as  well  as  low  levels  of  MYC  [Trumpp  et  al.,  2001]  have  also  been  associated  with  

cell  cycle  arrest.  The  overexpression  of  MYC  in  fibroblasts  induced  a  G2  cell  cycle  arrest  

[Felsher   et   al.,   2000].   Interestingly,   pri-­‐‑miR-­‐‑17/92   levels   were   identified   to   reach   a  

maximum   at   the   G2/M   (mitosis)   checkpoint   [Cloonan   et   al.,   2008].   Hence,   fine-­‐‑tuning  

MYC   expression   by   miR-­‐‑92a-­‐‑3p   potentially   fine-­‐‑tunes   normal   cell   cycle   progression,  

which  was   shown   to   be   the  major   function   of   the  miR-­‐‑17/92   cluster   [Concepcion   et   al.,  
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2012].  All  players  of   the  suggested  MYC  autoregulatory   loop  were  shown  to  be  crucial  

promoters  of  cell  proliferation  during  development.  Knockout  of  MYC,  IGF2BP1  or   the  

miR-­‐‑17/92  cluster  significantly  reduced  mouse  organ  and  body  size  [Trumpp  et  al.,  2001;  

Hansen  et  al.,  2004;  Lu  et  al.,  2007],  as  well  as  neural  stem  cell  proliferation  [Kerosuo  et  al.,  

2008;   Bian   et   al.,   2013;   Nishino   et   al.,   2013].   Future   studies   may   shed   light   in   the  

physiological  relevance  of  this  feedback  loop  by  investigating  expression  levels  of  MYC,  

IGF2BP1  and/or  miR-­‐‑17/92  cluster  miRNAs  in  mice  lacking  individual  protagonists.    
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4  PUBLICATIONS  &  ADDITIONAL  RESULTS  

Article:  Downregulation  of  microRNAs  directs  the  EMT  and  invasive  potential  of  

anaplastic  thyroid  carcinomas  
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Article:  Pathogenic  mechanisms  of  deregulated  microRNA  expression  in  thyroid  

carcinomas  of  follicular  origin  
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Article:  Rapid  identification  of  regulatory  microRNAs  by  miTRAP    

(miRNA  trapping  by  RNA  in  vitro  affinity  purification)  
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Additional  results:  Re-­‐‑expression  of  IGF2BP1  in  anaplastic  thyroid  carcinomas  

promotes  cancer  progression  

The  identification  of  the  TGFB-­‐‑ZEB1-­‐‑miR-­‐‑200-­‐‑3p-­‐‑miR-­‐‑30-­‐‑5p  axis,  that  most  likely  triggers  

malignant   EMT   in   ATCs,   suggested   an   interplay   of   transcriptional   and   post-­‐‑

transcriptional   networks   in   the   reprogramming   of   gene   expression   observed   during  

thyroid   carcinogenesis.   In   addition   to   miRNAs,   RNA-­‐‑binding   proteins   have   been  

suggested  to  enhance  or  antagonize  cancer  progression  by  modulating  gene  expression  

post-­‐‑transcriptionally  [Kim  et  al.,  2009b].  One  RNA-­‐‑binding  protein  that  was  frequently  

identified  in  cancer  is  the  IGF2  mRNA-­‐‑binding  protein  1  (reviewed  in  [Bell  et  al.,  2013]).  

In   non-­‐‑transformed   tissues,   IGF2BP1   expression   is   essentially   lost   in   adulthood.  

However,  during  development  and  the  regeneration  of  tissue  IGF2BP1  was  suggested  to  

promote   cell   proliferation   and   migration   (reviewed   in   [Bell   et   al.,   2013]).   Thus,   it  

appeared  tempting  to  speculate  that  IGF2BP1  becomes  de  novo  synthesized  in  ATCs  and  

promotes  or   sustains  EMT   in   thyroid   cancer.  The   latter  was   recently   supported  by   the  

observation   that   IGF2BP1   promotes   the   expression   of   LEF1,   a   pro-­‐‑mesenchymal  

transcriptional  regulator  [Zirkel  et  al.,  2013].    

Introduction  

IGF2BP1   belongs   to   a   highly   conserved   protein   family   that   comprises   the   orthologues  

members   VG1RBP   (Vg1-­‐‑mRNA   binding   protein,  Xenopus   laevis),   IGF2BPs   (Insulin-­‐‑like  

growth   factor   1-­‐‑binding   proteins,  Homo   sapiens),   CRD-­‐‑BP   (c-­‐‑myc  mRNA   coding   region  

determinant-­‐‑binding   protein,   Mus   musculus),   KOC   (KH-­‐‑domain-­‐‑containing   protein  

overexpressed   in   cancer;   Homo   sapiens)   and   ZBP1   (Zipcode-­‐‑binding   protein   1,   Gallus  

gallus)   (Figure   8A)   [Yisraeli,   2005].   All   IGF2BPs   comprise   two   N-­‐‑terminal   RNA-­‐‑

recognition  motifs  (RRMs)  and  four  HNRNPK  (heterogeneous  nuclear  ribonucleoprotein  

K)  homology  domains  (KH  domains)  arranged  as  di-­‐‑domains  (KH1+2  and  KH3+4)  that  

mediate   the   RNA-­‐‑binding   capacity   (Figure   8B)   [Farina   et   al.,   2003;  Nielsen   et   al.,   2003;  

Bell  et  al.,  2013;  Wachter  et  al.,  2013].  A  mutation  of  the  GxxG-­‐‑loop  (x  =  any  residue  with  a  

preference  for  basic  residues)  into  GEEG  (Glycine-­‐‑Glutamate-­‐‑Glutamate-­‐‑Glycine)  within  

each  KH-­‐‑domain  of  IGF2BP1  dramatically  reduced  RNA  binding  in  vitro  and  subcellular  

localization   of   the   protein   [Nielsen   et   al.,   2003;   Wachter   et   al.,   2013].   Under   normal  

conditions   IGF2BP1   localizes   predominantly   to   cytoplasmic   granule-­‐‑like   structures  

[Nielsen  et  al.,  2003;  Wachter  et  al.,  2013],  whereas  under  conditions  of  cellular  stress  it  is  

recruited   to   stress   granules   [Stohr   et   al.,   2006].   Instead,   IGF2BP1  KH1-­‐‑4-­‐‑GxxG-­‐‑mutants  
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show  a  homogeneous  cell  distribution  with  a  cytoplasmic  as  well  as  nuclear  localization,  

and   they   do   not   associate   with   stress   granules   [Nielsen   et   al.,   2003;   Stohr   et   al.,   2006;  

Wachter   et   al.,   2013].   These   findings   indicated   that   the   function   and   subcellular  

distribution  of  IGF2BP1  is  essentially  determined  by  RNA  binding  and  association  with  

other   RBPs   [Wachter   et   al.,   2013].   The   characterization   of   IGF2BP1-­‐‑containing   protein  

complexes   by   co-­‐‑immunoprecipitation   analyses   revealed   various   associating  RBPs   like  

STAU1   (staufen   double-­‐‑stranded   RNA-­‐‑binding   protein   1),   FMRP   (fragile   X   mental  

retardation  protein)  and  ELAVL2   (embryonic   lethal  abnormal  vision   like  RNA-­‐‑binding  

protein  2),  which  co-­‐‑localize  with   IGF2BP1   in  cytoplasmic  RNA-­‐‑granules   [Jonson   et  al.,  

2007;  Weidensdorfer  et  al.,  2009].    

  

  
  
Figure 8 | Amino acid identity of IGF2BP1 paralogues and orthologues, and domain structure of IGF2BP1.  
(A) Table shows percentage of amino acid identity of the most widely studied IGF2BP1 para- and orthologues from frog (Xenopus leavis), 
chicken (Gallus gallus), mouse (Mus musculus) and human (Homo sapiens) determined by protein-protein BLAST (blastp) alignment 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). IGF2BP1 shows highest identity with its orthologues from chicken and mouse. (B) IGF2BP1 
consists of two RNA recognition motifs and four HNRNPK homology domains, which facilitate RNA binding and subcellular localization. 
Numbers above the scheme indicate amino acids of domains or linker regions, respectively. 

  

Depending   on   the   target   transcript,   IGF2BP1   regulates   RNA   turnover   and/or  

translation  leading  to  either  an  increase  or  decrease  in  gene  expression  (reviewed  in  [Bell  

et   al.,   2013]).   In   response   to   environmental   stress   when   bulk   mRNA   translation   is  

blocked,   IGF2BP1  was   suggested   to   exclusively  prevent   target  mRNA  decay.  This  was  

also  demonstrated  for  target  mRNAs  regulated  at  the  level  of  translation  in  non-­‐‑stressed  

cells,  for  instance  the  ACTB  (β-­‐‑actin)  mRNA  [Stohr  et  al.,  2006].  Moreover,  to  support  cell  

migration   as   well   as   axon   guidance   IGF2BP1   also   facilitates   the   transport   of   ACTB  

mRNA  to  the  leading  edge  of  fibroblasts  [Shestakova  et  al.,  2001;  Oleynikov  and  Singer,  
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2003]   or   the   exploratory   growth   cones   of   developing   neurons   [Zhang   et   al.,   2001;  

Huttelmaier  et  al.,  2005].  

The   expression   of   IGF2BP1   is   characterized   by   a   so-­‐‑called   ‘onco-­‐‑fetal’   pattern.  

Although  expressed  in  various  embryonic  tissues,  the  gene  shows  negligible  expression  

levels  in  adult  organisms,  but  was  frequently  described  to  be  re-­‐‑expressed  in  aggressive  

forms  of  cancer   [Nielsen  et  al.,  1999;  Hansen  et  al.,  2004;  Hammer  et  al.,  2005;  Bell  et  al.,  

2013].  During  mouse   embryogenesis,   IGF2BP1-­‐‑3   expression  was   induced   at   embryonic  

day   (E)   10.5.   Until   E12.5,   mRNA   levels   raised   before   declining   again   towards   birth  

[Mueller-­‐‑Pillasch  et  al.,  1999;  Nielsen  et  al.,  1999;  Hansen  et  al.,  2004;  Dai  et  al.,  2011].   In  

contrast  to  IGF2BP1,  IGF2BP2  expression  was  detectable  in  all  adult  mouse  tissues  so  far  

analyzed  by  RT-­‐‑PCR  as  well  as  Western  blot  analysis.  IGF2BP3  expression  is  restricted  to  

distinct  organs   like  pancreas  and   testes   [Hammer  et  al.,  2005;  Dai  et  al.,  2011;  Bell  et  al.,  

2013].  

Numerous   studies   identified   the   expression   of   IGF2BP1   by   either   RT-­‐‑PCR   or   IHC  

staining   in   neoplasia   including   carcinomas   [Ross   et   al.,   2001;   Ioannidis   et   al.,   2003;  

Ioannidis   et   al.,   2004;   Dimitriadis   et   al.,   2007;   Kobel   et   al.,   2007;   Vainer   et   al.,   2008;  

Boyerinas  et  al.,  2012;  Gutschner  et  al.,  2014],  sarcomas  [Ioannidis  et  al.,  2001],  melanomas  

[Elcheva   et   al.,   2008],   brain   tumors,   meningiomas   [Ioannidis   et   al.,   2004],   and   various  

testicular  tumors  [Hammer  et  al.,  2005].  However,  IHC  might  have  been  problematic  due  

to  the  high  sequence  identity  of  IGF2BP1  paralogues  (see  Figure  8).  In  breast  [Ioannidis  

et  al.,  2003],  ovary   [Kobel  et  al.,  2007]  and  colorectal  cancer   [Dimitriadis  et  al.,  2007]   the  

incidence   of   IG2BP1   expression   increased   with   tumor   grading   that   quantitatively  

assesses   the  differentiation   status   from  well-­‐‑   (lowest  grade)   to  undifferentiated   tumors  

(highest   grade).   Potentially   due   to   cancer   cell   dedifferentiation,   in   both   colorectal  

[Dimitriadis  et  al.,  2007]  and  ovarian  [Kobel  et  al.,  2007]  carcinomas  IGF2BP1  expression  

was  shown  to  be  associated  with  a  higher  metastasis  potential,  and  a  shorter  recurrence-­‐‑

free  and  overall  survival.  Accordingly,  IGF2PB1  was  suggested  to  be  a  marker  of  cancer  

aggressiveness  [Dimitriadis  et  al.,  2007].    

The  role  of  IGF2BP1  during  development  and  tissue  regeneration  

To   understand   the   role   of   IGF2BP1   in   tumorigenesis,   it   is   necessary   to   review   its  

proposed   roles   during   development   and   tissue   regeneration.   Breeding   data   from  

IGF2BP1  knockout  mice  revealed  high  prenatal  mortality,  and  only  50%  of  homozygous  

animals  were  alive   three  days  after  birth   suggesting  an   important   function  of   IGF2BP1  

during   development   [Hansen   et   al.,   2004].  Moreover,  Hansen   et   al.   observed   a   growth  
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retardation   that   remained   into   adult   life.   This   was   reminiscent   of   the   dwarfism  

phenotype  described  for  IGF2  (insulin-­‐‑like  growth  factor  2)  knockout  mice  [DeChiara  et  al.,  

1990].   Accordingly,   the   authors   suggested   that   the   observed   reduction   of   IGF2  

translation  in  E12.5  embryos  upon  IGF2BP1  knockout  could  be  one  prerequisite  for  this  

phenotype   [Hansen  et  al.,  2004].  This  stimulatory  effect  of   IGF2BP1  on   IGF2   translation  

was  most  recently  confirmed  in  mouse  embryonic  fibroblasts  [Dai  et  al.,  2013].  Consistent  

with   the   impact  of   IGF2  on  bone  development   [Minuto   et  al.,   2005],   IGF2BP1   knockout  

mice   showed   smaller   bones   as   well   as   a   loss   of   cartilage   in   extremities   and   the   tail.  

Global   gene   expression   profiling   of   E12.5   embryos   and   postnatal   mice   identified   the  

downregulation   of   genes   expressing   extracellular   matrix   components   like   collagens,  

which   are   known   to   be   necessary   for   cartilage   formation   as  well   as   intestinal  mucosa  

development,  which  was  also  impaired  in  IGF2BP1  knockout  mice  [Hansen  et  al.,  2004].    

Its   role   in   intestinal   mucosa   homeostasis   seems   to   be   preserved   into   adulthood.  

During   the   response   of   mucosal   damage,   Manieri   et   al.   identified   re-­‐‑expression   of  

IGF2BP1   in   adult   colonic   mesenchymal   stem   cells   (cMSCs)   and   suggested   this   to   be  

necessary   for   the   stabilization   of   the   PTGS2   (prostaglandin-­‐‑endoperoxide   synthase   2)  

mRNA.   PTGS2   is   required   for   the   production   of   immunomodulatory   prostaglandins  

[Manieri  et  al.,  2012],  important  for  cMSC  self-­‐‑renewal  [Walker  et  al.,  2010].  In  agreement  

with  its  role  in  adult  stem  cell  renewal,  IGF2BP1  expression  was  identified  in  embryonic  

stem  cells  of  dorsal   telencephalon,  which  develops   into   the  cerebral  cortex  of   the  adult  

brain   [Nishino   et   al.,   2013].   In   IGF2BP1   knockout   animals,   both   embryonic   and   adult  

brains  were  significantly  smaller  due  to  a  reduced  number  of  neurons  that  differentiated  

from  the  reduced  number  of  neural  stem  cells  (Nishino  et  al.,  2013).    

Supporting   its   role   in   pre-­‐‑differentiation   processes,   IGF2BP1   expression   was  

suggested  to  be  irrelevant  for  the  differentiation  process  of  developing  cortical  neurons,  

because  axonal  and  dendritic  outgrowth,  as  wells  as  dendrite  number  and  growth  cone  

size   of   neurons   cultured   from   IGF2BP1   knockout   embryos   were   similar   to   wild   type  

neurons  [Welshhans  and  Bassell,  2011].  However,  IGF2BP1-­‐‑mediated  local  translation  of  

ACTB  mRNA  in  neurons  enhanced  filopodia  size  at  the  axonal  growth  cone  [Leung  et  al.,  

2006;   Yao   et   al.,   2006;   Sasaki   et   al.,   2010;   Welshhans   and   Bassell,   2011].   Growth   cone  

filopodia   are   plasma   membrane   protrusions   composed   of   bundled   actin   that   direct  

growth   cone  migration,   and   function  as   sensing  units   for  molecular   cues,  which  direct  

axon   guidance/pathfinding   during   development   [Mattila   and   Lappalainen,   2008;  

Welshhans  and  Bassell,  2011].    
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During  Xenopus  leavis  development,  the  IGF2BP1  orthologue  VG1RBP  was  suggested  

to  be  required  for  the  migration  of  cells  forming  the  roof  plate  of  the  neural  tube,  and  for  

neural  crest  cell  migration  [Yaniv  et  al.,  2003].  Taken  together,  IGF2BP1  plays  an  essential  

role  during  development  by  facilitating  cell  migration  and  proliferation.  Hence,  the  loss  

of  IGF2BP1  or  its  orthologues  led  to  hypoplastic  [Hansen  et  al.,  2004;  Nishino  et  al.,  2013]  

or  abnormally  formed  organs  [Yaniv  et  al.,  2003].  

The  role  of  IGF2BP1  in  cancer  

In   addition   to   descriptive   clinical   studies,   the   molecular   function   of   IGF2BP1   in  

tumorigenesis  was  investigated  in  cancer-­‐‑derived  cell  lines  and  mouse  xenograft  models.  

Consistent  with  its  role  in  development,  pro-­‐‑survival  and  pro-­‐‑migratory  functions  were  

proposed  [Wang  et  al.,  2004;  Kobel  et  al.,  2007;  Lapidus  et  al.,  2007;  Boyerinas  et  al.,  2008;  

Elcheva  et  al.,  2008;  Noubissi  et  al.,  2009;  Noubissi  et  al.,  2010;  Mongroo  et  al.,  2011;  Stohr  

et  al.,  2012;  Gutschner  et  al.,  2014].  As  prerequisite  for  its  role  in  proliferation  the  potential  

of   IGF2BP1   to   stabilize   the  mRNAs  of  BTRC   (β-­‐‑transducin   repeat   containing  E3  ubiquitin  

protein  ligase)  [Noubissi  et  al.,  2006],  GLI1  (GLI  family  zinc  finger  1)  [Noubissi  et  al.,  2009],  

MYC   [Kobel   et   al.,   2007;   Gutschner   et   al.,   2014],   and   KRAS   (Kirsten   rat   sarcoma   viral  

oncogene  homologue)   [Mongroo   et   al.,   2011]  was   suggested.  KRAS   encodes   a   small  GTP-­‐‑

binding   protein,   which   is   often   activated   by   coding   sequence   mutations   in   cancer,  

leading   to   enhanced   cell   proliferation   [Jancik   et   al.,   2010].   Increased   levels   of   the  

transcription   factor   MYC   also   accelerate   cancer   cell   proliferation   [Kobel   et   al.,   2007;  

Meyer  and  Penn,  2008],  whereas  elevated  levels  of  BTRC  were  suggested  to  protect  cells  

from  apoptosis  [Elcheva  et  al.,  2008].  BTRC  encodes  a  substrate-­‐‑specific  adaptor  of  an  E3  

ubiquitin   ligase   responsible   for   degradation   of   inhibitors   of   NF-­‐‑κB,   which   suppresses  

apoptosis   [Elcheva  et  al.,  2008].  GLI1  encodes  a   transcriptional  activator   that  attenuated  

the   inhibitory   effect   of   IGF2BP1-­‐‑depletion   on   proliferation   of   colorectal   cancer   cells  

[Noubissi  et  al.,  2009].  A  correlation  between  the  expression  of  these  factors  and  IGF2BP1  

in  cancer  was  only  given  for  GLI1,  which  showed  in  five  of  six  tested  IGF2BP1  positive  

primary  colorectal  tumor  samples  increased  mRNA  amounts  [Noubissi  et  al.,  2009].    

Moreover,  the  IGF2BP1-­‐‑mediated  stabilization  of  MDR1  (multidrug  resistance  protein  1)  

mRNA  associated  IGF2BP1  with  the  property  of  cancer  cells  to  avoid  chemotherapeutic  

treatment,  a  characteristic  of  cancer  stem  cells  [Boyerinas  et  al.,  2012].  These  findings,  the  

aforementioned  potential  to  facilitate  the  self-­‐‑renewal  of  fetal  neural  stem  cells  (Nishino  

et   al.,   2013),   as  well   as   the  positive   impact  on  CD44  expression   [Vikesaa   et   al.,   2006],   a  

gene  highly  expressed  in  CSCs  from  various  cancer  types  [Jaggupilli  and  Elkord,  2012],  
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may  indicate  a  role  for  IGF2BP1  in  cancer  stem  cells.  This  hypothesis  is  supported  by  the  

IGF2BP1-­‐‑dependent  increased  survival  of  a  subpopulation  of  colorectal  cancer  cells  that  

exhibited   characteristics   of  CSCs   [Hamilton   et   al.,   2013].   Further   evidence   for   a   role   in  

tumor   initiation  was   suggested   by   a   transgenic  mouse  model,   in   which   IGF2BP1   was  

expressed   from   the   whey   acidic   promoter   (WAP)   in   mammary   epithelial   cells   of  

lactating  adult  female  mice  [Tessier  et  al.,  2004].  Supporting  a  dose-­‐‑dependent  effect,  95%  

of   high   IGF2BP1-­‐‑expressing   and   60%   of   low   IGF2BP1-­‐‑expressing   animals   developed  

mammary  tumors  within  60  weeks.  Some  of  these  tumors  even  metastasized  [Tessier  et  

al.,  2004].  

Indicated  by  the  pro-­‐‑migratory  potential  of  VG1RBP  and  IGF2BP1  in  neural  crest  cells  

and   chicken   embryonic   fibroblasts,   respectively   [Farina   et   al.,   2003;   Yaniv   et   al.,   2003],  

IGF2BP1   gain-­‐‑   and   loss-­‐‑of-­‐‑function   studies   in   osteosarcoma-­‐‑derived   U2OS   cells   and  

ovarian   carcinoma-­‐‑derived   ES-­‐‑2   cells   indicated   a   function   of   the   protein   in   promoting  

the   velocity   as  well   as   directionality   of   cancer   cell  migration   [Stohr   et   al.,   2012].   These  

findings   were   supported   by   earlier   studies   in   metastatic   rat   mammary   carcinoma-­‐‑

derived  MTLn3  cells  that  showed  an  increased  polarity,  persistence  and  directionality  in  

cell  motility   upon   ectopic   IGF2BP1   expression   [Wang   et   al.,   2004;   Lapidus   et   al.,   2007].  

However,   the   stable   polarization   of   this   cell   phenotype   was   suggested   to   reduce   the  

ability  to  respond  to  chemotactic  signals,  e.g.  an  EGF  gradient,  necessary  for  cancer  cell  

invasion  [Lapidus  et  al.,  2007].  On  the  contrary,  xenograft  mouse  models  demonstrated  

the  association  between  IGF2BP1  expression  and  tumor  cell  dissemination  into  the  blood  

[Hamilton   et   al.,   2013].  Moreover,   the   combined   knockdown   of   IGF2BP1   and   IGF2BP3  

was   suggested   to   reduce   in   vitro   cell   migration   by   decreasing   invadopodia   formation  

[Vikesaa   et   al.,   2006].   These   actin-­‐‑based  membrane   protrusion   have   been   suggested   to  

facilitate  tumor  cell  invasion  [Paz  et  al.,  2013].    

Regulation  of  IGF2BP1  expression  

As  demonstrated  in  HEK293T  cells   [Noubissi  et  al.,  2006],   in  breast  cancer-­‐‑derived  cells  

[Gu   et   al.,   2008],   and   fetal   telencephalon   [Nishino   et   al.,   2013]   canonical  Wnt   signaling  

promotes   IGF2BP1   expression.  Oncogenic   stabilization  of  CTNNB1   in   colorectal   cancer  

[Noubissi   et   al.,   2006]   and   melanomas   [Elcheva   et   al.,   2008]   was   suggested   to   be   the  

driving  force  for  IGF2BP1  expression  in  cancer.  In  breast  cancer  cells,  Gu  et  al.  proposed  

a   feedback   regulation   between   CTNNB1   and   IGF2BP1,   which,   when   overexpressed,  

stabilized  CTNNB1  mRNA  [Gu  et  al.,  2008].    
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The   transcription   factor   MYC,   which   mRNA   is   stabilized   by   IGF2BP1,   was   also  

suggested   to   feed   back   by   accelerating   IGF2BP1   expression   [Noubissi   et   al.,   2010].   As  

demonstrated   for   CTNNB1,   MYC   directly   interacted   and   activated   the   IGF2BP1  

promoter  in  HEK293T  and  HeLa  cells,  respectively,  and  MYC  overexpression  increased  

IGF2BP1   protein   and  mRNA   levels   in   both   cell   lines   [Noubissi   et   al.,   2010].  Moreover,  

one   could   envision   an   indirect   enhancement   of   IGF2BP1   expression   by   the   MYC-­‐‑

mediated  repression  of  let-­‐‑7-­‐‑5p  f  expression.  MYC  was  suggested  to  repress  transcription  

[Chang  et  al.,  2008;  Wang  et  al.,  2011]  as  well  as  maturation  [Chang  et  al.,  2009]  of  several  

let-­‐‑7-­‐‑5p   family  members,  which  are  strong  repressors  of  IGF2BP1  expression  [Boyerinas  

et  al.,  2008;  Nishino  et  al.,  2013].    

As  an  alternative  mechanism  to  avoid  miRNA-­‐‑mediated  repression,  Mayr  and  Bartel  

proposed  alternative  polyadenylation  of  the  IGF2BP1-­‐‑3’UTR  [Mayr  and  Bartel,  2009].  In  

various   cancer-­‐‑derived   cell   lines   and   in   HEK293   cells,   three   IGF2BP1-­‐‑3’UTR   variants  

were   observed,   and   reporters   harboring   the   shortest   variant  were   expressed   at   higher  

levels   than   reporters   comprising   the   full   length   3’UTR   [Mayr   and   Bartel,   2009].   The  

impact  of  miRNA-­‐‑mediated  control  of   IGF2BP1   expression  was   further  supported  by  a  

most   recent   report   that   suggested   the   loss   of   global   miRNA   expression   in   an   adult  

mesenchymal  stem  cell  line  as  a  trigger  to  induce  IGF2BP1-­‐‑3  transcription  [Gurtan  et  al.,  

2013].   Comparing   a   Dicer   knockout   with   a   wild   type   cell   line   revealed   a   dramatic  

downmodulation   of  miRNA  expression   accompanied  with   increased   levels   of  mRNAs  

encoding   for   factors   highly   expressed   during   mid-­‐‑embryogenesis,   where   miRNA  

expressions  have  not  yet  globally  activated  [Gurtan  et  al.,  2013].    

Results  &  Discussion  

This   project   was   conducted   in   collaboration   with   Alexander   Mensch   (MD   thesis  

candidate).    

IGF2BP1  is  expressed  in  ATCs  and  marks  epithelial  dedifferentiation  

Aiming  at  determining  the  expression  status  of  IGF2BP1  in  thyroid  cancer,  total  RNA  of  

tumor  tissue  samples  from  patients  suffering  from  FTCs,  PTCs  or  ATCs  was  analyzed  by  

means  of  qRT-­‐‑PCR  (Figure  9A).  Tissue  samples  were  different  from  those  used  by  Braun  

et  al.  [Braun  et  al.,  2010]  and  provided  by  Dr.  Kerstin  Lorenz  from  the  university  hospital  

Halle  (Saale).  Based  on  the  evaluation  by  the  local  pathologist,  samples  were  categorized  

into  tumor  tissues  or  non-­‐‑transformed  thyroid  tissues  from  FTC  or  PTC  patients.  Up  to  

now   the  patient’s  disease  progression   is  not   available.  Levels   of   IGF2BP1  mRNA  were  
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determined   relative   to  RPLP0   (ribosomal   protein   large  P0)   and  GAPDH   (glyceraldehyde-­‐‑3-­‐‑

phosphate  dehydrogenase)  mRNAs  by  using   the  ΔCt-­‐‑method.  Consistent  with   the   finding  

that  IGF2BP1  re-­‐‑expression  is  linked  to  advanced  carcinoma  stages  [Ioannidis  et  al.,  2003;  

Dimitriadis  et  al.,  2007;  Kobel  et  al.,  2007],  its  expression  was  strongly  elevated  in  tissues  

from  ATC  patients,  but  with  the  exception  of  one  PTC-­‐‑diagnosed  patient,  not  detectable  

in  tumors  or  non-­‐‑transformed  tissues  from  FTC  and  PTC  patients  (Figure  9A).  However,  

although   14   ATC   patients   showed   high   IGF2BP1   mRNA   levels,   seven   expressed   the  

mRNA  at  negligible  levels  (Figure  9B).  Accordingly,  ATC  patients  were  assigned  into  an  

IGF2BP1-­‐‑positive  and  an  IGF2BP1-­‐‑negative  population.  

To  further  evaluate  IGF2BP1  expression  in  ATC  tissues  and  to  correlate  the  expression  

with   epithelial   dedifferentiation,   protein   levels   were   determined   by   Western   blot  

analysis   (Figure   9C).   CDH1   protein   served   as   the   primary   epithelial   marker,   whereas  

ZEB1,  ZEB2  and  TGFBR1  were  used  as  mesenchymal  markers  and   to   indicate  EMT.   In  

line  with   the   qRT-­‐‑PCR   analyses,   IGF2BP1  protein  was   exclusively   detectable   in   the   14  

ATC  samples  that  showed  a  high  IGF2BP1  mRNA  expression  (compare  Figure  9B  with  

C).  In  agreement  to  previous  findings  [Braun  et  al.,  2010],  15  of  21  ATC  tissues  (A1,  A6,  

A8,  A9,  A11-­‐‑A21)  were  characterized  by  a  reduced  or  lost  CDH1  expression.  Strikingly,  

in  essentially  the  same  samples  an  upregulation  of  ZEB1,  ZEB2  and  TGFBR1  expression  

was  observed.  Semi-­‐‑quantitative  Western  blotting  confirmed  significantly  reduced  levels  

of   CDH1   and   significantly   increased   levels   of   ZEB1   in   IGF2BP1-­‐‑positive   tissues  

compared   to   IGF2BP1-­‐‑negative   tissues   (Figure   9D).   Although   the   ZEB2   and   TGFBR1  

expressions  were  significantly  elevated  in  ATC  tissues  compared  with  non-­‐‑transformed  

tissues,   there   was   no   significant   difference   between   IGF2BP1-­‐‑positive   and   -­‐‑negative  

tissues.   To   further   evaluate   the   downregulation   of   CDH1   expression   and   the  

upregulation  of  ZEB1  expression  in  IGF2BP1-­‐‑positive  tissues,  mRNA  levels  of  CDH1  and  

ZEB1,  as  well  as  of  VCL  (vinculin)  as  control  were  determined  and  normalized  to  GAPDH  

and  RPLP0  mRNA   amounts.  CDH1  mRNA  was   barely   detectable   in   IGF2BP1-­‐‑positive  

ATC   samples,   whereas   ZEB1   mRNA   levels   were   significantly   increased   in   IGF2BP1-­‐‑

positive  ATC  tissues  compared  with  IGF2BP1-­‐‑negative  ATC  tissues  (Figure  9E).  Notably,  

with   exception   of   one   sample   (A17),  VCL   mRNA   levels   remained   unaffected   between  

IGF2BP1-­‐‑positive  and  IGF2BP1-­‐‑negative  ATC  tissues.    

The  expression  data  from  thyroid  cancer  tissues  suggested  an  association  of  IGF2BP1  

re-­‐‑expression   with   epithelial   dedifferentiation   of   anaplastic   thyroid   carcinomas.   To  

further   support   this  notion,   expression   levels   of   the  pro-­‐‑epithelial  miRNAs  141-­‐‑3p   and  

200c-­‐‑3p   [Burk   et   al.,   2008;   Gregory   et   al.,   2008a]   in   ATC   as   well   as   NT   samples   were  
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analyzed  by  means  of  qRT-­‐‑PCR  and  using  the  snRNA  U18  for  normalization  (Figure  9F).  

Consistent  with   the  miRNA  expression  data  determined  by  Braun   et   al.,   tumor   tissues  

derived   from  ATC  patients   showed  a  downmodulation  of  miR-­‐‑141-­‐‑3p   and  miR-­‐‑200c-­‐‑3p  

expression   when   compared   with   non-­‐‑transformed   tissues.   In   accord   with   the   co-­‐‑

expression   of   IGF2BP1   and   ZEB1,   the   abundance   of   both   miRNAs,   although   only  

significant  for  miR-­‐‑141-­‐‑3p,  was  more  severely  decreased  in  IGF2BP1-­‐‑positive  ATCs.    

In  addition  to  tumor-­‐‑suppressive  miRNAs,  the  expression  of  the  pro-­‐‑metastatic,  pro-­‐‑

proliferative  oncomiR  21-­‐‑5p   [Yan  et  al.,  2011;  Bornachea  et  al.,  2012]  was  determined.  In  

breast  [Yan  et  al.,  2008]  and  colorectal  cancer  [Xia  et  al.,  2013]  miR-­‐‑21-­‐‑5p  expression  was  

associated  with   poor   survival   and   advanced-­‐‑staging.   Consistent  with   the   results   from  

the   comparative   microarray   analyses   (Table   1   in   [Braun   et   al.,   2010]),   miR-­‐‑21-­‐‑5p   was  

significantly   upregulated   in   tumor   tissues   from   ATC   patients,   with   severely   elevated  

levels  in  IGF2BP1-­‐‑positive  tissues  ((Figure  9G).    

In   summary,   the   expression   analyses   of   six   non-­‐‑transformed   and   21   ATC   tissue  

samples   identified   a   correlation   between   IGF2BP1   re-­‐‑expression   and   epithelial  

dedifferentiation  of  ATCs,  characterized  by  the  downmodulation  of  CDH1  [Scheumman  

et   al.,   1995;  Naito   et   al.,   2001;  Wiseman   et   al.,   2007;   Slowinska-­‐‑Klencka   et   al.,   2012]   and  

miR-­‐‑141-­‐‑3p/200c-­‐‑3p   expression   [Park   et   al.,   2008].   Most   interestingly,   the   expression   of  

ZEB1,   the   reported   transcriptional   repressor   of   CDH1   [Eger   et   al.,   2005]   and   miR-­‐‑

141/200c-­‐‑3p   [Burk  et  al.,  2008],  correlated  positively  with  IGF2BP1  expression.  Although  

also  expressed   in   IGF2BP1-­‐‑negative  ATC  tissues,  ZEB1  protein  and  mRNA  levels  were  

significantly   elevated   in   IGF2BP1-­‐‑positive   tissues.   A   similar   correlation  was   identified  

for   the   expression   of   oncomiR  21-­‐‑5p.   This   provided   strong   evidence   that   IGF2BP1   is   a  

novel  biomarker  of  ATCs  with  a  potential  role  in  malignant  EMT.    
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Figure 9 | IGF2BP1 was re-expressed in anaplastic thyroid carcinomas with mesenchymal properties.  
(A) Total RNA of tumor tissue samples from patients suffering from FTCs, PTCs or ATCs was analyzed for IGF2BP1, GAPDH and RPLP0 
mRNAs by qRT-PCR. RNA was extracted by means of phenol-chloroform extraction. Reverse transcription was performed by using random 
primers. Tumor adjacent non-transformed (NT) tissue originates from FTC or PTC patients. The number of tissue samples is depicted at the 
right panel. mRNA abundance of IGF2BP1 was determined relative to GAPDH and RPLP0 mRNA levels by cross-normalization using the 
ΔCt-method. Mean values of IGF2BP1 mRNA abundance with error bars are presented as box plots. Student’s t-testing determined 
statistical significant increase of IGF2BP1 mRNA abundance in ATC samples in comparison to NT samples (***, P < 0.0005). (B) Bar 
diagram depicts GAPDH- and RPLP0-crossnormalized IGF2BP1 mRNA abundance from individual ATC tissue samples. According to the 
IGF2BP1 mRNA levels, ATC patients were assigned to an IGF2BP1-positive (underlined) and IGF2BP1-negative population. (C) Protein 
abundance of six NT tissues (N1-6) and 21 ATC tissues (A1-21) was determined by Western blot analyses with the indicated antibodies. 
Protein from tissue samples was extracted by using RIPA buffer and total protein concentration of extracts was determined by Dc protein 
assay (Bio-Rad, München, Germany) to allow equal loading. VCL served as loading control. Blots were analyzed by infrared scanning using 
the Odyssey scanner (LI-COR Biosciences). IGF2BP1-positive ATC tissue samples are labeled by underlined numbers. Western blot 
analyses for IGF2BP1, CDH1 and ZEB1 represent a reproduction of Western blot analyses performed by Alexander Mensch. (D) Fold 
change of CDH1, ZEB1, ZEB2 and TGFBR1 protein abundance was determined by normalization to VCL protein abundance. All blots were 
incubated with the same concentration of antibody and detection range. Mean values of relative protein abundance with error bars are 
presented as box plots for non-transformed tissue (NT) samples, IGF2BP1-negative ATC samples (I-) and IGF2BP1-positive ATC samples 
(I+). Student’s t-testing determined statistical significant decrease of CDH1 protein abundances, and statistical significant increase of ZEB1 
protein abundances in IGF2BP1-positive samples in comparison to IGF2BP1-negative samples, as well as statistical significant increase of 
ZEB2 and TGFBR1 protein abundances in ATC tissues in comparison to NT tissues (***, P < 0.0005; **, P < 0.005; * P < 0.05). (E) mRNA 
of ATC tissue samples depicted in (C) was analyzed for CDH1, ZEB1, VCL, GAPDH and RPLP0 by means of qRT-PCR. CDH1, ZEB1 and 
VCL mRNA abundance was determined relative to GAPDH and RPLP0 mRNA levels by cross-normalization using the ΔCt-method. Mean 
values of relative mRNA abundance with error bars are presented as box plots for IGF2BP1-negative and IGF2BP1-positive ATC samples 
(see B, C). Note, y-axis scaling represents ΔCt value x 10-2. Student’s t-testing determined statistical significant decrease of CDH1 mRNA, 
and statistical significant increase of ZEB1 mRNA levels in IGF2BP1-positive samples in comparison to IGF2BP1-negative samples (***, P 
< 0.0005; *, P< 0.05). 
Continued on next page 
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Figure 9 Continued 
(F, G) Abundance of (F) miR-141-3p, miR-200c-3p, and (G) miR-21-5p was analyzed by means of TaqMan-based qRT-PCR (Life 
Technologies, Carlsbad, CA, USA) and normalized to snRNA U18 levels by using the ΔCt-method. Mean values of miRNA abundance with 
error bars are presented as box plots. Note logarithmic scale for miR-21-5p plot. Student’s t-testing determined statistical significant decrease 
of miR-141-3p and miR-200c-3p abundances, as well as statistical significant increase of miR-21-5p abundances (**, P < 0.005; *, P < 0.05). 
(Antibodies and oligonucleotides are depicted in APPENDIX.) 

  

IGF2BP1  is  co-­‐‑expressed  with  mesenchymal  markers  in  carcinoma-­‐‑derived  cell  lines  

The   expression   analyses   in   ATC   tissues   supported   the   view   that   IGF2BP1   expression  

marks   epithelial   dedifferentiation.   To   evaluate   this   assumption   and   to   correlate   the  

expression  of  IGF2BP1  with  mesenchymal  markers,  12  carcinoma-­‐‑derived  cell  lines  were  

analyzed   for   IGF2BP1,   CDH1,   and   mesenchymal   marker   expression   (Figure   10A).  

Consistent  with   the   inverted  expression  pattern  of   IGF2BP1   and  CDH1   in  ATC  tissues,  

IGF2BP1  was   expressed   at   negligible   levels   in   the   CDH1-­‐‑expressing   cell   lines   derived  

from   a   primary   pancreas   carcinoma   (BxPC3,   Sigma-­‐‑Aldrich,   St.   Louis,   USA),   primary  

colorectal  carcinomas  (HCT  116;  HRT-­‐‑18;  HT-­‐‑29,  ATCC,  Manassas,  USA)  and  a  primary  

mammary  carcinoma  (MCF7,  Sigma-­‐‑Aldrich,  St.  Louis,  USA).  In  contrast,  high  levels  of  

IGF2BP1  protein  were  observed  in  the  ZEB1-­‐‑,  ZEB2-­‐‑  as  well  as  VIM-­‐‑expressing  cell  lines  

derived   from   a   poorly   differentiated   clear-­‐‑cell   ovarian   carcinoma   (ES-­‐‑2,   ATCC,  

Manassas,   USA),   a   lymph   node   metastasis   of   follicular   thyroid   carcinoma   (FTC-­‐‑133;  

Sigma-­‐‑Aldrich,  St.  Louis,  USA),  a  poorly  differentiated  papillary   thyroid  carcinoma  (B-­‐‑

CPAP,  DSMZ,  Braunschweig,  Germany),  primary  anaplastic  thyroid  carcinomas  (8505C,  

Sigma-­‐‑Aldrich,  St.  Louis,  USA;  C-­‐‑643,  CLS,  Eppelheim,  Germany),  a  cervical  carcinoma  

(HeLa,  ATCC,  Manassas,  USA)  and  a  poorly  differentiated  pancreas  carcinoma  (PANC-­‐‑

1,   ATCC,   Manassas,   USA).   To   further   evaluate   the   epithelial   characteristics   of   the  

carcinoma-­‐‑derived   cell   lines,   the   expression   of   the   non-­‐‑coding   epithelial  markers  miR-­‐‑

141-­‐‑3p   and  miR-­‐‑200c-­‐‑3p   was   analyzed   in   addition   to   the   expression   of   CDH1   (Figure  

10B).   In   agreement  with   the   repressive   function   of   the   transcription   factors   ZEB1   and  

ZEB2   [Burk   et  al.,   2008],  both  miRNAs  were  barely  detectable   in  mesenchymal-­‐‑like  cell  

lines,   but   highly   expressed   in   CDH1-­‐‑expressing   cells.   Surprisingly,   the   expression   of  

SNAI1,  SNAI2  and  LEF1,   reported  mesenchymal  markers   [Zeisberg   and  Neilson,   2009]  

and   transcriptional   repressors  of  CDH1   [Cano   et   al.,   2000;  Bolos   et   al.,   2003;   Jesse   et   al.,  

2010]   correlated   only   to   some   extend   with   the   expression   pattern   of   ZEB1/ZEB2   and  

VIM.    

Most   interestingly,   the  expression  of   the   IGF2BP1  paralogues   IGF2BP2   and   IGF2BP3  

was   not   restricted   to   mesenchymal-­‐‑like   cells   (Figure   10A).   This   accounts   also   for  

CTNNB1   and   MYC,   which   encode   a   transcriptional   co-­‐‑activator   and   a   transcription  
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factor,   respectively,   suggested   to   activate   IGF2BP1   transcription   [Noubissi   et   al.,   2006;  

Noubissi  et  al.,  2010].  

  

  

Figure 10 | IGF2BP1 was detectable in carcinoma-derived 
cell lines that express mesenchymal markers. 
(A) Indicated carcinoma-derived cell lines were cultured for 48 
hours and harvested at 90% confluence before analyzing the 
abundance of indicated proteins by Western blotting. Cells were 
lysed by RIPA buffer and total protein concentration of lysates 
was determined by Dc protein assay (Bio-Rad, München, 
Germany) to allow equal loading. VCL, α-tubulin 4A 
(TUBA4A) and GAPDH served as loading controls. CDH1-
expressing pancreas carcinoma (PC)-derived BxPC-3, colorectal 
carcinoma (CRC)-derived HCT116, HRT-18 and HT-29, and 
mammary carcinoma (MC)-derived MCF7 expressed negligible 
levels of IGF2BP1, whereas the following cell lines expressed 
high levels of IGF2BP1: ovarian carcinoma (OC)-derived ES-2, 
follicular thyroid carcinoma (FTC)-derived FTC-133, papillary 
thyroid carcinoma (PTC)-derived BCPAP, anaplastic thyroid 
carcinoma (ATC)-derived 8505C and C-643, cervical carcinoma 
(CC)-derived HeLa, and PC-derived PANC-1 cells. (Alexander 
Mensch performed Western blot analyses for CDH1, IGF2BP1 
and ZEB1; antibodies are depicted in APPENDIX.) (B) RNA of 
indicated cell lines was analyzed for miR-141-3p, miR-200c-3p, 
miR-16-5p and snRNA U18 by means of TaqMan-based qRT-
PCR (Life Technologies, Carlsbad, CA, USA). Abundance of 
miR-141-3p and miR-200c-3p was determined relative to 
HCT116 cells, and U18 and miR-16-5p levels for normalization 
by using the ΔΔCt-method.  

  

Depletion  of  IGF2BP1  impairs  mesenchymal-­‐‑like  cell  properties  of  ATC-­‐‑derived  cells  

The  mesenchymal  expression  pattern  of  IGF2BP1  in  ATC  tissues  and  carcinoma-­‐‑derived  

cell   lines   suggested   a   role   for   IGF2BP1   in   promoting   mesenchymal-­‐‑like   properties   of  

anaplastic  thyroid  carcinoma  cells.  Previous  studies  indicated  a  function  of  IGF2BP1  and  

its   orthologues   in   the   migration   of   neural   crest   cells   [Yaniv   et   al.,   2003],   chicken  

embryonic   fibroblasts   [Farina   et   al.,   2003],   and   cancer-­‐‑derived   cells   [Wang   et   al.,   2004;  

Lapidus  et  al.,  2007;  Stohr  et  al.,  2012;  Zirkel  et  al.,  2013].  To  test  the  pro-­‐‑migratory  role  of  
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IGF2BP1  in  ATC-­‐‑derived  cells,  Alexander  Mensch  compared  the  migratory  potential  of  

8505C   cells   treated  with   two   different   siRNAs   directed   against   IGF2BP1,   respectively,  

with  8505C  cells  treated  with  a  control  siRNA.  Cell  motility  was  determined  by  wound  

closure  assays.  Indicated  by  the  decreased  potential  to  close  the  wound,  the  knockdown  

of   IGF2BP1  significantly   impaired   cell  migration   (Figure   11A).  Knockdown   efficiencies  

were  verified  by  Western  blot  analyses  (data  not  shown).    

In   addition   to   an   increased   motility,   cancer   cells   with   mesenchymal-­‐‑like   cell  

properties   posses   the   ability   to   digest   extracellular   matrix   components   and   invade  

adjacent   tissues  or  blood  vessels.  Vikesaa   et   al.   hypothesized  an   impact  of   IGF2BP1  on  

cell   invasiveness,  because   the   combined  knockdown  of   IGF2BP1   and   IGF2BP3   reduced  

invadopodia   formation   and   the   expression   of   cell   adhesion   molecules   [Vikesaa   et   al.,  

2006].  To  test  the  role  of  IGF2BP1  in  directing  cell  invasion,  in  vitro  invasiveness  of  8505C  

cells   was   analyzed   by   using   a   transmigration   assay   (InnoCyteTM   Cell   Invasion   Assay,  

Merck,   Darmstadt,   Germany).   IGF2BP1   knockdown   and   control   cells   were   seeded   in  

serum-­‐‑free   media   into   cell   culture   inserts   (upper   chamber)   with   an   8   µμm   pore   size  

polycarbonate   membrane   coated   with   a   layer   of   basement   membrane   matrix   (BMM).  

After  48  hours  of   incubation,  the  number  of  cells  that   invaded  the  BMM  into  the  lower  

chamber  of  the  tissue  culture  plate  was  determined  by  staining  viable  cells  with  calcein  

AM  (acetomethoxy  derivate  of   calcein).  The   lower  chamber  contained  media  with  10%  

fetal   bovine   serum   as   a   chemoattractant.   In   comparison   to   control   cells,   from   which  

about   11%   invaded   the   BMM,   invasion   of   IGF2BP1-­‐‑depleted   cells   was   reduced   up   to  

three-­‐‑fold   (Figure   11B).   Because   IGF2BP1   is   a   well-­‐‑known   pro-­‐‑proliferative   factor  

(reviewed  in  [Bell  et  al.,  2013]),  the  number  of  viable  cells  was  determined  over  time  by  

using   the  CellTiter-­‐‑Blue  Cell  Viability  Assay   (Promega,  Madison,  WI,  USA)  parallel   to  

the  cell  invasion  assays.  In  agreement  with  studies  performed  in  ES-­‐‑2  cells  [Kobel  et  al.,  

2007],   the   IGF2BP1   knockdown   population   ceased   to   divide   (Figure   11C).   Hence,   the  

strongly  reduced  invasive  potential  of  IGF2BP1  knockdown  cells  (Figure  11B)  may  result  

from  impaired  invasion  as  well  as  decreased  proliferation.  To  further  test  the  impact  of  

IGF2BP1   on   cancer   cell   invasion,   and   to   separate   this   effect   from   cell   proliferation,  

microscopy-­‐‑assisted   single   cell   analyses   remain   to   be   performed   in   future   studies.  

Moreover,   the   formation   of   invadopodia,   which   mediate   invasion,   may   be   analyzed  

upon  IGF2BP1  knockdown  in  ATC-­‐‑derived  cells.    

Consistent   with   the   reduced   migratory   and   invasive   potential,   IGF2BP1-­‐‑depleted  

8505C  cells  altered  their  morphology  from  a  more  spindle-­‐‑shaped  to  a  flattened,  round-­‐‑

shaped  morphology   reminiscent  of  a  MET   (Figure  11D,   left  panel).  Moreover,   the   cells  
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grew   in   closer   contact   to   each   other.   Immunostaining   of   the   adherens   junction  

component   CTNNB1   revealed   pronounced   interactions   of   IGF2BP1-­‐‑depleted   cells  

(Figure   11D,   right   panel).   However   CDH1   was   not   detectable   by   immunostaining   or  

Western  blot  analyses,  and  an  increased  expression  of  CDH1  upon  IGF2BP1  knockdown  

was  also  not  observed  at  the  mRNA  level  (data  not  shown).  Surprisingly,  however,  the  

knockdown  of   IGF2BP1  reduced   the  expression  of  ZEB1   (Figure  11E).  On   the  contrary,  

the   expression   of   both  ZEB2   isoforms   was   not   reduced   in   IGF2BP1   knockdown   cells;  

instead   it   was   even   slightly   increased.   Immunostaining   for  MYC   served   as   a   positive  

control   for   the   IGF2BP1  knockdown-­‐‑mediated  changes   in  gene  expression   [Kobel   et  al.,  

2007].    

  

  
  

Figure 11 | IGF2BP1 knockdown impairs mesenchymal cell properties of ATC-derived 8505C cells.  
(A) 300,000 8505C cells were transfected with 75 pmol of indicated siRNAs by using Lipofectamin RNAiMax (Life Technologies, 
Carlsbad, CA, USA). The control siRNA encoded cel-miR-239b-5p. 48 hours after transfection, 200.000 cells were seeded in 24-well tissue 
culture plates. After 12 hours of incubation, cell populations were scratched before wound closure was determined every six hours over 
Continued on next page  
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Figure 11 Continued 
12 hours by means of microscopy (scratch, 250 µm). Cell migration was assessed by quantitative means using an automated segmentation 
algorithm [Glaß et al., 2012]. SD was determined over three independent analyses. Statistical significance was validated by Student’s t-
testing (***, P < 0.0005). The IGF2BP1 knockdown was monitored by Western blot analyses of protein extracts from the residual cells (data 
not shown). (Experiments depicted in (A) were conducted by Alexander Mensch.) (B-D) 600,000 8505C cells were transfected with a mix of 
IGF2BP1-1 and IGF2BP1-2 siRNAs (total 150 pmol), or 150 pmol control siRNA by using Lipofectamin RNAiMax (Life Technologies, 
Carlsbad, CA, USA). 20 hours after transfections cells were counted and seeded for (B) invasion assay (300,000 cells in invasion chamber), 
(C) viability assay (3x 10,000 cells in 96-well plates in duplicated), (D, E) microscopy analyses and Western blot analyses (200.000 cells in 
one well of a 6-well plate, which harbored one cover-slip for immunostaining). (B) In vitro cell invasion was analyzed 48 hours after seeding 
in invasion chamber by using the InnoCyteTM Cell Invasion Assay Kit (Merck, Darmstadt, Germany). SD was determined over three 
independent analyses. Statistical significance was validated by Student’s t-testing (*, P < 0.05). (C) Cell viability was determined by using 
the CellTiter-Blue Viability Assay Kit (Promega, Darmstadt, Germany) at indicated time points after IGF2BP1-directed siRNA transfection. 
The assay is based on the fluorescence dye resazurin, which is reduced by viable cells to resofurin upon incubation for four hours. Therefore 
the 20 hours time point is indicated as 24 hours. The fluorescence intensity of resofurin at the 48 and 72 hours time point was normalized to 
the 24 hours time point. (D) Cell morphology of control and IGF2BP1 depleted cells was monitored by light microscopy. Cell shape and 
cell-cell interactions were further analyzed by immunostainig for CTNNB1. Enlargements of box regions (left panel) are shown in the right 
panels (enlargement). Note altered cell morphology as well as reduced gap size between individual cells. (E) Cells seeded for Western blot 
analyses were harvested and lysed in RIPA buffer. Total protein concentration of lysates was determined by Dc protein assay (Bio-Rad, 
München, Germany) to allow equal loading. VCL, TUBA4A and GAPDH served as loading controls. Fold change of IGF2BP1, ZEB1, 
ZEB2 and MYC protein abundance on IGF2BP1 knockdown from three independent experiments were determined relative to control cells 
by normalization to GAPDH protein abundance, as indicated below the panel. (Antibodies, siRNA and oligonucleotides are depicted in 
APPENDIX.) 

  

Taken  together,  these  results  suggest  that  the  re-­‐‑expression  of  IGF2BP1  in  ATCs  may  

contribute  to  the  high  invasive  and  proliferative  potential  of  this  aggressive  malignancy.  

The   reduced  motility   and   invasion   of   8505C   cells   upon   IGF2BP1   depletion   indicated   a  

pro-­‐‑mesenchymal  role  of  IGF2BP1  and  supported  previous  findings  suggesting  IGF2BP1  

as  a  key   regulator  of   cell  migration  and   invasion   (reviewed   in   [Stohr  and  Huttelmaier,  

2012]).  The  modulation  of  ACTB    expression  and  of  microfilament  dynamics  by  IGF2BP1  

were   suggested   to   promote   velocity   of   cell  migration   and   also   cell-­‐‑matrix   adhesion,   a  

prerequisite   for   cell   migration   [Stohr   and   Huttelmaier,   2012].   IGF2BP1   was   shown   to  

inhibit  ACTB  mRNA   translation   and   in   addition   it  was   proposed   to  modulate  G-­‐‑actin  

sequestering  by  interfering  with  the  translation  of  the  MAPK4  mRNA  [Huttelmaier  et  al.,  

2005;  Stohr  et  al.,  2012].  On  the  other  hand,  the  stimulatory  effect  on  tumor  cell  invasion  

was  suggested   to  be   facilitated  by   the   IGF2BP1-­‐‑mediated  stabilization  of  CD44  mRNA,  

which  enhances  the  formation  of  invadopodia  in  vitro  [Vikesaa  et  al.,  2006].  To  link  these  

features  with  ATC  tumorigenesis,  it  remains  to  be  analyzed  if,  how  and  to  what  extend  

IGF2BP1  modulates   these  processes   in  ATC-­‐‑derived   cells.  Moreover,   the   expression   of  

respective  IGF2BP1  target  genes  might  be  determined  in  ATC  tissue  samples.    

Consistent   with   observations   from   ovarian   [Kobel   et   al.,   2007]   and   hepatocellular  

carcinoma-­‐‑derived   cells   [Gutschner   et   al.,   2014],   depletion   of   IGF2BP1   inhibited   the  

proliferation  of  8505C  cells.   Interestingly,   the  ceased  proliferation  was  accompanied  by  

morphological   changes,   characterized   by   the   gain   of   a   large   and   flattened   cell   shape.  

Although  this  phenotype  may  be  reminiscent  of  an  epithelial  morphology,  it  may  also  be  

reminiscent   of   a   senescent   morphology.   Senescent   cells,   which   lost   their   proliferative  

capacity,   can   become   flat   and   large   [Kuilman   et   al.,   2010].   Accordingly,   it   will   be  

interesting   to   investigate   whether   IGF2BP1   antagonizes   senescence   and   thereby  
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contributes   to   cancer   cell   proliferation.   A   prominent,   and   easy-­‐‑to-­‐‑analyze   senescent  

biomarker   is   senescence-­‐‑associated   β-­‐‑galactosidase,   which   increases   its   activity   under  

senescent   conditions   [Kuilman   et   al.,   2010].   In   addition,   it   remains   to   be   analyzed  

whether   the   reduced  cell  number   in   the   IGF2BP1  depleted  population   results   from   the  

induction  of  apoptosis,  as  recently  suggested  for  hepatocellular  carcinoma-­‐‑derived  cells  

[Gutschner  et  al.,  2014].  A  link  to  all  these  functions  was  given  by  the  reduced  expression  

of  MYC  and  ZEB1   in  8505C  upon  IGF2BP1  knockdown.  Both  transcription  factors  have  

been  associated  with  pro-­‐‑proliferative  as  well   as  pro-­‐‑metastatic  processes   (reviewed   in  

[Browne  et  al.,  2010;  Wolfer  and  Ramaswamy,  2011;  Dang,  2013]).  However,   in  contrast  

to  MYC,  which  represents  a  well-­‐‑characterized  IGF2BP1  target  [Doyle  et  al.,  1998;  Lemm  

and   Ross,   2002;   Bell   et   al.,   2013],   ZEB1   presented   a   potential   novel   IGF2BP1   target  

mRNA.    

Depletion  of  IGF2BP1  reduces  ZEB1  mRNA  stability  

The   reduced   expression   of   ZEB1   in   IGF2BP1-­‐‑depleted   8505C   cells   suggested   ZEB1  

mRNA  as  a  novel  IGF2BP1  target  transcript.  To  further  test  this  notion,  ZEB1  expression  

upon   IGF2BP1  depletion  was,   in  addition  to  8505C  cells,  also  analyzed  in  ATC-­‐‑derived  

C-­‐‑643  cells.  In  both  cell  lines,  the  IGF2BP1  knockdown  directed  by  two  different  siRNAs  

led  to  a  significant  decrease  of  steady  state  ZEB1  protein  as  well  as  ZEB1  mRNA  levels  

(Figure   12A,   B).   According   to   the   Gene   database   of   the   National   Center   for  

Biotechnology   Information   (NCBI)   ZEB1   encodes   six   protein-­‐‑coding   transcripts   that  

result  from  alternative  splicing  and  alternative  translation  initiation  sites.  The  qRT-­‐‑PCR  

primers   used   in   this   study   allowed   detection   of   all   isoforms.   The   antibody   used   for  

Western  blot  analyses  was  supposed   to   recognize  all   isoforms  as  well,  however  due   to  

low  differences  in  the  molecular  weight,  distinct  isoforms  may  not  be  recognizable.  The  

decreased   steady   levels   of   ZEB1   mRNA   suggested   that   IGF2BP1   promoted   ZEB1  

expression   by   stabilizing   ZEB1   mRNA,   as   previously   demonstrated   for   MYC  

[Weidensdorfer   et   al.,   2009],  PTEN   [Stohr   et   al.,   2012],   and  LEF1   [Zirkel   et   al.,   2013].  To  

analyze  the  role  of  IGF2BP1  in  preventing  ZEB1  mRNA  degradation,  Alexander  Mensch  

monitored  ZEB1   transcript  turnover  upon  IGF2BP1  knockdown  in  8505C  cells  by  using  

Actinomycin   D   (ActD).   ActD   was   proposed   to   inhibit   transcription   by   preventing  

elongation  of  growing  RNA  chains   [Sobell,  1985].  These  analyses  revealed  a  significant  

destabilization   of   ZEB1   mRNAs   in   response   to   IGF2BP1   depletion   (Figure   12C).   In  

contrast,   levels   of   VCL   mRNA   remained   insignificantly   affected   upon   reduction   of  
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IGF2BP1   expression.   Both  ZEB1   and  VCL  mRNA   levels  were   internally   normalized   to  

RPLP0  transcript  levels.    

  

  

  

 
 
Figure 12 | IGF2BP1 knockdown impaired ZEB1 
expression. 
(A, B) 300,00 8505C and C-643 cells were transfected 
with 75 pmol control (C, control) or IGF2BP1-directed 
(I-1; I-2) siRNAs for 72 hours. (A) Protein abundances 
of IGF2BP1 and ZEB1 on IGF2BP1 knockdown were 
determined relative to control cells by Western 
blotting using GAPDH for cross-normalization, as 
indicated below the panels. Protein was extracted by 
using RIPA buffer and total protein concentration of 
extracts was determined by Dc protein assay (Bio-Rad, 
München, Germany) to allow equal loading. VCL and 
TUBA4A served as additional loading controls. Blots 
were analyzed by infrared scanning using the Odyssey 
scanner  (LI-COR  Biosciences).  ( The  Western   blot  

shown for 8505C cells displays a reproduction performed by Alexander Mensch.) (B) IGF2BP1, ZEB1 and RPLP0 mRNA levels were 
analyzed by means of qRT-PCR. Total RNA was extracted by means of phenol-chloroform extraction. Reverse transcription was performed by 
using random priming. Changes in IGF2BP1, ZEB1 and RPLP0 mRNA abundance on IGF2BP1 knockdown were determined relative to 
control cells by the ΔΔCt-method using GAPDH for normalization. Error bars indicate SD of at least three independent analyses. Student’s t-
testing determined statistical significant decrease of ZEB1 mRNA abundance in IGF2BP1 knockdown cells (*, P < 0.05; **, P < 0,005; ***, P 
< 0.0005). (C) mRNA decay was monitored in 8505C cells transfected with indicated siRNAs for 72 hours by blocking mRNA synthesis using 
5µM Actinomycin D (ActD) for indicated times. mRNA levels were determined by means of qRT-PCR and normalization to RPLP0 by the 
ΔΔCt-method. VCL served as a control. mRNA decay is depicted in semi-logarithmic scale. Statistical significant decrease of ZEB1 mRNA 
abundance upon IGF2BP1 knockdown determined over three independent experiments was analyzed by Student’s t-testing (*, P < 0.05; **, P 
< 0,005). Decay experiments were performed by Alexander Mensch. (Antibodies, siRNA and oligonucleotides are depicted in APPENDIX.) 

  

The   role   of   IGF2BP1   in   interfering   with   ZEB1  mRNA   turnover   suggested   a   direct  

association  of  IGF2BP1  with  the  ZEB1  mRNA.  To  test  this  hypothesis,  Alexander  Mensch  

analyzed  mRNAs   co-­‐‑immunoprecipitated  with   IGF2BP1   protein   from  HeLa   cell   lysate  

by  means  of  qRT-­‐‑PCR.  As  observed   in  ATC-­‐‑derived   cells,   the  depletion  of   IGF2BP1   in  

HeLa   cells   reduced  ZEB1   protein   as  well   as  ZEB1  mRNA   abundance   (Figure   12A,   B).  

Indicated  by  their   increased  abundance  within   the   IGF2BP1-­‐‑co-­‐‑IP   fraction  compared  to  

the   bead   control   (BC),   ZEB1   as   well   as   LEF1  mRNAs   were   associated   with   IGF2BP1  

protein   from  HeLa   cell   lysates   (Figure   13C).  LEF1  was   identified   as   an   IGF2BP1   target  

mRNA  by  Nadine  Bley  during  the  time  of  this  study,  and  served  as  a  positive  control  for  

the   IP   analyses   [Stohr   et   al.,   2012;   Zirkel   et   al.,   2013].   In   contrast   to   ZEB1   and   LEF1,  
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GAPDH  and  RPLP0  mRNAs  showed  a  similar  abundance  within  the  IGF2BP1  co-­‐‑IP  and  

BC  fractions.      

  

  

Figure 13 | ZEB1 mRNA was specifically co-purified 
with IGF2BP1 from HeLa cell lysate.  
(A, B) 300,000 HeLa cells were transfected with 75 pmol 
control (C, si-control) or IGF2BP1-directed (I-1, si-
IGF2BP1) siRNAs for 72 hours. (A) Protein abundances of 
IGF2BP1 and ZEB1 on IGF2BP1 knockdown were 
determined as described in Figure 12. (B) IGF2BP1, ZEB1 
and RPLP0 mRNA levels were analyzed as described in 
Figure 12. Student’s t-testing determined statistical 
significant decrease of ZEB1 mRNA abundance in 
IGF2BP1 knockdown cells (***, P < 0.0005). (C) In vitro 
association of indicated mRNAs with IGF2BP1 protein was 
analyzed by RNA co-immunoprecipitation (co-IP). 
Endogenous IGF2BP1 was immunopurified by a polyclonal 
antibody (IGF2BP1 (2), see APPENDIX)) as indicated by 
Western blot analyses (left panel). Co-purification of 
indicated mRNAs was analyzed by using qRT-PCR. IgG-
agarose served as a control for unspecific mRNA binding 
(BC, bead control). The enrichment of mRNAs by 
IGF2BP1-IP was determined relative to the input fraction 
by using the ΔCt-method. Student’s t-testing determined 
the statistical significant enrichment of ZEB1 and LEF1 
mRNAs within the IGF2BP1-co-IP fraction compared to 
BC fraction (*, P < 0.05). Error bars indicate SD of at least 
three independent analyses. (All described experiments 
were performed by Alexander Mensch; antibodies, siRNAs 
and oligonucleotides are depicted in APPENDIX.) 

  

Taken  together,  these  results  suggest  ZEB1  as  a  novel  IGF2BP1  target  mRNA.  Similar  

to  the  IGF2BP1-­‐‑directed  control  of  e.g.  MYC,  PTEN  or  LEF1  expression  [Weidensdorfer  et  

al.,   2009;   Stohr   et   al.,   2012;   Zirkel   et   al.,   2013],   the   time-­‐‑dependent   decrease   of   ZEB1  

mRNA   abundance   upon   IGF2BP1   depletion   and   the   block   of   transcription   by  

actinomycin   D   indicated   that   IGF2BP1   prevented   ZEB1   mRNA   degradation.   Under  

steady-­‐‑state   conditions,   the   knockdown  of   IGF2BP1   reduced  ZEB1  protein   and  mRNA  

abundance.   Consistent   with   these   findings,   ZEB1   mRNA   and   protein   levels   were  

significantly  increased  in  IGF2BP1-­‐‑expressing  tumors  from  patients  suffering  from  ATCs  

(see  Figure  9C,  D).  This  provides  a   strong  argument   that   IGF2BP1  may  promote  ZEB1  

expression   in  ATCs.  However,   to   further   verify   this   promoting   effect,   it   remains   to   be  

demonstrated  that  ZEB1  expression  increases  upon  IGF2BP1  gain-­‐‑of-­‐‑function.    

Strikingly,   the  here  presented  findings  support   the  notion  that   IGF2BP1  enhances  or  

sustains   pro-­‐‑mesenchymal   cell   properties.   Previous   studies   indicated   this   by  

demonstrating   the   pro-­‐‑migratory   effect   of   IGF2BP1   by   reorganizing   the   actin  

cytoskeleton   [Stohr   and   Huttelmaier,   2012],   by   promoting   LEF1   and,   potentially   as   a  

result  of  this,  SNAI2  expression  [Zirkel  et  al.,  2013].  IGF2BP1  was  suggested  to  associate  
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with   LEF1   transcripts   and   to   prevent   their   degradation.   The   transcription   factor   LEF1  

was   proposed   to   transcriptionally   activate   SNAI2   expression,   and   to   promote   cell  

migration   and   invasion   [Huang   et   al.,   2012;   Zirkel   et   al.,   2013].   Accordingly,   one  may  

hypothesize   that   IGF2BP1   controls   additional   genes   involved   in   pro-­‐‑mesenchymal   cell  

behaviors.  Therefore,   it  would  be  highly   interesting   to  monitor  global   gene   expression  

upon   IGF2BP1   knockdown   in   mesenchymal-­‐‑like   carcinoma-­‐‑derived   cells   of   e.g.   ATC  

origin.   Until   now,   global   gene   expression   under   IGF2BP1   knockdown   conditions   was  

only   analyzed   in  HEK293   [Hafner   et   al.,   2010]   and  U2OS   cells   [Stohr   and  Huttelmaier,  

2012].  

ZEB1  sustains  IGF2BP1  expression  

IGF2BP1   expression  was   suggested   to   be   controlled  by  CTNNB1   [Noubissi   et   al.,   2006;  

Gu   et   al.,   2008],   MYC   [Noubissi   et   al.,   2010]   or   the   let-­‐‑7-­‐‑5p   family   [Gu   et   al.,   2008].  

However,   these   regulators   did   not   show   a   mesenchymal-­‐‑like   expression   pattern   like  

IGF2BP1   (see   Figure   10A;   Figure   2A   in   [Park   et   al.,   2008];   Figure   6A   in   [Zirkel   et   al.,  

2013]).   In   contrast,  ZEB1  showed  a   strikingly   similar   expression  pattern   as   IGF2BP1   in  

ATC   tissues  as  well   as   in   carcinoma-­‐‑derived  cell   lines   (see  Figure  9C,   and  Figure  10A;  

Figure   6A   in   [Zirkel   et   al.,   2013]).   Hence,   the   co-­‐‑expression   of   IGF2BP1   and   ZEB1  

suggested  not  only  a  promoting  effect  of  IGF2BP1  on  ZEB1  expression,  but  vice  versa  also  

a   stimulatory   effect   of   ZEB1   on   the   synthesis   of   IGF2BP1.  Most   studies   revealed   that  

ZEB1   functions   as   a   transcriptional   repressor   (reviewed   in   [Gheldof   et   al.,   2012]).  

However,  it  was  suggested  that  dependent  on  the  expression  of  specific  co-­‐‑factors,  ZEB1  

could   also   function   as   a   transcriptional   activator   [Gheldof   et   al.,   2012].   Moreover,   by  

suppressing   miRNAs   like   miR-­‐‑203a   or   members   of   the   miR-­‐‑200-­‐‑3p   family,   ZEB1  

indirectly   promotes   the   expression   of   genes   like   BMI1   (BMI1   polycomb   ring   finger  

oncogene)  [Wellner  et  al.,  2009].    

To  evaluate  a  promoting   function  of  ZEB1  on   IGF2BP1   expression,   IGF2BP1  protein  

and   IGF2BP1  mRNA  abundances  were  analyzed  upon  ZEB1  knockdown   in  8505C  and  

C-­‐‑643   cells   by   using   two   distinct   siRNAs   (Figure   14A,   B).   Consistent   with   the   co-­‐‑

expression   in   ATC   tissues   and   carcinoma-­‐‑derived   cell   lines,   ZEB1   sustained   IGF2BP1  

expression  in  ATC-­‐‑derived  cells  with  a  pronounced  effect  at  the  protein  level  (compare  

Figure   14A  with  B).  Although   IGF2BP1  protein   levels  were   reduced  by   approximately  

40-­‐‑50%  in  both  cell  lines;  IGF2BP1  mRNA  levels  were  exclusively  reduced  in  C-­‐‑643  cells  

by   approximately   25-­‐‑40%,   depending   on   the   siRNA.   These   findings   suggested   a   cell  

context-­‐‑dependent  regulation  of  IGF2BP1  expression  by  ZEB1.  This  was  reflected  by  the  
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different   extend   of  CDH1   re-­‐‑expression  upon  ZEB1   knockdown.   In   8505C   cells,  CDH1  

mRNA   as   well   as   CDH1   protein   levels   were   strongly   increased,   whereas   CDH1  

expression   was   only   modestly   accelerated   in   C-­‐‑643   cells   upon   ZEB1   depletion.  

Accordingly,  CDH1  protein  was  not  detectable  by  Western  blot  analyses.   In   these  cells  

additional   transcription   factors   or   cofactors   may   synergize   with   ZEB1   to   silence   the  

CDH1  promoter.    

To   further   evaluate   the   involvement   of   ZEB1   in   sustaining   IGF2BP1   expression,  

Alexander   Mensch   performed   a   ZEB1   knockdown   in   HeLa   cells.   Consistent   with   the  

findings  from  C-­‐‑643  cells,  IGF2BP1  protein  and  IGF2BP1  mRNA  amounts  were  reduced  

in  ZEB1-­‐‑depleted  cells  (Figure  14C,  D).  Again,  the  effect  on  IGF2BP1  protein  abundance  

was   stronger   than   on   IGF2BP1  mRNA   abundance.   The   increased   expression   of  CDH1  

was   sufficiently   high   to   be   detected   by   Western   blot   analyses.   Taken   together,   these  

findings  suggest  a  positive   feedback  regulation  between  IGF2BP1  and  ZEB1.  However,  

the   only   modest   change   in   IGF2BP1   mRNA   versus   IGF2BP1   protein   levels   observed  

upon   manipulating   ZEB1   expression   argued   against   a   transcriptional   activation   of  

IGF2BP1   by   ZEB1.   In   contrast,   ZEB1   may   repress   post-­‐‑transcriptional   or   post-­‐‑

translational   regulators   that   attenuate   IGF2BP1   expression.   In   view   of   the   strong  

inhibition   of   some  miRNAs   by  ZEB1   [Burk   et   al.,   2008;  Wellner   et   al.,   2009;  Ahn   et   al.,  

2012],   it   was   hypothesized   that   the   observed   effects   were   at   least   partly   due   to   the  

suppression  of  IGF2BP1-­‐‑inhibiting  miRNAs  (Figure  14E).  
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Figure 14 | ZEB1 knockdown impaired IGF2BP1 expression.  
(A, B) 300,000 8505C, C-643 and (C, D) HeLa cells were transfected with 75 pmol control (C, cel-miR-239b-5p) or ZEB1-directed (Z-1; Z-
2) siRNAs for 72 hours. (A, C) Protein abundances of IGF2BP1 and ZEB1 on ZEB1 knockdown were determined relative to control cells by 
Western blotting using VCL for cross-normalization, as indicated below the panels. Protein was extracted by using RIPA buffer and total 
protein concentration of extracts was determined by Dc protein assay (Bio-Rad, München, Germany) to allow equal loading. GAPDH and 
TUBA4A served as additional loading controls. Blots were analyzed by infrared scanning using the Odyssey scanner (LI-COR Biosciences). 
Representative Western blots of at least three independent analyses are shown. (B, D) IGF2BP1, ZEB1, CDH1 and VCL mRNA levels were 
analyzed as described in Figure 12. Student’s t-testing determined statistical significant decrease of IGF2BP1 mRNA abundance and 
increase of CDH1 mRNA abundance in ZEB1 knockdown cells (*, P < 0.5; **, P < 0.005; ***, P < 0.0005). (The Western blot shown for 
8505C cells displays a reproduction performed by Alexander Mensch; mRNA results for 8505C cells include reproductions performed by 
Alexander Mensch; experiments with HeLa cells were performed by Alexander Mensch; antibodies, siRNAs and oligonucleotides are 
depicted in APPENDIX.) Note, that y-axes in B differ in two orders of magnitude. (E) Model for ZEB1-mediated regulation of IGF2BP1 
expression: The mechanism by which ZEB1 sustains IGF2BP1 expression in ATC-derived and HeLa may involve the repression of 
IGF2BP1-targeting miRNAs by interfering with their transcription.  

  

To   test   the   involvement  of  post-­‐‑transcriptional   regulators   that  mediate   translational  

repression   of   IGF2BP1   mRNA   upon   ZEB1   knockdown,   Alexander   Mensch   analyzed  

mRNA   co-­‐‑sedimentation   with   polysomes   from   HeLa   cell   extracts.   Cycloheximide-­‐‑

treated  cell  extracts  from  HeLa  cells  transfected  with  a  ZEB1-­‐‑directed  siRNA  or  a  control  

siRNA   were   separated   by   centrifugation   through   a   15   –   45   %   sucrose   gradient.   The  

absorption   profile   monitored   at   260   nm   allowed   the   determination   of   polysomes  

(fraction  11  -­‐‑  22),  and  monosomes  or  ribonucleoproteins  (RNPs)  (fraction  1  –  10)  (Figure  

15A).   Gradient   fractions  were   analyzed   for   IGF2BP1,   VCL,  ACTB   and  GAPDH  mRNA  

content  by  means  of  qRT-­‐‑PCR.  These  analyses  identified  a  shift  of  IGF2BP1  mRNA  from  

polysomal   to   monosomal   fractions   in   ZEB1   knockdown   cell   lysates   (Figure   15B).   In  

contrast   to   control   lysates,   from   which   84±1%   of   IGF2BP1   mRNA   associated   with  
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polysomes,   only   57±1%  of   IGF2BP1  mRNA   from  ZEB1-­‐‑depleted   lysates   co-­‐‑sedimented  

with  polysomes.  Notably,   the  polysomal  abundance  of   three  control  mRNAs   including  

VCL,   ACTB   and   GAPDH   was   barely   affected   by   the   depletion   of  ZEB1.   These   results  

suggested   that   the   pronounced   reduction   of   IGF2BP1   protein   abundance   upon   ZEB1  

knockdown  resulted  at   least  partially   from  a   reduced   translation  efficiency  of   IGF2BP1  

mRNA.   However,   additional   regulation   at   the   post-­‐‑translational   level   cannot   be  

excluded  at  this  point  and  thus  remains  to  be  investigated  by  future  studies.    

Hypothesizing   the   involvement   of   IGF2BP1   expression-­‐‑antagonizing   miRNAs,   the  

expression   of   reporters   harboring   a   control,   a   shortened   and   the   full-­‐‑length   IGF2BP1-­‐‑

3’UTR  was  analyzed  upon  ZEB1  knockdown.  The  more  than  10-­‐‑fold  shortened  IGF2BP1-­‐‑

3’UTR  was   suggested   to   be   essentially   resistant   to  miRNA-­‐‑mediated   repression   [Mayr  

and  Bartel,  2009].  The  activity  of  reporters  comprising  the  vector-­‐‑derived  control  3’UTR  

or  the  shortened  IGF2BP1-­‐‑3’UTR  remained  unaffected  by  the  ZEB1  knockdown  (Figure  

15C).   On   the   contrary,   the   activity   of   the   IGF2BP1-­‐‑3’UTR-­‐‑comprising   reporter   was  

significantly   reduced  by  ZEB1   depletion   (Figure   15C).  Although   these   reporter   studies  

strongly  argued  for  an  involvement  of  post-­‐‑transcriptional  regulators   like  miRNAs,  the  

reduction   of   IGF2BP1-­‐‑3’UTR-­‐‑reporter   activity   was   less   severe   than   the   reduction   of  

endogenous   IGF2BP1   protein   (compare   Figure   14C   with   Figure   15C).   Accordingly,  

additional  cis-­‐‑acting  elements  of  the  endogenous  IGF2BP1  mRNA  may  play  a  role  in  the  

post-­‐‑transcriptional   control   or,   as   mentioned   before,   post-­‐‑translational   regulation   of  

IGF2BP1   protein   abundance.   Future   studies   also   remain   to   evaluate   whether   the  

reduction   of   reporter   expression   is   predominantly   due   to   the   reduction   of   reporter  

mRNA  levels.  
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Figure 15 | ZEB1 knockdown reduced polysomal association of IGF2BP1 mRNA.  
(A, B) 800,000 HeLa cells were transfection with 200pmol control (si-control, C) or ZEB1-directed (si-ZEB1-2, Z) siRNAs. After 72 hours, 
cells were incubated for 1 hour with 1:1000 cylcoheximide solution (100mg/ml, #66-81-9, Sigma Aldrich, St. Louis, USA) and lysed in 1.2 
ml gradient buffer (10mM HEPES pH 7.2, 150 mM KCl, 5 mM MgCl2) supplemented with 0.5% NP-40, protease inhibitor cocktail (1:250, 
Sigma-Aldrich, St. Louis, USA), RNase inhibitor (RNasin Plus, #N2615, 1:1000, #P8340, Promega, Madison, WI, USA), and 1:1000 
cycloheximide. One ml of cell extract was loaded onto a 10 ml 15 - 45 % sucrose gradient and centrifuged for 2 hours at 40,000 rpm and 
4°C. Fractions of 0.5 mL were collected from the top to the bottom of the gradient. Left panel displays representative 260 nm absorbance 
profiles from extracts of cells treated with control siRNA (si-control, black line) or ZEB1-2 siRNA (si-ZEB1-2, red line) plotted (A) against 
the fraction number. (B) From the 22 fractions, two successive fractions were pooled and RNA was isolated by means of phenol-chloroform 
extraction from the resulting 11 fractions. The amount of mRNA per fraction relative to the amount of all fractions was determined by 
means of qRT-PCR. The bar diagram depicts the summation the relative amounts of indicated mRNAs in percent from monosomal (fraction 
1-10, black bars) and polysomal fractions (fraction 11-22, grey bars). Student’s t-testing determined statistical significant increase of 
IGF2BP1 mRNA amounts in monosomal fractions from ZEB1 knockdown cell extracts (Z, siZEB1-2) compared to control knockdown (C, 
si-control) cell extracts (**, P < 0.005). Error bars indicate SD of at least three independent analyses. Gradient analyses were performed by 
Alexander Mensch. (C) Left panel: Scheme of used Firefly luciferase (FFL) reporters comprising the Firefly open reading frame fused to 
the full lengths IGF2BP1-3’UTR [1], the shortened IGF2BP1-3’UTR [2] comprising the 3’UTR 5’-sequence until the first alternative 
poly(A)-signal, or the pmiR-GLO vector encoded multiple cloning site fused to the SV-40 poly(A)-signal [3]. Right panel: HeLa cells were 
transfected with control (si-control) or a mix of ZEB1-directed siRNAs (si-ZEB1-1, si-ZEB1-2) for 48 hours before transfection of pmiR-
GLO vectors encoding FFL reporters as well as Renilla luciferase. Changes in activity of Firefly luciferase reporters [1-3] upon ZEB1 
knockdown (si-ZEB1) were determined relative to controls (si-control) by normalization to Renilla luciferase activities. Statistical 
significance was validated by Student’s t-testing (**, P < 0.005). Error bars indicate SD of at least three independent analyses. (siRNAs and 
oligonucleotides are depicted in APPENDIX.) 

IGF2BP1  is  targeted  by  known  ZEB1-­‐‑repressed  miRNAs  

Aiming   at   identifying   IGF2BP1-­‐‑regulatory  miRNAs   from   epithelial   cells,   Bianca   Busch  

conducted   in   the   context   of   her   PhD   thesis   two   independent  miTRAP   experiments   by  

using   MCF7   cell   lysate   and   the   IGF2BP1-­‐‑3’UTR   as   a   bait   RNA.   MCF7   cells   are  

characterized  by  a  typical  epithelial-­‐‑like  cell  morphology  (not  shown),  the  expression  of  

epithelial  markers,  and   the  absence  of  ZEB1   as  well  as   IGF2BP1  expression   (see  Figure  

10).  Accordingly,   the  presence  of  miRNAs  negatively  regulated  by  ZEB1  was  expected.  

The  comprehensive  analysis  of  miTRAP  eluates  by  next  generation  sequencing  identified  

in  addition  to  IGF2BP1-­‐‑regulatory  miRNAs  of  the  let-­‐‑7-­‐‑5p  family,  25  miRNAs  specifically  

enriched   in   the   IGF2BP1   miTRAP   eluates   (Figure   16A).   Most   interestingly,   these  

candidates  comprised  14  miRNAs  predicted  to  target  the  IGF2BP1-­‐‑3’UTR,  moreover,  two  

of  these  were  reported  to  be  repressed  by  ZEB1  (miR-­‐‑203a   [Wellner  et  al.,  2009;  Moes  et  
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al.,   2012];  miR-­‐‑34a-­‐‑5p   [Siemens   et   al.,   2011;  Ahn   et   al.,   2012]).   These   findings   suggested  

that   ZEB1   sustains   IGF2BP1   expression   by   repressing   miR-­‐‑34a-­‐‑5p   and   miR-­‐‑203a.  

Accordingly,   the   impact   of   these   miRNAs   on   IGF2BP1   expression   was   of   particular  

interest.   To   evaluate   their   regulatory   potency   to   control   endogenous   IGF2BP1  

expression,  miR-­‐‑34a-­‐‑5p  and  miR-­‐‑203a  mimics  were   transfected   in  C-­‐‑643   cells.   Indicated  

by   the   reduced   IGF2BP1   protein   and   IGF2BP1   mRNA   abundance,   both   miRNAs  

decreased  IGF2BP1  expression  (Figure  16B,  C).  Ectopic  expression  of  let-­‐‑7d-­‐‑5p  served  as  a  

positive   control.  Potentially  due   to  a  high  number  of   let-­‐‑7-­‐‑5p   f   targeting   sites,   IGF2BP1  

expression  was  more   severely   decreased   by   let-­‐‑7d-­‐‑5p   than   by  miR-­‐‑34a-­‐‑5p   or  miR-­‐‑203a.  

Nonetheless,   these   findings   suggest   that  miRNAs   transcriptionally   repressed   by   ZEB1  

have  the  potential  to  control  IGF2BP1  expression.  Although  a  direct  interaction  with  the  

IGF2BP1-­‐‑3’UTR  was  demonstrated  by  miTRAP  experiments  in  vitro,  ongoing  research  by  

Bianca  Busch   focuses  on   the  verification  of   the  direct   interaction  of  miTRAP-­‐‑identified  

miRNAs   with   the   IGF2BP1-­‐‑3’UTR   in   vivo.   To   further   validate   the   involvement   of  

miRNAs  in  the  positive  feedback  regulation  of  ZEB1  and  IGF2BP1,  future  studies  remain  

to   analyze   the   association   of   endogenous   IGF2BP1   mRNA   to   protein   components   of  

miRISC  upon  ZEB1  depletion.  Additionally,   it   remains   to  be   identified  which  miRNAs  

alter  their  expression  upon  ZEB1  knockdown  in  ATC-­‐‑derived  cells,  and  to  what  extend  a  

ZEB1-­‐‑affected   miRNA   population   overlaps   with   an   IGF2BP1-­‐‑targeting   miRNA  

population.   To   expand   the   hypothesis   to   anaplastic   thyroid   carcinomas,   it  will   also   be  

interesting   to   compare   miRNA   expression   patterns   between   IGF2BP1-­‐‑positive   and   -­‐‑

negative  tumor  tissues.    

  



  ADDITIONAL RESULTS 

113  

  
 
Figure 16 | IGF2BP1 mRNA was targeted by ZEB1-repressed miRNAs. 
(A) Two independent miTRAP experiments using the IGF2BP1-3’UTR as bait RNA and MCF7 cell lysate were performed by Bianca 
Busch. Left panel: Scatter plot depicts the log2 fold change (FC) between the IGF2BP1 and MS2 control libraries over the averaged TMM-
normalized log2 CPM (counts per million) of miRNAs. A Poisson exact test [Robinson and Smyth, 2008] determined all nine let-7-5p family 
members (blue), two known ZEB1-repressed miRNAs (red) as well as 23 other potential IGF2BP1-regulatory miRNAs (black) as 
significantly enriched in the IGF2BP1 libraries compared to the MS2 control libraries. Right panel: Table summarizes all miRNAs 
selectively co-purified with the IGF2BP1-3’UTR bait RNA. Color coding refers to color coding of scatter plot in the left panel. Members 
from the same miRNA seed family were clustered. MiRNAs in silico predicted as potential IGF2BP1-regulatory miRNAs by miRANDA or 
TargetScan are underlined. (B, C) 300,000 C-643 cells were transfected with 75 pmol of let-7d-5p (let-7d), miR-34a-5p (34a) or miR-203a 
(203a) mimics for 72 hours. Control cells (C, control) were transfected with cel-miR-239b-5p. (B) Protein abundance of IGF2BP1 on 
miRNA overexpression was determined as described in Figure 12. (B) IGF2BP1 and RPLP0 mRNA levels were analyzed as described in 
Figure 12. Student’s t-testing determined statistical significant decrease of IGF2BP1 mRNA abundance in miRNA-overexpressing cells (*, P 
< 0.5; ***, P < 0.0005). (Antibodies and oligonucleotide sequences are depicted in APPENDIX.) 

Conclusions  &  Outlook  

Anaplastic   thyroid   carcinoma   patients   suffer   from   rapidly   growing   tumors   and  

lymphonodal   as   well   as   distant   metastasis.   These   characteristics   of   late-­‐‑stage   cancers  

(ATCs  are  classified  as  stage-­‐‑IV  disease)  are  reminiscent  to  processes  like  tissue  growth  

and   cell   segregation   during   embryonic   development.   Moreover,   they   have   been  

suggested  to  rely  on  similar  molecular  mechanisms  [Kelleher  et  al.,  2006;  Micalizzi  et  al.,  

2010].  Along  these  lines,  global  gene  expression  analyses  revealed  a  positive  correlation  

between  tumor  stage  and  the  presence  of  key  regulators  of  embryonic  stem  cell  identity  
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[Ben-­‐‑Porath  et  al.,  2008].  Consistent  with  these  findings,  IGF2BP1,  a  protein  with  crucial  

roles   in   development,  was   de   novo   synthesized   in  ATCs,   but   not   in  well-­‐‑differentiated  

subclasses  of  thyroid  cancer.  Initial  experiments  in  ATC-­‐‑derived  cells  demonstrated  that  

IGF2BP1  depletion  impaired  migratory,  invasive  as  well  as  proliferative  traits.  Together  

with   observations   from   osteosarcoma-­‐‑,   ovarian   carcinoma-­‐‑,   melanoma-­‐‑   and  

hepatocellular   carcinoma-­‐‑derived   cells   [Weidensdorfer   et   al.,   2009;   Stohr   et   al.,   2012;  

Zirkel  et  al.,  2013;  Gutschner  et  al.,  2014],  these  findings  indicate  that  post-­‐‑transcriptional  

gene   regulation   by   IGF2BP1   enhances   or   sustains   aggressive   tumor   cell   behavior  

including  mesenchymal-­‐‑like  cell  properties.  Consistent  with  these  findings,  IGF2BP1  re-­‐‑

expression  in  ATCs  correlated  to  dedifferentiation  of  the  epithelium.      

Moreover,   the   obtained   results   suggest   that   IGF2BP1   promotes   the   expression   of  

ZEB1,  which  encodes  a  potent  EMT-­‐‑inducing  transcription  factor  (reviewed  in  [Gheldof  

et   al.,   2012])   (Figure   17).   These   findings   support   the   previously   gained   notion   that  

IGF2BP1   promotes   mesenchymal-­‐‑like   expression   patterns   [Zirkel   et   al.,   2013].   By  

preventing  LEF1  mRNA  degradation,   IGF2BP1  not  only  enhances  LEF1  expression,  but  

also   SNAI2   and   FN1   transcription   [Zirkel   et   al.,   2013]   (Figure   17).   FN1   encodes   the  

extracellular  matrix  component  fibronectin,  a  bona  fide  mesenchymal  marker.    

Regarding  the  mechanism  of  how  IGF2BP1  stabilizes  ZEB1  mRNA,  several  scenarios  

can  be  envisioned:  1)  IGF2BP1  prevents  an  endonucleolytic  attack  as  proposed  for  MYC  

or  MDR1  mRNA  [Lemm  and  Ross,  2002;  Sparanese  and  Lee,  2007].  2)  IGF2BP1  prevents  

miRNA   targeting   as   proposed   for   BTRC   mRNA   [Elcheva   et   al.,   2009].   3)   IGF2BP1  

prevents   targeting   of   destabilizing   RNA-­‐‑binding   proteins.   To   unravel   the  mechanism,  

IGF2BP1-­‐‑binding   affinities   of   cis-­‐‑acting   elements   of  ZEB1  will   be  determined   in   future  

studies,   and   tested   for   their   regulatory  potency  upon   IGF2BP1  depletion.  Furthermore,  

other   trans-­‐‑acting  factors   like  miRNAs  or  RNA-­‐‑binding  proteins  will  be  determined,   to  

analyze  whether  IGF2BP1  competes  with  respective  binding  sites.  Finally,  the  regulatory  

potency  of  these  factors  as  well  as  their  association  with  ZEB1  mRNA  depending  on  the  

cellular  IGF2BP1  status  will  be  investigated.    

Most   interestingly,   experiments   from   three   different   carcinoma-­‐‑derived   cell   lines  

suggested  that  IGF2BP1  expression  in  turn  was  reduced  by  the  depletion  of  ZEB1  (Figure  

17).   This   and   the   reduced   association   of   IGF2BP1   mRNA  with   polysomes   proposed   a  

positive  feedback  regulation  between  IGF2BP1  and  ZEB1.  However,  the  promoting  effect  

of  ZEB1  on  IGF2BP1  expression  is  potentially  mediated  by  post-­‐‑transcriptional  and  post-­‐‑

translational  mechanisms,  and  therefore  it  remains  elusive  how  the  induction  of  IGF2BP1  

transcription   in   ATCs   is   triggered.   Though,   one   could   speculate   that   the   IGF2BP1  
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promoter   is   activated   through   the   release  of   epigenetic   silencing.   It  was  proposed   that  

cancerogenesis   is   accompanied   by   global   genomic   hypomethylation,   although   tumor  

suppressor  genes  are  transcriptional  silenced  by  hypermethylation  [Esteller,  2003].    

In   regard  of   the  positive   feedback  regulation  between   IGF2BP1  and  ZEB1,   it  will  be  

interesting   to   analyze   if   and   to  what   extend   both   proteins   are   involved   in   the   cancer-­‐‑

promoting   functions   of   the   respective   other   protein,   like   migration,   invasion   and  

proliferation  (reviewed  in  [Gheldof  et  al.,  2012;  Bell  et  al.,  2013]).  In  addition  to  cancer,  it  

remains  to  be  addressed  whether  this  positive  feedback  regulation  plays  as  role  during  

embryogenesis.   Previous   studies   suggested   an   essentially   similar   tissue   expression  

pattern  of  both  genes  in  mouse  and  frog  embryogenesis  [Takagi  et  al.,  1998;  Yaniv  et  al.,  

2003;  Hansen  et  al.,  2004;  van  Grunsven  et  al.,  2006].    

Taken  together,  the  oncofetal  RNA-­‐‑binding  protein  IGF2BP1  represents  a  novel  post-­‐‑

transcriptional   regulator   in   thyroid   carcinogenesis   and  a  potential  novel  biomarker   for  

ATC  diagnosis.  The  latter  is  specifically  relevant  as  IGF2PP1  was  not  detectable  in  non-­‐‑

transformed  thyroid  tissue  and  well-­‐‑differentiated  subclasses  of  thyroid  cancer.  Whether  

IGF2BP1  also  displays  a  prognostic  marker  for  ATC  progression  remains  to  be  evaluated  

by  analyzing  ATC  patient  prognoses  in  regard  of  IGF2BP1  expression  status.    

  

  

Figure 17 | IGF2BP1 promotes mesenchymal-like cell 
properties by sustaining the expression of EMT-driving 
transcriptional regulators.  
Hypothetical scheme of IGF2BP1 function in promoting 
mesenchymal-like expression patterns. IGF2BP1 prevents 
degradation of LEF1 [Zirkel et al., 2013] and ZEB1 mRNAs. 
ZEB1 in turn represses the IGF2BP1 expression interfering 
miRNAs 34a-5p and 203a. The direct interaction of these miRNAs 
with IGF2BP1 transcripts remains to be verified in vivo (dashed 
lines). LEF1 transcriptionally activates SNAI2 and FN1 expression.  
 

  



REFERENCES   

116  

5  REFERENCES  

Aghdassi A, Sendler M, Guenther A, Mayerle J, Behn CO, Heidecke CD, Friess H, Buchler 
M, Evert M, Lerch MM et al. 2012. Recruitment of histone deacetylases HDAC1 and 
HDAC2 by the transcriptional repressor ZEB1 downregulates E-cadherin expression 
in pancreatic cancer. Gut 61: 439-448. 

Ahn YH, Gibbons DL, Chakravarti D, Creighton CJ, Rizvi ZH, Adams HP, Pertsemlidis A, 
Gregory PA, Wright JA, Goodall GJ et al. 2012. ZEB1 drives prometastatic actin 
cytoskeletal remodeling by downregulating miR-34a expression. The Journal of 
clinical investigation 122: 3170-3183. 

Aigner K, Dampier B, Descovich L, Mikula M, Sultan A, Schreiber M, Mikulits W, Brabletz T, 
Strand D, Obrist P et al. 2007a. The transcription factor ZEB1 (deltaEF1) promotes 
tumour cell dedifferentiation by repressing master regulators of epithelial polarity. 
Oncogene 26: 6979-6988. 

Aigner K, Descovich L, Mikula M, Sultan A, Dampier B, Bonne S, van Roy F, Mikulits W, 
Schreiber M, Brabletz T et al. 2007b. The transcription factor ZEB1 (deltaEF1) 
represses Plakophilin 3 during human cancer progression. FEBS letters 581: 1617-
1624. 

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. 2002. Molecular biology of the 
cell.  4th edition. 

Antico Arciuch VG, Russo MA, Dima M, Kang KS, Dasrath F, Liao XH, Refetoff S, Montagna 
C, Di Cristofano A. 2011. Thyrocyte-specific inactivation of p53 and Pten results in 
anaplastic thyroid carcinomas faithfully recapitulating human tumors. Oncotarget 2: 
1109-1126. 

Are C, Shaha AR. 2006. Anaplastic thyroid carcinoma: biology, pathogenesis, prognostic 
factors, and treatment approaches. Annals of surgical oncology 13: 453-464. 

Asangani IA, Rasheed SA, Nikolova DA, Leupold JH, Colburn NH, Post S, Allgayer H. 2008. 
MicroRNA-21 (miR-21) post-transcriptionally downregulates tumor suppressor Pdcd4 
and stimulates invasion, intravasation and metastasis in colorectal cancer. Oncogene 
27: 2128-2136. 

Baek D, Villen J, Shin C, Camargo FD, Gygi SP, Bartel DP. 2008. The impact of microRNAs 
on protein output. Nature 455: 64-71. 

Bartel DP. 2009. MicroRNAs: target recognition and regulatory functions. Cell 136: 215-233. 
Bell JL, Wachter K, Muhleck B, Pazaitis N, Kohn M, Lederer M, Huttelmaier S. 2013. Insulin-

like growth factor 2 mRNA-binding proteins (IGF2BPs): post-transcriptional drivers of 
cancer progression? Cellular and molecular life sciences : CMLS 70: 2657-2675. 

Ben-Porath I, Thomson MW, Carey VJ, Ge R, Bell GW, Regev A, Weinberg RA. 2008. An 
embryonic stem cell-like gene expression signature in poorly differentiated aggressive 
human tumors. Nature genetics 40: 499-507. 

Betel D, Koppal A, Agius P, Sander C, Leslie C. 2010. Comprehensive modeling of 
microRNA targets predicts functional non-conserved and non-canonical sites. 
Genome biology 11: R90. 

Betel D, Wilson M, Gabow A, Marks DS, Sander C. 2008. The microRNA.org resource: 
targets and expression. Nucleic Acids Res 36: D149-153. 

Bian S, Hong J, Li Q, Schebelle L, Pollock A, Knauss JL, Garg V, Sun T. 2013. MicroRNA 
cluster miR-17-92 regulates neural stem cell expansion and transition to intermediate 
progenitors in the developing mouse neocortex. Cell reports 3: 1398-1406. 

Blandino G, Fazi F, Donzelli S, Kedmi M, Sas-Chen A, Muti P, Strano S, Yarden Y. 2014. 
Tumor Suppressor MicroRNAs: a novel non-coding alliance against cancer. FEBS 
letters.  



  REFERENCES 

117  

Bolos V, Peinado H, Perez-Moreno MA, Fraga MF, Esteller M, Cano A. 2003. The 
transcription factor Slug represses E-cadherin expression and induces epithelial to 
mesenchymal transitions: a comparison with Snail and E47 repressors. Journal of cell 
science 116: 499-511. 

Bornachea O, Santos M, Martinez-Cruz AB, Garcia-Escudero R, Duenas M, Costa C, 
Segrelles C, Lorz C, Buitrago A, Saiz-Ladera C et al. 2012. EMT and induction of 
miR-21 mediate metastasis development in Trp53-deficient tumours. Scientific 
reports 2: 434. 

Boyerinas B, Park SM, Hau A, Murmann AE, Peter ME. 2010. The role of let-7 in cell 
differentiation and cancer. Endocrine-related cancer 17: F19-36. 

Boyerinas B, Park SM, Murmann AE, Gwin K, Montag AG, Zillhardt M, Hua YJ, Lengyel E, 
Peter ME. 2012. Let-7 modulates acquired resistance of ovarian cancer to Taxanes 
via IMP-1-mediated stabilization of multidrug resistance 1. International journal of 
cancer Journal international du cancer 130: 1787-1797. 

Boyerinas B, Park SM, Shomron N, Hedegaard MM, Vinther J, Andersen JS, Feig C, Xu J, 
Burge CB, Peter ME. 2008. Identification of let-7-regulated oncofetal genes. Cancer 
research 68: 2587-2591. 

Brabant G, Hoang-Vu C, Cetin Y, Dralle H, Scheumann G, Molne J, Hansson G, Jansson S, 
Ericson LE, Nilsson M. 1993. E-cadherin: a differentiation marker in thyroid 
malignancies. Cancer research 53: 4987-4993. 

Brabletz S, Brabletz T. 2010. The ZEB/miR-200 feedback loop--a motor of cellular plasticity 
in development and cancer? EMBO reports 11: 670-677. 

Brabletz T. 2012. To differentiate or not--routes towards metastasis. Nature reviews Cancer 
12: 425-436. 

Brabletz T, Jung A, Spaderna S, Hlubek F, Kirchner T. 2005. Opinion: migrating cancer stem 
cells - an integrated concept of malignant tumour progression. Nature reviews Cancer 
5: 744-749. 

Bracken CP, Gregory PA, Kolesnikoff N, Bert AG, Wang J, Shannon MF, Goodall GJ. 2008. 
A double-negative feedback loop between ZEB1-SIP1 and the microRNA-200 family 
regulates epithelial-mesenchymal transition. Cancer research 68: 7846-7854. 

Braun J, Hoang-Vu C, Dralle H, Huttelmaier S. 2010. Downregulation of microRNAs directs 
the EMT and invasive potential of anaplastic thyroid carcinomas. Oncogene 29: 4237-
4244. 

Braun J, Huttelmaier S. 2011. Pathogenic mechanisms of deregulated microRNA expression 
in thyroid carcinomas of follicular origin. Thyroid research 4 Suppl 1: S1. 

Braun J, Misiak D, Busch B, Krohn K, Huttelmaier S. 2014. Rapid identification of regulatory 
microRNAs by miTRAP (miRNA trapping by RNA in vitro affinity purification). Nucleic 
Acids Res 42: e66. 

Braun JE, Huntzinger E, Fauser M, Izaurralde E. 2011. GW182 proteins directly recruit 
cytoplasmic deadenylase complexes to miRNA targets. Molecular cell 44: 120-133. 

Braun JE, Huntzinger E, Izaurralde E. 2013. The role of GW182 proteins in miRNA-mediated 
gene silencing. Advances in experimental medicine and biology 768: 147-163. 

Brecelj E, Frkovic Grazio S, Auersperg M, Bracko M. 2005. Prognostic value of E-cadherin 
expression in thyroid follicular carcinoma. European journal of surgical oncology : the 
journal of the European Society of Surgical Oncology and the British Association of 
Surgical Oncology 31: 544-548. 

Browne G, Sayan AE, Tulchinsky E. 2010. ZEB proteins link cell motility with cell cycle 
control and cell survival in cancer. Cell cycle 9: 886-891. 

Bueno MJ, Gomez de Cedron M, Gomez-Lopez G, Perez de Castro I, Di Lisio L, Montes-
Moreno S, Martinez N, Guerrero M, Sanchez-Martinez R, Santos J et al. 2011. 
Combinatorial effects of microRNAs to suppress the Myc oncogenic pathway. Blood 
117: 6255-6266. 

Burk U, Schubert J, Wellner U, Schmalhofer O, Vincan E, Spaderna S, Brabletz T. 2008. A 
reciprocal repression between ZEB1 and members of the miR-200 family promotes 
EMT and invasion in cancer cells. EMBO reports 9: 582-589. 



REFERENCES   

118  

Byles V, Zhu L, Lovaas JD, Chmilewski LK, Wang J, Faller DV, Dai Y. 2012. SIRT1 induces 
EMT by cooperating with EMT transcription factors and enhances prostate cancer cell 
migration and metastasis. Oncogene 31: 4619-4629. 

Calin GA, Croce CM. 2006. MicroRNA signatures in human cancers. Nature reviews Cancer 
6: 857-866. 

Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch E, Yendamuri S, Shimizu M, Rattan S, 
Bullrich F, Negrini M et al. 2004. Human microRNA genes are frequently located at 
fragile sites and genomic regions involved in cancers. Proc Natl Acad Sci U S A 101: 
2999-3004. 

Cambronne XA, Shen R, Auer PL, Goodman RH. 2012. Capturing microRNA targets using 
an RNA-induced silencing complex (RISC)-trap approach. Proc Natl Acad Sci U S A 
109: 20473-20478. 

Cano A, Perez-Moreno MA, Rodrigo I, Locascio A, Blanco MJ, del Barrio MG, Portillo F, 
Nieto MA. 2000. The transcription factor snail controls epithelial-mesenchymal 
transitions by repressing E-cadherin expression. Nat Cell Biol 2: 76-83. 

Ceppi P, Mudduluru G, Kumarswamy R, Rapa I, Scagliotti GV, Papotti M, Allgayer H. 2010. 
Loss of miR-200c expression induces an aggressive, invasive, and chemoresistant 
phenotype in non-small cell lung cancer. Molecular cancer research : MCR 8: 1207-
1216. 

Chang CJ, Chao CH, Xia W, Yang JY, Xiong Y, Li CW, Yu WH, Rehman SK, Hsu JL, Lee 
HH et al. 2011. p53 regulates epithelial-mesenchymal transition and stem cell 
properties through modulating miRNAs. Nat Cell Biol 13: 317-323. 

Chang TC, Yu D, Lee YS, Wentzel EA, Arking DE, West KM, Dang CV, Thomas-Tikhonenko 
A, Mendell JT. 2008. Widespread microRNA repression by Myc contributes to 
tumorigenesis. Nature genetics 40: 43-50. 

Chang TC, Zeitels LR, Hwang HW, Chivukula RR, Wentzel EA, Dews M, Jung J, Gao P, 
Dang CV, Beer MA et al. 2009. Lin-28B transactivation is necessary for Myc-
mediated let-7 repression and proliferation. Proc Natl Acad Sci U S A 106: 3384-
3389. 

Chanson L, Brownfield D, Garbe JC, Kuhn I, Stampfer MR, Bissell MJ, LaBarge MA. 2011. 
Self-organization is a dynamic and lineage-intrinsic property of mammary epithelial 
cells. Proc Natl Acad Sci U S A 108: 3264-3269. 

Chapnick DA, Warner L, Bernet J, Rao T, Liu X. 2011. Partners in crime: the TGFbeta and 
MAPK pathways in cancer progression. Cell & bioscience 1: 42. 

Chen K, Rajewsky N. 2006. Natural selection on human microRNA binding sites inferred 
from SNP data. Nature genetics 38: 1452-1456. 

Cheng CW, Wang HW, Chang CW, Chu HW, Chen CY, Yu JC, Chao JI, Liu HF, Ding SL, 
Shen CY. 2012. MicroRNA-30a inhibits cell migration and invasion by downregulating 
vimentin expression and is a potential prognostic marker in breast cancer. Breast 
cancer research and treatment 134: 1081-1093. 

Chi SW, Zang JB, Mele A, Darnell RB. 2009. Argonaute HITS-CLIP decodes microRNA-
mRNA interaction maps. Nature 460: 479-486. 

Clevers H. 2006. Wnt/beta-catenin signaling in development and disease. Cell 127: 469-480. 
Clevers H, Nusse R. 2012. Wnt/beta-catenin signaling and disease. Cell 149: 1192-1205. 
Cloonan N, Brown MK, Steptoe AL, Wani S, Chan WL, Forrest AR, Kolle G, Gabrielli B, 

Grimmond SM. 2008. The miR-17-5p microRNA is a key regulator of the G1/S phase 
cell cycle transition. Genome biology 9: R127. 

Comijn J, Berx G, Vermassen P, Verschueren K, van Grunsven L, Bruyneel E, Mareel M, 
Huylebroeck D, van Roy F. 2001. The two-handed E box binding zinc finger protein 
SIP1 downregulates E-cadherin and induces invasion. Molecular cell 7: 1267-1278. 

Concepcion CP, Bonetti C, Ventura A. 2012. The microRNA-17-92 family of microRNA 
clusters in development and disease. Cancer journal 18: 262-267. 

Cornett WR, Sharma AK, Day TA, Richardson MS, Hoda RS, van Heerden JA, Fernandes 
JK. 2007. Anaplastic thyroid carcinoma: an overview. Current oncology reports 9: 
152-158. 



  REFERENCES 

119  

Croce CM. 2009. Causes and consequences of microRNA dysregulation in cancer. Nat Rev 
Genet 10: 704-714. 

Czaplinski K, Kocher T, Schelder M, Segref A, Wilm M, Mattaj IW. 2005. Identification of 
40LoVe, a Xenopus hnRNP D family protein involved in localizing a TGF-beta-related 
mRNA during oogenesis. Dev Cell 8: 505-515. 

Dai N, Christiansen J, Nielsen FC, Avruch J. 2013. mTOR complex 2 phosphorylates IMP1 
cotranslationally to promote IGF2 production and the proliferation of mouse 
embryonic fibroblasts. Genes Dev 27: 301-312. 

Dai N, Rapley J, Angel M, Yanik MF, Blower MD, Avruch J. 2011. mTOR phosphorylates 
IMP2 to promote IGF2 mRNA translation by internal ribosomal entry. Genes Dev 25: 
1159-1172. 

Dang CV. 2013. MYC, metabolism, cell growth, and tumorigenesis. Cold Spring Harbor 
perspectives in medicine 3. 

Davalos A, Goedeke L, Smibert P, Ramirez CM, Warrier NP, Andreo U, Cirera-Salinas D, 
Rayner K, Suresh U, Pastor-Pareja JC et al. 2011. miR-33a/b contribute to the 
regulation of fatty acid metabolism and insulin signaling. Proc Natl Acad Sci U S A 
108: 9232-9237. 

Davis BN, Hilyard AC, Lagna G, Hata A. 2008. SMAD proteins control DROSHA-mediated 
microRNA maturation. Nature 454: 56-61. 

De Craene B, Berx G. 2013. Regulatory networks defining EMT during cancer initiation and 
progression. Nature reviews Cancer 13: 97-110. 

DeChiara TM, Efstratiadis A, Robertson EJ. 1990. A growth-deficiency phenotype in 
heterozygous mice carrying an insulin-like growth factor II gene disrupted by 
targeting. Nature 345: 78-80. 

Denaro N, Nigro CL, Russi EG, Merlano MC. 2013. The role of chemotherapy and latest 
emerging target therapies in anaplastic thyroid cancer. OncoTargets and therapy 9: 
1231-1241. 

Dimitriadis E, Trangas T, Milatos S, Foukas PG, Gioulbasanis I, Courtis N, Nielsen FC, 
Pandis N, Dafni U, Bardi G et al. 2007. Expression of oncofetal RNA-binding protein 
CRD-BP/IMP1 predicts clinical outcome in colon cancer. International journal of 
cancer Journal international du cancer 121: 486-494. 

Djuranovic S, Nahvi A, Green R. 2012. miRNA-mediated gene silencing by translational 
repression followed by mRNA deadenylation and decay. Science 336: 237-240. 

Djuranovic S, Zinchenko MK, Hur JK, Nahvi A, Brunelle JL, Rogers EJ, Green R. 2010. 
Allosteric regulation of Argonaute proteins by miRNAs. Nature structural & molecular 
biology 17: 144-150. 

Doench JG, Petersen CP, Sharp PA. 2003. siRNAs can function as miRNAs. Genes Dev 17: 
438-442. 

Donghi R, Longoni A, Pilotti S, Michieli P, Della Porta G, Pierotti MA. 1993. Gene p53 
mutations are restricted to poorly differentiated and undifferentiated carcinomas of the 
thyroid gland. The Journal of clinical investigation 91: 1753-1760. 

Doyle GA, Betz NA, Leeds PF, Fleisig AJ, Prokipcak RD, Ross J. 1998. The c-myc coding 
region determinant-binding protein: a member of a family of KH domain RNA-binding 
proteins. Nucleic Acids Res 26: 5036-5044. 

Duncan K, Grskovic M, Strein C, Beckmann K, Niggeweg R, Abaza I, Gebauer F, Wilm M, 
Hentze MW. 2006. Sex-lethal imparts a sex-specific function to UNR by recruiting it to 
the msl-2 mRNA 3' UTR: translational repression for dosage compensation. Genes 
Dev 20: 368-379. 

Eades G, Yao Y, Yang M, Zhang Y, Chumsri S, Zhou Q. 2011. miR-200a regulates SIRT1 
expression and epithelial to mesenchymal transition (EMT)-like transformation in 
mammary epithelial cells. The Journal of biological chemistry 286: 25992-26002. 

Easow G, Teleman AA, Cohen SM. 2007. Isolation of microRNA targets by miRNP 
immunopurification. RNA 13: 1198-1204. 

Eger A, Aigner K, Sonderegger S, Dampier B, Oehler S, Schreiber M, Berx G, Cano A, Beug 
H, Foisner R. 2005. DeltaEF1 is a transcriptional repressor of E-cadherin and 
regulates epithelial plasticity in breast cancer cells. Oncogene 24: 2375-2385. 



REFERENCES   

120  

Eilers M, Eisenman RN. 2008. Myc's broad reach. Genes Dev 22: 2755-2766. 
Elcheva I, Goswami S, Noubissi FK, Spiegelman VS. 2009. CRD-BP protects the coding 

region of betaTrCP1 mRNA from miR-183-mediated degradation. Molecular cell 35: 
240-246. 

Elcheva I, Tarapore RS, Bhatia N, Spiegelman VS. 2008. Overexpression of mRNA-binding 
protein CRD-BP in malignant melanomas. Oncogene 27: 5069-5074. 

Enright AJ, John B, Gaul U, Tuschl T, Sander C, Marks DS. 2003. MicroRNA targets in 
Drosophila. Genome biology 5: R1. 

Esteller M. 2003. Relevance of DNA methylation in the management of cancer. The lancet 
oncology 4: 351-358. 

Eulalio A, Huntzinger E, Izaurralde E. 2008. GW182 interaction with Argonaute is essential 
for miRNA-mediated translational repression and mRNA decay. Nature structural & 
molecular biology 15: 346-353. 

Fabian MR, Mathonnet G, Sundermeier T, Mathys H, Zipprich JT, Svitkin YV, Rivas F, Jinek 
M, Wohlschlegel J, Doudna JA et al. 2009. Mammalian miRNA RISC recruits CAF1 
and PABP to affect PABP-dependent deadenylation. Molecular cell 35: 868-880. 

Fagin JA, Matsuo K, Karmakar A, Chen DL, Tang SH, Koeffler HP. 1993. High prevalence of 
mutations of the p53 gene in poorly differentiated human thyroid carcinomas. The 
Journal of clinical investigation 91: 179-184. 

Fang Z, Rajewsky N. 2011. The impact of miRNA target sites in coding sequences and in 
3'UTRs. PloS one 6: e18067. 

Farina KL, Huttelmaier S, Musunuru K, Darnell R, Singer RH. 2003. Two ZBP1 KH domains 
facilitate beta-actin mRNA localization, granule formation, and cytoskeletal 
attachment. The Journal of cell biology 160: 77-87. 

Felsher DW, Zetterberg A, Zhu J, Tlsty T, Bishop JM. 2000. Overexpression of MYC causes 
p53-dependent G2 arrest of normal fibroblasts. Proc Natl Acad Sci U S A 97: 10544-
10548. 

Forman JJ, Legesse-Miller A, Coller HA. 2008. A search for conserved sequences in coding 
regions reveals that the let-7 microRNA targets Dicer within its coding sequence. 
Proc Natl Acad Sci U S A 105: 14879-14884. 

Frezzetti D, De Menna M, Zoppoli P, Guerra C, Ferraro A, Bello AM, De Luca P, Calabrese 
C, Fusco A, Ceccarelli M et al. 2011. Upregulation of miR-21 by Ras in vivo and its 
role in tumor growth. Oncogene 30: 275-286. 

Friday BB, Adjei AA. 2008. Advances in targeting the Ras/Raf/MEK/Erk mitogen-activated 
protein kinase cascade with MEK inhibitors for cancer therapy. Clinical cancer 
research : an official journal of the American Association for Cancer Research 14: 
342-346. 

Friedlander DR, Mege RM, Cunningham BA, Edelman GM. 1989. Cell sorting-out is 
modulated by both the specificity and amount of different cell adhesion molecules 
(CAMs) expressed on cell surfaces. Proc Natl Acad Sci U S A 86: 7043-7047. 

Friedman RC, Farh KK, Burge CB, Bartel DP. 2009. Most mammalian mRNAs are conserved 
targets of microRNAs. Genome research 19: 92-105. 

Gaidatzis D, van Nimwegen E, Hausser J, Zavolan M. 2007. Inference of miRNA targets 
using evolutionary conservation and pathway analysis. BMC bioinformatics 8: 69. 

Gaken J, Mohamedali AM, Jiang J, Malik F, Stangl D, Smith AE, Chronis C, Kulasekararaj 
AG, Thomas NS, Farzaneh F et al. 2012. A functional assay for microRNA target 
identification and validation. Nucleic Acids Res 40: e75. 

Garcia DM, Baek D, Shin C, Bell GW, Grimson A, Bartel DP. 2011. Weak seed-pairing 
stability and high target-site abundance decrease the proficiency of lsy-6 and other 
microRNAs. Nature structural & molecular biology 18: 1139-1146. 

Gheldof A, Hulpiau P, van Roy F, De Craene B, Berx G. 2012. Evolutionary functional 
analysis and molecular regulation of the ZEB transcription factors. Cellular and 
molecular life sciences : CMLS 69: 2527-2541.  



  REFERENCES 

121  

Gill JG, Langer EM, Lindsley RC, Cai M, Murphy TL, Kyba M, Murphy KM. 2011. Snail and 
the microRNA-200 family act in opposition to regulate epithelial-to-mesenchymal 
transition and germ layer fate restriction in differentiating ESCs. Stem cells 29: 764-
776. 

Glaß M, Möller B, Zirkel A, Wächter K, Hüttelmaier S, Posch S. 2012. Cell migration analysis: 
Segmenting scratch assay images with level sets and support vector machines. 
Pattern Recognition 45: 3154-3165. 

Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, Vadas MA, Khew-
Goodall Y, Goodall GJ. 2008a. The miR-200 family and miR-205 regulate epithelial to 
mesenchymal transition by targeting ZEB1 and SIP1. Nat Cell Biol 10: 593-601. 

Gregory PA, Bracken CP, Bert AG, Goodall GJ. 2008b. MicroRNAs as regulators of 
epithelial-mesenchymal transition. Cell cycle 7: 3112-3118. 

Gregory PA, Bracken CP, Smith E, Bert AG, Wright JA, Roslan S, Morris M, Wyatt L, Farshid 
G, Lim YY et al. 2011. An autocrine TGF-beta/ZEB/miR-200 signaling network 
regulates establishment and maintenance of epithelial-mesenchymal transition. 
Molecular biology of the cell 22: 1686-1698. 

Grimson A, Farh KK, Johnston WK, Garrett-Engele P, Lim LP, Bartel DP. 2007. MicroRNA 
targeting specificity in mammals: determinants beyond seed pairing. Molecular cell 
27: 91-105. 

Grün D, Wang YL, Langenberger D, Gunsalus KC, Rajewsky N. 2005. microRNA target 
predictions across seven Drosophila species and comparison to mammalian targets. 
PLoS computational biology 1: e13. 

Gu W, Wells AL, Pan F, Singer RH. 2008. Feedback regulation between zipcode binding 
protein 1 and beta-catenin mRNAs in breast cancer cells. Mol Cell Biol 28: 4963-
4974. 

Gui T, Sun Y, Shimokado A, Muragaki Y. 2012. The Roles of Mitogen-Activated Protein 
Kinase Pathways in TGF-beta-Induced Epithelial-Mesenchymal Transition. Journal of 
signal transduction 2012: 289243. 

Guillot C, Lecuit T. 2013. Mechanics of epithelial tissue homeostasis and morphogenesis. 
Science 340: 1185-1189. 

Guo H, Ingolia NT, Weissman JS, Bartel DP. 2010. Mammalian microRNAs predominantly 
act to decrease target mRNA levels. Nature 466: 835-840. 

Gurtan AM, Ravi A, Rahl PB, Bosson AD, JnBaptiste CK, Bhutkar A, Whittaker CA, Young 
RA, Sharp PA. 2013. Let-7 represses Nr6a1 and a mid-gestation developmental 
program in adult fibroblasts. Genes Dev 27: 941-954. 

Gutschner T, Hammerle M, Pazaitis N, Bley N, Fiskin E, Uckelmann H, Heim A, Grobeta M, 
Hofmann N, Geffers R et al. 2014. Insulin-like growth factor 2 mRNA-binding protein 
1 (IGF2BP1) is an important protumorigenic factor in hepatocellular carcinoma. 
Hepatology. 

Hafner M, Landthaler M, Burger L, Khorshid M, Hausser J, Berninger P, Rothballer A, 
Ascano M, Jr., Jungkamp AC, Munschauer M et al. 2010. Transcriptome-wide 
identification of RNA-binding protein and microRNA target sites by PAR-CLIP. Cell 
141: 129-141. 

Hamilton KE, Noubissi FK, Katti PS, Hahn CM, Davey SR, Lundsmith ET, Klein-Szanto AJ, 
Rhim AD, Spiegelman VS, Rustgi AK. 2013. IMP1 promotes tumor growth, 
dissemination and a tumor-initiating cell phenotype in colorectal cancer cell 
xenografts. Carcinogenesis 34: 2647-2654. 

Hammer NA, Hansen T, Byskov AG, Rajpert-De Meyts E, Grondahl ML, Bredkjaer HE, 
Wewer UM, Christiansen J, Nielsen FC. 2005. Expression of IGF-II mRNA-binding 
proteins (IMPs) in gonads and testicular cancer. Reproduction 130: 203-212. 

Han M, Liu M, Wang Y, Mo Z, Bi X, Liu Z, Fan Y, Chen X, Wu C. 2012. Re-expression of 
miR-21 contributes to migration and invasion by inducing epithelial-mesenchymal 
transition consistent with cancer stem cell characteristics in MCF-7 cells. Molecular 
and cellular biochemistry 363: 427-436. 

Hanahan D, Weinberg RA. 2011. Hallmarks of cancer: the next generation. Cell 144: 646-
674. 



REFERENCES   

122  

Hansen TV, Hammer NA, Nielsen J, Madsen M, Dalbaeck C, Wewer UM, Christiansen J, 
Nielsen FC. 2004. Dwarfism and impaired gut development in insulin-like growth 
factor II mRNA-binding protein 1-deficient mice. Mol Cell Biol 24: 4448-4464. 

Hassan T, Smith SG, Gaughan K, Oglesby IK, O'Neill S, McElvaney NG, Greene CM. 2013. 
Isolation and identification of cell-specific microRNAs targeting a messenger RNA 
using a biotinylated anti-sense oligonucleotide capture affinity technique. Nucleic 
Acids Res 41: e71. 

He H, Jazdzewski K, Li W, Liyanarachchi S, Nagy R, Volinia S, Calin GA, Liu CG, Franssila 
K, Suster S et al. 2005. The role of microRNA genes in papillary thyroid carcinoma. 
Proc Natl Acad Sci U S A 102: 19075-19080. 

Heldin CH, Vanlandewijck M, Moustakas A. 2012. Regulation of EMT by TGFbeta in cancer. 
FEBS letters 586: 1959-1970. 

Helwak A, Kudla G, Dudnakova T, Tollervey D. 2013. Mapping the human miRNA 
interactome by CLASH reveals frequent noncanonical binding. Cell 153: 654-665. 

Hendrickson DG, Hogan DJ, McCullough HL, Myers JW, Herschlag D, Ferrell JE, Brown PO. 
2009. Concordant regulation of translation and mRNA abundance for hundreds of 
targets of a human microRNA. PLoS Biol 7: e1000238. 

Henke JI, Goergen D, Zheng J, Song Y, Schuttler CG, Fehr C, Junemann C, Niepmann M. 
2008. microRNA-122 stimulates translation of hepatitis C virus RNA. The EMBO 
journal 27: 3300-3310. 

Horiguchi K, Sakamoto K, Koinuma D, Semba K, Inoue A, Inoue S, Fujii H, Yamaguchi A, 
Miyazawa K, Miyazono K et al. 2012. TGF-beta drives epithelial-mesenchymal 
transition through deltaEF1-mediated downregulation of ESRP. Oncogene 31: 3190-
3201. 

Huang FI, Chen YL, Chang CN, Yuan RH, Jeng YM. 2012. Hepatocyte growth factor 
activates Wnt pathway by transcriptional activation of LEF1 to facilitate tumor 
invasion. Carcinogenesis 33: 1142-1148. 

Huber MA, Kraut N, Beug H. 2005. Molecular requirements for epithelial-mesenchymal 
transition during tumor progression. Current opinion in cell biology 17: 548-558. 

Humphreys DT, Westman BJ, Martin DI, Preiss T. 2005. MicroRNAs control translation 
initiation by inhibiting eukaryotic initiation factor 4E/cap and poly(A) tail function. Proc 
Natl Acad Sci U S A 102: 16961-16966. 

Huntzinger E, Izaurralde E. 2011. Gene silencing by microRNAs: contributions of 
translational repression and mRNA decay. Nat Rev Genet 12: 99-110. 

Huttelmaier S, Zenklusen D, Lederer M, Dictenberg J, Lorenz M, Meng X, Bassell GJ, 
Condeelis J, Singer RH. 2005. Spatial regulation of beta-actin translation by Src-
dependent phosphorylation of ZBP1. Nature 438: 512-515. 

Ikushima H, Miyazono K. 2010. TGFbeta signalling: a complex web in cancer progression. 
Nature reviews Cancer 10: 415-424. 

Ioannidis P, Kottaridi C, Dimitriadis E, Courtis N, Mahaira L, Talieri M, Giannopoulos A, 
Iliadis K, Papaioannou D, Nasioulas G et al. 2004. Expression of the RNA-binding 
protein CRD-BP in brain and non-small cell lung tumors. Cancer letters 209: 245-250. 

Ioannidis P, Mahaira L, Papadopoulou A, Teixeira MR, Heim S, Andersen JA, Evangelou E, 
Dafni U, Pandis N, Trangas T. 2003. 8q24 Copy number gains and expression of the 
c-myc mRNA stabilizing protein CRD-BP in primary breast carcinomas. International 
journal of cancer Journal international du cancer 104: 54-59. 

Ioannidis P, Trangas T, Dimitriadis E, Samiotaki M, Kyriazoglou I, Tsiapalis CM, Kittas C, 
Agnantis N, Nielsen FC, Nielsen J et al. 2001. C-MYC and IGF-II mRNA-binding 
protein (CRD-BP/IMP-1) in benign and malignant mesenchymal tumors. International 
journal of cancer Journal international du cancer 94: 480-484. 

Ishikawa F, Yoshida S, Saito Y, Hijikata A, Kitamura H, Tanaka S, Nakamura R, Tanaka T, 
Tomiyama H, Saito N et al. 2007. Chemotherapy-resistant human AML stem cells 
home to and engraft within the bone-marrow endosteal region. Nature biotechnology 
25: 1315-1321. 



  REFERENCES 

123  

Ito T, Seyama T, Mizuno T, Tsuyama N, Hayashi T, Hayashi Y, Dohi K, Nakamura N, 
Akiyama M. 1992. Unique association of p53 mutations with undifferentiated but not 
with differentiated carcinomas of the thyroid gland. Cancer research 52: 1369-1371. 

Jaggupilli A, Elkord E. 2012. Significance of CD44 and CD24 as cancer stem cell markers: 
an enduring ambiguity. Clinical & developmental immunology 2012: 708036. 

Jaime A. Rivera-Pérez A-KH. 2013. The dynamics of morphogenesis in the early mouse 
embryo. Cold Spring Harbor perspectives in biology. 

Jancik S, Drabek J, Radzioch D, Hajduch M. 2010. Clinical relevance of KRAS in human 
cancers. Journal of biomedicine & biotechnology 2010: 150960. 

Jeggari A, Marks DS, Larsson E. 2012. miRcode: a map of putative microRNA target sites in 
the long non-coding transcriptome. Bioinformatics 28: 2062-2063. 

Jesse S, Koenig A, Ellenrieder V, Menke A. 2010. Lef-1 isoforms regulate different target 
genes and reduce cellular adhesion. International journal of cancer Journal 
international du cancer 126: 1109-1120. 

Jogi A, Vaapil M, Johansson M, Pahlman S. 2012. Cancer cell differentiation heterogeneity 
and aggressive behavior in solid tumors. Upsala journal of medical sciences 117: 
217-224. 

John B, Enright AJ, Aravin A, Tuschl T, Sander C, Marks DS. 2004. Human MicroRNA 
targets. PLoS Biol 2: e363. 

Jonson L, Vikesaa J, Krogh A, Nielsen LK, Hansen T, Borup R, Johnsen AH, Christiansen J, 
Nielsen FC. 2007. Molecular composition of IMP1 ribonucleoprotein granules. 
Molecular & cellular proteomics : MCP 6: 798-811. 

Kalluri R, Weinberg RA. 2009. The basics of epithelial-mesenchymal transition. The Journal 
of clinical investigation 119: 1420-1428. 

Kao CJ, Martiniez A, Shi XB, Yang J, Evans CP, Dobi A, Devere White RW, Kung HJ. 2013. 
miR-30 as a tumor suppressor connects EGF/Src signal to ERG and EMT. 
Oncogene. 

Kasai H, Allen JT, Mason RM, Kamimura T, Zhang Z. 2005. TGF-beta1 induces human 
alveolar epithelial to mesenchymal cell transition (EMT). Respiratory research 6: 56. 

Kasinski AL, Slack FJ. 2011. Epigenetics and genetics. MicroRNAs en route to the clinic: 
progress in validating and targeting microRNAs for cancer therapy. Nature reviews 
Cancer 11: 849-864. 

Kelleher FC, Fennelly D, Rafferty M. 2006. Common critical pathways in embryogenesis and 
cancer. Acta oncologica 45: 375-388. 

Kerosuo L, Piltti K, Fox H, Angers-Loustau A, Hayry V, Eilers M, Sariola H, Wartiovaara K. 
2008. Myc increases self-renewal in neural progenitor cells through Miz-1. Journal of 
cell science 121: 3941-3950. 

Kim HH, Kuwano Y, Srikantan S, Lee EK, Martindale JL, Gorospe M. 2009a. HuR recruits 
let-7/RISC to repress c-Myc expression. Genes Dev 23: 1743-1748. 

Kim MY, Hur J, Jeong S. 2009b. Emerging roles of RNA and RNA-binding protein network in 
cancer cells. BMB reports 42: 125-130. 

Kim SH, Turnbull J, Guimond S. 2011a. Extracellular matrix and cell signalling: the dynamic 
cooperation of integrin, proteoglycan and growth factor receptor. The Journal of 
endocrinology 209: 139-151. 

Kim T, Veronese A, Pichiorri F, Lee TJ, Jeon YJ, Volinia S, Pineau P, Marchio A, Palatini J, 
Suh SS et al. 2011b. p53 regulates epithelial-mesenchymal transition through 
microRNAs targeting ZEB1 and ZEB2. The Journal of experimental medicine 208: 
875-883. 

Kiriakidou M, Nelson PT, Kouranov A, Fitziev P, Bouyioukos C, Mourelatos Z, Hatzigeorgiou 
A. 2004. A combined computational-experimental approach predicts human 
microRNA targets. Genes Dev 18: 1165-1178. 

Kobel M, Weidensdorfer D, Reinke C, Lederer M, Schmitt WD, Zeng K, Thomssen C, 
Hauptmann S, Huttelmaier S. 2007. Expression of the RNA-binding protein IMP1 
correlates with poor prognosis in ovarian carcinoma. Oncogene 26: 7584-7589. 

Kondo T, Ezzat S, Asa SL. 2006. Pathogenetic mechanisms in thyroid follicular-cell 
neoplasia. Nature reviews Cancer 6: 292-306. 



REFERENCES   

124  

Kong YW, Cannell IG, de Moor CH, Hill K, Garside PG, Hamilton TL, Meijer HA, Dobbyn HC, 
Stoneley M, Spriggs KA et al. 2008. The mechanism of micro-RNA-mediated 
translation repression is determined by the promoter of the target gene. Proc Natl 
Acad Sci U S A 105: 8866-8871. 

Krek A, Grun D, Poy MN, Wolf R, Rosenberg L, Epstein EJ, MacMenamin P, da Piedade I, 
Gunsalus KC, Stoffel M et al. 2005. Combinatorial microRNA target predictions. 
Nature genetics 37: 495-500. 

Kress TR, Cannell IG, Brenkman AB, Samans B, Gaestel M, Roepman P, Burgering BM, 
Bushell M, Rosenwald A, Eilers M. 2011. The MK5/PRAK kinase and Myc form a 
negative feedback loop that is disrupted during colorectal tumorigenesis. Molecular 
cell 41: 445-457. 

Kuilman T, Michaloglou C, Mooi WJ, Peeper DS. 2010. The essence of senescence. Genes 
Dev 24: 2463-2479. 

Kumarswamy R, Mudduluru G, Ceppi P, Muppala S, Kozlowski M, Niklinski J, Papotti M, 
Allgayer H. 2012. MicroRNA-30a inhibits epithelial-to-mesenchymal transition by 
targeting Snai1 and is downregulated in non-small cell lung cancer. International 
journal of cancer Journal international du cancer 130: 2044-2053. 

Lal A, Navarro F, Maher CA, Maliszewski LE, Yan N, O'Day E, Chowdhury D, Dykxhoorn 
DM, Tsai P, Hofmann O et al. 2009. miR-24 Inhibits cell proliferation by targeting 
E2F2, MYC, and other cell-cycle genes via binding to "seedless" 3'UTR microRNA 
recognition elements. Molecular cell 35: 610-625. 

Lall S, Grun D, Krek A, Chen K, Wang YL, Dewey CN, Sood P, Colombo T, Bray N, 
Macmenamin P et al. 2006. A genome-wide map of conserved microRNA targets in 
C. elegans. Current biology : CB 16: 460-471. 

Lanford RE, Hildebrandt-Eriksen ES, Petri A, Persson R, Lindow M, Munk ME, Kauppinen S, 
Orum H. 2010. Therapeutic silencing of microRNA-122 in primates with chronic 
hepatitis C virus infection. Science 327: 198-201. 

Lapidus K, Wyckoff J, Mouneimne G, Lorenz M, Soon L, Condeelis JS, Singer RH. 2007. 
ZBP1 enhances cell polarity and reduces chemotaxis. Journal of cell science 120: 
3173-3178. 

Lecuit T, Lenne PF. 2007. Cell surface mechanics and the control of cell shape, tissue 
patterns and morphogenesis. Nature reviews Molecular cell biology 8: 633-644. 

Lee HY, Haurwitz RE, Apffel A, Zhou K, Smart B, Wenger CD, Laderman S, Bruhn L, 
Doudna JA. 2013. RNA-protein analysis using a conditional CRISPR nuclease. Proc 
Natl Acad Sci U S A 110: 5416-5421. 

Lee I, Ajay SS, Yook JI, Kim HS, Hong SH, Kim NH, Dhanasekaran SM, Chinnaiyan AM, 
Athey BD. 2009. New class of microRNA targets containing simultaneous 5'-UTR and 
3'-UTR interaction sites. Genome research 19: 1175-1183. 

Lemm I, Ross J. 2002. Regulation of c-myc mRNA decay by translational pausing in a coding 
region instability determinant. Mol Cell Biol 22: 3959-3969. 

Leung KM, van Horck FP, Lin AC, Allison R, Standart N, Holt CE. 2006. Asymmetrical beta-
actin mRNA translation in growth cones mediates attractive turning to netrin-1. Nature 
neuroscience 9: 1247-1256. 

Lewis BP, Burge CB, Bartel DP. 2005. Conserved seed pairing, often flanked by adenosines, 
indicates that thousands of human genes are microRNA targets. Cell 120: 15-20. 

Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB. 2003. Prediction of 
mammalian microRNA targets. Cell 115: 787-798. 

Liao JM, Lu H. 2011. Autoregulatory suppression of c-Myc by miR-185-3p. The Journal of 
biological chemistry 286: 33901-33909. 

Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM, Castle J, Bartel DP, Linsley PS, 
Johnson JM. 2005. Microarray analysis shows that some microRNAs downregulate 
large numbers of target mRNAs. Nature 433: 769-773. 

Lin RY. 2011. Thyroid cancer stem cells. Nature reviews Endocrinology 7: 609-616. 
Liu MF, Jiang S, Lu Z, Li Y, Yang KH. 2010. Physiological and Pathological Functions of 

Mammalian MicroRNAs. Comprehensive Toxicology, Second Edition, London, UK: 
Elsevier Science. 



  REFERENCES 

125  

Liu Y, El-Naggar S, Darling DS, Higashi Y, Dean DC. 2008. Zeb1 links epithelial-
mesenchymal transition and cellular senescence. Development 135: 579-588. 

Lopez-Serra P, Esteller M. 2012. DNA methylation-associated silencing of tumor-suppressor 
microRNAs in cancer. Oncogene 31: 1609-1622. 

Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, Sweet-Cordero A, Ebert BL, 
Mak RH, Ferrando AA et al. 2005. MicroRNA expression profiles classify human 
cancers. Nature 435: 834-838. 

Lu Y, Thomson JM, Wong HY, Hammond SM, Hogan BL. 2007. Transgenic over-expression 
of the microRNA miR-17-92 cluster promotes proliferation and inhibits differentiation 
of lung epithelial progenitor cells. Developmental biology 310: 442-453. 

MacDonald BT, Tamai K, He X. 2009. Wnt/beta-catenin signaling: components, 
mechanisms, and diseases. Dev Cell 17: 9-26. 

Magenta A, Cencioni C, Fasanaro P, Zaccagnini G, Greco S, Sarra-Ferraris G, Antonini A, 
Martelli F, Capogrossi MC. 2011. miR-200c is upregulated by oxidative stress and 
induces endothelial cell apoptosis and senescence via ZEB1 inhibition. Cell death 
and differentiation 18: 1628-1639. 

Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, Brooks M, Reinhard F, Zhang 
CC, Shipitsin M et al. 2008. The epithelial-mesenchymal transition generates cells 
with properties of stem cells. Cell 133: 704-715. 

Manieri NA, Drylewicz MR, Miyoshi H, Stappenbeck TS. 2012. Igf2bp1 is required for full 
induction of Ptgs2 mRNA in colonic mesenchymal stem cells in mice. 
Gastroenterology 143: 110-121 e110. 

Maragkakis M, Reczko M, Simossis VA, Alexiou P, Papadopoulos GL, Dalamagas T, 
Giannopoulos G, Goumas G, Koukis E, Kourtis K et al. 2009. DIANA-microT web 
server: elucidating microRNA functions through target prediction. Nucleic Acids Res 
37: W273-276. 

Maroney PA, Yu Y, Fisher J, Nilsen TW. 2006. Evidence that microRNAs are associated with 
translating messenger RNAs in human cells. Nature structural & molecular biology 
13: 1102-1107. 

Mathonnet G, Fabian MR, Svitkin YV, Parsyan A, Huck L, Murata T, Biffo S, Merrick WC, 
Darzynkiewicz E, Pillai RS et al. 2007. MicroRNA inhibition of translation initiation in 
vitro by targeting the cap-binding complex eIF4F. Science 317: 1764-1767. 

Matsui Y, Assi K, Ogawa O, Raven PA, Dedhar S, Gleave ME, Salh B, So AI. 2012. The 
importance of integrin-linked kinase in the regulation of bladder cancer invasion. 
International journal of cancer Journal international du cancer 130: 521-531. 

Mattila PK, Lappalainen P. 2008. Filopodia: molecular architecture and cellular functions. 
Nature reviews Molecular cell biology 9: 446-454. 

Mayr C, Bartel DP. 2009. Widespread shortening of 3'UTRs by alternative cleavage and 
polyadenylation activates oncogenes in cancer cells. Cell 138: 673-684. 

Meisner NC, Filipowicz W. 2010. Properties of the regulatory RNA-binding protein HuR and 
its role in controlling miRNA repression. Advances in experimental medicine and 
biology 700: 106-123. 

Meister G. 2013. Argonaute proteins: functional insights and emerging roles. Nat Rev Genet 
14: 447-459. 

Meyer N, Penn LZ. 2008. Reflecting on 25 years with MYC. Nature reviews Cancer 8: 976-
990. 

Micalizzi DS, Farabaugh SM, Ford HL. 2010. Epithelial-mesenchymal transition in cancer: 
parallels between normal development and tumor progression. Journal of mammary 
gland biology and neoplasia 15: 117-134. 

Min H, Yoon S. 2010. Got target? Computational methods for microRNA target prediction 
and their extension. Experimental & molecular medicine 42: 233-244. 

Minuto F, Palermo C, Arvigo M, Barreca AM. 2005. The IGF system and bone. Journal of 
endocrinological investigation 28: 8-10. 

Miranda KC, Huynh T, Tay Y, Ang YS, Tam WL, Thomson AM, Lim B, Rigoutsos I. 2006. A 
pattern-based method for the identification of MicroRNA binding sites and their 
corresponding heteroduplexes. Cell 126: 1203-1217. 



REFERENCES   

126  

Moes M, Le Bechec A, Crespo I, Laurini C, Halavatyi A, Vetter G, Del Sol A, Friederich E. 
2012. A novel network integrating a miRNA-203/SNAI1 feedback loop which 
regulates epithelial to mesenchymal transition. PloS one 7: e35440. 

Mogilyansky E, Rigoutsos I. 2013. The miR-17/92 cluster: a comprehensive update on its 
genomics, genetics, functions and increasingly important and numerous roles in 
health and disease. Cell death and differentiation 20: 1603-1614. 

Mongroo PS, Noubissi FK, Cuatrecasas M, Kalabis J, King CE, Johnstone CN, Bowser MJ, 
Castells A, Spiegelman VS, Rustgi AK. 2011. IMP-1 displays cross-talk with K-Ras 
and modulates colon cancer cell survival through the novel proapoptotic protein 
CYFIP2. Cancer research 71: 2172-2182. 

Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, Puisieux A. 2008. Generation of breast 
cancer stem cells through epithelial-mesenchymal transition. PloS one 3: e2888. 

Morrison CD, Parvani JG, Schiemann WP. 2013. The relevance of the TGF-beta Paradox to 
EMT-MET programs. Cancer letters 341: 30-40. 

Mueller-Pillasch F, Pohl B, Wilda M, Lacher U, Beil M, Wallrapp C, Hameister H, Knochel W, 
Adler G, Gress TM. 1999. Expression of the highly conserved RNA binding protein 
KOC in embryogenesis. Mechanisms of development 88: 95-99. 

Naito A, Iwase H, Kuzushima T, Nakamura T, Kobayashi S. 2001. Clinical significance of E-
cadherin expression in thyroid neoplasms. Journal of surgical oncology 76: 176-180. 

Nielsen J, Adolph SK, Rajpert-De Meyts E, Lykke-Andersen J, Koch G, Christiansen J, 
Nielsen FC. 2003. Nuclear transit of human zipcode-binding protein IMP1. The 
Biochemical journal 376: 383-391. 

Nielsen J, Christiansen J, Lykke-Andersen J, Johnsen AH, Wewer UM, Nielsen FC. 1999. A 
family of insulin-like growth factor II mRNA-binding proteins represses translation in 
late development. Mol Cell Biol 19: 1262-1270. 

Nikiforova MN, Tseng GC, Steward D, Diorio D, Nikiforov YE. 2008. MicroRNA expression 
profiling of thyroid tumors: biological significance and diagnostic utility. The Journal of 
clinical endocrinology and metabolism 93: 1600-1608. 

Nishino J, Kim S, Zhu Y, Zhu H, Morrison SJ. 2013. A network of heterochronic genes 
including Imp1 regulates temporal changes in stem cell properties. eLife 2: e00924. 

Nisticò P, Bissell MJ, Radisky DC. 2013. Cold Spring Harbor perspectives in biology. 
Nottrott S, Simard MJ, Richter JD. 2006. Human let-7a miRNA blocks protein production on 

actively translating polyribosomes. Nature structural & molecular biology 13: 1108-
1114. 

Noubissi FK, Elcheva I, Bhatia N, Shakoori A, Ougolkov A, Liu J, Minamoto T, Ross J, Fuchs 
SY, Spiegelman VS. 2006. CRD-BP mediates stabilization of betaTrCP1 and c-myc 
mRNA in response to beta-catenin signalling. Nature 441: 898-901. 

Noubissi FK, Goswami S, Sanek NA, Kawakami K, Minamoto T, Moser A, Grinblat Y, 
Spiegelman VS. 2009. Wnt signaling stimulates transcriptional outcome of the 
Hedgehog pathway by stabilizing GLI1 mRNA. Cancer research 69: 8572-8578. 

Noubissi FK, Nikiforov MA, Colburn N, Spiegelman VS. 2010. Transcriptional Regulation of 
CRD-BP by c-myc: Implications for c-myc Functions. Genes & cancer 1: 1074-1082. 

O'Brien CA, Pollett A, Gallinger S, Dick JE. 2007. A human colon cancer cell capable of 
initiating tumour growth in immunodeficient mice. Nature 445: 106-110. 

O'Donnell KA, Wentzel EA, Zeller KI, Dang CV, Mendell JT. 2005. c-Myc-regulated 
microRNAs modulate E2F1 expression. Nature 435: 839-843. 

O'Neill JP, Power D, Condron C, Bouchier-Hayes D, Walsh M. 2010. Anaplastic thyroid 
cancer, tumorigenesis and therapy. Irish journal of medical science 179: 9-15. 

Ohashi S, Natsuizaka M, Wong GS, Michaylira CZ, Grugan KD, Stairs DB, Kalabis J, Vega 
ME, Kalman RA, Nakagawa M et al. 2010. Epidermal growth factor receptor and 
mutant p53 expand an esophageal cellular subpopulation capable of epithelial-to-
mesenchymal transition through ZEB transcription factors. Cancer research 70: 4174-
4184. 

Oleynikov Y, Singer RH. 2003. Real-time visualization of ZBP1 association with beta-actin 
mRNA during transcription and localization. Current biology : CB 13: 199-207. 



  REFERENCES 

127  

Olsen PH, Ambros V. 1999. The lin-4 regulatory RNA controls developmental timing in 
Caenorhabditis elegans by blocking LIN-14 protein synthesis after the initiation of 
translation. Developmental biology 216: 671-680. 

Orom UA, Lund AH. 2007. Isolation of microRNA targets using biotinylated synthetic 
microRNAs. Methods 43: 162-165. 

Ouzounova M, Vuong T, Ancey PB, Ferrand M, Durand G, Le-Calvez Kelm F, Croce C, 
Matar C, Herceg Z, Hernandez-Vargas H. 2013. MicroRNA miR-30 family regulates 
non-attachment growth of breast cancer cells. BMC genomics 14: 139. 

Oztas E, Avci ME, Ozcan A, Sayan AE, Tulchinsky E, Yagci T. 2010. Novel monoclonal 
antibodies detect Smad-interacting protein 1 (SIP1) in the cytoplasm of human cells 
from multiple tumor tissue arrays. Experimental and molecular pathology 89: 182-
189. 

Pallante P, Battista S, Pierantoni GM, Fusco A. 2014. Deregulation of microRNA expression 
in thyroid neoplasias. Nature reviews Endocrinology 10: 88-101. 

Pallante P, Visone R, Ferracin M, Ferraro A, Berlingieri MT, Troncone G, Chiappetta G, Liu 
CG, Santoro M, Negrini M et al. 2006. MicroRNA deregulation in human thyroid 
papillary carcinomas. Endocrine-related cancer 13: 497-508. 

Park SM, Gaur AB, Lengyel E, Peter ME. 2008. The miR-200 family determines the epithelial 
phenotype of cancer cells by targeting the E-cadherin repressors ZEB1 and ZEB2. 
Genes Dev 22: 894-907. 

Paroo Z, Ye X, Chen S, Liu Q. 2009. Phosphorylation of the human microRNA-generating 
complex mediates MAPK/Erk signaling. Cell 139: 112-122. 

Parvani JG, Taylor MA, Schiemann WP. 2011. Noncanonical TGF-beta signaling during 
mammary tumorigenesis. Journal of mammary gland biology and neoplasia 16: 127-
146. 

Pasquinelli AE. 2012. MicroRNAs and their targets: recognition, regulation and an emerging 
reciprocal relationship. Nat Rev Genet 13: 271-282. 

Paz H, Pathak N, Yang J. 2013. Invading one step at a time: the role of invadopodia in tumor 
metastasis. Oncogene. 

Peinado H, Olmeda D, Cano A. 2007. Snail, Zeb and bHLH factors in tumour progression: an 
alliance against the epithelial phenotype? Nature reviews Cancer 7: 415-428. 

Perez-Moreno M, Fuchs E. 2006. Catenins: keeping cells from getting their signals crossed. 
Dev Cell 11: 601-612. 

Peter ME. 2009. Let-7 and miR-200 microRNAs: guardians against pluripotency and cancer 
progression. Cell cycle 8: 843-852. 

Petersen CP, Bordeleau ME, Pelletier J, Sharp PA. 2006. Short RNAs repress translation 
after initiation in mammalian cells. Molecular cell 21: 533-542. 

Pickering MT, Stadler BM, Kowalik TF. 2009. miR-17 and miR-20a temper an E2F1-induced 
G1 checkpoint to regulate cell cycle progression. Oncogene 28: 140-145. 

Piek E, Moustakas A, Kurisaki A, Heldin CH, ten Dijke P. 1999. TGF-(beta) type I 
receptor/ALK-5 and Smad proteins mediate epithelial to mesenchymal 
transdifferentiation in NMuMG breast epithelial cells. Journal of cell science 112 ( Pt 
24): 4557-4568. 

Pillai RS, Bhattacharyya SN, Artus CG, Zoller T, Cougot N, Basyuk E, Bertrand E, Filipowicz 
W. 2005. Inhibition of translational initiation by Let-7 MicroRNA in human cells. 
Science 309: 1573-1576. 

Postigo AA. 2003. Opposing functions of ZEB proteins in the regulation of the TGFbeta/BMP 
signaling pathway. The EMBO journal 22: 2443-2452. 

Qin J, Wu C. 2012. ILK: a pseudokinase in the center stage of cell-matrix adhesion and 
signaling. Current opinion in cell biology 24: 607-613. 

Quintana E, Shackleton M, Sabel MS, Fullen DR, Johnson TM, Morrison SJ. 2008. Efficient 
tumour formation by single human melanoma cells. Nature 456: 593-598. 

Regalbuto C, Frasca F, Pellegriti G, Malandrino P, Marturano I, Di Carlo I, Pezzino V. 2012. 
Update on thyroid cancer treatment. Future oncology 8: 1331-1348. 

Rehmsmeier M, Steffen P, Hochsmann M, Giegerich R. 2004. Fast and effective prediction 
of microRNA/target duplexes. RNA 10: 1507-1517. 



REFERENCES   

128  

Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, Rougvie AE, Horvitz HR, 
Ruvkun G. 2000. The 21-nucleotide let-7 RNA regulates developmental timing in 
Caenorhabditis elegans. Nature 403: 901-906. 

Ricarte-Filho JC, Fuziwara CS, Yamashita AS, Rezende E, da-Silva MJ, Kimura ET. 2009. 
Effects of let-7 microRNA on Cell Growth and Differentiation of Papillary Thyroid 
Cancer. Translational oncology 2: 236-241. 

Ricci-Vitiani L, Lombardi DG, Pilozzi E, Biffoni M, Todaro M, Peschle C, De Maria R. 2007. 
Identification and expansion of human colon-cancer-initiating cells. Nature 445: 111-
115. 

Riley KJ, Yario TA, Steitz JA. 2012. Association of Argonaute proteins and microRNAs can 
occur after cell lysis. RNA 18: 1581-1585. 

Robinson MD, Smyth GK. 2008. Small-sample estimation of negative binomial dispersion, 
with applications to SAGE data. Biostatistics 9: 321-332. 

Rocha AS, Soares P, Fonseca E, Cameselle-Teijeiro J, Oliveira MC, Sobrinho-Simoes M. 
2003. E-cadherin loss rather than beta-catenin alterations is a common feature of 
poorly differentiated thyroid carcinomas. Histopathology 42: 580-587. 

Rokavec M, Oner MG, Li H, Jackstadt R, Jiang L, Lodygin D, Kaller M, Horst D, Ziegler PK, 
Schwitalla S et al. 2014. IL-6R/STAT3/miR-34a feedback loop promotes EMT-
mediated colorectal cancer invasion and metastasis. The Journal of clinical 
investigation 124: 1853-1867. 

Ross J, Lemm I, Berberet B. 2001. Overexpression of an mRNA-binding protein in human 
colorectal cancer. Oncogene 20: 6544-6550. 

Rossi S, Sevignani C, Nnadi SC, Siracusa LD, Calin GA. 2008. Cancer-associated genomic 
regions (CAGRs) and noncoding RNAs: bioinformatics and therapeutic implications. 
Mammalian genome : official journal of the International Mammalian Genome Society 
19: 526-540. 

Sachdeva M, Zhu S, Wu F, Wu H, Walia V, Kumar S, Elble R, Watabe K, Mo YY. 2009. p53 
represses c-Myc through induction of the tumor suppressor miR-145. Proc Natl Acad 
Sci U S A 106: 3207-3212. 

Sampson VB, Rong NH, Han J, Yang Q, Aris V, Soteropoulos P, Petrelli NJ, Dunn SP, 
Krueger LJ. 2007. MicroRNA let-7a down-regulates MYC and reverts MYC-induced 
growth in Burkitt lymphoma cells. Cancer research 67: 9762-9770. 

Sanchez-Tillo E, Liu Y, de Barrios O, Siles L, Fanlo L, Cuatrecasas M, Darling DS, Dean DC, 
Castells A, Postigo A. 2012. EMT-activating transcription factors in cancer: beyond 
EMT and tumor invasiveness. Cellular and molecular life sciences : CMLS 69: 3429-
3456. 

Santarpia L, Nicoloso M, Calin GA. 2010. MicroRNAs: a complex regulatory network drives 
the acquisition of malignant cell phenotype. Endocrine-related cancer 17: F51-75. 

Sasaki Y, Welshhans K, Wen Z, Yao J, Xu M, Goshima Y, Zheng JQ, Bassell GJ. 2010. 
Phosphorylation of zipcode binding protein 1 is required for brain-derived 
neurotrophic factor signaling of local beta-actin synthesis and growth cone turning. 
The Journal of neuroscience : the official journal of the Society for Neuroscience 30: 
9349-9358. 

Scheel C, Eaton EN, Li SH, Chaffer CL, Reinhardt F, Kah KJ, Bell G, Guo W, Rubin J, 
Richardson AL et al. 2011. Paracrine and autocrine signals induce and maintain 
mesenchymal and stem cell states in the breast. Cell 145: 926-940. 

Scheel C, Weinberg RA. 2012. Cancer stem cells and epithelial-mesenchymal transition: 
concepts and molecular links. Seminars in cancer biology 22: 396-403. 

Scheumman GF, Hoang-Vu C, Cetin Y, Gimm O, Behrends J, von Wasielewski R, Georgii A, 
Birchmeier W, von Zur Muhlen A, Dralle H et al. 1995. Clinical significance of E-
cadherin as a prognostic marker in thyroid carcinomas. The Journal of clinical 
endocrinology and metabolism 80: 2168-2172. 

Schmid KW. 2010. [Molecular pathology of thyroid tumors]. Der Pathologe 31 Suppl 2: 229-
233.  



  REFERENCES 

129  

Schwertheim S, Sheu SY, Worm K, Grabellus F, Schmid KW. 2009. Analysis of deregulated 
miRNAs is helpful to distinguish poorly differentiated thyroid carcinoma from papillary 
thyroid carcinoma. Hormone and metabolic research = Hormon- und 
Stoffwechselforschung = Hormones et metabolisme 41: 475-481. 

Selbach M, Schwanhausser B, Thierfelder N, Fang Z, Khanin R, Rajewsky N. 2008. 
Widespread changes in protein synthesis induced by microRNAs. Nature 455: 58-63. 

Selcuklu SD, Donoghue MT, Spillane C. 2009. miR-21 as a key regulator of oncogenic 
processes. Biochemical Society transactions 37: 918-925. 

Shah YM, Morimura K, Yang Q, Tanabe T, Takagi M, Gonzalez FJ. 2007. Peroxisome 
proliferator-activated receptor alpha regulates a microRNA-mediated signaling 
cascade responsible for hepatocellular proliferation. Mol Cell Biol 27: 4238-4247. 

Shalgi R, Lieber D, Oren M, Pilpel Y. 2007. Global and local architecture of the mammalian 
microRNA-transcription factor regulatory network. PLoS computational biology 3: 
e131. 

Shestakova EA, Singer RH, Condeelis J. 2001. The physiological significance of beta -actin 
mRNA localization in determining cell polarity and directional motility. Proc Natl Acad 
Sci U S A 98: 7045-7050. 

Shin C, Nam JW, Farh KK, Chiang HR, Shkumatava A, Bartel DP. 2010. Expanding the 
microRNA targeting code: functional sites with centered pairing. Molecular cell 38: 
789-802. 

Shirakihara T, Saitoh M, Miyazono K. 2007. Differential regulation of epithelial and 
mesenchymal markers by deltaEF1 proteins in epithelial mesenchymal transition 
induced by TGF-beta. Molecular biology of the cell 18: 3533-3544. 

Siemens H, Jackstadt R, Hunten S, Kaller M, Menssen A, Gotz U, Hermeking H. 2011. miR-
34 and SNAIL form a double-negative feedback loop to regulate epithelial-
mesenchymal transitions. Cell cycle 10: 4256-4271. 

Slowinska-Klencka D, Sporny S, Stasikowska-Kanicka O, Popowicz B, Klencki M. 2012. E-
cadherin expression is more associated with histopathological type of thyroid cancer 
than with the metastatic potential of tumors. Folia histochemica et cytobiologica / 
Polish Academy of Sciences, Polish Histochemical and Cytochemical Society 50: 
519-526. 

Sobell HM. 1985. Actinomycin and DNA transcription. Proc Natl Acad Sci U S A 82: 5328-
5331. 

Sobrinho-Simoes M, Maximo V, Rocha AS, Trovisco V, Castro P, Preto A, Lima J, Soares P. 
2008. Intragenic mutations in thyroid cancer. Endocrinology and metabolism clinics of 
North America 37: 333-362, viii. 

Spaderna S, Schmalhofer O, Wahlbuhl M, Dimmler A, Bauer K, Sultan A, Hlubek F, Jung A, 
Strand D, Eger A et al. 2008. The transcriptional repressor ZEB1 promotes 
metastasis and loss of cell polarity in cancer. Cancer research 68: 537-544. 

Sparanese D, Lee CH. 2007. CRD-BP shields c-myc and MDR-1 RNA from endonucleolytic 
attack by a mammalian endoribonuclease. Nucleic Acids Res 35: 1209-1221. 

Stark A, Brennecke J, Bushati N, Russell RB, Cohen SM. 2005. Animal MicroRNAs confer 
robustness to gene expression and have a significant impact on 3'UTR evolution. Cell 
123: 1133-1146. 

Stohr N, Huttelmaier S. 2012. IGF2BP1: a post-transcriptional "driver" of tumor cell migration. 
Cell adhesion & migration 6: 312-318. 

Stohr N, Kohn M, Lederer M, Glass M, Reinke C, Singer RH, Huttelmaier S. 2012. IGF2BP1 
promotes cell migration by regulating MK5 and PTEN signaling. Genes Dev 26: 176-
189. 

Stohr N, Lederer M, Reinke C, Meyer S, Hatzfeld M, Singer RH, Huttelmaier S. 2006. ZBP1 
regulates mRNA stability during cellular stress. The Journal of cell biology 175: 527-
534. 

Takagi T, Moribe H, Kondoh H, Higashi Y. 1998. DeltaEF1, a zinc finger and homeodomain 
transcription factor, is required for skeleton patterning in multiple lineages. 
Development 125: 21-31. 



REFERENCES   

130  

Takeyama Y, Sato M, Horio M, Hase T, Yoshida K, Yokoyama T, Nakashima H, Hashimoto 
N, Sekido Y, Gazdar AF et al. 2010. Knockdown of ZEB1, a master epithelial-to-
mesenchymal transition (EMT) gene, suppresses anchorage-independent cell growth 
of lung cancer cells. Cancer letters 296: 216-224. 

Takwi AA, Li Y, Becker Buscaglia LE, Zhang J, Choudhury S, Park AK, Liu M, Young KH, 
Park WY, Martin RC et al. 2012. A statin-regulated microRNA represses human c-
Myc expression and function. EMBO molecular medicine 4: 896-909. 

Tessier CR, Doyle GA, Clark BA, Pitot HC, Ross J. 2004. Mammary tumor induction in 
transgenic mice expressing an RNA-binding protein. Cancer research 64: 209-214. 

Thomson DW, Bracken CP, Goodall GJ. 2011. Experimental strategies for microRNA target 
identification. Nucleic Acids Res 39: 6845-6853. 

Todaro M, Iovino F, Eterno V, Cammareri P, Gambara G, Espina V, Gulotta G, Dieli F, 
Giordano S, De Maria R et al. 2010. Tumorigenic and metastatic activity of human 
thyroid cancer stem cells. Cancer research 70: 8874-8885. 

Tolia NH, Joshua-Tor L. 2007. Slicer and the argonautes. Nature chemical biology 3: 36-43. 
Trang P, Wiggins JF, Daige CL, Cho C, Omotola M, Brown D, Weidhaas JB, Bader AG, 

Slack FJ. 2011. Systemic delivery of tumor suppressor microRNA mimics using a 
neutral lipid emulsion inhibits lung tumors in mice. Molecular therapy : the journal of 
the American Society of Gene Therapy 19: 1116-1122. 

Trumpp A, Refaeli Y, Oskarsson T, Gasser S, Murphy M, Martin GR, Bishop JM. 2001. c-
Myc regulates mammalian body size by controlling cell number but not cell size. 
Nature 414: 768-773. 

Tuschl T, Zamore PD, Lehmann R, Bartel DP, Sharp PA. 1999. Targeted mRNA degradation 
by double-stranded RNA in vitro. Genes Dev 13: 3191-3197. 

Uhlmann S, Mannsperger H, Zhang JD, Horvat EA, Schmidt C, Kublbeck M, Henjes F, Ward 
A, Tschulena U, Zweig K et al. 2012. Global microRNA level regulation of EGFR-
driven cell-cycle protein network in breast cancer. Molecular systems biology 8: 570. 

Vainer G, Vainer-Mosse E, Pikarsky A, Shenoy SM, Oberman F, Yeffet A, Singer RH, 
Pikarsky E, Yisraeli JK. 2008. A role for VICKZ proteins in the progression of 
colorectal carcinomas: regulating lamellipodia formation. The Journal of pathology 
215: 445-456. 

van Grunsven LA, Taelman V, Michiels C, Opdecamp K, Huylebroeck D, Bellefroid EJ. 2006. 
deltaEF1 and SIP1 are differentially expressed and have overlapping activities during 
Xenopus embryogenesis. Developmental dynamics : an official publication of the 
American Association of Anatomists 235: 1491-1500. 

Vikesaa J, Hansen TV, Jonson L, Borup R, Wewer UM, Christiansen J, Nielsen FC. 2006. 
RNA-binding IMPs promote cell adhesion and invadopodia formation. The EMBO 
journal 25: 1456-1468. 

Visone R, Pallante P, Vecchione A, Cirombella R, Ferracin M, Ferraro A, Volinia S, Coluzzi 
S, Leone V, Borbone E et al. 2007. Specific microRNAs are downregulated in human 
thyroid anaplastic carcinomas. Oncogene 26: 7590-7595. 

Viticchie G, Lena AM, Latina A, Formosa A, Gregersen LH, Lund AH, Bernardini S, Mauriello 
A, Miano R, Spagnoli LG et al. 2011. MiR-203 controls proliferation, migration and 
invasive potential of prostate cancer cell lines. Cell cycle 10: 1121-1131. 

Vo NK, Dalton RP, Liu N, Olson EN, Goodman RH. 2010. Affinity purification of microRNA-
133a with the cardiac transcription factor, Hand2. Proc Natl Acad Sci U S A 107: 
19231-19236. 

Vrba L, Jensen TJ, Garbe JC, Heimark RL, Cress AE, Dickinson S, Stampfer MR, Futscher 
BW. 2010. Role for DNA methylation in the regulation of miR-200c and miR-141 
expression in normal and cancer cells. PloS one 5: e8697. 

Wachter K, Kohn M, Stohr N, Huttelmaier S. 2013. Subcellular localization and RNP 
formation of IGF2BPs (IGF2 mRNA-binding proteins) is modulated by distinct RNA-
binding domains. Biological chemistry 394: 1077-1090. 

Walker MR, Brown SL, Riehl TE, Stenson WF, Stappenbeck TS. 2010. Growth factor 
regulation of prostaglandin-endoperoxide synthase 2 (Ptgs2) expression in colonic 
mesenchymal stem cells. The Journal of biological chemistry 285: 5026-5039. 



  REFERENCES 

131  

Wang C, Wang X, Liang H, Wang T, Yan X, Cao M, Wang N, Zhang S, Zen K, Zhang C et al. 
2013. miR-203 inhibits cell proliferation and migration of lung cancer cells by targeting 
PKCalpha. PloS one 8: e73985. 

Wang W, Goswami S, Lapidus K, Wells AL, Wyckoff JB, Sahai E, Singer RH, Segall JE, 
Condeelis JS. 2004. Identification and testing of a gene expression signature of 
invasive carcinoma cells within primary mammary tumors. Cancer research 64: 8585-
8594. 

Wang X. 2008. miRDB: a microRNA target prediction and functional annotation database 
with a wiki interface. RNA 14: 1012-1017. 

Wang X, El Naqa IM. 2008. Prediction of both conserved and nonconserved microRNA 
targets in animals. Bioinformatics 24: 325-332. 

Wang Z, Lin S, Li JJ, Xu Z, Yao H, Zhu X, Xie D, Shen Z, Sze J, Li K et al. 2011. MYC 
protein inhibits transcription of the microRNA cluster MC-let-7a-1~let-7d via 
noncanonical E-box. The Journal of biological chemistry 286: 39703-39714. 

Weidensdorfer D, Stohr N, Baude A, Lederer M, Kohn M, Schierhorn A, Buchmeier S, Wahle 
E, Huttelmaier S. 2009. Control of c-myc mRNA stability by IGF2BP1-associated 
cytoplasmic RNPs. RNA 15: 104-115. 

Wellner U, Schubert J, Burk UC, Schmalhofer O, Zhu F, Sonntag A, Waldvogel B, Vannier C, 
Darling D, zur Hausen A et al. 2009. The EMT-activator ZEB1 promotes 
tumorigenicity by repressing stemness-inhibiting microRNAs. Nat Cell Biol 11: 1487-
1495. 

Welshhans K, Bassell GJ. 2011. Netrin-1-induced local beta-actin synthesis and growth cone 
guidance requires zipcode binding protein 1. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 31: 9800-9813. 

Wiklund ED, Kjems J, Clark SJ. 2010. Epigenetic architecture and miRNA: reciprocal 
regulators. Epigenomics 2: 823-840. 

Wiseman SM, Griffith OL, Deen S, Rajput A, Masoudi H, Gilks B, Goldstein L, Gown A, 
Jones SJ. 2007. Identification of molecular markers altered during transformation of 
differentiated into anaplastic thyroid carcinoma. Archives of surgery 142: 717-727; 
discussion 727-719. 

Wiseman SM, Masoudi H, Niblock P, Turbin D, Rajput A, Hay J, Filipenko D, Huntsman D, 
Gilks B. 2006. Derangement of the E-cadherin/catenin complex is involved in 
transformation of differentiated to anaplastic thyroid carcinoma. American journal of 
surgery 191: 581-587. 

Wolfer A, Ramaswamy S. 2011. MYC and metastasis. Cancer research 71: 2034-2037. 
Wu S, Huang S, Ding J, Zhao Y, Liang L, Liu T, Zhan R, He X. 2010. Multiple microRNAs 

modulate p21Cip1/Waf1 expression by directly targeting its 3' untranslated region. 
Oncogene 29: 2302-2308. 

Xia X, Yang B, Zhai X, Liu X, Shen K, Wu Z, Cai J. 2013. Prognostic role of microRNA-21 in 
colorectal cancer: a meta-analysis. PloS one 8: e80426. 

Xiao D, He J. 2010. Epithelial mesenchymal transition and lung cancer. Journal of thoracic 
disease 2: 154-159. 

Xing M. 2010. Genetic alterations in the phosphatidylinositol-3 kinase/Akt pathway in thyroid 
cancer. Thyroid : official journal of the American Thyroid Association 20: 697-706. 

Xu J, Lamouille S, Derynck R. 2009. TGF-beta-induced epithelial to mesenchymal transition. 
Cell research 19: 156-172. 

Yan LX, Huang XF, Shao Q, Huang MY, Deng L, Wu QL, Zeng YX, Shao JY. 2008. 
MicroRNA miR-21 overexpression in human breast cancer is associated with 
advanced clinical stage, lymph node metastasis and patient poor prognosis. RNA 14: 
2348-2360. 

Yan LX, Wu QN, Zhang Y, Li YY, Liao DZ, Hou JH, Fu J, Zeng MS, Yun JP, Wu QL et al. 
2011. Knockdown of miR-21 in human breast cancer cell lines inhibits proliferation, in 
vitro migration and in vivo tumor growth. Breast cancer research : BCR 13: R2. 

Yaniv K, Fainsod A, Kalcheim C, Yisraeli JK. 2003. The RNA-binding protein Vg1 RBP is 
required for cell migration during early neural development. Development 130: 5649-
5661. 



REFERENCES   

132  

Yao J, Sasaki Y, Wen Z, Bassell GJ, Zheng JQ. 2006. An essential role for beta-actin mRNA 
localization and translation in Ca2+-dependent growth cone guidance. Nature 
neuroscience 9: 1265-1273. 

Yekta S, Shih IH, Bartel DP. 2004. MicroRNA-directed cleavage of HOXB8 mRNA. Science 
304: 594-596. 

Yisraeli JK. 2005. VICKZ proteins: a multi-talented family of regulatory RNA-binding proteins. 
Biology of the cell / under the auspices of the European Cell Biology Organization 97: 
87-96. 

Yoon JH, Srikantan S, Gorospe M. 2012. MS2-TRAP (MS2-tagged RNA affinity purification): 
Tagging RNA to identify associated miRNAs. Methods. 

Younes MN, Kim S, Yigitbasi OG, Mandal M, Jasser SA, Dakak Yazici Y, Schiff BA, El-
Naggar A, Bekele BN, Mills GB et al. 2005. Integrin-linked kinase is a potential 
therapeutic target for anaplastic thyroid cancer. Molecular cancer therapeutics 4: 
1146-1156. 

Yu F, Deng H, Yao H, Liu Q, Su F, Song E. 2010. Mir-30 reduction maintains self-renewal 
and inhibits apoptosis in breast tumor-initiating cells. Oncogene 29: 4194-4204. 

Zeisberg M, Neilson EG. 2009. Biomarkers for epithelial-mesenchymal transitions. The 
Journal of clinical investigation 119: 1429-1437. 

Zekri L, Huntzinger E, Heimstadt S, Izaurralde E. 2009. The silencing domain of GW182 
interacts with PABPC1 to promote translational repression and degradation of 
microRNA targets and is required for target release. Mol Cell Biol 29: 6220-6231. 

Zekri L, Kuzuoglu-Ozturk D, Izaurralde E. 2013. GW182 proteins cause PABP dissociation 
from silenced miRNA targets in the absence of deadenylation. The EMBO journal 32: 
1052-1065. 

Zhang HL, Eom T, Oleynikov Y, Shenoy SM, Liebelt DA, Dictenberg JB, Singer RH, Bassell 
GJ. 2001. Neurotrophin-induced transport of a beta-actin mRNP complex increases 
beta-actin levels and stimulates growth cone motility. Neuron 31: 261-275. 

Zhao JJ, Lin J, Zhu D, Wang X, Brooks D, Chen M, Chu ZB, Takada K, Ciccarelli B, Admin S 
et al. 2014. miR-30-5p Functions as a Tumor Suppressor and Novel Therapeutic Tool 
by Targeting the Oncogenic Wnt/beta-Catenin/BCL9 Pathway. Cancer research 74: 
1801-1813. 

Zhou Z, Licklider LJ, Gygi SP, Reed R. 2002. Comprehensive proteomic analysis of the 
human spliceosome. Nature 419: 182-185. 

Zirkel A, Lederer M, Stohr N, Pazaitis N, Huttelmaier S. 2013. IGF2BP1 promotes 
mesenchymal cell properties and migration of tumor-derived cells by enhancing the 
expression of LEF1 and SNAI2 (SLUG). Nucleic Acids Res 41: 6618-6636. 

 
  
  



  APPENDIX 

133  

6  APPENDIX  

List  of  figures  

Figure  1  |  Multistep  carcinogenesis  model  of  thyroid  cancer  and  the  occurrence  of  

alterations  in  gene  expression.      5	
  

Figure  2  |  Epithelial  and  mesenchymal  cell  characteristics.      6	
  

Figure  3  |  Scheme  of  signal  transduction  pathways  that  crosstalk  during  EMT.      9	
  

Figure  4  |  Model  of  miRNA-­‐‑mediated  regulation  of  gene  expression  in  animals.      12	
  

Figure  5  |  Categories  and  functional  examples  of  miRNA  targeting  sites.      13	
  

Figure  6  |  Post-­‐‑transcriptional  control  of  genes  involved  in  the  TGFB  signaling    

pathway  by  miR-­‐‑200-­‐‑3p  family  members.      27	
  

Figure  7  |  Model  of  potential  autoregulation  of  MYC  by  the  miR-­‐‑17-­‐‑92  cluster.      38	
  

Figure  8  |  Amino  acid  identity  of  IGF2BP1  paralogues  and  orthologues,  and  domain  

structure  of  IGF2BP1.      90	
  

Figure  9  |  IGF2BP1  was  re-­‐‑expressed  in  anaplastic  thyroid  carcinomas  with  

mesenchymal  properties.      98	
  

Figure  10  |  IGF2BP1  was  detectable  in  carcinoma-­‐‑derived  cell  lines  that  express  

mesenchymal  markers.      100	
  

Figure  11  |  IGF2BP1  knockdown  impairs  mesenchymal  cell  properties  of    

ATC-­‐‑derived  8505C  cells.      102	
  

Figure  12  |  IGF2BP1  knockdown  impaired  ZEB1  expression.      105	
  

Figure  13  |  ZEB1  mRNA  was  specifically  co-­‐‑purified  with  IGF2BP1  from    

HeLa  cell  lysate.      106	
  

Figure  14  |  ZEB1  knockdown  impaired  IGF2BP1  expression.      109	
  

Figure  15  |  ZEB1  knockdown  reduced  polysomal  association  of  IGF2BP1  mRNA.      111	
  

Figure  16  |  IGF2BP1  mRNA  was  targeted  by  ZEB1-­‐‑repressed  miRNAs.      113	
  

Figure  17  |  IGF2BP1  promotes  mesenchymal-­‐‑like  cell  properties  by  sustaining  the  

expression  of  EMT-­‐‑driving  transcriptional  regulators.      115	
  

List  of  tables  

Table  1  |  List  of  accessible  miRNA  target  prediction  algorithms.      17	
  

Table  2  |  Summary  of  available  experimental  approaches  to  identify  miRNA-­‐‑mRNA  

interactions.      19	
  

     



APPENDIX   

134  

Abbreviations  

A   adenine  

AAT     serpin  peptidase  inhibitor,  clade  A,  member  1  

ACTB   β-­‐‑actin  

ActD   Actinomycin  D  

AGO   argonoute  

AJ   adherens  juction  

AKT2   v-­‐‑akt  murine  thymoma  viral  oncogene  homologue  2  

APC   adenomatous  polyposis  coli  

ATC   anaplastic  thyroid  carcinoma  

bHLH   basic  helix-­‐‑loop-­‐‑helix    

BL   Basal  lamina  

BMI1   BMI1  polycomb  ring  finger  oncogene  

BMM   basement  membrane  

bp   base  pair  

BRAF   v-­‐‑raf  murine  sarcoma  viral  oncogene  homologue  B  

BTRC   β-­‐‑transducin  repeat  containing  E3  ubiquitin  protein  ligase  

C   cytosine  

CAF1   CCR4-­‐‑NOT  transcription  complex,  subunit  8    

CCR4   CCR4-­‐‑NOT  transcription  complex,  subunit  6  

CDH1   E-­‐‑cadherin  

CDC25A   cell  division  cycle  25A  

CDK6   cyclin-­‐‑dependent  kinase  6  

CDKI   cyclin-­‐‑dependent  kinase  inhibitor  

CDKN1A   cyclin-­‐‑dependent  kinase  inhibitor  1A  

CDS   coding  sequence  

cel   Ceanorhabditis  elegans    

CK1   casein  kinase  1  

CLASH   crosslinking,  ligation  and  sequencing  of  hybrids  

CLIP   crosslinking  immunoprecipitation  

cMSC   colonic  mesenchymal  stem  cells    

co-­‐‑IP   co-­‐‑immunoprecipitation  

CP   coat  protein  

CPM   counts  per  million  

CRD-­‐‑BP   c-­‐‑myc  mRNA  coding  region  determinant-­‐‑binding  protein  

CSC   cancer  stem  cell  

CTNNA1   α-­‐‑catenin    
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CTNNB1   β-­‐‑catenin  

DCP   Decapping  protein  

DDX6   DEAD  box  helicase  6  

DNA     desoxyribonucleic  acid  

dre   Danio  rerio  

Dvl   dishevelled  

E   embryonic  day  

EDC4   enhancer  of  mRNA  decapping  4  

e.g.   exempli  gratia  

E2F1   E2F  transcription  factor  1  

E47   transcription  factor  3  

EC   extracellular  cadherin  domain  

ECM   extracellular  matrix  

EGF   epidermal  growth  factor  

EGFR   epidermal  growth  factor  receptor  

eIF   eukaryotic  translation  initiation  factor  

ELAVL1   embryonic  lethal  abnormal  vision  like  RNA-­‐‑binding  protein  1  

ELAVL2   embryonic  lethal  abnormal  vision  like  RNA-­‐‑binding  protein  2  

EMT   epithelial-­‐‑to-­‐‑mesenchymal  transition  

ERK   MAPK  extracellular  regulated  kinase  

f   family  

FC   fold  change  

FFL   Firefly  luciferase  

FGF   fibroblast  growth  factor  

FMRP   fragile  X  mental  retardation  protein  

FN1   fibronectin  1  

FNAB   fine-­‐‑needle  aspiration  biopsy  

FTC   follicular  thyroid  carcinoma  

G   guanine  

GAPDH   glyceraldehyde-­‐‑3-­‐‑phosphate  dehydrogenase  

GEEG   Glycine-­‐‑Glutamate-­‐‑Glutamate-­‐‑Glycine  

GF   growth  factors    

GLI1   GLI  family  zinc  finger  1  

GRB2   growth  factor  receptor-­‐‑bound  protein  2  

GSK3   glycogen  synthase  kinase  3  

GxxG   Glycine-­‐‑any  residue-­‐‑any  residue-­‐‑Glycine  

Hand2   heart  and  neural  crest  derivatives  expressed  2  
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HDAC   histone  deacetylase    

HITS-­‐‑CLIP   High-­‐‑throughput  sequencing  of  RNA  isolated  by    

  
crosslinking  immunoprecipitation  

HMGA2   high  mobility  group  AT-­‐‑hook  2  

HNRNPK   heterogeneous  nuclear  ribonucleoprotein  K  

HOXB8   homeobox  B8  

hsa   Homo  sapiens  

IGF2   Insulin-­‐‑like  growth  factor  2  

IGF2BP   IGF2  mRNA-­‐‑binding  protein  1  

IGF2BP2   IGF2  mRNA-­‐‑binding  protein  2  

IGF2BP3   IGF2  mRNA-­‐‑binding  protein  3  

IHC     immunohistochemistry  

ILK   integrin-­‐‑linked  kinase    

IM   interstitial  matrix  

IP   immunoprecipitation  

IRES     internal  ribosomal  entry  site  

KH   HNRNP  homology  

KLF8   Kruppel-­‐‑like  factor  8  

KOC   KH-­‐‑domain-­‐‑containing  protein  overexpressed  in  cancer  

KRAS   Kirsten  rat  sarcoma  viral  oncogene  homologue  

LEF1   lymphoid  enhancer  binding  factor  1  

LRP   low-­‐‑density  lipoprotein  receptor  related  protein  

MAPK   mitogen-­‐‑activated  kinase  

MDCK   Madin  Darby  canine  kidney  

MDR1   multidrug  resistance  protein  1  

MEK   MAPK/ERK  kinase  

MET   mesenchymal-­‐‑to-­‐‑epithelial  transition  

miRISC   miRNA-­‐‑induced  silencing  complex  

miRNA   microRNA  

mirtron   intron  that  encodes  pre-­‐‑miRNA  

MMP   matrix  metalloprotease  or  matrix-­‐‑metallopeptidase  

mmu   Mus  musculus  

mRNA   messenger  RNA  

MTC   medullary  thyroid  carcinoma  

MTS   microRNA  targeting  site  

MYC   v-­‐‑myc  avian  myelocytomatosis  viral  oncogene  homologue  

NCBI   National  Center  for  Biotechnology  Information    
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NOT   CCR4-­‐‑NOT  transcription  complex,  subunit  1  

nt   nucleotide  

NT   non-­‐‑transformed  tissue  

OSBPL8   oxysterol  binding  protein-­‐‑like  8  

p.   page  

PABPC   poly(A)-­‐‑binding  protein,  cytoplasmic  

PAN2   PAN2  poly(A)  specific  ribonuclease  subunit  

PAN3   PAN3  poly(A)  specific  ribonuclease  subunit  

PAR-­‐‑CLIP   Photoactivatable-­‐‑ribonucleoside-­‐‑enhanced  crosslinking    

  
and  IP  

PDTC   poorly  differentiated  thyroid  carcinoma  

PI3K   phosphatidylinositol-­‐‑3  kinase    

PIK3CA   phosphatidylinositol-­‐‑4,5-­‐‑bisphosphate  3-­‐‑kinase,    

  
catalytic  subunit  alpha  

poly(A)   polyadenylated  

pre-­‐‑miRNA   premature  miRNA  

pri-­‐‑miRNA   primary  precursor  of  mature  miRNA  

PTC   papillary  thyroid  carcinoma  

PTEN   phosphatase  and  tensin  homologue  

PTGS2   prostaglandin-­‐‑endoperoxide  synthase  2  
qRT-­‐‑PCR   quantitative  real-­‐‑time  polymerase  chain  reaction  
RAF   oncogene  homologue  of  rodent  raf  (rapidly  accelerated    

  
fibrosarcoma  or  rat  fibrosarcoma)  

RAS   rat  sarcoma  viral  oncogene  homologue  
RBP   RNA-­‐‑binding  protein  
RNA   Ribonucleic  acid  
RNP   ribonucleoprotein  
RPLP0   ribosomal  protein  large  P0  
rpm     rounds  per  minute  
RPTOR     regulatory  associated  protein  of  MTOR,  complex  1  
RTK   receptor  tyrosine  kinase  
SHCA   Src  homology  2  domain  containing  
SILAC     stable  isotope  labeling  by/with  amino  acids  in  cell  culture  
SIRT1   sirtuin  1  
SMAD   similar  to  the  gene  products  of  the  D.  melanogaster  gene    

  
‘mothers  against  decapentaplegic’  (Mad)  

SNAI1   Drosophila  homologue  Snail  1  
SNAI2   Drosophila  homologue  Snail  2  



APPENDIX   

138  

snoRNA   small  nucleolar  RNA  
SOS   son  of  sevenless  
STAT3   signal  transducer  and  activator  of  transcription  3  
T   thymidine  
T3   triiodothyronine  
T4   thyroxine  
TCF4   T-­‐‑cell  specific  transcription  factor  4  
TF   transcription  factor    
TGFB   transforming  growth  factor  β    
TGFBR   TGFB  receptor  
TIC   tumor-­‐‑initiating  cell  
TMM   trimmed  mean  of  M-­‐‑values  
TNRC6   trinucleotide  repeat  containing  6  
TP53   tumor  proten  p53  
TRBP   TAR  (HIV-­‐‑1)  RNA  binding  protein  2  
TUBA4A   α-­‐‑tubulin  4a  
TWIST   twist  family  bHLH  transcription  factor    
UTR   untranslated  region  
VCL   vinculin  
VG1RBP   Vg1-­‐‑mRNA  binding  protein  
VIM   vimentin  
WAP   whey  acidic  promoter    
XRN1   5'ʹ-­‐‑3'ʹ  exoribonuclease  1  
ZBP1   Zipcode-­‐‑binding  protein  1  
ZEB1   zinc-­‐‑finger  E-­‐‑box-­‐‑binding  homeobox  protein  1  
ZEB2   zinc-­‐‑finger  E-­‐‑box-­‐‑binding  homeobox  protein  2  
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List  of  antibodies,  siRNAs  and  oligonucleotides  used  in  ADDITIONAL  RESULTS  

Antibodies  

primary  antibody   produced  in     company   ID  
anti-­‐‑CDH1   rabbit   Abcam   ab40772  
anti-­‐‑CTNNB1   rabbit   Cell  Signaling   #9562  
anti-­‐‑GAPDH   rabbit   biomol   A300-­‐‑641A  
anti-­‐‑IGF2BP1   mouse   TU  Braunschweig   6A9  
anti-­‐‑IGF2BP1  (2)   rabbit   Cell  Signaling   #2852  
anti-­‐‑IGF2BP2   mouse   TU  Braunschweig   6A12  
anti-­‐‑IGF2BP3   mouse   TU  Braunschweig   6G8  
anti-­‐‑LEF1   rabbit   Cell  signaling   2286S  
anti-­‐‑MYC   rabbit   Millipore   06-­‐‑340  
anti-­‐‑SNAI1   mouse   Cell  signaling   #3895  
anti-­‐‑SNAI2   rabbit   Cell  signaling   #9585  
anti-­‐‑TGFBR1   rabbit   Santa  Cruz   sc-­‐‑402  
anti-­‐‑TUBA4A   mouse   Sigma  Aldrich   T9026  
anti-­‐‑VCL   mouse   Sigma  Aldrich   V9131  
anti-­‐‑VIM   mouse   BD  Transductions   550513  
anti-­‐‑ZEB1   rabbit   Santa  Cruz   sc-­‐‑25388  
anti-­‐‑ZEB2   rabbit   Bethyl   A302-­‐‑474A  
  

secondary  antibody   produced  in     company  
IRDye  680RD  anti-­‐‑IgG-­‐‑mouse-­‐‑infrared-­‐‑dye   donkey   LI-­‐‑COR  Biosciences  
IRDye  680RD  anti-­‐‑IgG-­‐‑rabbit-­‐‑infrared-­‐‑dye   donkey   LI-­‐‑COR  Biosciences  
IRDye  800CW  anti-­‐‑IgG-­‐‑mouse-­‐‑infrared-­‐‑dye   donkey   LI-­‐‑COR  Biosciences  
IRDye  800CW  anti-­‐‑IgG-­‐‑rabbit-­‐‑infrared-­‐‑dye   donkey   LI-­‐‑COR  Biosciences  
dylight488™-­‐‑conjugated  anti-­‐‑mouse-­‐‑IgG  F(ab)2   donkey   Jackson  ImmunoResearch  
  

siRNAs  

control  siRNA  (cel-­‐‑miR-­‐‑239b-­‐‑5p)   UUGUACUACACAAAAGUACUG  
si-­‐‑IGF2BP1-­‐‑1   UGAAUGGCCACCAGUUGGA  
si-­‐‑IGF2BP1-­‐‑2   CCGGGAGCAGACCAGGCAA  
ZEB1-­‐‑1   GCAUCCAAAGAACAAGAAA  
ZEB1-­‐‑2   AGAUGAUGAAUGCGAGUCA  
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Oligonucleotides  

ZEB1  s   TTCAAACCCATAGTGGTTGCT  
ZEB1  as   TGGGAGACACCAAACCAACTG  
VCL  s   TTACAGTGGCAGAGGTGGTG  
VCL  as   TCACGGTGTTCATCGAGTTC  
RPLP0  s   CCTCATATCCGGGGGAATGTG  
RPLP0  as   GCAGCAGCTGGCACCTTATTG  
LEF1  s   ACAGATCACCCCACCTCTTG  
LEF1  as   TGAGGCTTCACGTGCATTAG  
IGF2BP1  s   TAGTACCAAGAGACCAGACCC  
IGF2BP1  as   GATTTCTGCCCGTTGTTGTC  
GAPDH  s   CGCTCTCTGCTCCTCCTGTT  
GAPDH  as   CCATGGTGTCTGAGCGATGT  
CDH1  s   GCCGAGAGCTACACGTTCAC  

CDH1  as   GTCGAGGGAAAAATAGGCTG  

ACTB  s   AGAAAATCTGGCACCACACC  

ACTB  as   AGAGGCGTACAGGGATAGCA  
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Darlegung  des  Eigenanteils    

  

1.  Braun  J.,  Hoang-­‐‑Vu  C.,  Dralle  H.,  and  Hüttelmaier  S.  (2010).    

Downregulation   of   microRNAs   directs   the   EMT   and   invasive   potential   of   anaplastic  

thyroid  carcinomas.,  Oncogene  29:  4237-­‐‑4244.  

Eigenanteil:  Planung,  Durchführung  und  Auswertung  aller  Experimente.  H.C.  und  D.H.  

isolierten   das   Tumorgewebe   von   Schilddrüsenkrebspatienten.   Anfertigung   der  

Abbildungen.  Anfertigung  von  Teilen  des  Manuskripts.    

  

2.  Braun  J.  and  Hüttelmaier  S.  (2011).  

Pathogenic  mechanisms  of  deregulated  microRNA  expression   in   thyroid  carcinomas  of  

follicular  origin.,  Thyroid  Research  4:  S1.  

Eigenanteil:  Anfertigung  der  Abbildungen  und  von  Teilen  des  Manuskripts.    

  

3.  Braun  J.,  Misiak  D.,  Busch  B.,  Krohn  K.,  and  Hüttelmaier  S.  (2014).  

Rapid  identification  of  regulatory  microRNAs  by  miTRAP  (miRNA  trapping  by  RNA  in  

vitro  affinity  purification).,  Nucleic  Acids  Res.  42:e66.    

Eigenanteil:  Planung,  Durchführung  und  Auswertung  aller  Experimente.  Abbildung  4B  

stellt   eine   Zusammenfassung  meiner   eigenen   Experimente   und   der   Experimenten   von  

Bianca   Busch   dar.   Das  miRNA-­‐‑sequencing  wurde   von   Knut   Krohn   durchgeführt.   Die  

Sequenzen  wurden   von  Knut  Krohn   annotiert.  Die  miRNA-­‐‑sequencing  Daten  wurden  

gemeinsam   mit   Danny   Misiak   bioinformatisch   ausgewertet.   Anfertigung   der  

Abbildungen.  Anfertigung  von  Teilen  des  Manuskripts.    
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Hilfe  verfasst  habe.   Ich  habe  keine   anderen   als  die  von  mir   angegebenen  Quellen  und  

Hilfsmittel   benutzt.   Die   aus   den   benutzten   Werken   wörtlich   oder   inhaltlich  
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