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Abstract 
 

Melanoma is one of the most aggressive cancers. Not only does its incidence continues to               

rise, contrary to the overall trend of other cancers, but it is highly refractory to most                

clinically available treatments. 

Exacerbated proliferation is one of the universal properties of tumorigenesis, and the cell             

has two barriers to avoid it: senescence and telomeric crisis. If the inactivation of a tumor                

suppressor is sufficient to overcome the senescence barrier, surpassing the telomeric           

crisis implies the activation of a telomere maintenance mechanism (TMM). In           

approximately 60-70% of melanoma tumors, activation of the reverse transcriptase          

telomerase occurs through non-coding mutations and activators of its promoter. 

In this study, we delve into the importance of telomerase activity in tumor development. By               

studying a zebrafish melanoma model, we found that in the absence of telomerase the              

incidence of melanoma is significantly reduced. Moreover, our results indicate that           

telomerase activation occurs in the radial growth phase, ie, in a pre-invasive stage of              

progression. 

Nevertheless, in the absence of telomerase, melanoma still occurs. However, and contrary            

to expectations, this progression is independent of the alternative telomere lengthening           

mechanism (ALT). Characterization of this model allowed us to verify that the telomeric             

crisis barrier is anticipated in the absence of telomerase and is already installed in              

premalignant lesions. 

Overall, the work developed under this thesis resulted in the development and availability             

of the first in vivo model that will allow the study of about 11% of TMM-independent                

melanomas. 

 

 

 

  

XIV 



Sumário 
 
 

O melanoma é um dos tipos de cancro mais agressivos. Não só a sua incidência continua                

a aumentar, contrariando a tendência global dos restantes cancros, como é altamente            

refratário à maioria dos tratamento disponíveis na clínica. 

A proliferação exacerbada é uma das propriedades universais da tumorigénese, sendo           

que, a célula dispõe de duas barreiras para que seja evitada, senescência e crise              

telomérica. Se para a barreira da senescência é suficiente a inativação de um supressor              

tumoral, a ultrapassagem da crise telomérica implica a ativação de mecanismos de            

manutenção de telómeros (TMMs). Em cerca de 60-70% dos tumores de melanoma,            

ocorre a ativação da enzima de transcriptase reversa, telomerase, através de mutações            

não-codificantes e ativadores do seu promotor. 

Neste estudo, aprofundamos a importância da actividade da telomerase no          

desenvolvimento tumoral. Através de um modelo de melanoma em zebrafish, verificamos           

que na ausência da telomerase a incidência de melanoma é significativamente reduzida.            

Mais ainda, os nossos resultados indicam que a ativação da telomerase ocorre na fase de               

crescimento radial, ou seja, num estadio de progressão pré-invasivo.  

Não obstante, na ausência da telomerase ocorre, ainda assim, a progressão de            

melanoma. Contudo, e contrariamente ao esperado, esta progressão é independente do           

mecanismo alternativo de alongamento de telómeros (ALT). Caracterização deste modelo,          

permitiu verificar que a barreira de crise telomérica é antecipada, estando já instalada nas              

lesões pré-malignas. 

No cômpeto geral, o trabalho desenvolvido no âmbito desta tese resultou no            

desenvolvimento e disponibilização do primeiro modelo in vivo que permitirá o estudo dos             

cerca de 11% de melanomas independentes de TMMs.  
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Chapter   1|   General   Introduction   

 



 

  

 



 

1.1   What   is   cancer?  

“Cancer   is   the   name   given   to   a   collection   of   related   diseases.”  

The   National   Cancer   Institute,   2015  

In  2000,  cancer  was  the  9th  leading  cause  of  death  worldwide.  Only  16  years  later,                

and  despite  all  breakthrough  advances  in  cancer  diagnosis  and  treatment,  cancer            

was  the  6th  leading  cause  of  death  worldwide.  The  easiest  and  most  plausible              

explanation  is  the  ageing  population (Smittenaar  et  al.  2016) .  In  fact,  it  is  widely               

appreciated  that  age  is  a  powerful  risk  factor  for  cancer  ( Figure  1.1, (DePinho              

2000) );  for  every  100  people  diagnosed  with  cancer:  1  person  will  be  aged  24  or                

under,  10  people  will  be  aged  25  to  49,  and  89  people  will  be  more  than  50  years                   

old    (“Age   and   Cancer”   2016) .   

 

Figure   1.1   -   Cancer   incidence   increases   with   age  

“Cancer  incidence  (although  not  necessarily  death  from  cancer)  rises  exponentially  with  age,             

beginning  at  about  the  mid-point  of  the  maximum  lifespan  of  the  species (R.  A.  Miller  1991;                 

DePinho  2000;  Balducci  and  Beghe’  2001) .  So,  mice,  which  have  a  maximum  lifespan  of  3–4                

years,  generally  develop  cancer  at  18–24  months  of  age.  By  contrast,  most  human  cancers               

develop  after  50–60  years,  or  halfway  through  the  100–120-year  maximum  lifespan  of  humans.              

These  are,  of  course,  average  or  general  trends.  Genes  (intra-species  variants,  also  known  as               

polymorphisms,  and  probably  inter-species  variants  or  homologues)  can  strongly  influence  the            

3  

https://paperpile.com/c/g9APd6/UcZp
https://paperpile.com/c/g9APd6/pGgj
https://paperpile.com/c/g9APd6/pGgj
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https://paperpile.com/c/g9APd6/mQu1+pGgj+ADYs
https://paperpile.com/c/g9APd6/mQu1+pGgj+ADYs


 

probability  of  cancer  developing  in  a  particular  organism  or  a  particular  tissue.  Similarly,  cancer               

incidence  is  strongly  influenced  by  external  or  environmental  factors,  such  as  exposure  to              

mutagens  or  toxins,  or  conditions  that  stimulate  chronic  cell  proliferation  (for  example,  chronic              

inflammation   or   lytic   infections)” .   Figure   and   legend   taken   from    (Campisi   2003) .  

 

Although  preponderant  to  cancer,  aging  is  not  deterministic,  with  environment  and            

human  lifestyle  also  taking  part  in  triggering  carcinogenesis.  As  a  matter  a  fact,              

90-95%  of  all  cancer  cases  can  be  attributed  to  the  environment (Anand  et  al.               

2008;  Lichtenstein  et  al.  2000) .  Considering  the  preponderant  role  of  lifestyle  in             

cancer  development  (c.a.  50-60%  of  cancers  attributed  to  the  environment (Tarver            

2012) ),  in  theory  these  cancers  would  be  preventable.  However,  prevention           

implies  a  change  in  life  habits  and,  in  some  cases,  the  changes  needed  do  not                

depend  on  the  individual  but  on  cultural  and  societal  changes (Kripke  2012) .  For              

instance,  if  one  has  little  or  no  access  to  fresh  foods  it  might  be  impossible  to                 

maintain  a  healthful  diet.  As  so,  it  became  clear  in  the  last  few  years  that  the                 

challenges  to  reduce  death  from  cancer  are  not  limited  solely  to  scientific             

advances   anymore   but   they   also   depend   on   the   society.   

Regardless  which  risk  factor  are  in  its  genesis,  cancer  is  a  disease  of  gene               

alterations  resulting  from  an  expansion  in  clones  of  cells (Nowell  1976;  Crespi  and              

Summers  2005;  Heppner  and  Miller  1997)  that  due  to  somatically  acquired            

mutations  (or  more  rarely,  inherited  genetic  alterations) (Loeb  and  Loeb  2000) ,  can             

expand  in  an  apparently  unregulated  way.  High-throughput  methods  of  DNA           

sequencing  have  allowed  for  the  identification  of  specific  genomic  alterations  in            

different  cancer  types.  The  somatic  mutations  are  a  normal  event  in  cells,  and              

include  base  substitutions,  insertions  and  deletions  (indels),  rearrangements,  and          

changes  in  the  copy  number  of  DNA  segments (Stratton,  Campbell,  and  Futreal             

2009) .  Depending  on  the  type  of  cancer,  the  number  of  somatic  mutations  can              

vary  from  small  numbers  to  thousands,  and  those  mutations  affect  more  than  400              

(Duffy  2013)  out  of  the  46  831 (Salzberg  2018)  human  genes.  However,  not  all               
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these  somatic  mutations  are  critical  for  carcinogenesis.  In  fact,  as  many  as  five  to               

seven  genetic  alterations  in  solid  cancers  can  trigger  cancer  formation (Greaves            

and  Maley  2012) .  These  subset  of  somatic  mutations  are  termed  “driver            

mutations”  and  in  2018,  a  final  consensus  list  of  299  unique  genes  was  proposed               

( Figure   1.2 ),   considering   33   cancer   types    (Bailey   et   al.   2018) .  

 

Figure   1.2   -   Driver   mutations   in   cancer:   oncogenes   or   tumor   suppressor   genes  

Percentage  of  consensus  genes  predicted  as  either  oncogene  (brown),  tumor  suppressor  gene             

(green),  or  unknown  (gray).  N  represents  the  number  of  significant  genes  in  each  cancer  type.                

UVM  -  Uveal  melanoma,  TGCT  -  Testicular  germ  cell  tumors,  THCA  -  Thyroid  carcinoma,  THYM  -                 

Thyoma,  LAML  -  Acute  myeloid  leukemia,  PRAD  -  Prostate  adenocarcinoma,  SKCM  -  Skin              

cutaneous  melanoma,  PCPG  -  Pheochromocytoma  and  paraganglioma,  GBM  -  Glioblastoma           

multiforme,  LGG  -  Brain  lower  grade  glioma,  UCEC  -  Uterine  corpus  endometrial  carcinoma,  STAD               

-  Stomach  adenocarcinoma,  KIRP  -  Kidney  renal  papillary  cell  carcinoma  BLCA  -  Bladder  urothelial               

carcinoma,  CHOL  -  Cholangiocarcinoma,  COADREAD  -  Gastrointestinal  cancers,  DLBC  -           

Lymphoid  neoplasm  diffuse  large  B  cell  lymphoma,  LIHC  -  Liver  hepatocellular  carcinoma, OV  -               

Ovarian  serous  cystadenocarcinoma,  UCS  -  Uterine  carcinosarcoma,  LUAD  -  Lung           
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adenocarcinoma,  CESC  -  Cervical  squamous  cell  carcinoma,  BRCA  -  Breast  invasive  carcinoma,             

PANCAN  -  all  cancer  types  together,  LUSC  -  Lung  squamous  cell  carcinoma,  PAAD  -  Pancreatic                

adenocarcinoma,  ESCA  -  Esophageal  carcinoma,  ACC  -  Adrenocortical  carcinoma,  KIRC  -  Kidney             

renal  clear  cell  carcinoma,  KICH  -  Kidney  chromophobe,  MESO  -  Mesothelioma, SARC  -  sarcoma.               

Adapted   from    (Bailey   et   al.   2018) .  

 

The  best  characterized  genes  contributing  to  carcinogenesis  are  often  classified           

as  oncogenes  or  tumor  suppressor  genes  depending  on  whether  they  promote  or             

suppress  cancer  development,  respectively (Knudson  1985) .  The  study  of  both           

classes  have  been  pivotal  while  designing  new  therapeutics  for  cancer,  in            

particular,  the  ones  targeting  oncogenes  activity.  For  instance,  the  epidermal           

growth  factor  receptor  (EGFR)  is  targeted  for  therapy  in  non  small  cell  lung  cancer               

(NSCLC) (Zhou  et  al.  2011)  as  well  as  in  metastatic  colorectal  cancer (Lièvre  et  al.                

2006) .  There  is  now  increasing  evidence  that  cancer  genes  can  accumulate  both             

roles,  i.e.,  concomitantly  promote  and  inhibit  tumorigenesis (Bashyam  et  al.  2019;            

Blagosklonny  2002;  Hock  2012;  Lobry  et  al.  2014) .  An  example  for  this  paradoxe              

is  NOTCH  receptors (Aster,  Pear,  and  Blacklow  2017) .  A  study  based  on  the              

available  databases,  resulted  in  the  identification  of  these  “double-agents”  in  a  set             

composed  by  the  twelve  major  cancer  types.  The  so  called  “Proto-oncogenes  with             

tumor-suppressor  function  (POTSF)”  roughly  fell  in  one  of  two  categories:           

transcription   factors   or   kinases    (Shen,   Shi,   and   Wang   2018) .  

It  is  evident  how  heterogeneous  tumors  can  be,  and  a  widely  used  statement  is               

that  no  two  cancers  are  alike  when  looking  into  the  molecular  level.  On  top  of  this                 

already  complex  trait,  within  the  same  tumor  it  is  also  possible  to  find  molecular               

heterogeneity.  Intratumor  heterogeneity  has  emerged  in  recent  years  as  a           

plausible  explanation  for  resistance  to  cancer  therapy,  as  exome  sequencing           

studies  on  different  types  of  cancer  indicate  that  this  phenomenon  is  likely  to  occur               

in  most  if  not  all  cancers (Gerlinger  et  al.  2012;  Nik-Zainal  et  al.  2012;  Snuderl  et                 

al.  2011;  Yachida  et  al.  2010;  Schuh  et  al.  2012) .  Despite  the  genetic  complexity               
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observed  between  tumors  and  within  the  same  tumor,  all  neoplasias  go  through  a              

stepwise  process  that  will  ultimately  give  rise  to  cancer  cells.  Furthermore,  the             

stages  that  accompany  this  transformation  and  the  biological  processes  behind  it            

are   broadly   shared   by   all   cancer   types.  

 

1.1.1   Multiple   steps   to   cancer  

Several  studies  showed  that  a  single  driver  mutation  was  rarely  sufficient  to             

accomplish  the  entire  process  of  transformation.  Instead,  genes  mutations  were           

necessary  to  trigger  cancer  transformation (Land,  Parada,  and  Weinberg  1983) .           

But  as  necessary  they  were  for  tumor  initiation,  more  stochastic  changes  were             

needed  to  complete  the  tumorigenic  process (T.  C.  Thompson  et  al.  1989) .  To              

clearly  identify  all  the  driver  mutations  to  cancer,  is  without  any  doubt  extremely              

important,  and  the  capability  to  associate  each  one  of  them  to  a  specific  stage  of                

cancer   progression   is   crucial   to   develop   an   individualized   and   specific   treatment.   

The  conventional  paradigm  of  cancer  progression  ( Figure  1.3 )  postulates  that  a            

chance  DNA-altering  event  (somatic  mutation)  “initiates”  a  cell  by  altering  its            

growth  characteristics.  After  “initiation”,  it  follows  the  “promotion”  stage  in  which            

the  progeny  of  the  initiated  cell  display  modified  growth  features  and  higher             

propensity  to  undergo  further  spontaneous  or  induced  genetic  changes.  Ultimately,           

a  single  cell  in  the  clone  on  the  “promotion”  phase,  undergoes  a  “transformation”              

event,  becoming  a  full  blown  cancer  cell,  which  expands  allowing  for  the             

“manifestation”  of  cancer.  On  the  basis  of  this  paradigm,  is  the  understanding  that              

what  started  as  a  “cell”  level  event,  progresses  to  a  “population”  level  event,  then  a                

“tissue”   level   event    (Hlatky   and   Hahnfeldt   2014) ,   and   finally   a   “body”   level   event.  

  Overall,   the   majority,   if   not   all   cancers,   go   through   4   different   stages:  
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Hyperplasia :  a  higher  number  of  mature  cells  are  present  remaining  limited            

to  tissue  boundaries.  Stem  cell  niches  can  contribute  with  new  cells  to             

increase   cell   number    (V.   Kumar,   Abbas,   and   Aster   2014) ;  

Dysplasia :  cells  present  cytologic,  maturational  and/or  architectural        

alterations    (Mills   2009) ;  

In  situ :  altered  cells  remain  within  the  tissue  with  no  invasion  to  surrounding              

tissues    (Mosby   2016) ;  

Metastasis ):  spread  to  other  tissues  or  organs  (including  lymph  nodes)           

beyond   the   region   where   it   originated    (V.   Kumar,   Abbas,   and   Aster   2014) .   

 

 

Figure   1.3   -   Classical   paradigm   of   cancer   progression  

“As  shown,  what  is  classically  understood  to  begin  as  a  cell-level  series  of  events  graduates  to                 

include  population-level  effects  shortly  after  initiation,  then  comes  to  include  tissue-level  influences             

as  the  nascent  tumor  grows  and  acquires  larger-scale  properties,  e.g.,  invasiveness  and  metastatic              

potential,  through  interaction  with  the  host.  It  is  becoming  increasingly  clear,  however,  that  each  of                

these  scales  of  influence  may  extend  across  the  carcinogenesis  spectrum,  as  indicated  by  the               
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dashed  extensions  of  these  lines.”  Stars  represent  genetic  alterations.  Figure  and  legend  adapted              

from    (Hlatky   and   Hahnfeldt   2014) .  

Conclusions  as  to  how  cells  advance  throughout  the  steps  leading  to  cancer  are              

still  not  fully  understood,  as  even  after  cancer  cells  arises,  there  are  several              

population-level  events  that  need  to  take  place  to  allow  cancer  progression.            

Those  events  include,  but  are  not  limited  to:  immune  activity (Prehn  1972;             

Prendergast  2008;  d’Onofrio  2013) ,  capacity  to  invade  surrounding  tissues (Gavert           

and  Ben-Ze’ev  2008) ,  promotion  of  angiogenesis (Hahnfeldt  et  al.  1999;  Folkman            

1975) ,  etc.  Accordingly,  although  correct,  the  multistage  mutational  paradigm,          

neglects  contributions  from  other  biological  scales  of  influence,  for  example,           

cellular   and   molecular   proxies   expected   to   correlate   with   cancer   risk.  

 

1.1.2   The   hallmarks   of   cancer  

In  2000,  Douglas  Hanahan  and  Robert  Weinberg  proposed  that  in  one  way  or              

another,  all  cancers  display  six  hallmarks  that  together  enable  tumor  growth  and             

metastatic  dissemination (Hanahan  and  Weinberg  2000) :  self-sufficiency  in  growth          

signals,  insensitivity  to  growth-inhibitory  signals,  evasion  of  programmed  cell          

death,  limitless  replicative  potential,  sustained  angiogenesis,  and  tissue  invasion          

and  metastasis.  The  following  years  brought  remarkable  advances  in  cancer           

research,  and  the  six  hallmarks  model,  was  further  completed  ( Figure  1.4 ),            

considering  now  the  contribution,  among  others,  of  the  “tumor  microenvironment”           

impact   on   cancer   development    (Hanahan   and   Weinberg   2011) .   

It  is  widely  accepted  that  cancer  cells  need  to  acquire  unlimited  replicative             

potential  in  order  to  progress  throughout  all  stages  of  tumorigenesis.  The            

capability  of  becoming  immortal  is  the  absolute  opposite  of  what  happens  in             

normal  cells,  which  can  only  go  through  a  limited  number  of  cell  divisions  -  the                

Hayflick  limit (Hayflick  and  Moorhead  1961) .  This  limitation  has  been  associated            
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with  two  known  barriers  to  proliferation:  senescence  and  crisis (J.  W.  Shay,  Wright,              

and   Werbin   1991) ;   as   postulated   by   the   M1/M2   model   ( Figure   1.5 ).   

 

Figure   1.4   -   The   hallmarks   of   cancer  

Acquired  capabilities  of  cancer.  It  is  thought  that  most  if  not  all  cancers  acquire  the  same  functional                  

capabilities  during  their  development  regardless  of  differences  in  mechanistic  strategies  used  by             

each   cancer   type.   Figure   taken   from    (Hanahan   and   Weinberg   2011) .  

 

According  to  this  model,  each  one  of  these  barriers  can  be  overcome  by  further               

alterations  in  the  cells.  The  senescence  of  cultured  human  fibroblasts  can  be             

circumvented  by  disabling  retinoblastoma  (Rb)  and  p53  tumor  suppressor          

proteins,  allowing  cells  go  through  additional  divisions  until  they  encounter  the            

second  barrier (J.  Shay  1991) .  The  overcome  of  the  crisis  barrier  is  possible  due               

to  the  emergence  of  a  variant  cell  that  acquires  the  capability  to  divide  indefinitely               

(Wright,  Pereira-Smith,  and  Shay  1989) .  These  clones  in  post-crisis  of  human            
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fibroblast  display  either  reactivation  of  the  enzyme  telomerase  or  the  activation  of             

a  telomerase-independent  mechanism.  Regardless  of  the  mechanism,  the  goal  is           

shared:   maintain   telomere   length   above   critical   levels.  

 

Figure   1.5   -   The   M1/M2   model  

The  mortality  stage  1  (M1)  is  induced  close  to  the  normal  proliferative  lifespan.  It  corresponds  to                 

cellular  senescence  and  is  characterized  by  cells  inability  to  replicate  DNA (W.  Wei  and  Sedivy                

1999) .  Nonetheless,  cells  can  undergo  oncogenic  changes,  overcoming  the  M1  barrier  and             

entering  into  an  extended  lifespan  period.  Another  proliferative  decline  is  observed  which  is              

designated  mortality  stage  2  (M2),  commonly  known  as  crisis (J.  Shay  1991) .  Figure  taken  from (J.                 

W.   Shay   2016)  

 

1.2   What   are   telomeres?  

“Telomeres   (...)   form   little   caps   at   the   end   of   chromosomes   and   keep   the   genetic  

material   from   unraveling.   They   are   the   aglets   of   aging.”  

Elizabeth   Blackburn   and   Elissa   Epel,   2017  
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in    The   Telomere   Effect:   a   revolutionary   approach   to   living   younger,   healthier,   longer  

 

1.2.1   Historical   overview  

Large  genomes  are  difficult  to  regulate  when  circular,  mainly  due  to  potential             

problems  when  undwinding  as  a  result  of  torsional  strain (Ishikawa  and  Naito             

1999) .  Evolutionarily,  chromosomes  may  have  arisen  linear  to  overcome  this           

limitation (Volff  and  Altenbuchner  2000) .  However,  the  linearization  of  the           

chromosomes  entails  two  challenges  that  impact  genome  integrity:  chromosome          

ends  resemble  double-strand  DNA  breaks  and  replication  of  the  lagging  and            

leading  DNA  strands  is  asymmetric,  inducing  shortening  of  chromosome  ends  with            

each  cell  division (Gilson  and  Géli  2007;  Lingner,  Cooper,  and  Cech  1995;  Chow              

et  al.  2012) .  To  overcome  the  former  challenge,  chromosome  ends  are  protected             

by   a   specialized   nucleoprotein   structure   termed   telomere    (Jain   and   Cooper   2010) .   

Milestone  studies  related  to  telomere  biology  started  in  1930  and  span  up  to  2005               

( Figure  1.6 ).  However,  they  can  be  summarized  into  three  major  observations:  1)             

telomeres  exist,  2)  are  eroded  and,  under  some  circumstances  3)  elongated.  The             

existence  of  telomeres  was  recognized  by  similar  observations  by  Herman  Muller            

while  working  on  fruit  flies  (Muller  1938),  and  Barbara  McClintock  while            

examining  the  ten  chromosomes  of  maize  complement  in  microsporocytes:          

“broken  ends  of  chromosomes  will  fuse,  two-by-two,  and  any  broken  end  with  any              

broken  end”  but  “no  case  was  found  of  the  attachment  of  a  piece  of  one                

chromosome   to   the   end   of   another   (intact)”    (McClintock   1931) .   

As  a  conclusion,  telomeres  would  then  confer  the  protection  needed  against  the             

repair   process   that   connects   two   broken   ends.   

With  the  advent  of  the  discovery  of  DNA  polymerases  and  their  ability  to              

synthesize  DNA  in  only  one  direction  (5’-3’) (Lehman  et  al.  1958) ,  came  the              

observation  that  telomeres  get  shorter  with  every  cell  cycle.  DNA  polymerases  in             
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order  to  synthesize  DNA  needs  a  template  to  copy  as  they  can  not  perform               

synthesis  de  novo.  As  so,  they  require  a  pre-existing  3’  hydroxyl  group  to  start               

DNA  synthesis  mediated  by  an  RNA  primer,  which  is  later  removed  and  replaced              

with  DNA  synthesized  by  extending  the  upstream  Okazaki  fragment (Okazaki  et            

al.  1968) .  As  a  result,  leading-strand  replication  of  a  3’  overhanging  is  affected  as               

the  parental  strand  is  recessed  and  cannot  template  overhang  synthesis.  On  the             

other  side,  lagging-strand  replication  cannot  duplicate  blunt-ended  molecules,  as          

removal  of  the  RNA  primer  from  the  terminal  Okazaki  fragment  leaves  a             

5’-terminal   gap    (Jain   and   Cooper   2010) .   
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Figure   1.6   -   Historical   overview   of   telomere   biology  

ACD,  adrenocortical  dysplasia  protein  homologue;  ALT,  alternative  lengthening  of  telomeres;           

Cryo-EM,  cryoelectron  microscopy;  DKC,  dyskeratosis  congenita;  IPF,  idiopathic  primary  fibrosis;           

POT1,  protection  of  telomeres  1;  qFISH,  quantitative  fluorescence  in  situ  hybridization;  qPCR,             

quantitative  PCR;  RAP1,  repressor/activator  protein  1;  STELA,  single-telomere  length  analysis;           

TERC,  telomerase  RNA  component;  TERRA,  telomere  repeat-containing  RNA;  TERT,  telomerase           

reverse  transcriptase;  TeSLA,  telomere  shortest-length  assay;  TIN2,  TRF1-interacting  nuclear          

factor  2;  TPE-OLD,  telomere  positioning  effect  over  long  distances;  TRAP,  telomere  repeat             
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amplification  protocol;  TRBF,  telomeric  repeat-binding  factor.  Figure  and  legend  adapted  from (J.             

W.   Shay   and   Wright   2019) .  

 

Consequently,  continuous  cell  division  lead  to  erosion  of  telomeres.  This           

constitutes  the  “end-replication  problem”  ( Figure  1.7 )  proposed  by  James  Watson           

(J.  D.  Watson  1972)  and  Alexey  Olovnikov (A.  M.  Olovnikov  1971) ,  in  the  early               

70’s.  However,  as  it  will  be  presented  ahead,  the  presence  of  a  3’-overhang  is               

required   to   maintain   telomeres   structural   integrity   and   to   confer   end   protection.  

 

Figure   1.7   -   The   end-replication   problem  
“Incomplete  DNA  synthesis  at  the  end  of  the  lagging  strand  (at  the  site  of  the  terminal  RNA  primer)  leaves  a                     

short  3ʹ  overhang.  Additional  loss  of  telomeric  DNA  occurs  through  the  processing  of  the  leading-strand  ends                 

of  telomeres  to  regenerate  the  3ʹ  overhang,  which  is  necessary  for  t-loop  formation  and  the  structural  integrity                  

of  the  telomere.  Both  the  leading  end  and  the  lagging  end  of  telomeres  are  further  resected  to  generate                   

transient  long  overhangs.  Lastly  occurs  the  fill-in  synthesis  of  the  cytosine-rich  strand  (C-strand)  at  both  ends.”                 

Figure   and   legend   adapted   from    (Maciejowski   and   de   Lange   2017)  
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Such  telomere  shortening  was  proposed  to  be  the  cause  of  replicative            

senescence,  as  introduced  earlier  ( Figure  1.5 ).  Therefore,  telomeres  limit  the           

number  of  cell  cycle  and  by  doing  so  they  act  as  a  “mitotic  clock” (Alexey  M.                 

Olovnikov  1996;  Calvin  B.  Harley  1991) .  Nonetheless,  with  the  discovery  of  other             

mechanisms  contributing  to  telomere  erosion,  this  simplistic  concept  of  a  mitotic            

counter   has   been   challenged   (see    1.2.3.3   Environmental   conditions ).  

Only  in  mid  80’s  was  possible  to  prove  for  the  first  time  the  assumption  made  by                 

Barbara  McClintock  and  Herman  Muller,  that  telomeres  confer  protection  to  the            

ends  of  chromosomes.  It  all  started  when  Elizabeth  Blackburn  and  Jack  Szostak             

attended  the  same  Gordon  Conference  in  1980.  Elizabeth  Blackburn,  very           

recently,  had  successfully  read  telomeric  sequences  of  the  ciliated  protozoan           

Tetrahymena  thermophila (E.  H.  Blackburn  and  Gall  1978) .  On  the  other  hand,             

Jack  Szostak  laboratory  while  working  on  the  mechanisms  underlying  homologous           

recombination  (HR)  in  yeast  found  that  the  ends  of  linear  plasmid  DNA  molecules              

when  introduced  into  yeast  cells  were  highly  recombinogenic,  which  precluded           

their  long-term  maintenance (Orr-Weaver,  Szostak,  and  Rothstein  1981) .  As  so,           

the  construction  of  an  artificial  yeast  chromosome,  another  interest  of  Szostak’s            

lab,  seemed  impossible  up  to  that  Gordon  Conference  when  Jack  Szostack  and             

Elizabeth  Blackburn  heard  about  each  other's'  work.  They  decided  to  collaborate            

to  investigate  if  linear  yeast  plasmids  could  be  stabilized  by  capping  their  tips  with               

Tetrahymena  chromosome  end  repeat  DNA  sequences  ( Figure  1.8 ).  Indeed,  the           

majority  of  transformants  maintained  the  hybrid  plasmid  in  a  linear  form (Szostak             

and   Blackburn   1982) .  
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Figure   1.8   -   The   protective   role   of   telomeres  

“The  DNA  end‐sequence  of  linear  DNA  molecules  from  Tetrahymena  added  to  artificial             

minichromosomes  allows  their  long‐term  stable  maintenance  in  yeast.”  Figure  taken  and  legend             

adapted   from    (The   Nobel   Assembly   2009) .  

 

In  a  follow-up  study,  was  possible  to  identify  the  yeast  telomere  tandem  repeat              

sequence  and  to  observe  that  telomere  sequences  from  both Tetrahymena  and            

yeast  could  be  extended (Shampay,  Szostak,  and  Blackburn  1984) .  By  employing            

a  biochemical  approach  Carol  Greider,  a  graduate  student  in  Blackburn’s           

laboratory,  was  able  to  show  that  an  enzyme,  a  terminal  transferase  that  utilizes              

RNA  as  a  template,  was  capable  of  adding  hexanucleotide  repeats  to  a  synthetic              

DNA  oligonucleotide  ( Figure  1.9 ) (Greider  and  Blackburn  1985,  1987,  1989) .           

Carol  Greider  and  Elizabeth  Blackburn  named  this  enzyme  telomere  terminal           

transferase   that   later   became   known   as   telomerase.  
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Figure   1.9   -   Replication   of   telomeric   DNA  

“Elongation  of  one  DNA  strand,  via  the  reverse  transcriptase  mechanism  of  telomeric  DNA              

synthesis  by  telomerase,  is  followed  by  synthesis  of  the  other  telomere  DNA  strand  by  DNA                

polymerase.”    Figure   and   legend   adapted   from    (Elizabeth   H.   Blackburn,   Epel,   and   Lin   2015)  

After   these   findings,   the   focus   shifted   to   unravel   telomere   structure   and   its   role.  

 

1.2.2   Structure   and   function  

The  mammalian  telomeres  are  composed  of  a  long  array  of  TTAGGG  repeats  and              

the  length  of  these  repeats  varies  between  species.  Their  main  functions  are  i)  to               

protect  chromosome  termini  by  distinguishing  these  natural  ends  from          

double-stranded  DNA  breaks  and,  ii)  ensure  their  efficient  maintenance  by           

recruiting  telomerase.  In  order  to  do  so,  telomere  function  depend  mainly  on  three              

factors:  telomeric  DNA,  the  Shelterin  and  telomerase (Maciejowski  and  de  Lange            

2017) .   
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Figure   1.10   -   Composition   and   structure   of   human   telomere   system  

“Human  telomeres  comprise  three  components:  telomeric  DNA,  the  shelterin  complex  and  the             

telomerase  complex.  Telomeric  DNA  consists  of  a  long  array  of  double-stranded  TTAGGG  repeats              

that  culminates  in  a  50–300  nucleotide  (nt)  single-stranded  3ʹ  overhang.  This  3ʹ  overhang  invades               

double-stranded  telomeric  repeats  to  form  a  t-loop  structure  that  is  crucial  for  telomere  function.               

Telomeric  DNA  protects  chromosome  ends  through  its  association  with  the  six-subunit  shelterin             

complex.  The  length  of  telomeric  repeats  can  be  maintained  by  telomerase,  which  is  composed  of                

telomerase  reverse  transcriptase  (TERT),  telomerase  RNA  template  component  (TERC)  and           

several  accessory  proteins  (blue).  TERT  synthesizes  telomeric  DNA  de  novo  using  TERC  as  a               

template,  whereas  the  accessory  factors  contribute  to  the  biogenesis  and  nuclear  trafficking  of              

telomerase.  DKC,  dyskerin;  NHP2,  non-histone  protein  2;  NOP10,  nucleolar  protein  10;  POT1,             

protection  of  telomeres  1;  RAP1,  repressor/activator  protein  1;  TCAB1,  telomerase  Cajal  body             

protein  1;  TIN2,  TRF1-interacting  nuclear  factor  2;  TRF,  telomeric  repeat-binding  factor.” Figure             

and   legend   taken   from    (Maciejowski   and   de   Lange   2017) .  

 

Apart  from  the  maintenance  of  chromosome  homeostasis,  telomeres  are  thought           

to  be  involved  in  the  regulation  of  gene  expression  and  modulation  of             

stress-related   signaling   pathways    (Elizabeth   H.   Blackburn   2005) .   
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1.2.2.1   Telomeric   DNA  

The  telomeric  DNA  consists  of  two  parts:  a  double-stranded  (ds)  region  which             

ranges  from  approximately  4-14kb (T.  de  Lange  et  al.  1990)  in  humans  and  a  3  ́                 

single-stranded  (ss)  overhang (Makarov,  Hirose,  and  Langmore  1997)  of  about           

50-300  nucleotides (Maciejowski  and  de  Lange  2017) .  This  feature  is  conserved            

throughout  eukaryotes  and  can  adopt  a  large  duplex  lariat  structure,  the  T-loop             

( Figure  1.10 ) (Griffith  et  al.  1999) .  Telomeric  DNA  adopt  the  T-loop  structure  by              

folding  the  telomere  end  on  itself  allowing  the  3  ́overhang  to  invade  the              

double-stranded  DNA  part  (D-loop).  It  is  widely  accepted  that  t-loops  confer  an             

architectural  solution  to  telomere  erosion  by  hiding  the  telomere  terminus  from            

possible  repair  by  the  DNA  damage  machinery (Palm  and  de  Lange  2008) .             

Nonetheless,  T-loops  are  unlikely  to  protect  telomeres  during  the  entire  cell  cycle,             

as  they  must  unfold  to  allow  telomere  replication,  suggesting  the  existence  of             

additional  mechanisms  for  inhibition  of  the  DNA  damage  response (Arnoult  and            

Karlseder   2015) .   

Equally  important  is  the  fact  that  the  telomeric  and  subtelomeric  regions  are             

epigenetically  regulated,  displaying  features  of  repressive  chromatin (Schoeftner         

and  Blasco  2009) .  Such  features  are,  for  example:  trimethylation  of  histone  H3  at              

lysine  K9  (H3K9me3)  and  H4K20  (H4K20me3)  and  binding  of  heterochromatin           

protein  1α  (HP1α),  HP1𝛾  and  HP1𝛽.  Loss  of  these  epigenetic  marks  result  in              

excessive  telomere  elongation (Martínez  and  Blasco  2011) .  Moreover,  the  product          

of  transcription  of  telomeres,  telomere  repeat-containing  RNA  (TERRA),  are          

proposed  to  function  as  negative  regulators  of  telomere  length  as  they  can             

associate  with  telomeric  chromatin  inhibiting  the  function  of  telomerase (Azzalin  et           

al.  2007) .  Studies  on  induced  pluripotent  cells  (iPS)  shed  some  light  on  these              

interactions  as  the  generation  of  iPS  cells  implies  epigenetic  changes  at  telomeres             

allowing  for  a  more  open  chromatin  conformation  with  less  histone  marks,  to  allow              

for  telomere-length  reset.  This  change  in  telomeric  chromatin  conformation  is           
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accompanied  by  increased  levels  of  TERRA,  increased  telomere  recombination          

and  continuous  telomere  elongation  until  telomere  length  is  reset  to  embryonic            

stem   (ES)   cell-like   length    (Marion   et   al.   2009) .   

More  recently,  telomere  3D  organization  has  been  implicated  in  a  process  known             

as  interstitial  telomere  loops  (ITLs)  or  telomere  position  effects  over  long  distances             

(TPE-OLD)  ( Figure  1.11 ).  The  principle  is  that  during  human  development  when            

telomeres  get  sufficient  long  the  proximal  DNA  to  telomeres  can  loop  and             

telomeres  can  silence  the TERT  locus,  i.e.,  inhibit  the  expression  of  telomerase             

(Robin   et   al.   2014,   2015;   Saretzki   2018) .  

  

Figure   1.11   -   Telomere   looping  

“In  human  development  when  telomeres  get  sufficient  long,  telomere  looping  can  silence  the  TERT               

locus  thus  limiting  the  maximal  length  of  human  telomeres.  Most  adult  somatic  cells  do  not  express                 

telomerase  activity  and  thus  lose  telomere  length  with  each  division.  When  telomeres  get              

sufficiently  short  telomere  looping  at  the  TERT  locus  is  altered.”  Figure  and  legend  adapted  from                

(J.   W.   Shay   2018)  

 

1.2.2.2   Shelterin   complex  

Pivotal  to  the  establishment  of  the  T-loop  structure  is  a  six-protein  complex,  known              

as  telosome  or  shelterin  ( Figure1.10 ) (Liu  et  al.  2004;  Titia  de  Lange  2005) .  The               

role  on  the  formation  of  the  T-loop  is  only  one  out  of  three  documented  effects  of                 

Shelterin,  being  the  remaining  two  the  determination  of  the  structure  of  the             

telomere  terminus  and  control  of  the  synthesis  of  telomeric  DNA  by  telomerase             
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(Titia  de  Lange  2005) .  Shelterin  consists  of  telomere  repeat-binding  factor  (TRF)            

1,  TRF2,  repressor  activator  protein  1  (Rap1),  TRF1  interactor  2  (TIN2),            

TINT1-PTOP-PIP1  (TPP1)  and  protection  of  telomeres  1  (POT1)  ( Figure  1.10 ).           

TRF1  and  TRF2  bind  the  duplex  part  of  telomeres,  and  POT1  bind  the              

single-stranded  part  present  at  the  3  ́overhang  and  in  the  D-loop  of  the  T-loop               

architecture.  TRF1  and  TRF2  are  also  responsible  for  the  recruitment  of  the             

remaining  shelterin  proteins  which  do  not  bind  directly  to  DNA.  TIN2  and  TPP1              

bridge  TRF1-TRF2-RAP1  to  POT1 (Titia  de  Lange  2005;  Palm  and  de  Lange             

2008;   Blasco   2005) .   

It  has  been  proposed  that  a  minimum  telomere  length  is  required  for  the  binding  of                

TRF1,   TRF2   and   POT1   proteins    (Martínez   and   Blasco   2011) .  

TRF2  and  POT1  mediate  protection  against  DDR  activation,  specifically,  inhibition           

of  ataxia-telangiectasia-mutated  (ATM) (van  Steensel,  Smogorzewska,  and  de         

Lange  1998)  and  ataxia  telangiectasia  and  Rad3-related  (ATR) (Carneiro  et  al.            

2010) ,  respectively;  and  the  interaction  TRF2-RAP1  inhibits  fusions         

(Benarroch-Popivker  et  al.  2016) .  In  recent  years,  different  studies  reported           

off-telomere  functions  of  shelterin  components  ( Table  1 ),  which  was  somehow           

expected  since  these  proteins  are  found  throughout  the  nucleus  and  not  only             

confined  to  telomeres (Elizabeth  H.  Blackburn,  Epel,  and  Lin  2015) .  For  example,             

genetic  manipulation  of  RAP1  in  mice  cause  gender-specific  obesity  in  a            

background  with  intact  telomeres,  leading  to  the  assumption  that  RAP1  has            

transcriptional   roles    (J.   Ye   et   al.   2014) .   

 

 

 

 

22  

https://paperpile.com/c/g9APd6/t8hu
https://paperpile.com/c/g9APd6/t8hu+OeIN+bVH5
https://paperpile.com/c/g9APd6/t8hu+OeIN+bVH5
https://paperpile.com/c/g9APd6/pAcI
https://paperpile.com/c/g9APd6/nO3O
https://paperpile.com/c/g9APd6/nO3O
https://paperpile.com/c/g9APd6/Mnx7
https://paperpile.com/c/g9APd6/Mnx7
https://paperpile.com/c/g9APd6/FzWl
https://paperpile.com/c/g9APd6/erE7
https://paperpile.com/c/g9APd6/RUR5


 

Table   1-   Telomeric   and   extra-telomeric   functional   roles   of   telomeric   proteins  

  
Role  

Shelterin   components   
References  

 TRF1  TRF2  RAP1  TIN2  POT1  TPP1  

 
 
 
 
 
 
 
 
 
T  
E  
L  
O  
M  
E  
R  
I  
C  

Protection   and  
recombination  

      (Titia   de   Lange   2005)  
(Titia   de   Lange   2009)  
(Martínez   and   Blasco   2010)  

G-strand  
protection  

      (Hockemeyer   et   al.   2006)  
(Wu   et   al.   2006)  
(H.   He   et   al.   2006)  

Length  
regulation  

      (Titia   de   Lange   2005)  
(Titia   de   Lange   2009)  
(Martínez   and   Blasco   2010)  

Inhibition   DDR        (Titia   de   Lange   2005)  
(Martínez   and   Blasco   2010)  
(Paula   Martinez   et   al.   2010)  
(A.   Sfeir   et   al.   2010)  
(Maciejowski   and   de   Lange  
2017)  

Telomere  
replication  

      (P.   Martinez   et   al.   2009)  
(Agnel   Sfeir   et   al.   2009)  
(Maciejowski   and   de   Lange  
2017)  

Telomerase  
recruitment  

      (Abreu   et   al.   2010)  
(Tejera   et   al.   2010)  
(J.   Z.-S.   Ye   et   al.   2004)  
(Houghtaling   et   al.   2004)  
 

Telomerase  
inhibition  

      (Maciejowski   and   de   Lange  
2017)  

 
 
E  
X  
T  
R  
A  

Subtelomeric  
silencing  

      (Paula   Martinez   et   al.   2010)  

Transcriptional  
regulation  

      (Paula   Martinez   et   al.   2010)  
(Teo   et   al.   2010)  

NF-kB  
signalling  

      (Teo   et   al.   2010)  

Data   adapted   from    (Martínez   and   Blasco   2011;   Loayza   and   Kalan   2014;   Blasco   2005)  

 

Although  many  was  known  about  shelterin  proteins  and  their  function,  it  was  only              

in  2017  that  the  mechanism  for  shelterin  assembly  was  unraveled.  The  study             

reveals  that  shelterin  bridge  assembly,  TPP1-TIN2-TRF2,  is  a  hierarchical  process           
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in  which  TPP1  binding  to  TIN2  elicits  structural  changes  in  TIN2,  allosterically             

promoting  TRF2  binding  to  TIN2.  If  TIN2  is  mutated,  the  cooperative            

TPP1-TIN2-TRF2  assembly  is  affected  leading  to  unregulated  telomere         

lengthening    (J.-K.   Kim   et   al.   2017) .   

 

1.2.2.3   Telomerase  

The  third  determinant  factor  to  telomere  function  is  the  high  molecular  weight             

reverse  transcriptase  ribonucleoprotein  (RNP),  telomerase.  This  reverse        

transcriptase  synthesizes  telomeric  DNA de  novo  using  its  own  RNA  template            

(Feng  et  al.  1995)  and  the  3  ́overhang  of  the  chromosome  as  the  primer (Elizabeth                

H.  Blackburn  and  Collins  2011) .  Hence,  the  catalytic  core  of  telomerase  is             

composed  by  TERC  and  TERT  ( Figure  1.10 ) (Harrington  2003) ,  located  at            

chromosomes  5p15.33  and  3q26 (Jafri  et  al.  2016) ,  respectively.  The  TERC            

component  is  a  noncoding  RNA  essential  for  telomerase  synthesis  as  it  serves  as              

a  template  to  elongate  the  3  ́  overhang  and  TERT  is  the  protein  component  that                

acts   as   a   specialized   reverse   transcriptase    (Greider   and   Blackburn   1985,   1989) .   

Soon  after  its  identification,  human  telomerase  activity  was  detected  in  cell            

extracts  of  HeLa  cells (Morin  1989) .  Nonetheless,  no  normal  somatic  tissues  show             

telomerase  activity (N.  W.  Kim  et  al.  1994) ,  which  explains  why  telomeric  DNA  in               

human  cells  get  shorter  both in  vitro (C.  B.  Harley,  Futcher,  and  Greider  1990)  and                

in  vivo .  The  only  exceptions  are  gametes,  stem  and  progenitor  cells,  such  as  T               

lymphocytes (Weng  1996) .  In  opposition,  more  than  90%  of  cultured  immortal            

cells,  derived  from  human  tissues  and  biopsies  of  a  panoply  of  cancers,  are              

positive  for  telomerase  activity (Hastie  et  al.  1990) .  The  identification  of  the  gene              

encoding  the  catalytic  unit  of  the  human  telomerase  (hTERT) (Meyerson  et  al.             

1997;  Nakamura  et  al.  1997)  permitted  to  test  the  impact  of  hTERT  exogenous              

expression  in  normal  human  fibroblasts  and  epithelial  cells.  In  both  cell  types,             

telomeres  were  extensively  elongated  resulting  in  the  immortalization  of  normal           
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cells (Bodnar  1998;  Nakayama  et  al.  1998) .  While  TERT  and  TERC  are  sufficient              

for  telomerase  activity in  vitro ,  the in  vivo  functioning  involves  auxiliary            

components  ( Figure  1.10 )  that  allow  for  telomerase  attachment  to  telomeres           

during  S-phase,  telomerase  activity,  biogenesis,  trafficking  and  its  regulation          

(Zaug,   Podell,   and   Cech   2008) .   

Shelterin  is  preponderant  for  telomerase  function  as  it  can  both  promote  and             

inhibit  telomerase  access  to  telomeres.  Telomerase  is  recruited  to  telomeres  by            

TPP1-TIN2 (Armstrong  and  Tomita  2017) ,  and  its  retained  there  by  either  the             

interaction  with  the  shelterin  and/or  the  formation  of  the  telomeric  DNA/telomerase            

RNA  hybrid  allowing  for  the  processive  extension  of  telomeres (Tomita  2018) .            

Telomerase  is  thought  to  be  released  once  the  telomeres  is  sufficiently  elongated,             

which  means  that  a  counting  mechanism  should  somehow  exist.  This  mechanism            

is  tought  to  consist  in  a cis -acting  negative-freedback  loop  ( Figure  1.12 )  in  which              

POT1  acts  as  a  negative  regulator  of  telomerase,  binding  to  new  synthesized             

telomeric  DNA  in  an  amount  proportional  to  the  telomere  length (Marcand,  Gilson,             

and   Shore   1997) .  
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Figure   1.12   -   The   protein-counting   model   for   telomerase   regulation  

Telomere  length  regulation  is  achieved  through  a  negative  feedback  loop  in  which  POT1  is  loaded                

onto  telomeres  in  a  manner  dependent  on  telomere  length.  The  schematic  also  indicates              

TPP1-TIN2  as  positive  regulators  of  telomere  length,  contributing  to  telomerase  recruitment.  Figure             

and  legend  adapted  from (Palm  and  de  Lange  2008;  Bianchi  and  Shore  2008) (Maciejowski  and  de                

Lange   2017) (Palm   and   de   Lange   2008;   Bianchi   and   Shore   2008) .  

 

Interestingly,  many  DNA  damage  response  proteins  are  also  associated  with           

telomeres  and  contribute  somehow  to  telomere  function (De  Boeck  et  al.  2009) .             

For  instance,  the  DNA  damage  repair  complex  MRE11/Rad50/NBS1  is  an  integral            

component  of  telomeres  and  interacts  with  TRF1/TRF2 (Karlseder  et  al.  1999) .            

Altogether,  the  telomere  proteome  consists  of  approximately  200  proteins  that           

have  been  associated  with  different  aspects  of  telomere  biology (Déjardin  and            

Kingston  2009;  Grolimund  et  al.  2013;  Xin,  Liu,  and  Songyang  2008;  Giardini  et  al.               

2014) .  

 

1.2.3   Telomere   shortening  

There  are  several  mechanisms  that  result  in  telomere  attrition (J.  W.  Shay  2018)              

and  consecutive  telomere  shortening  eventually  leads  to  telomere  uncapping          

(Saretzki  2018) ,  i.e.  loss  of  association  to  shelterin  proteins.  Once  telomeres  reach             

a  critical  short  length,  an  ATM/ATR-dependent  cellular  response  is  triggered           

( Figure   1.13 ).   
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Figure   1.13   -   DNA   damage   signalling   pathways   at   telomeres  

“(a)  ATM  kinase  pathway.  (b)  ATR  kinase  pathway.  (c)  Alternative  NHEJ  repair  pathway.  (d)               

Classical  NHEJ  repair  pathway.  (e)  Homologous-recombination  pathway.  Steps  of  DNA           

damage–repair  inhibition  by  shelterin  or  accessory  factors  are  highlighted  by  red  circles.  (1)  TRF2,               

potentially  through  its  TRFH  domain,  and  supported  by  Rap1,  forms  the  t  loop,  a  DNA  structure                 

that  hides  chromosome  ends  from  the  MRN–ATM  factors.  (2)  The  t  loop  also  prevents  loading  of                 

the  Ku  heterodimer  on  chromosome  ends.  (3)  TRF2iDDR  inhibits  the  recruitment  of  RNF168  at               

telomeres.  (4)  TRF2  interacts  with  the  helix  5  domain  of  Ku70,  thereby  blocking  its               

heterotetramerization.  (5)  Rap1  has  been  proposed  to  directly  block  c-NHEJ.  (6)  TPP1–POT1             

prevents  ATR  activation,  most  probably  by  preventing  binding  of  RPA  on  the  overhang  and  on  the                 

ssTTAGGG  at  stalled  replication  forks.  (7)  The  Ku  heterodimer,  TRF2  and,  more  importantly,              

TPP1–POT1  redundantly  repress  alt-NHEJ  at  telomeres.  (8)  The  shelterin  factors  Rap1  and  POT1              

as  well  as  Ku70–Ku80  are  necessary  to  block  HR  between  sister  telomeres.  (9)  The  N-terminal                

basic  domain  of  TRF2  blocks  NBS1–XRCC3–mediated  recombination  events  at  the  D  loop  that              

would  lead  to  t-loop  excision.  Ku  depletion  induces  t-loop  excision  as  well.  (10)  At  deprotected                

telomeres,  53BP1,  RIF1  and  MAD2L2  protect  chromosome  ends  from          
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BRCA1–CtIP–EXO1–mediated  5  resection.  LIG,  ligase;  Pol,  polymerase;  p,  phospho-.”  Figure  and            

legend   taken   from    (Arnoult   and   Karlseder   2015) .  

 

As  postulated  by  the  M1/M2  model  ( Figure  1.5 ),  replicating  cells  face  two  barriers              

towards  immortalization:  replicative  senescence  and  crisis.  Both  this  barriers  are           

built  on  the  account  of  telomere  shortening.  Thus,  as  telomeres  get  shorter,             

uncapped  telomeres  are  perceived  as  double-strand  breaks  (DSB)  and  can  be            

recognized  by  the  presence  of  telomere  dysfunction-induced  foci  (TIFs),  which  are            

defined  by  the  colocalization  of  DDR  protein,  such  as  phosphorylated  histone            

H2A.X  (𝛾H2AX)  and  telomeres (Takai,  Smogorzewska,  and  de  Lange  2003) .  It  is             

accepted  that  as  much  as  4  to  5  TIFs  are  enough  for  cells  to  arrest  in  G1  phase  of                    

the  cell  cycle  and  become  senescent (Kaul  et  al.  2011)  -  replicative  senescence              

(M1).  However,  if  cells  manage  to  overcome  senescence  by  loss  of  function  of  p53               

and  pRB  tumor  suppressor,  continued  proliferation  results  in  further  telomere           

shortening  and  further  accumulation  of  TIFs,  and  eventually  is  possible  to  observe             

TIFs   colocalization   with   end-to-end   fusion   of   chromosomes   -   crisis   (M2).   

 

1.2.3.1   Natural   shortening   of   telomeres  

Short  telomeres  can  arise  naturally  in  cells,  due  to  the  aforementioned            

“end-replication  problem”  ( Figure  1.7 ).  Accordingly,  telomeres  are  subjected  to          

shortening  at  each  cycle  of  cell  division:  about  15-50  bp/cell  cycle  in  fibroblasts in               

vitro (Zglinicki  et  al.  1995;  Lorenz  et  al.  2001)  and  around  14±6  bp/year in  vivo                

(Allsopp  et  al.  1992) .  As  previously  mentioned  (see 1.2.2.1  Telomeric  DNA ),            

TERRA  transcription  facilitates  5  ́-  3  ́nuclease  activity  of  exonuclease  1  (Exo1)  at              

telomeres,  and  in  this  way  contributes  to  further  resection  of  telomeres (Pfeiffer             

and   Lingner   2012) .   
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Various  population-based  studies  have  shown  that  not  only  telomere  length           

decreases  with  age  but  also  this  decrease  is  dynamic,  as  the  rate  of  telomere               

shortening  is  highest  in  early  life  and  slows  down  with  aging.  A  correlation              

between  aging  and  telomere  length  has  been  observed in  vitro (C.  B.  Harley,              

Futcher,  and  Greider  1990) , in  vivo  in  animal  models (Samper,  Flores,  and  Blasco              

2001)  and  in  human  samples (Wilbourn  et  al.  2018) .  Accordingly,  telomere  length             

is  thought  to  reduce  with  age  in  humans (Aubert  and  Lansdorp  2008) .  In  the               

absence  of  a  mechanism  that  counteracts  telomere  erosion,  there  are  two            

possible  outcomes  of  critically  short  telomeres:  apoptosis  and  senescence;  both           

extensively   characterized   as   contributors   to   aging.   

 

1.2.3.2   Replication-fork   collapse  

DNA  replication  through  telomeres  is  challenged  by  the  repetitive  telomeric           

sequences  as  they  can  form  G-quadruplexes  DNA  structures (Lipps  and  Rhodes            

2009)  which  represents  an  obstacle  to  the  action  of  the  replication  machinery,             

leading  to  fork  stalling  and/or  collapse (Higa,  Fujita,  and  Yoshida  2017;  Zhang  et              

al.  2019) .  Collapsed  forks  could  be  rescued  by  replication  fork  regression  that             

triggers  homologous  recombination  (HR)  at  telomeres (Fouquerel,  Parikh,  and          

Opresko  2016) .  On  the  other  side,  unresolved  forks  are  converted  to  C-rich             

extrachromosomal  circles  (C-circles)  and  C-overhang (Zhang  et  al.  2019) ;          

characteristics  of  cells  with  activation  of  an  alternative  lengthening  of  telomeres            

(ALT)  mechanism (Cesare  and  Griffith  2004;  Oganesian  and  Karlseder  2011) .           

Mechanisms  underlying  telomere  elongation  will  be  present  next  in 1.2.5           

Telomere   Maintenance   Mechanisms   (TMMs) .  
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1.2.3.3   Environmental   conditions  

Telomere  shortening  is  also  impacted  by  environmental  conditions  like  oxidative           

stress,  increasing  to  500  bp/cell  cycle  when  cells  are  cultured  under  hyperoxic             

conditions (Zglinicki  et  al.  1995,  2000;  Richter  and  von  Zglinicki  2007) .  A  possible              

explanation  is  the  fact  that  guanine  triplets  are  highly  sensitive  to  oxidation             

(Zglinicki  et  al.  1995) ,  which  makes  telomeric  DNA  to  be  more  prone  to  oxidative               

damage  than  non-telomeric  DNA  in  combination  with  the  reduced  DNA  repair            

capacity  in  telomeres (Gomes,  NM,  Shay,  JW,  Wright,  WE  2010) .  It  is  presumed              

that  base  excision  repair  (BER)  pathway  is  involved  in  repair  of  oxidative  base              

lesions   in   mammalian   telomeres    (Wang   et   al.   2010) .   

Oxidative  stress  due  to  reactive  oxygen  species  (ROS),  affects  telomeres  in  what             

seems  to  be  an  age-independent  mechanism.  It  has  been  shown  that  high  levels              

of  ROS  cause  accelerated  rates  of  telomere  erosion  in  cell  cultures  derived  from              

donors  of  different  ages (Richter  and  von  Zglinicki  2007) .  Furthermore,           

overexpression  of  superoxide  dismutase  is  capable  of  slowing  down  erosion  of            

telomeres    (Serra   et   al.   2003) .  

The  paradigm  of  telomeres  as  a  simple  mitotic  clock  has  shifted  to  a  more               

complex  process  as  the  impact  of  extrinsic  factors  on  telomere  shortening  implies             

that  telomeres  act  instead  as  an  indicator  as  stress-induced  damage  level            

(Koliada,   Krasnenkov,   and   Vaiserman   2015;   Trusina   2014) .   

 

1.2.3.4   Telomere   trimming  

Lastly,  telomeres  can  be  rapidly  deleted  through  a  mechanism  known  as  trimming.             

Telomere  trimming  was  first  identified  in  yeast (B.  Li  and  Lustig  1996)  and  is               

conserved  in  plants (J.  M.  Watson  and  Shippen  2007)  and  mammals (J.  M.              

Watson  and  Shippen  2007;  Pickett  et  al.  2009) .  This  mechanism  involves  the             

disruption  of  T-loops,  being  independent  of  both  telomerase  and  shelterin           
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complex.  Only  recently  it  has  been  shown  that  the  specific  telomere-associated            

protein,  telomeric  zinc  finger-associated  protein  (TZAP)  binds  preferentially  to  long           

telomeres  promoting  its  rapid  deletion (J.  S.  Z.  Li  et  al.  2017) ,  thus  advocating  for                

a  maximal  regulated  length  of  telomeres (Laberthonnière,  Magdinier,  and  Robin           

2019) .   

The  direct  consequence  of  telomere  shortening  is  the  activation  of  a  DDR             

response  ( Figure  1.13 ),  which  happens  at  a  cost  ( Figure  1.14 )  to  cells.  This  cost               

can  either  be  avoided  or  surpassed  by  the  activation  of  mechanisms  enabling             

telomere   length   maintenance.  

 

 

Figure   1.14   -   Outcomes   of   telomere   shortening  

Consecutive  telomeres  shortening  leads  to  telomere  deprotection,  resulting  in  the  activation  of             

DDR  mechanisms.  The  outcome  of  such  mechanisms  spans  from  cell  death  to  establishment  of               

genomic   instability.   Figure   adapted   from    (Jacobs   2013) .  

 

1.2.4   Biological   consequences   of   telomere   dysfunction  

It  is  widely  accepted  that  telomeres  have  a  fulcral  role  in  cell  fate  decision.  As  so,                 

telomere  dysfunction  became  an  emergent  research  area,  with  innumerable          
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studies  proposing  causes  and  others  analysing  the  consequences.  Regarding  the           

former,  the  major  cause  of  telomere  dysfunction  is  the  loss  of  protection  conferred              

by  the  shelterin  proteins  provoking  the  uncapping  of  telomeres.  Uncapped           

telomeres  can  either  happen  due  to  telomere  shortening  (see 1.2.3  Telomere            

shortening )  or  alterations  to  telomeric  DNA,  for  example  opening  of  the  protective             

T-  and  D-loops  by  inhibition  of  TRF2 (Karlseder  et  al.  1999) .  Moreover,  telomeres              

are  highly  predisposed  to  DNA  damage,  which  can  also  cause  telomere            

dysfunction    (Hewitt   et   al.   2012;   Jurk   et   al.   2012) .  

Upon  telomere  dysfunction,  an  ATM/ATR-dependent  cellular  response  is  triggered          

which  results  in  either  i)  transient  growth  arrest  when  accompanied  by  repair  or  ii)               

senescence.  The  most  likely  physiological  consequences  are  cancer  and  aging           

( Figure   1.15 ),   respectively.   

 

Figure   1.15   -   Physiological   outcomes   of   telomere   dysfunction  

“Telomeric  DNA  damage  originates  from  various  mechanisms.  Oncogene-induced  replicative          

stress  may  cause  telomere  loss  owing  to  the  intrinsic  telomere  shortening  that  is  associated  with                

replication,  as  well  as  an  elevated  incidence  of  stalled  replication  forks  at  telomeres  that  resemble                
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fragile  sites.  Mutations  in  telomerase  and  shelterin  components  may  result  in  either  telomere  loss               

or  severe  telomere  uncapping.  Telomeric  DNA  is  highly  susceptible  to  genotoxic  damage.             

Dysfunctional  telomeres,  either  owing  to  critically  short  telomeres  or  to  uncapping,  elicit  a  DNA               

damage   response   (DDR)”.    Figure   and   legend   adapted   from    (Martínez   and   Blasco   2011) .  

 

The  decision  between  cell  fates  comes  upon  the  p53  tumor  suppressor,  directly             

via  ATM/DNA-dependent  protein  kinase  (DNA-PK) (Blackford  and  Jackson  2017)          

or  indirectly  via  Rb  pathway.  Briefly,  upon  damage,  ATM  and  DNA-PK            

phosphorylate  p53  resulting  in  its  stabilization  and  activation.  The  expression  of            

p53  induces  the  expression  of  p21  causing  temporary  cell  cycle  arrest  or             

senescence.  As  an  alternative,  p53-mediated  senescence  can  also  be  triggered           

via  ADP  ribosylation  factor  (ARF)  that  inhibits  mouse  double  minute  2  homologue             

(MDM2)  from  targeting  p53  protein  for  degradation.  ARF  expression  can  be            

induced  by  the  transcription  E2  factor  (E2F)  whose  activity  is  modulated  by  the              

phosphorylation  state  of  Rb  and  this  process  on  its  turn  is  induced  by  the               

expression  of  the  cyclin-dependent  kinase  (CDK)  p16 (Irminger-Finger  2008) .          

Hence,  expression  of  p16  leads  Rb  hypophosphorylated  form  to  bound  E2F            

avoiding  its  translocation  to  the  nucleus (Rayess,  Wang,  and  Srivatsan  2012) ,            

leading   to   senescence   ( Figure   1.16 ).  
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Figure   1.16   -   Molecular   pathways   of   senescence  

Different  triggers,  including  telomere  dysfunction,  signal  through  various  pathways  many  of  which             

rely  on  p53  activation  and  all  of  them  culminate  in  the  activation  of  CDK  inhibitors.  These  include                  

p16  (encoded  by CDKN2A ),  p15  (encoded  by CDKN2B ),  p21  (encoded  by CDKN1A )  and  p27               

(encoded  by CDKN1B ).  The  inhibition  of  CDKs  results  in  cell  cycle  arrest  and  the               

hypophosphorylated  form  of  Rb  is  essential  for  the  establishment  of  senescence.  Figure  adapted              

from    (Muñoz-Espín   and   Serrano   2014)    and   legend   adapted   from    (Chicas   et   al.   2010) .  

 

Senescence  can  be  described  as  a  stress-induced,  persistent  cell-cycle  arrest  in            

cells  that  were  previously  proliferating (S.  He  and  Sharpless  2017) .  It  has  been              

proposed  that  the  accumulation  of  senescent  cells  in  a  tissue  throughout  the             

years,  results  in  the  decline  of  the  tissue’s  reparative  capacity,  specially  if  the              

accumulation  takes  place  within  the  stem  or  progenitor  cell  compartments           

(Sharpless  and  DePinho  2007) .  Thus,  senescence  has  been  considered  as  one  of             

the  hallmarks  of  aging (López-Otín  et  al.  2013) .  However,  the  physiological  roles             

of  senescent  go  much  beyond  aging  and  that  this  somehow  expected  static  state              

is  in  fact  extremely  dynamic,  elapsing  in  a  well  orchestrated  series  of  events              

towards  tissue  regeneration (Muñoz-Espín  and  Serrano  2014) .  Such  roles  could           
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be  either  beneficial  or  detrimental (S.  He  and  Sharpless  2017) ;  when  the  so  called               

“senescence  life  cycle”  is  misregulated  what  was  initially  intended  to  be  transient             

event  (beneficial)  shifts  to  a  persistent  one  (detrimental) (Chan  and  Narita  2019) .             

The  beneficial  roles  of  senescence  include,  but  are  not  limited  to:  modulation  of              

embryonic  development (Muñoz-Espín  et  al.  2013;  Storer  et  al.  2013) ,  cell            

maturation (Besancenot  et  al.  2010;  Helman  et  al.  2016)  and  wound  healing             

(Vande  Berg  and  Robson  2003;  Krizhanovsky  et  al.  2008;  Jun  and  Lau  2010;              

Demaria  et  al.  2014) .  By  far  the  most  studied  physiological  effect  of  senescence              

is  inhibition  of  cell  replication.  Although  an  overall  detrimental  effect  in  several             

pathologies  has  been  described  (for  example,  in  cataracts (Baker  et  al.  2008,             

2011) ,  cell  proliferation  stoppage  due  to  senescence  reigns  as  a  tumor  suppressor             

mechanism    (Campisi   2001;   Lowe,   Cepero,   and   Evan   2004) .   

Nevertheless,  this  barrier  can  be  surpassed  by  the  activation  of  telomere            

maintenance   mechanisms.  

 

1.2.5   Telomere   Maintenance   Mechanisms   (TMMs)  

TMMs  allow  cells  facing  telomere  dysfunction  to  counteract  the  the  M2  barrier             

( Figure   1.5 ),   which   eventually   leads   cells   to   cancer.   

A  recent  study  analyzed  TMMs  in  more  than  18  000  human  samples,  from  tumors               

(31  types)  to  solid  and  blood  controls (Barthel  et  al.  2017) .  This  analysis  allowed               

the  authors  to  conclude  that  73%  of  cancers  expressed TERT ;  5%  presented             

alterations  in ATRX  or DAXX ;  and,  the  remaining  22%  neither  one.  Regarding             

telomere  length,  tumor  samples  had  shorter  telomeres  than  the  controls.  The            

same  observation  extends  to  other  cancers (Meeker  et  al.  2002;  Chiba  et  al.              

2017) .  It  is  hypothesized  that  a  single  short  telomere  may  be  enough  to              

commence  cancer  development (Turner,  Vasu,  and  Griffin  2019)  explaining  TMMs           

selective  action  upon  the  shortest  telomeres (Fu  et  al.  2014) .  Thus,  despite  TMMs              
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activation  the  great  majority  of  cancer  types  exhibit  an  overall  telomere  length             

either  unchanged  or  shorter  when  compared  to  their  healthy  counterparts (Deng  et             

al.   2003;   der-Sarkissian   et   al.   2004;   Chevret   et   al.   2014) .   

TMMs  can  be  classified  as:  telomerase-dependent,  telomerase-independent  and         

non-defined   ( Figure   1.17 ).  

 

 

Figure   1.17   -   Telomere   Maintenance   Mechanisms  

TERT-dependent  mechanisms  rely  on  telomerase  reactivation:  i)  TERT  promoter  hotspot  mutations            

(-124  and  -146  bp  upstream  the  ATG  transcriptional  start  site)  create  binding  sites  for  E-twenty-six                

(ETS)  transcription  factors,  ii)  germline  genetic  variations  of  the  TERTp  and  of  intronic  and  exonic                

regions  seem  to  associate  with  cancer  risk,  TERT  structural  variants  comprise  iii)  amplification  and               

iv)  rearrangement  of  the  gene,  and  v)  hypermethylation  of  the  TERTp  or  other  regions,  micro  RNA                 

(miRNA)  regulation  and  post-translational  histone  modifications  are  epigenetic  modifications          

involved  in  telomerase  reactivation.  TERT-independent  mechanism  relies  on  homologous          

recombination  DNA-repair  mechanism  ALT  (alternative  lengthening  telomeres),  as  a  result  of            

mutations  in  the  genes ATRX  or DAXX  and  loss  of  protein  expression.  The  non-defined  telomere                
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maintenance  mechanism  (NDTMM)  represents  all  phenotypes  in  which  both  TERT  expression  and             

ALT   were   described   as   absent.   Legend   adapted   from    (Gaspar   et   al.   2018) .  

 

TERT-dependent  mechanisms  rely  on  telomerase  activity  while  TERT-independent         

mechanisms  rely  on  recombinatory  events  and  are  commonly  known  as           

alternative  lengthening  telomeres  (ALT)  mechanisms.  Both  mechanisms  have         

been  extensively  studied  although  ALT  mechanism  is  not  fully  understood,  at  least             

at  the  same  extent  as  telomere  elongation  by  telomerase.  In  the  last  couple  years,               

it  has  been  shown  that  tumorigenesis  can  occur  in  the  absence  of  either  one  of                

these  mechanisms,  ie,  in  a  background  with  ever-shorter  telomeres.  Such           

situation  has  been  termed  non-defined  telomere  maintenance  mechanisms         

(NDTMM).  

 

1.2.5.1   Telomerase-dependent   

Most  cancers  maintain  telomere  length  through  telomerase  activity (Heidenreich          

and  Kumar  2017)  which  implies  telomerase  expression,  assembly,  recruitment  to           

telomeres,   and   telomeric   DNA   synthesis    (Jafri   et   al.   2016) .   

 

Figure   1.18   -   Telomerase-dependent   mechanisms  

“Telomerase  reactivation  depends  on  several  mechanisms  that  imply  modifications  that  can  have  a              

direct  impact  on  TERT  gene  regulation,  which  is  localized  on  the  short  arm  of  chromosome  5. A)                  
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TERTp  hotspot  mutations  (-124bp  and  -146bp  upstream  the  ATG  transcriptional  start  site)  create              

binding  sites  for  ETS  transcription  factors  (red  boxes). B)  Germline  genetic  variations  of  the  TERTp                

and  of  intronic  and  exonic  regions  seem  to  associate  with  cancer  risk. C)  TERT  structural  variants                 

comprise  amplification  and  rearrangements  of  the  gene.  Hypermethylation  of  the  TERTp  or  other              

regions,  microRNA  (miRNA)  regulation  and  post-translational  histone  modifications  are  epigenetic           

modifications  involved  in  telomerase  reactivation.”  Figure  and  legend  adapted  from (Gaspar  et  al.                

2018) .  

 

The  mechanisms  underlying  telomerase  expression  include,  but  are  not  limited  to            

mutations  within  the  core  promoter  region  of TERT ,  germline  genetic  variations  of             

the TERT  promoter  and TERT  structural  and  epigenetic  modifications  ( Figure           

1.18 ).  However,  these  and  other  mechanisms  governing TERT  expression  are  not            

fully   unraveled.   

 

1.2.5.2   ALT  

The  observation  that  telomere  length  could  be  maintained  in  the  absence  of             

telomerase  was  first  done  in  a  telomerase-null  mutant  yeast (Lundblad  and            

Blackburn  1993) ,  just  a  few  years  after  the  discovery  of  telomerase  activity.  This              

mechanism  was  found  to  rely  on RAD52 which  encodes  a  protein  involved  in              

homologous  recombination  (HR).  Very  rapidly,  equivalent  observations  were  done          

in  immortalized  human  cell  lines.  The  finding  that  telomere  length  varies  quite  fast              

in  these  cells,  suggested  that  the  mechanism  underlying  it  would  somehow  rely  on              

telomeric   recombination    (Bryan   et   al.   1995;   Murnane   et   al.   1994) .  

The  first  studies  on  ALT  suggested  two  possible  mechanisms  for  telomere            

elongation:  unequal  telomere  sister  chromatid  exchanges  (T-SCEs)  and/or         

homologous  recombination-dependent  DNA  replication  (HR).  The  finding  that  a          

DNA  tag  placed  into  the  telomeres  of  ALT  cells  is  copied  from  one  telomere  to                

another,   favours   the   HR-based   TMM   model   ( Figure   1.19 ).   
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Figure   1.19   -   HR-based   TMM  

“A  permissive  environment  for  telomere  recombination  likely  occurs  through  telomeric  chromatin            

changes,  such  as  those  mediated  by  mutations  in  ATRX/DAXX/H3.3,  altered  histone  dynamics,             

changes  in  DNA  and  histone  modifications,  and  decreased  nucleosome  density.  In  this  permissive              

environment,  DNA  double-strand  breaks  (DSBs)  initiate  ALT  recombination.  The  source  of  these             

break  signals  may  come  from  replication  stress  due  to  chromatin  changes,  TERRA-mediated             

R-loops,  or  G-quadruplex  (G4)  structures.  Endonuclease  activity  or  telomere  uncapping  could  also             

lead  to  DSB  signals.  Excessive  RPA  and  ATR  signaling  may  create  a  permissive  environment  for                

recombination  and/or  signal  the  presence  of  DSBs.  DSB  signals  lead  to  a  RAD51-  and               

HOP2–MND1-mediated  homology  search  and  capture  of  a  homologous  sequence  (telomere  or            

internal  genomic  site)  by  the  30  or  50  ends  of  the  recipient  telomere.  The  NR2C/F  family  of  nuclear                   

receptors  can  facilitate  the  proximity  of  homologous  sequences.  DNA  synthesis  and  resolution  of              

synapsed  telomeres  occur  by  unknown  mechanisms.  Ultimately,  this  process  leads  to  elongation  of              

telomeres  or  targeted  telomere  insertion  (TTI)  at  genomic  sites.”  Figure  adapted  from (Cesare  and               

Reddel   2010)     and   legend   taken   from    (Dilley   and   Greenberg   2015) .  
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Characterization  of  ALT  cells  allowed  for  the  development  of  methods  to            

investigate  the  prevalence  and  prognostic  of  ALT  in  cancer  patients  and  explore             

potential  targeted  therapies (Dilley  and  Greenberg  2015) .  The  most  predominant           

ALT  features  include,  but  are  not  limited  to:  existence  of  highly  heterogeneous,             

fluctuating  telomere  lengths (Bryan  et  al.  1995;  Murnane  et  al.  1994) ,  high  levels              

of  T-SCEs (Londoño-Vallejo  et  al.  2004) ,  abundant  extrachromosomal  telomeric          

repeat  DNA  (ECTR) (Cesare  and  Griffith  2004;  Nabetani  and  Ishikawa  2009) ,  and             

a  ALT-associated  promyelocytic  leukemia  (PML)  bodies  (APBs) (Yeager  et  al.           

1999) .   

 

1.2.5.3   Non-defined   TMM  

Tumors  can  be  negative  for  both  telomerase  activity  and  ALT.  However,  it  is  still               

unclear  if  indeed  no  telomere  maintenance  occurs  or  if  this  observation  results             

from  technical  limitations  as  telomerase  activity  being  below  the  detection  limit  of             

the  current  available  methods.  Another  possibility  might  be  the  existence  of  an             

unknown   TMM    (Royds   et   al.   2011) .  

The  absence  of  either  known  TMMs  have  been  reported  on  different  types  of              

cancer (Bryan  et  al.  1997;  Barthel  et  al.  2017) ,  including  metastasis  of  cutaneous              

melanoma (Gagos  et  al.  2008;  Viceconte  et  al.  2017)  and  is  currently  the  focus  of                

research.   

 

1.3   Why   Melanoma?  

 

“(...)   melanoma   has   remained   one   of   the   most   challenging   diseases   to   treat”  

(Kaufman   2016)  
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“(...)   TERT   is   a   key   player   in   melanoma   and   a   compelling   therapeutic   target. ”  

(Reyes-Uribe   et   al.   2018)  

 

Skin  is  the  largest  organ  of  the  human  body,  and  it  is  performs  three  main                

functions:  protection  (mechanical,  trauma,  ultraviolet  (UV)  radiation,  infection),         

regulation  (temperature,  fluid,  immunity,  synthesis  of  vitamin  D)  and  sensation           

(pressure/pain,  heat/cold) (Tortora  and  Grabowski  1996) .  Human  skin  is          

composed  of  three  distinct  layers:  epidermis,  dermis  and  hypodermis,  with  several            

degrees   of   specialization   within   each   layer   ( Figure   1.20 ).   

Melanoma,  the  deadliest  form  of  skin  cancer,  arises  from  genetic  alterations  in             

melanocytes,  the  neural  crest-derived  pigmented  cells.  When  detected  at  early           

stages,  melanoma  can  be  treated  by  surgical  excision  of  the  lesion  with  cure  rates               

close  to  90% (Balch  et  al.  2009) .  However,  melanoma  metastization  often  occurs             

as  an  early  event.  Once  metastatic,  patient  survival  rates  dramatically  drop  from             

decades  to  months  and  this  has  remained  essentially  unchanged  for  over  30  years              

(Lo   and   Fisher   2014) .   
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Figure   1.20   -   Representation   of   human   skin   layers   and   its   cellular   composition  

Human  skin  is  divided  into  hypodermis,  dermis  and  epidermis.  Melanocytes  are  neural             

crest-derived  cells  that  migrated  dorso-laterally  and  are  found  at  the  dermal-epidermal  junction             

(skin  color)  and  at  the  hair  follicles  (hair  color).  Melanin  is  produced  within  a  specific                

membrane-bound  organelles,  melanosomes,  which  are  produced  exclusively  by  melanocytes          

(Yamaguchi   and   Hearing,   n.d.) .   

 

1.3.1   Melanocytes   function  

A  common  feature  to  all  vertebrates  is  the  fact  that  almost  all  pigment  cells,  arise                

from  the  neural  crest (Kelsh  et  al.  2009;  Mayor  and  Theveneau  2013) .  During              

embryogenesis,  neural  crest  cells  emerge  along  the  dorsal  neural  tube  and  while             

dispersing  throughout  the  body  they  differentiate  into  several  types  of  cells:            

neurons,  Schawn  and  pigment  cells (Weston  1970) .  These  pigment  cells  englobe            

the  pigment  cells  of  the  integument  and  the  inner  ear,  the  iris  and  internal  organs.                

Depending  on  the  organism,  type  of  pigment  produced,  and  the  developmental            

stage,  pigment  cells  can  be  named  as  melanoblasts,  melanocytes  and           

chromatophores  (including  melanophores,  iridophores,  xanthophores  and       

erythrophores) (Silver,  Hou,  and  Pavan,  n.d.) .  The  transcription  factor          

microphthalmia-associated  transcription  factor  (MITF)  seems  to  be  the  main          

regulator  on  determining  melanocyte  identity (Steingrímsson,  Copeland,  and         

Jenkins  2004)  as  shown  by  multiple  studies  in  mice (Tachibana  et  al.  1996)  and               

fish (Lister  et  al.  1999) , (Béjar,  Hong,  and  Schartl  2003) ).  In  humans,  mutations  in               

the MITF  have  been  found  in  patients  with  dominantly  inherited  hypopigmentation            

and   deafness   syndromes:   Waardenburg   syndrome   type   2A   and   Tietz   syndrome.   

The  main  function  of  melanocytes  is  the  production  of  a  pigment  called  melanin.              

Melanin  synthesis  begins  with  the  conversion  of  tyrosine  to          

dihydroxyphenylalanine  (DOPA)  through  the  activity  of  the  enzyme  tyrosinase.  The           

lack  of  this  enzyme  results  in  albinism (Mort,  Jackson,  and  Patton  2015) .  In              

mammals,  depending  on  the  activity  of  the  melanocortin-1  receptor  (MC1R)  either            
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eumelanin  (black  or  brown  pigment)  or  pheomelanin  (red  or  yellow  pigment)  is             

produced  ( Iyengar,  2015) .  The  way  the  melanin  pigment  is  distributed  varies            

among  species:  in  mammalian  melanocytes  melanin  is  packed  into  melanosomes           

(membrane-bound   organelles)   and   transferred   to   other   cells   (e.g.   keratinocytes).   

Melanocytes  are  highly  responsive  cells (Halaban  2000;  Imokawa  et  al.  1998)  and             

melanocyte  proliferation  and/or  function  are  dramatically  affected  by  autocrine          

and/or  paracrine  as  well  as  by  environmental  factors.  One  of  such  factors  is              

ultraviolet  (UV)  radiation  that  can  have  a  wide  range  of  effects  in  the  skin,               

spanning  from  tanning  to  photocarcinogenesis (Ananthaswamy  2002;  Q.  Wei  et  al.            

2003) .  

The  redistribution  of  melanin  in  the  epidermis  after  UV  exposure  is  a  known  fact               

for  almost  a  century (Yamaguchi  and  Hearing,  n.d.) .  Melanin  transference  from            

melanocytes  to  keratinocytes  occurs  upon  UV  radiation  and  its  main  role  is  the              

protection  against  UVR-induced  DNA  damage (Kondo  and  Hearing  2011) .          

Studies  characterizing  melanocytes  and  keratinocytes  response  to  UV  in  different           

skin  phototypes,  have  shown  an  inverse  relation  between  melanin  content  and            

DNA  damage  (measured  as  cyclobutane  pyrimidine  dimers,  CPD) (Tadokoro  et  al.            

2003) .  Hence,  skin  containing  more  melanin  suffers  significantly  less  DNA           

damage.  Cells  that  are  damaged  after  UV  exposure  normally  engage  apoptosis,            

and   hence   preventing   these   cells   from   proliferating    (Wikonkal   and   Brash   1999) .  

As  already  mentioned,  melanin  formation  begins  with  the  rate  limiting  enzyme            

tyrosinase  and,  depending  on  the  activity  of  the  MC1R,  either  eumelanin  or             

pheomelanin  is  produced  (Iyengar,  2015).  Analysis  of  eumelanin  and  pheomelanin           

in  human  skin ex  vivo  and  in  cultures  of  primary  melanocytes  derived  from  donors               

with  different  skin  phototypes,  showed  that  eumelanin  defines  the  visual           

phenotype (Wakamatsu  et  al.  2006) .  More  importantly,  eumelanin  not  only  is  more             

stable  and  has  lower  predisposition  to  photodegradation  than  pheomelanin,  but           

also  is  highly  efficient  as  a  scavenger  of  reactive  oxygen  species  (ROS) (Swope              
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and  Abdel-Malek  2018) .  The  latter  characteristic  is  of  utmost  importance  as  there             

is  increasing  evidence  that  oxidative  stress  contributes  to  genetic  instability  of            

melanocytes,  and  that  melanoma  could  represent  an  oxidative-stress  driven          

cancer (Swope  and  Abdel-Malek  2018;  Denat  et  al.  2014;  Jimbow  et  al.  2001;              

Diehl   2014) .  

 

1.3.2   Neoplasms   of   melanocytes  

Pigment  cell  neoplasms  are  highly  heterogeneous  in  what  respects  to           

pigmentation  (overpigmented  to  complete  absence  of  pigment),  shape,  and          

capacity   to   proliferate   and/or   migrate    (Schartl   et   al.   2016) .   

Melanoma  arises  from  the  neoplastic  transformation  of  melanocytes.         

Abnormalities  in  genetic  pathways  within  melanocytes  promote  cell  proliferation          

and  prevent  apoptosis  in  response  to  DNA  damage.  As  a  consequence,            

melanocytes  can  accumulate  DNA  damage,  and  be  selected  for  genetic  mutations            

that  sustain  the  malignant  phenotype:  stimulation  of  blood  vessel  growth,  evasion            

of  the  immune  response,  tumor  invasion  and  metastasis (J.  Thompson,  Scolyer,            

and   Kefford   2005;   Satyamoorthy   and   Herlyn   2002) .  

 

1.3.2.1   Risk   factors  

Transformation  of  melanocytes  can  be  driven  by  the  environment,  genetic           

susceptibility  of  the  individual  and  the  status  of  the  immune  system  ( Figure  1.21 )              

(Ciurea   2016) .  
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Figure   1.21   -   UV   exposure   and   genetic   susceptibility   are   risk   factors   for   melanoma  

Both  UV  exposure  and  genetic  susceptibility  leads  to  accumulation  of  genetic  mutations  in              

melanocytes.  These  mutations  often  involve  activation  of  oncogenes  ( BRAF,  NRAS,  HRAS ),            

inactivation  of  tumor  suppressor  genes  ( p16/ARF , p53 )  and  impaired  DNA  repair  capacity,  resulting              

in  melanocyte  proliferation,  blood  vessel  growth,  tumor  invasion,  evasion  of  immune  response  and              

metastasis.   Figure   and   legend   adapted   from    (Seuradge   and   Wong   n.d.) .  

 

Exposure  to  UV  radiation  is  the  most  important  environmental  risk  factor  for             

melanoma (Russak  and  Rigel  2012) .  UVB  photons  cause  the  production  of            

cyclopyrimidine  dimers  (CPDs)  and  pyrimidine  pyrimidone  photoproducts        

[(6-4)PPs].  CPDs  account  for  approximately  80%  of  UVB-induced  mutations  and           

damage  driven  by  these  photolesions  are  repaired  through  nucleotide  excision           

repair   (NER)   mechanism    (You   et   al.   2001;   J.   K.   Kim,   Patel,   and   Choi   1995) .   

Approximately  10%  of  melanomas  are  observed  in  family  clusters (Seuradge  and            

Wong  n.d.;  Florell  et  al.  2005) .  Genetic  analysis  of  familial  atypical  multiple  mole              

melanoma  (FAMMM)  pedigrees  allowed  for  the  identification  of  two  high           

penetrance  susceptibility  genes:  the  cyclin-dependent  kinase  inhibitor  2A         

(CDKN2A)  on  chromosome  19p21  and,  the  cyclin-dependent  kinase  4  (CDK4)  on            

chromosome  12q14 (Meyle  and  Guldberg  2009) .  Mutations  in  CDKN2A  occur  in            

about  20-40%  of  FAMMM  and  up  to  1%  of  all  melanomas (Begg  et  al.  2005) ,                
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representing  the  most  significant  predisposition  gene (Russak  and  Rigel  2012) .  A            

positive  family  history  for  melanoma  represents  a  two-fold  increase  in  melanoma            

risk  and,  the  risk  is  further  increased  when  affected  first-degree  relative  have             

multiple   primary   melanomas    (Hawkes,   Truong,   and   Meyer   2016) .  

It  has  been  observed  that  organ  transplant  recipients  and  HIV  patients  develop             

more  melanomas  (around  1.6  to  2.5  times  higher (Hawkes,  Truong,  and  Meyer             

2016)  when  compared  to  the  general  population (Kubica  and  Brewer  2012) .  A             

possible  explanation  might  come  from  the  fact  of  melanoma  being  an            

immunogenic  tumor,  which  means  that  it  is  directly  affected  by  the  immune  system              

inhibition    (Umansky   and   Sevko   2012) .   

 

1.3.2.2   Stages   of   melanoma   progression  

There  are  several  melanoma  staging  schemes  with  prognostic  significance  that           

have  been  proposed  based  on  different  histologic  and  clinical  criteria.  Breslow  and             

Clark  staging  schemes  ( Figure  1.22 )  are  based  on  how  deeply  the  melanoma             

has  grown  into  the  skin (Cancer  Research  UK  2019) , (Clark  et  al.  1984) .              

Nowadays,  AJCC  staging  system  is  recommended  and  is  based  in           

Tumor-Node-Metastasis   (TNM)   classification.  

  Melanoma   progression   occur   in   5   phases    (A.   J.   Miller   and   Mihm   2006) :  

 

Benign  nevus :  proliferation  of  structurally  normal  melanocytes  resulting  in          

increased   number   of   nested   melanocytes   along   the   basal   layer;  

Dysplastic  nevus :  represents  aberrant  growth  of  melanocytes  with  atypia          

which   may   occur   within   a   preexisting   benign   nevus   or    de   novo ;  

Radial-growth   phase :   intraepidermal   proliferation   of   melanocytes;  
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Figure   1.22   -   Melanoma   progression  

“At  the  stage  of  the  benign  nevus,  BRAF  mutation  and  activation  of  the  mitogen-activated  protein                

kinase  (MAPK)  pathway  occur.  The  cytologic  atypia  in  dysplastic  nevi  reflect  lesions  within  the               

cyclin-dependent  kinase  inhibitor  2A  (CDKN2A)  and  phosphatase  and  tensin  homologue  (PTEN)            

pathways.  Further  progression  of  melanoma  is  associated  with  decreased  differentiation  and            

decreased  expression  of  melanoma  markers  regulated  by  microphthalmia-associated  transcription          

factor  (MITF).  The  vertical-growth  phase  and  meta-  static  melanoma  are  notable  for  striking              

changes  in  the  control  of  cell  adhesion.  Changes  in  the  expression  of  the  melanocyte-specific  gene                

melastatin  1  (TRPM1)  correlate  with  metastatic  propensity,  but  the  function  of  this  gene  remains               

unknown.  Other  changes  include  the  loss  of  E-cadherin  and  increased  expression  of  N-cadherin,              

αVβ3   integrin,   and   matrix   metalloproteinase   2   (MMP-2).” Figure  adapted  from (Seuradge  and       

Wong   n.d.)     and   legend   taken   from    (A.   J.   Miller   and   Mihm   2006)  

 

 

Vertical-growth  phase :  cells  gain  the  ability  to  invade  the  dermis  and  form             

an   expansile   nodule;  
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Metastasis :  final  step  of  melanoma  progression.  Cells  spread  to  distant           

sites   where   they   can   successfully   proliferate   and   establish   new   colonies.  

 

It  is  possible  to  relate  the  histological  changes  conveyed  by  the  progression             

model  with  the  known  biological  events  and  respective  molecular  changes,  as            

described   below.  

 

1.3.2.3   Melanoma   signature   events  

The  molecular  pathogenesis  of  melanoma  encompasses  several  signaling         

pathways  among  which  the  MAPK  and  PI3K  pathways  are  the  most  prominent             

( Figure   1.23 ).   

 

 

Figure   1.23   -   Common   signalling   pathways   in   melanoma  

Pathways  associated  with  cell  proliferation,  survival,  differentiation  and  apoptosis  are  schematically            

presented.  RTK  -  Receptor  tyrosinase  kinase;  MEK  -  mitogen-activated  extracellular           
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signal-regulated  kinase;  ERK  -  extracellular-signal-regulated  kinase;  Figure  adapted  from          

(Palmieri   et   al.   2015;   Torres-Cabala   and   Curry   2016;   Bennett   2016) .  

 

BRAF    -   Benign   nevus   to   Dysplastic   nevus  

The  most  commonly  defined  somatic  mutation  in  melanogenesis  is  the BRAF            

activating  mutation,  observed  in  about  50-70%  of  melanoma  cell  lines  and  human             

cutaneous  melanomas (Pho  et  al.  2016) .  The  valine  to  glutamic  acid  substitution             

(V600E)  in  the  protein  accounts  for  90%  of  all BRAF  mutations.  However,             

mutations  in BRAF  are  highly  frequent  in  benign  naevi (Pollock  et  al.  2003;  R.               

Kumar  et  al.  2004)  and  the  most  likely  consequence  is  OIS.  Benign  naevi  express               

several  senescence  markers  including  p16,  β-galactosidase,  prominent  nucleoli,         

large  cell  and  nuclear  size.  When  entering  OIS,  cells  start  displaying  multinucleacy             

and  telomere-induced  focus  (TIF)  of  DNA  damage  signaling (Alonso  et  al.  2004;  V.              

C.  Gray-Schopfer  et  al.  2006;  Johmura  et  al.  2014;  Mackenzie  Ross  et  al.  2013;               

Michaloglou  et  al.  2005;  Suram  et  al.  2012;  Tran  et  al.  2012) .  Considering  the               

latter,  the  general  accepted  markers  are  the  proteins:  53BP1,  γH2AX  and            

phosphorylated  form  of  checkpoint  kinase  2  (CHEK2) (Cairney  et  al.  2012;  Herbig             

and   Sedivy   2006;   Salama   et   al.   2014) .  

Therefore,  it  is  postulated  that  progression  from  naevi  do  RGP  requires  additional             

mutation(s)   either   in   oncogene   or   tumor   suppressor   gene.   

 

CDKN2A    -   Dysplastic   nevus   to   RGP  

Activated  mutations  in BRAF  leads  to  upregulation  of  both  p16  (also  known  as              

INK4A)  and  p53  proteins,  responsible  for  the  establishment  of  OIS.  Unlike  the             

majority  of  types  of  cancer,  87%  of  melanomas (Forbes  et  al.  2015)  have  wild-type               

p53,  meaning  that  mutations  in p53  are  not  required  for  escape  from  OIS.  This,               

suggests  a  high  dependence  on  p16  pathway  to  escape  OIS (Bennett  2016) .             
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Hence,  inactivating  alterations  on p16 ,  allow  cells  to  overcome  the  senescence            

barrier  and  progress  to  the  next  stage  of  melanoma.  The CDKN2A locus  encodes              

both  p16  and  p14 ARF  (or  Alternative  Reading  Frame,  ARF) (Ha  et  al.  2007;  Ruas               

and  Peters  1998) .  Families  with  germline CDKN2A  alterations  have  a  highly            

increased  risk  of  developing  specifically  melanoma (Aoude  et  al.  2015;  Cust  et  al.              

2011) .   

 

PTEN    -   RGP   to   VGP  

Most  RGP  cells  die  in  the  deeper  dermis,  which  means  that  cells  at  this  stage                

must  reduce  or  suppress  apoptosis  to  progress  to  the  next  stage  of  melanoma.  In               

about  25%  of  melanomas,  the  phosphatase  tensin  homolog  gene  ( PTEN )  is  either             

deleted  (homozygously)  or  mutated.  As  PTEN  inhibits  the  cell  survivor  mediator            

protein  kinase  B  (AKT),  PTEN  loss  allow  cells  to  escape  from  apoptosis.             

Moreover,  PTEN  can  also  upregulate  cell  growth  through  the  mammalian  target  of             

rapamycin   (mTOR),   contributing   indirectly   to   cell   proliferation    (Bennett   2016) .  

 

TERT    -   VGP   to   metastasis  

VGP  cells  have  evaded  primary  senescence  and  are  growing,  but  as  their             

telomeres  continue  to  shorten  they  eventually  face  telomeric  crisis.  The  fact  that             

these  cells  are  capable  of  growing  without  being  immortal  led  to  be  termed  as               

“metamortal” (Bennett  2016) .  Common  markers  of  metamortality  include,  but  are           

not  limited  to:  little  or  no  expression  of  p16,  short  to  absent  telomeres,  TIFs,               

expression  of  p53  and  ki67,  anaphase  bridges,  abnormal  mitosis  and           

multinucleate   cells    (Mackenzie   Ross   et   al.   2013;   Soo   et   al.   2011) .   

In  order  to  form  a  metastatic  colony,  a  cell  needs  to  be  immortal.  Hence,  cells                

need  to  overcome  telomeric  crisis  barrier  and  resume  growth.  This  could  occur             
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through  either  re-expression  of TERT  or  ALT (Artandi  and  DePinho  2010;            

Londoño-Vallejo   et   al.   2004) .   

 

1.3.2.4   Telomeres   and   Telomerase   activity   in   melanoma  

A  critical  step  to  telomerase  activity  is  the  expression  of  the  TERT  protein  itself.               

Alterations  affecting  the TERT  gene  or  its  vicinity  are  now  the  most  plausible              

mechanisms  for TERT  overexpression  ( 1.2.5.1  Telomerase-dependent ).  One  of         

such  mechanisms, TERTp  mutations,  was  first  observed  in  melanoma (Huang  et            

al.  2013;  Horn  et  al.  2013) .  Indeed  TERT  promoter  mutations  are  highly  frequent              

in  melanomas  (76%) (Huang  et  al.  2013;  Horn  et  al.  2013;  Vinagre  et  al.  2013;                

Killela  et  al.  2013;  Shain  et  al.  2015;  Gaspar  et  al.  2018;  Pópulo  et  al.  2014) ,  in                  

particular  -124  and  -146.  Mutations  in  the TERT  promoter  generate de  novo             

binding  motifs  for  ETS  transcription  factors (Heidenreich  et  al.  2014) .  The            

activation  of  the  mutant TERT  promoter  is  driven  by  both  the  non-canonical  NF-κB              

signaling  and  ETS1/2,  which  results  in  increased  enzyme  activity (Heidenreich  et            

al.   2014;   Y.   Li   et   al.   2015) .   

Summing  to  its  canonical  role  in  telomere  maintenance,  TERT  has  been  shown  to              

regulate  apoptosis,  DDR,  chromatin  state,  and  cellular  proliferation (Choi  et  al.            

2008;  Masutomi  et  al.  2005;  Shin  et  al.  2004) .  Accordingly,  anti-telomerase            

therapies,  mainly  vaccines,  have  been  pre-clinically  tested  as  treatment  to           

melanoma.  Unfortunately  the  results  are  far  from  the  desired (Damm  et  al.  2001;              

Joseph   et   al.   2010) .   

Only  recently  a  possible  cause  underlying  resistance  to  TERT  inhibition  untangled            

which  might  rely  on  the  activation  of  an  adaptive  response.  Indeed,  a             

combinatorial  therapeutic  consisting  of  a  telomerase-dependent  telomere        

uncapping  agent  and  a  mitochondrial  inhibitor  substantially  prolonged  the  survival           

of   melanoma-bearing   mice    (Reyes-Uribe   et   al.   2018) .  
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1.3.3   Zebrafish   as   a   cancer   model   

The  zebrafish  ( Danio  rerio )  is  a  small  fresh-water  tropical  fish  found  indigenously             

in  India (Barriuso,  Nagaraju,  and  Hurlstone  2015) .  Interestingly,  zebrafish  has           

orthologues  for  82%  of  human  disease  genes (Howe  et  al.  2013) ,  prompting  its              

use  as  a  model  for  the  study  of  vertebrate  biology  and  genetics,  embryonic              

development  and  diseases (Nowik  et  al.  2015) .  One  of  such  diseases  is  cancer (J.               

S.   Blackburn   and   Langenau   2014;   R.   White,   Rose,   and   Zon   2013) .   
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Figure   1.24-   Approaches   to   modeling   cancer   in   zebrafish  

“(Left  panel)  Patient-derived  xenograft  approach:  cancer  cells  prepared  from  resected  or  isolated             

patient  material  will  be  transplanted  into  zebrafish  larvae.  Monitoring  of  in  vivo  proliferation,              

migratory  behavior,  and  interaction  with  host  cells  like  endothelial  cells  might  allow  predictions  of               

aggressiveness  and  disease  progression.  (Right  panel)  Genetic  modeling  approach:  bioinformatic           

analysis  of  Omics  data  will  point  at  candidate  target  genes.  Genetic  models  featuring  single  or                

combined  mutations  will  be  generated  using  the  zebrafish  tool  kit.  Genetic  models  will  be  used  for                 

in  vivo  investigation  of  tumorigenesis.  In  addition,  a  screenable  phenotype  will  be  identified.  This               

can  be  an  actual  tumor,  hyperproliferating  cells,  or  developmental  abnormalities.  Studies  of  the              

tumor  microenvironment  are  also  possible  on  genetic  models.  (Common  middle  panel)  Compound             

evaluation,  compound  screens,  and  development  of  therapeutic  strategies:  testing  of  single            

compounds,  compound  synergies,  evaluation  of  toxicity,  and  screening  for  new  compounds  will             

help  to  advise  on  optimized  and  in  the  future  individualized  therapies.”  Figure  and  legend  taken                

from    (Kirchberger   et   al.   2017) .  

 

The  general  advantages  of  zebrafish  as  a  model  for  research  include,  but  are  not               

limited  to,  cost,  size,  fecundity  and  generation  time (Shive  2013) .  Besides  the             

one’s  referred  other  preponderant  reasons  for  the  use  of  zebrafish  in  cancer             

research  are  the  transparency  of  zebrafish  embryos,  the  development  of  pigment            

deficient  zebrafish  that  allow  to  directly  observe  cancer  formation  and  progression            

(R.   M.   White   et   al.   2008) .   

Different  techniques  have  been  established  in  zebrafish:  transgenesis,         

transplantation (Veinotte,  Dellaire,  and  Berman  2014;  Tang  et  al.  2014)  and            

xenotransplantation  assays (Marques  et  al.  2009;  Bansal  et  al.  2014;  Lunardi  and             

Pandolfi  2015) ,  single  cell  functional  assays  and in  vivo  imaging.  Recently,  the             

feasibility  of  using  primary  patient  samples  to  generate  zebrafish  patient-derived           

xenografts  (zPDX)  was  demonstrated  ( Figure  1.24 ).  More  importantly,  it  was           

shown  the  value  of  zPDX  as  a  predictive  tool  for  patient  responses  to  drug               

treatments    (Fior   et   al.   2017) .  

 

53  

https://paperpile.com/c/g9APd6/MlQu
https://paperpile.com/c/g9APd6/PrZx
https://paperpile.com/c/g9APd6/g4Ci
https://paperpile.com/c/g9APd6/TSuX+o3KR
https://paperpile.com/c/g9APd6/fVCr+lpNC+uBDz
https://paperpile.com/c/g9APd6/fVCr+lpNC+uBDz
https://paperpile.com/c/g9APd6/LRqv


 

1.3.3.1   Zebrafish   pigmentation  

As  in  humans,  fish  skin  is  composed  of  three  layers:  a  nonkeratinized  stratified              

squamous  epidermis,  underlying  dermis (Menke  et  al.  2011)  and  hypodermis           

( Figure   1.25 ).   

 

Figure   1.25   -   Three-dimension   section   of   the   skin   of   a   teleost   fish  

“ The  epidermis  consists  of  an  outer  layer  of  cells  that  form  a  stratified  epithelium,  and  a  deeper                  

layer  of  undifferentiated  cells,  called  basal  germinative  layer,  adjacent  to  an  acellular  basal  lamina               

or  basement  membrane  that  separates  the  epidermis  from  the  dermis.  (...)  The  dermis  provides               

structural  support  to  the  skin  (...).  Chromatophores  are  irregularly  shaped  cells  responsible  for  the               

changer  in  skin  colour  in  response  to  environmental  stimuli  or  internal  physiological  changes.”  Me  -                

Melanocytes,  X  -  Xantophores.  Figure  taken  from (Elliott  2011)  and  legend  taken  from (“EAFP               

Necropsy   Manual   |   EAFP   Necropsy   Manual”   n.d.)  

 

In  zebrafish,  3  types  of  pigmented  cells  arise  from  the  neural  crest  cells:              

xanthophores  (yellow  cells  containing  pteridine  pigments),  iridophores  (iridescent         
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cells  containing  either  gold  or  silver  reflecting  platelets)  and  melanocytes  (cells            

containing  black  eumelanin) (Rawls,  Mellgren,  and  Johnson  2001;  Johnson  et  al.            

1995) .  These  cells  are  responsible  for  the  pigment  pattern  in  zebrafish            

(Kirschbaum  1975;  Singh  and  Nüsslein-Volhard  2015)  and  the  fact  that  their            

migratory  pathways  are  differentially  regulated  contributes  somepart  to  differences          

in  pigment  patterns (Kelsh  et  al.  2009) .  In  humans  however,  the  pigment  pattern  is               

exclusively   due   to   melanocytes   (black,   brown,   red   or   yellow)    (Kelsh   2004) .   

The  adult  pigment  pattern  is  established  during  the  larval-to-adult  metamorphosis           

(Parichy  2003) .  Hence,  around  2-4  weeks,  melanocytes  contributing  to  adult  stripe            

pattern  arise  in  the  dermis  and  are  evenly  distributed  throughout  the  flank             

(Johnson  et  al.  1995) .  Nonetheless,  the  embryonic  melanocytes  arise  from  a            

small  number  of  bipotent  melanogenic  progenitors  that  are  directly  derived  from            

the  neural  crest  cells,  whereas  the  adult  melanocytes  arise  via  a  melanocyte  stem              

cell   (MSC)   population   that   resides   at   the   dorsal   route   ganglia   (DRG)   ( Figure   1.26 ).   

Melanocytes  differentiation  is  not  necessarily  terminal  and,  in  some  contexts           

melanocytes  can  be  both  differentiated  and  proliferative (Taylor  et  al.  2011) ,            

differing   from   the   proposed   “MITF   rheostat”   model    (Carreira   et   al.   2006) .   
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Figure   1.26-   An   overview   of   melanocyte   development  

(A)  In  mammals,  melanoblasts  are  specified  from  neural  crest  cells  (NCCs)  via  a  SOX10-positive               

melanoblast/glial  bipotent  progenitor.  SOX10  expression  remains  switched  on  in  both  of  these             

lineages.  Melanoblasts  subsequently  are  specified  and  acquire  MITF,  DCT  and  KIT  expression.             

Melanocytes  in  the  skin  might  derive  from  two  different  sources:  directly  from  NCC  via  a                

dorsoventral  migratory  pathway  or  from  ventrally  migrating  precursors  responsible  for  myelin            

formation  around  cutaneous  nerves (Sommer  2011;  Cichorek  et  al.  2013) .  The  image  on  the  far                

right  is  of  a  transgenic  mouse  embryo  expressing  lacZ  under  the  control  of  the  melanoblast                

promoter  Dct.  X-Gal  staining  reveals  blue-stained  melanoblasts,  in  particular  those  migrating  from             

the  cervical  neural  crest  and  in  the  head.  Also  stained  are  the  telencephalon,  the  dorsal  root                 

ganglia  (DRG)  and  the  retinal  pigmented  epithelium  of  the  eye.  (B)  In  zebrafish,  there  are  distinct                 

embryonic  and  adult  pigmentation  patterns,  as  illustrated  in  the  images  on  the  far  right.  The                

melanoblasts  that  form  both  these  patterns  originate  from  a  SOX10-positive  neural  crest-derived             

progenitor.  The  embryonic  pattern  is  formed  by  melanocytes  that  develop  directly  from  this              

progenitor  via  an  MITF+  melanoblast.  The  melanoblasts  that  form  the  adult  pattern  are  derived               

from  a  melanocyte  stem  cell  population  that  resides  at  the  dorsal  route  ganglia  (DRG)  and  is                 

specified  by  an  ERB-  and  KIT-dependent  pathway  in  the  embryo .  Figure  taken  and  legend  adapted                

from    (Mort,   Jackson,   and   Patton   2015)  

56  

https://paperpile.com/c/g9APd6/ZzWn+nEHI
https://paperpile.com/c/g9APd6/QKNC


 

 

Contrary  to  human  melanocytes,  zebrafish  melanocytes  retain  their  melanosomes          

which  can  be  redistributed  throughout  the  cell  via  transport  along  the  microtubule             

network    (Rawls,   Mellgren,   and   Johnson   2001) .   

 

1.3.3.2   Zebrafish   melanoma   models  

The  understanding  of  zebrafish  skin  anatomy  together  with  the  vast  advantages  of             

zebrafish  as  an  animal  model,  allowed  for  the  development  of  multiple  models             

( Figure   1.27 )   for   benign   nevus   and   cutaneous   melanoma    (Shive   2013) .   

 

Figure   1.27   -   Zebrafish   melanoma   models  

Zebrafish  melanoma  models  are  derived  by  target  expression  of  human  oncogenes  in             

melanocytes;  most  of  them  use  the  melanocyte-specific  promoter mitfa  to  drive  gene  expression              

(Lister,  Close,  and  Raible  2001) .  From  the  depicted  melanoma  models  only  in  the HRAS G12V  model,                

the  oncogene  expression  is  driven  by kita  promoter (Santoriello  et  al.  2010;  Anelli  et  al.  2009) .  (1)                  

(Elizabeth  Patton  et  al.  2005)  (2) (Dovey,  White,  and  Zon  2009)  (3) (R.  M.  White  et  al.  2011)  (4)                    

(Ceol   et   al.   2011)    (5)    (Michailidou   et   al.   2009)    (6)    (Anelli   et   al.   2009)    (7)    (Santoriello   et   al.   2010)  

 

All  available  models  converge  on  activation  of  the  RAS-RAF-MEK-ERK  signalling           

pathway  in  agreement  with  the  fact  that  it  is  the  most  preponderant  initiating  event               

in  human  melanoma (V.  Gray-Schopfer,  Wellbrock,  and  Marais  2007) .  Elizabeth           

Patton  and  colleagues  pioneered  this  field  with  the  generation  of  the  first             
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BRAF V600E -dependent  cancer  model  in  an  organism,  the  zebrafish.  This  model           

consisted  in  the  expression  of  the  human BRAF V600E  oncogene  under  the  control  of              

the  melanocyte-specific mitfa  promoter.  The  expression  of mitfa:BRAF V600E  alone          

resulted  in  the  development  of  melanocytes  outgrowths  which  were  the  reciprocal            

to  human  naevi.  However,  only  when  placed  in  the  context  of  a p53  mutant               

background,  the  zebrafish  were  capable  of  developing  full  invasive  melanomas           

(Elizabeth   Patton   et   al.   2005) .  

Although  zebrafish  melanoma  models  are  tightly  engineered  they  are  nonetheless           

genetically  complex.  Through  sequencing  the  complete  exomes  of  more  than  50            

independent  zebrafish  primary  melanomas,  Yen  and  colleagues  identified  403          

point  mutations  and  13  indels  in  a  non-UV  exposed  setting.  Interestingly,            

approximately  7%  of  the  sequenced  zebrafish  primary  melanomas  showed tert           

gene   amplification    (Yen   et   al.   2013) .   

Characterization  of  zebrafish  melanoma  cells  have  shown  that  they  are  highly            

aneuploid (Elizabeth  Patton  et  al.  2005)  and  highly  proliferative (Santoriello  et  al.             

2010;  Michailidou  et  al.  2009) .  Moreover,  direct  comparison  between  microarray           

data  from  zebrafish  and  human  melanoma  samples  demonstrated  analogous          

patterns  of  gene  expression  and  enrichment  profiles (Anelli  et  al.  2009;  Dovey,             

White,   and   Zon   2009) .   

Altogether,  it  is  undeniable  that  melanoma  in  zebrafish  is  biologically  comparable            

to   human   melanoma.  

 

1.4   Objectives  

The  main  aim  of  the  work  herein,  is  the  study  of  the  importance  of  TMMs  in  cancer                  

using  melanoma  initiation  and  development  as  a  paradigma.  The  chosen  study            

model  is  zebrafish  due  to  all  its  technical  advantages  but  mainly  its  parallelism              

humans   genetics.  
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Chapter   2|   The   importance   of   telomere   maintenance   mechanisms  

in   aging   and   cancer   

 



 

 

 

 

 

 

 

 

 

 

 

 

 

This  chapter  is  based  on  the  contribution  given  by  the  thesis’  author  to  two               

independent   studies   on   telomeres   and   genome   stability:  

Article  I  -  Short  Telomeres  in  Key  Tissues  Initiate  Local  and  Systemic  Aging  in               

Zebrafish (Carneiro  et  al.  2016) ,  as  co-second  author.  The  main  observations  are             

part  of  the  thesis  entitled  “The  role  of  short  telomeres  as  cause  of  natural  aging  in                 

zebrafish”   which   conceded   to   Madalena   C.   Carheiro   her   doctoral   degree   in   2015.  

Article  II  -  TERT  promoter  mutations  in  pancreatic  endocrine  tumours  are  rare  and              

mainly  found  in  tumours  from  patients  with  hereditary  syndromes (Vinagre  et  al.             

2016) ,  as  co-first  author.  This  article  is  also  part  of  the  thesis  entitled  “Unravelling               

the  genetics  of  neuroendocrine  tumours”  which  conceded  to  João  Pedro  Rico  de             

Oliveira   Vinagre   his   doctoral   degree   in   2016.   
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Abstract  

As  approached  on Chapter  1 ,  telomere  length  has  been  implicated  with  aging  and              

consequently,  with  several  age-related  diseases.  By  taking  advantage  of  a  first            

generation  telomerase  mutant  zebrafish,  which  age  and  dies  prematurely,  we           

observed  that tert -/-  mutants  recapitulate  the  tissue-specific  dysfunctional  events          

observed  in  WT,  earlier  in  life.  Underlying  such  events  are  DDR  signals  that  trigger               

systemic  damage  fueling  tumorigenesis.  After  excluding  the  hypothesis  of          

reversion  of  the  telomerase  point  mutation,  the  observed  tumorigenesis  in tert -/-            

might  be  explained  by  the  engagement  of  ALT  mechanism  -  Article  I.  This              

mechanism  is  recognized  as  the  major  mechanism  for  telomere  elongation  in  the             

absence  of  telomerase,  and  it  is  thought  to  be  present  in  up  to  15%  of  human                 

cancers.  One  of  such  cancers  is  PET  (Pancreatic  Endocrine  Tumors),  in  which  the              

activation  of  ALT  occurs  as  a  consequence  of  mutations  in ATRX  and DAXX              

genes.  With  the  advent  of  TERTp  mutations  as  a  novel  mechanism  for  telomerase              

reactivation/expression  others  rapidly  investigate  its  presence  in  sporadic  PETs          

and  the  answer  came  negative.  However,  having  in  mind  the  known  duality  of  the               

genetic  background  in  sporadic  and  hereditary  PETs,  we  set  out  to  test  TERTp              

mutations  in  sporadic  and  hereditary  PETs.  Indeed,  we  detected  TERTp  mutations            

in  PET  cases  associated  with  hereditary  syndromes,  constituting  the  first  ever            

observation  of  such  event  in  this  type  of  cancer.  More  importantly,  we  were  able  to                

conclude  that  TERTp  mutations  serve  as  an  alternative  and  mutually  exclusive            

mechanism  to  ALT  in  hereditary  PETs  -  Article  II.  These  two  articles,  provided              

pivotal  contributions  to  further  clarify  the  impact  of  telomere  length  and  its             

maintenance   mechanisms   both   in   aging   and   cancer.   
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Supporting   information  

 

S1   Fig.   Kidney   marrow   telomeres   elongate   dramatically   from   3   weeks   to   3   months.  

A)  Representative  TRFs  of  kidney  marrow  genomic  DNA  and  B)  respective  densitometries  for              

three  3  week  and  3  month-old  WT  samples  (N  =  3  per  time  point).  C)  mTL  quantification  showing                   

that  average  mTL  significantly  elongates  from  3  week  old  larvae  to  3  month  old  WT  kidney                 

marrows.   Data   are   represented   as   mean   +/-   SEM.  
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S2   Fig.   Telomeres   shorten   with   age   in   the   gut   and   muscle   but   not   testis   of   WT   zebrafish.  

A-C)  Representative  densitometries  of  restriction  fragment  analysis  of  genomic  DNA  by  Southern             

Blot  (relative  to  TRFs  in  Fig  2A,  2B  and  2C,  respectively)  for  one  zebrafish  of  each  age  (WT  at  3,                     

12,  24  and  36  months  and  tert-/-  mutants  at  3  and  12  months).  Telomere  length  distributions  show                  

telomere  length  decreases  with  time  in  the  gut  (A)  and  muscle  (B)  but  not  testis  (C)—shown  for                  

single   individuals   analyzed   in   each   time   point.   a.u.   represents   arbitrary   telomere   length   units.  
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S3   Fig.   ROS   levels   increase   with   aging   in   WT   muscle.  

Representative  quantification  of  ROS  levels  by  5-chloromethyl-2’,7’-dichlorodihydrofluorescein        

diacetate  (DCFDA)  staining  6  months  and  36  months  WT  gut  and  muscle.  ROS  levels  increase                

significantly   with   aging   in   WT   muscle.   N   =   3   per   tissue   per   time   point.  
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S4  Fig.  Zebrafish  aging  is  accompanied  by  an  increase  in  DDR  and  apoptosis,  and  by  a                 

decrease   in   proliferation.  

Quantifications  of  immunofluorescence  signal  for  DNA  damage  (YH2AX),  proliferation  (PCNA)  and            

apoptosis  (TUNEL)  for  testis,  gut,  kidney  marrow  and  muscle  of  WT  (at  3,  6,  9,  18,  24,  30  and  36                     

months)  and  tert-/-  mutant  siblings  (at  3,  6,  9  and  12  months).  The  correlation  between  changes  in                  

these   molecular   markers   and   telomere   length   is   depicted   in   Fig   3E.  
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S5   Fig.   The   number   of   telomere   induced   foci   (TIF)   increases   with   age   in   the   gut.  

A)  Representative  immunofluorescence  staining  of  γ-H2AX  foci  (green)  and  telomeres  by  FISH             

(red)  in  cells  isolated  (cytospin)  from  the  gut  of  3,  12  and  36  month-old  WT  and  3-months  tert-/-.                   

Yellow  arrowheads  point  to  co-localization  of  γ-H2AX  and  telomere  signal–TIFs.  Compared  to             

3-months,  the  number  of  TIFs  increases  significantly  with  age  in  the  gut  of  36  months  (p<0.0001)                 

and  3  month-old  tert-/-  zebrafish  (p<0.0001),  as  shown  by  quantifications  in  B).  Scale  bar  =  1  μm.                  
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Data  are  represented  as  mean  +/-  SEM.  N  =  3  individuals,  per  age  per  time  point  per  genotype  (N                    

=   250   cells).  

 

 

S6   Fig.   Increase   in   senescence   with   age   is   anticipated   by   shorter   mTL.  

A)  Representative  haematoxylin-eosin  and  senescence-associated  β-galactosidase  (SA-β-gal)        

staining  in  gut,  kidney  marrow  and  testis  sections  of  WT  (at  3,  12  and  24  months)  and  tert-/-  mutant                    

siblings  (at  3  and  12  months).  A  significant  increase  in  SA-β-gal  positive  cells  is  seen  by  12  months                   

of  age  in  tert-/-  tissues  and  by  24  months  in  WT  tissues  (when  comparing  both  with  3  month-old                   

controls).  No  staining  is  observed  in  the  muscle.  B)  Increase  in  SA-β-gal  staining  does  not                

significantly  correlate  with  mTL  decline  in  any  of  the  tissues  tested.  Grey  shaded  area  identifies  the                 

telomeric  length  at  which  significant  SA-β-gal  staining  is  observed  in  tert-/-  mutants’  tissues.  WT               

and  tert-/-  age  groups  are  indicated  in  each  graph  by  black  and  red  colored  numbers,  respectively.                 
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Quantifications  of  SA-β-GAL  signal  were  performed  using  an  arbitrary  scale  of  signal  intensity              

(where  weaker  signal  is  represented  by  1  and  stronger  signal  by  4).  N  =  3–6  per  genotype  per  time                    

point.  Scale  bar  =  50  μm.  N  =  3–6  for  tissue  mTL  telomere  length  quantifications  per  genotype  per                   

time   point   (x-axis   in   graphs   of   S6B   Fig).   Data   are   represented   as   mean   +/-   SEM.  

 

 

S7  Fig.  Aging-associated  enteritis  and  hyperplasia  of  spermatogonia  develop  prematurely  in            

tert-/-   tissues.  

Quantification  of  the  incidence  of  intestinal  inflammatory  cell  infiltration  (enteritis),  gut  villi  length              

and  hyperplasia  of  the  testis  in  both  WT  and  tert-/-  mutants  with  aging.  A)  As  WT  and  tert-/-                   

mutants  age,  there  is  progressive  inflammatory  cell  infiltration  of  the  lamina  propria  in  the  gut                

(particularly  after  the  age  of  24  months  in  WT  and  from  6  months  onwards  in  tert-/-  mutants).  WT                   

show  13%  of  enteritis  incidence  by  36  months  (N  =  30/238)  and  tert-/-  have  18%  incidence  by  12                   

months  (N  =  12/  66).  B)  No  differences  in  gut  villi  length  are  found  during  WT  or  tert-/-  aging                    

(quantification  of  5  different  fields  of  view  for  4–5  different  individuals  per  time  point  per  genotype).                 

WT  and  tert-/-  age  groups  are  indicated  in  each  graph  by  black  and  red  colored  numbers,                 

respectively.  C)  The  percentage  of  zebrafish  with  hyperplasia  of  seminiferous  epithelium  raises  to              
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3%  in  36  months  WT  cohorts  (N  =  7/238),  accompanied  by  a  progressive  decrease  in  fertilization                 

capacity   with   age   (Fig   4C),   but   maintains   at   very   low   levels   in   tert-/-   mutants   (N   =   1/66).  

 

 

S8  Fig.  Shorter  male  mTL  and  aging  inhibit  female  spawning  while  female  reproductive              

function   is   mildly   affected   with   age.  
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A)  Fertility  in  WT  male  zebrafish  declines  by  ca.  50%  at  24  months  (Fig  4C),  and  is  accompanied                   

by  a  reduced  ability  to  stimulate  female  spawning  (average  of  61  vs.  166  eggs  layed  in  crosses                  

with  24  month-old  vs.  3  month-old  males,  3–10  fertilization  trials  per  time  point).  tert-/-  mutant                

males  show  defects  in  egg  spawning  stimulation  already  by  6  months  (average  of  62  vs.  166  eggs                  

layed  in  crosses  with  3  month-old  tert-/-  vs.  3  month-old  WT  males,  3–10  fertilization  trials  per  time                  

point).  B)  Conversely,  mild  reproductive  function  defects  are  seen  in  24-month  vs.  6-month  old  WT                

females  (ca.  84%  vs.  99%  reproductive  function,  respectively,  3–10  fertilization  trials  per  time              

point).  tert-/-  females  show  a  slight  defect  (ca.  76%)  in  the  percentage  of  fertilized  eggs  by  12                  

months  of  age  when  compared  with  6  months  (3  fertilization  trials  per  time  point).  C)  Female                 

spawning  is  not  significantly  affected  by  age  in  WT  (3–10  fertilization  trials  per  time  point)  or  tert-/-                  

female   populations   (3   fertilization   trials   per   time   point).  
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S9  Fig.  tert-/-  mutants'  myeloid  to  lymphoid  ratios  accompany  the  progression  in  time  found               

for   WT   aging.  

A)  Identification  of  zebrafish  kidney  marrow  cells  by  flow  cytometry  and  B)  quantification  of  the                

percentage  of  lymphocytes,  myeloid  cells,  myeloid/lymphoid  ratios  and  precursors  for  WT  (3,  6,  9,               

12,  24  and  33  months)  and  tert-/-  mutants  (3,  6,  9  and  12  months).  B)  The  percentage  of  WT                    

lymphocytes  (“L”  gate  in  A)  declines  from  30%  at  3  months  to  10%  at  33  months  (p  =  0.0011).                    

tert-/-  mutants  also  show  a  decline  from  3  to  12  months  (p  =  0.0099)  which  accompanies  that  of                   

WT  zebrafish  for  the  same  age  interval.  The  percentage  of  WT  myeloid  cells  (“My”  gate  in  A)                  

increases  gradually  from  2%  at  3  months  to  9%  at  33  months  (p<0.0001).  tert-/-  mutants’                

percentage  of  myeloid  cells  follows  the  tendency  of  WT  with  age,  gradually  increasing  from  3  to  12                  

months.  Consequently,  myeloid/lymphoid  ratios  increase  with  age  in  WT  kidney  marrow.  No             
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significant  changes  are  found  in  WT  and  tert-/-  populations  of  precursors  (“P”  gate  in  A)  with  age.  N                   

=   3–5   per   time   point   per   genotype.  

 

S10  Fig.  Cachexia  at  time  of  death  is  associated  with  lower  body  mass,  gut  villi  shortening                 

and   marked   muscle   and   testis   atrophy.  

A)  Quantification  of  width/length  ratios  shows  that  at  time  of  death  (TOD),  both  WT  and  tert-/-                 

zebrafish  have  significantly  lower  body  mass  indexes  when  compared  with  non-cachexic  siblings             

(N  =  4–17  per  time  point  for  WT  zebrafish  and  N  =  3–7  for  tert-/-  mutants).  B)  Representative                   

hematoxylin  and  eosin-stained  sections  of  gut,  muscle  and  testis  from  WT  and  tert-/-  siblings  at                

TOD.  B)  Cachexia  is  associated  with  shorter  villi  and/or  villous  atrophy  (defined  as  flattening  of  the                 

gut  mucosal  surface,  N  =  3–6  per  genotype  per  time  point)  and  severe  myocyte  atrophy  and                 

degeneration  (N  =  3–6  per  genotype  per  time  point),  to  a  higher  degree  than  that  found  for                  

non-cachexic  siblings.  Testis  also  shows  pronounced  atrophy,  with  reduced  germ  cell  compartment             
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associated  with  cachexia  (N  =  3–4  per  genotype  per  time  point).  TOD  corresponds  to  the  interval                 

comprising  the  second  and  third  quartiles  of  survival  (25  to  75%).  Quantifications  were  performed               

in  at  least  3  different  fields  of  view  for  each  individual.  Scale  bar  =  50  μm.  Data  are  represented  as                     

mean   +/-   SEM.  

 

S11   Fig.   Subcutaneous   adipose   tissue   progressively   disappears   with   aging   whereas  

visceral   reserves   maintain   until   later   ages.  

Representative  hematoxylin  and  eosin-stained  sections  of  subcutaneous  (A)  and  visceral  (B)            

adipose  tissue  depots  of  WT  (3,  12  and  36  months  and  TOD)  and  tert-/-  siblings  (3  and  12  months                    

and  TOD),  and  C)  quantification  of  the  adipocyte  vacuole  diameter  at  different  ages.  A)  WT                
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zebrafish  show  a  progressive  loss  of  the  subcutaneous  depot,  with  age,  C)  accompanied  by  a                

reduction  in  the  adipocytes’  vacuole  diameter  (adipocytes  are  ~3.3  times  smaller  at  36  months  vs.                

3  months).  tert-/-  anticipate  this  phenotype  by  12  months  of  age.  With  cachexia,  both  WT  and  tert-/-                  

zebrafish  show  complete  exhaustion  of  the  subcutaneous  adipose  tissue  depot  (at  TOD).  B)              

Visceral  adipose  tissue  (peri-pancreatic)  is  reduced  or  absent  at  36  months  in  WT  zebrafish  (when                

adipocytes  are  ~3  times  smaller  than  at  3  months)  and  by  12  months  in  WT  mutants;  and  similarly                   

to  subcutaneous  depot,  exhaustion  of  visceral  adipose  reserves  associates  with  cachexia.  N  =  3–7               

zebrafish  per  genotype  per  time  point.  Time  of  death  (TOD)  corresponds  to  the  interval  comprising                

the  second  and  third  quartiles  of  survival  (25  to  75%)  Scale  bar  =  50  μm.  Data  are  represented  as                    

mean   +/-   SEM.  

 

S12  Fig.  Muscle  atrophy,  but  not  gut  villi  degeneration,  is  the  consequence  of  a  poor                

nutritional   body   state   in   cachexic   zebrafish.  

Representative  picture  and  hematoxylin  and  eosin-stained  sections  of  12-month  old  WT  after  8              

weeks  of  caloric  restriction,  where  food  intake  was  reduced  by  85%.  Upon  caloric  restriction,  gut                

villi  length  is  maintained  within  a  normal  range  (when  compared  with  non  cachexic  12-month  old                

WT–see  Fig  4A)  but  myocytes  show  atrophy  to  a  similar  degree  as  seen  in  cachexic  WT  and  tert-/-                   

zebrafish.   N   =   4.   Scale   bar   =   50   μm.  
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S13   Fig.   Infection   of   the   swim   bladder   rises   with   age   and   is   anticipated   in   tert-/-   mutants.  

A)  Representative  hematoxylin  and  eosin-stained  sections  of  swim  bladder  from  WT  (3,  12,  36               

months  and  TOD)  and  tert-/-  mutants  (3,  12  months  and  TOD).  There  is  massive  destruction  and                 

inflammation  of  the  swim  bladder  at  time  of  death  (indicated  by  black  arrow),  associated  with                

cachexia,  which  is  accompanied  by  necrosis  and  often  extended  throughout  the  visceral  cavity,              

both  in  WT  and  tert-/-  mutants,  compatible  with  aerocystitis.  B)  Incidence  rates  reach  30%  in  24                 

month  WT  zebrafish  (N  =  71/238)  and  3%  in  9-month  old  tert-/-  mutants  (N  =  2/66).  TOD                  

corresponds  to  the  interval  comprising  the  second  and  third  quartiles  of  survival  (25  to  75%).  Scale                 

bar   =   50   μm.   Data   are   represented   as   mean   +/-   SEM.  
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Supporting   information  

 

Supplementary   figure   1   

Immunohistochemistry  for  ATRX  and  DAXX  proteins  in  cases  with  TERTp  mutations.  None  of  the  4                

cases   with   TERTp   mutations   revealed   loss   of   expression   for   ATRX   or   DAXX.   

142  



 

 

Supplementary   figure   2  

In  vitro  TERTp  functional  assays  in  the  cell  lines  BON,  CM  and  QGP1:  A)  JASPAR  maps                 

corresponding  to  the  binding  consensus  of  the  transcription  factor  studied,  ELK1,  ELK4,  GABP-α              

and  ETV1;  These  were  found  to  be  expressed  in  the  studied  cell  lines  (Western-blot)  as  well  as                  

telomerase;  All  the  transcription  factors  were  detected  in  a  qualitative  analysis  by  PCR              

amplification  of  the  ChIP  precipitates;  Initially,  we  evaluated  the  ChIP  qualitatively  by  PCR  and  we                

observed  that  the  transcription  factors  were  precipitating  TERTp  sequences  in  all  the  cell  lines.  B)                

EMSA  assay;  Stringent  probes  for  the  mutant  and  wild-type  promoter  only  presented  a  shift  with                

the  -124  mutated  sequence  probe  in  the  different  cell  lines;  NE  –  no  nuclear  extract,  SH  –  nuclear                   

extract  in  the  presence  of  labelled  probes  for  shift  experiments,  UP  –  unlabelled  probe  in  excess  as                  

an   inhibition   competitor.   
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Supplementary   figure   3  

Co-localization  of  telomeric  DNA  with  PML.  Number  of  nuclei  of  CM  and  QGP1  cell  lines  with                 

co-localized  telomeric  DNA  and  PML.  The  CM  cell  line  presented  more  nuclei  with  co-localization               

telomeric  DNA  foci  and  PML  proteins,  a  feature  of  ALT,  then  the  QGP1  cell  line.  We  excluded  BON                   

cell   line   since   it   had   been   previously   characterized   as   an   ALT   negative   cell   line.  
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Chapter   3|   Melanoma   initiation   and   progression   in    tert -/-    zebrafish   
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3.1   Abstract  
 

Melanoma  is  the  deadliest  form  of  skin  cancer.  When  diagnosed  at  early  stages              

the  surgical  removal  of  the  lesions  are  sufficient  to  provide  patients  long-term             

survival.  However,  if  only  diagnosed  at  invasive  stages,  melanoma  is  practically            

untreatable  as  it  is  highly  refractory  to  available  treatments.  Telomerase  activity  is             

observed  in  up  to  90%  of  human  cancers,  allowing  tumor  cells  to  maintain  their               

telomeres  below  critical  levels.  Furthermore,  non-coding  and  activating  mutations          

in  the TERT  promoter  are  observed  in  up  to  85%  of  melanoma  tumors.  During  the                

last  decades  zebrafish  has  proven  itself  as  an  accurate  model  to  study  human              

diseases.  A  zebrafish  melanoma  model  that  recapitulates  all  stages  of  human            

melanoma  progression  has  been  developed.  It  consists  on  the mitfa -driven           

expression  of  the  human BRAF V600E  in  a  background  of  a  mutated  form  of p53 .               

The  fact  that  zebrafish  has  restricted  telomerase  expression  and  human-like           

telomere   length   allowed   us   to   study   the   importance   of   telomerase   in   melanoma.   

Here  we  show  that  telomerase  is  not  necessary  for  the  initiation  or  progression  of               

melanoma  as  in  the  absence  of  telomerase,  zebrafish  display  all  stages  of             

melanomagenesis.  We  observed  that  telomeric  crisis  is  imposed  during          

radial-growth  phase  in  melanoma  development  in  zebrafish.  More  importantly,  in           

telomerase-deficient  zebrafish,  melanoma  develops  in  a  scenario  of  persistent          

telomeric   crisis,   which   might   be   already   present   at   benign   stage.   

 

3.2   Introduction  
 

Melanoma  is  the  deadliest  form  of  skin  cancer (Kaufman  2016) .  When  detected  at              

early  stages,  melanoma  can  be  treated  by  surgical  excision  of  the  lesion  with  cure               
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rates  close  to  90% (Balch  et  al.  2009) .  However,  once  metastatic,  patient  survival              

rates   drop   dramatically    (Lo   and   Fisher   2014) .   

The  current  model  for  melanogenesis  proposes  that  melanoma  progression  can           

be  divided  into  five  stages,  according  to  how  deeply  the  melanoma  has  grown  into               

the  skin:  benign  nevus,  dysplastic  nevus,  RGP,  VGP  and  metastasis (Miller  and             

Mihm  2006) .  More  importantly,  high  throughput  sequencing  allowed  the          

identification  of  melanoma  signature  events  associated  with  each  stage  of           

melanoma  progression (Ferguson  et  al.  2015) .  There  are  several  signaling           

pathways  involved  in  melanomagenesis,  among  which  MAPK  and  PI3K  are  the            

commonest  to  be  affected (Palmieri  et  al.  2015;  Torres-Cabala  and  Curry  2016;             

Bennett  2016) .  Up  to  70%  of  dysplastic  nevus  have BRAF  V600E  activating             

mutation (Pho  et  al.  2016) ,  which  is  thought  to  lead  cells  to  OIS (Pollock  et  al.                 

2003;  Kumar  et  al.  2004) .  Overcoming  this  proliferative  barrier  renders  cells  to  a              

second  barrier,  telomeric  crisis,  due  to  successive  shortening  of  telomeres           

(Bennett  2016) .  In  order  to  further  progress  in  melanomagenesis,  cells  recur  to             

TMMs  to  stabilize  telomere  length  allowing  for  additional  rounds  of  cell  division             

(Wright,  Pereira-Smith,  and  Shay  1989) .  According  to  Soo  et  colleagues           

(Mackenzie  Ross  et  al.  2013;  Soo  et  al.  2011 ),  cellular  immortalization  happens  as              

a   late   event   in   melanoma   progression.  

TERT  promoter  mutations  are  highly  frequent  in  melanomas  (76%) (Huang  et  al.             

2013;  Horn  et  al.  2013;  Vinagre  et  al.  2013;  Killela  et  al.  2013;  Shain  et  al.  2015;                  

Gaspar  et  al.  2018) .  This  dependence  of  melanoma  on  telomerase  reactivation  led             

to  the  extensive  exploitation  of  anti-telomerase  therapeutics,  which  rapidly  proved           

to  be  unfruitful (Damm  et  al.  2001;  Joseph  et  al.  2010) .  Importantly,             

anti-telomerase  treatments  were  administered  to  patients  with  advanced         

melanoma (Hunger  et  al.  2011) .  The  effect  of  anti-telomerase  therapeutics  in  early             

stages   of   melanoma   development   is   yet   to   be   clarified.  
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The  genetic  resemblance  between  zebrafish  and  humans (Howe  et  al.  2013)            

contributed  to  the  establishment  of  zebrafish  as  a  suitable  model  organism  to             

study  cancer  formation  and  progression (White  et  al.  2008) .  In  the  particular  case              

of  melanoma,  the  usage  of  zebrafish  as  a  model  derived  from  the  identification  of               

BRAF  as  the  most  mutated  gene  in  this  type  of  cancer (Davies  et  al.  2002) .  The                 

first  zebrafish  melanoma  model  consisted  in  the  expression  of  human  BRAF V600E            

under  the mitfa  promoter  limiting  the  expression  of  the  altered  BRAF  protein  to              

zebrafish  melanocytes  and  resulting  in  the  formation  of  benign  nevi,  only  when             

combined  with  a p53  mutation  these  early  melanoma  stage  lesions  progressed  to             

melanoma    (Elizabeth   Patton   et   al.   2005) .   

 

3.3   Results  
3.3.1   Absence   of   telomerase   does   not   decrease   the   risk   of   melanoma  

 

In  order  to  examine  the  consequences  of  telomerase  depletion  in  human  invasive             

melanoma,  we  crossed  a  melanoma  zebrafish  model  with  a  telomerase  mutant            

zebrafish  line  ( Supplementary  Figure  S3.1 ).  The  zebrafish  melanoma  model          

consists  in  the mitfa -tissue-restricted  promoter  driving  the  expression  of  human           

BRAF  V600E  mutated  form  specifically  at  the  fish  melanocytes  in  combination  with             

a  homozygous  missense  mutation  (Met214Lys)  in  exon  7  of  the zp53  gene             

(Elizabeth  Patton  et  al.  2005) .  Regarding  the  telomerase  mutant  zebrafish  line  we             

used  the  available  tert hu3430 line  produced  by  ENU-tilling  screen  at  Utrecht            

University,  which  carries  a  T→A  transition  in  the  second  exon  of  the tert  gene               

resulting  in  an  early  stop  codon (Wienholds  2003) . For  simplicity,  we  will  refer  to                

the  transgenic  zebrafish  strain  as  double  mutant  as tert +/+ p53 -/- BRAF V600E  and  the             

triple   mutant   as    tert -/- p53 -/- BRAF V600E .  
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The  relationship  between  common  acquired  naevi  and  the  risk  of  malignant            

melanoma  of  the  skin  is  well  known  since  the  1980’s.  Studies  conducted  among              

melanoma  patients,  and  on  age  and  sex  matched  controls  have  shown  a             

significantly  increase  in  risk  of  melanoma  with  increasing  numbers  of  melanocytic            

nevi (Holly  et  al.  1987;  Green,  MacLennan,  and  Siskind  1985;  Elwood,  Williamson,             

and  Stapleton  1986;  Beral  et  al.  1983;  Swerdlow  et  al.  1986) .  Moreover  the  size  of                

the  benign  melanocytic  neoplasm  itself  also  influences  the  risk  of  developing            

melanoma    (Krengel,   Hauschild,   and   Schäfer   2006;   Miller   and   Mihm   2006) .  

To  test  whether tert -/- p53 -/- BRAF V600E mutants  were  at  the  same  risk  of  developing             

melanoma  as tert +/+ p53 -/- BRAF V600E ,  we  counted  the  number  of  fish  naevi  and            

measured  the  diameter  of  these  lesions.  Macroscopically,  both tert -/-  and           

tert -/- p53 -/- BRAF V600E zebrafish  were  indistinguishable  from  their  control        

counterparts, tert +/+  and tert +/+ p53 -/- BRAF V600E  ( Figure  3.1A ),  respectively.  More         

importantly,  we  observed  no  differences  between  the  number  and  size  of            

melanocytic  lesions  in tert -/- p53 -/- BRAF V600E compared  to tert +/+ p53 -/- BRAF V600E        

controls  ( Figure  3.1B  and  C ).  In  fact,  pigmented  cells  populations  were  unaltered             

by   the   absence   of   telomerase   ( Supplementary   Figure   S3.2B ).   
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Figure  3.1  -  Telomerase  mutant  melanoma  zebrafish  develop  pre-malignant  lesions  in  the             

same   number   and   size   as   tert+/+p53-/-BRAFV600E   siblings  

A)  Representative  images  of  tert +/+  and  tert -/-  in  wild-type  (WT)  and  p53 -/- BRAF V600E  backgrounds.              

There  are  no  macroscopically  differences  in  the  pigmentation  pattern  in  both  backgrounds  in  the               

presence  or  absence  of  telomerase.  tert -/- p53 -/- BRAF V600E  (bottom  right)  presents  ectopic           

melanocytic  lesions  (naevi  or  f-nevi)  as  the  ones  present  in  their  tert +/+ p53 -/- BRAF V600E siblings  (top               

right),  and  as  previously  described (Elizabeth  Patton  et  al.  2005) .  B)  Frequency  of  naevi,               

represented  as  number  of  naevi  per  area,  is  not  affected  (p=0.0905)  in  the  absence  of  telomerase,                 

with  an  AVG  of  48.33±2.603  SEM  naevi  and  39.67±2.906  SEM  naevi  per  mm 2 ,  in               

tert +/+ p53 -/- BRAF V600E  and  tert -/- p53 -/- BRAF V600E ,  respectively.  We  counted  as  naevi  all  lesions           

≥0.1mm  (Supplementary  Figure  S3.2A).  A  total  of  3  fish  per  genotype  were  analyzed.  C)  In                

accordance  with  the  macroscopically  analysis,  the  mean  naevi  diameter  is  similar  (p=0.9703)             

between  tert -/- p53 -/- BRAF V600E  (0.2361μm)  and  in  tert +/+ p53 -/- BRAF V600E  (0.2363μm).  Naevi  diameter           

was  assessed  in  462  and  377  naevi  from  in  tert +/+ p53 -/- BRAF V600E and  ter t-/- p53 -/- BRA FV600E ,             

respectively.   A   total   of   3   fish   per   genotype   were   analyzed.   Yellow   arrowheads   point   to   naevi.  

 

Thus,  it  is  possible  to  advance  that  telomerase-deficient  zebrafish  are  at  the  same              

risk   of   developing   melanoma   as    tert +/+ p53 -/- BRAF V600E .  

 

3.3.2   Melanoma   initiation   in   zebrafish   is   telomerase-independent  

 

In  1984,  Clark  and  colleagues  proposed  for  the  first  time  the  generic  steps  of               

melanoma  progression  from  normal  melanocytes  to  malignant  melanoma         

(Elizabeth  Patton  et  al.  2005;  Clark  et  al.  1984) .  This  orchestrated  process  starts              

with  the  appearance  of  a  benign  nevus,  followed  by  dysplastic  naevi,  radial-growth             

phase  (RGP),  vertical-growth  phase  (VGP)  and  culminates  with  metastasis (Miller           

and  Mihm  2006;  Clark  et  al.  1984) .  As  described  before (Elizabeth  Patton  et  al.               

2005) , tert +/+ p53 -/- BRAF V600E  are  born  healthy  and  develop  without  any  obvious           

defects  with  F-naevi  starting  to  be  evident  by  the  age  of  2  months  and  dysplastic                

naevi   by   4   months.  
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It  is  widely  accepted  that  cellular  immortalization  is  required  for  cancer            

development (Bennett  2003;  Collado,  Blasco,  and  Serrano  2007;  Mooi  and  Peeper            

2006;  Stewart  and  Weinberg  2006) ,  and  as  so  limitless  replicative  potential  is  one              

of  the  much  advocated  hallmarks  of  cancer  ( 1.1.2  Hallmarks  of  cancer ).  Some             

cancers  fail  to  fall  in  this  paradigm.  It  has  been  proposed  by  evaluating  telomerase               

activity  in  primary  cultures  of  all  four  stages  of  melanoma  progression  that  TERT              

expression  is  not  required  for  melanoma  initiation (Soo  et  al.  2011) .  To  our              

knowledge,  similar  study  has  not  been  conducted in  vivo  yet.  Hence,  in  order  to               

determine  if  telomerase  absence  would  impact  melanoma  initiation in  vivo ,  we            

monitorized tert -/- p53 -/- BRAF V600E  for  the  appearance  of  the  above-mentioned         

initiating  malignant  phenotypic  alterations.  As  this  assessment  was  conducted  only           

based  on  macroscopic  changes,  dysplastic  naevi  and  RGP  were  indistinguishable           

and  both  considered  as  melanoma  initiation  ( Supplementary  Figure  S3.3A ).  In           

agreement  with  the  literature (Soo  et  al.  2011) ,  our  results  show  that  telomerase              

absence  does  not  affect  the  appearance  of  melanoma-initiating  lesions  ( Figure           

3.2A ),  although  the  melanoma  cumulative  incidence  curves  are  significantly          

different  between tert -/- p53 -/- BRAF V600E and tert +/+ p53 -/- BRAF V600E  zebrafish.       

Regardless  of  this  difference,  the  distribution  of  such  lesions  on  the  zebrafish  body              

was   similar   for   both   backgrounds   ( Supplementary   Figure   S3.3B )   at   various   sites.   
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Figure   3.2   -   Telomerase   initiation   in   zebrafish   is   telomerase-independent  

A)  Cumulative  incidence  curve  depicting  first  observed  (macroscopically)  melanomas  in           

tert +/+ p53 -/- BRAF V600E  and  in  their tert -/- p53 -/- BRAF V600E  .  Both  radial  (RGP)  and  vertical  (VGP)  growth              

phases  were  considered  as  melanoma.  The  onset  of  melanoma  is  4  and  5  months  to tert +/+  and                  

tert -/-,  respectively.  At  13  months  of  age  ca.  49%  of tert +/+  and  ca.  44%  of tert -/- developed                  

melanoma.  Nonetheless,  the  cumulative  incidence  of  melanoma  is  significantly  different  between            

the  zebrafish  melanoma  model  with  or  without  telomerase  (p=0.0020).  Data  are  represented  as  the               

proportion  of  fish  with  melanoma-initiating  lesions  at  a  certain  age.  B)  Representative  image  of               

TRAP  assay  showing  that tert -/- p53 -/- BRAF V600E  zebrafish  lack  telomerase  activity,  contrary  to            

tert +/+ p53 -/- BRAF V600E  siblings.  Melanoma  and  skin  samples  were  analyzed  on  both  backgrounds            

(N=3  and  N=4, tert +/+ p53 -/- BRAF V600E ;  N=6  and  N=4, tert -/- p53 -/- BRAF V600E ).  HeLa  cell  extract  is             

shown  as  positive  control  and,  U2OS  cell  extract  is  shown  in Supplementary  Figure 3.4A  as                
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negative  control  for  telomerase  activity.  Samples  were  RNase  treated.  C)  Representative            

chromatograms  of  genomic  DNA  sequencing  on  samples  extracted  from  melanoma  tumors  of             

tert +/+  and tert -/- p53 -/- BRAF V600E ,  including  the  ones  analyzed  by  TRAP.  Emphasis  on  the  nucleotidic              

sequence  on  the  second  exon  of tert  gene  where  the           

T( tert +/+ p53 -/- BRAF V600E )→A( tert -/- p53 -/- BRAF V600E )  transition  produced  by  the  ENU-tilling  screen  is         

localized.   **   p=[0.001,   0.01[.  

 

To  validate  that  indeed  fish  are  capable  of  progressing  to  malignant  stages  of              

melanoma  in  the  absence  of  telomerase  we:  i)  confirmed  the  presence/absence            

of  telomerase  activity  ( Figure  3.2B )  and  ii)  sequenced  the  DNA  extracted  to             

discard  the  possibility  of  reversion  of  the  tert hu3430  mutation  ( Figure  3.2C )  both  in              

melanoma  (RGP/VGP)  and  healthy  tissues  (naevi/RGP).  We  did  not  detect  a            

reversion  of  the  tert hu3430  mutation  in  any  of  the tert -/- p53 -/- BRAF V600E  analyzed            

samples,  i.e.,  all  samples  displayed  a  T→A  transition  ( Figure  3.2C )  on  the  second              

exon  of tert gene.  This  result  was  further  supported  by  the  analysis  of  telomerase               

activity  in tert -/- p53 -/- BRAF V600E  samples  ( Figure  3.2B ).  One  can  appreciate  that           

contrary  to tert +/+ p53 -/- BRAF V600E  tumors  that  recapitulate  the  laddering  of  the           

positive  control, tert -/- p53 -/- BRAF V600E  samples  fail  to  do  so.  The  few  bands            

observed  for  the  telomerase  mutant  samples  are  likely  explained  by  i)  non-proteic             

contaminations,  as  these  bands  are  still  visible  after  treating  samples  with  RNase,             

ii)  well-to-well  contamination,  or  iii)  intrinsic  limitations  to  the  technique.  Absence            

of  telomerase  activity  on tert -/- p53 -/- BRAF V600E  was  further  corroborated  by  relative           

TERT    expression   levels   analysis   by   RT-qPCR   (data   not   shown).  

Altogether,  our  results  provide  further  support  to  the  fact  that  melanoma  initiation             

is  telomerase-independent  and  more  importantly  constitutes  the  first  ever in  vivo            

observation   of   this   phenomenon.   
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3.3.3   Melanoma   progression   in   telomerase-deficient   zebrafish   is   impaired  

 

Although  mutations  in  p53  in  melanoma  occur  at  relatively  low  rates  when             

compared  to  other  solid  tumors (Cancer  Genome  Atlas  Network  2015;  Shain  et  al.              

2015) ,  progression  from  naevi  to  melanoma  in  this  zebrafish  model  is  only             

observed  when  BRAF  overexpression  is  combined  with  the  inactivation  of  the  p53             

tumor   suppressor    (Elizabeth   Patton   et   al.   2005) .   

In  human  cells,  escape  from  senescence  usually  leads  to  a  second  barriers             

against  proliferation,  the  telomeric  crisis (J.  W.  Shay,  Wright,  and  Werbin  1991;             

Wright,  Pereira-Smith,  and  Shay  1989) .  TERTp  mutations  are  detected  in           

approximately  60-70%  of  melanoma  tumors (Horn  et  al.  2013;  Huang  et  al.  2013) ,              

and  thus  the  reactivation  of  telomerase  is  the  most  preponderant  TMM  mechanism             

to  overcome  the  telomeric  crisis  in  melanoma.  It  has  been  proposed  that  TERT              

expression  is  not  required  for  melanoma  initiation (Soo  et  al.  2011)  and  this              

observation  is  corroborated  by  our  results.  However,  it  is  still  unclear  at  which              

stage   of   cancer   development,   telomerase   reactivation   occurs.  

Taking  advantage  of  the  experimental  setup  of  our  study  we  prompt  ourselves  to              

properly  address  this  question.  Considering  the  proposed  model  for          

immortalization  in  melanoma  progression (Soo  et  al.  2011) ,  we  anticipated  that  the             

cumulative  incidence  of  RGP  and  VGP  lesions  would  not  be           

telomerase-dependent.  We  monitored  macroscopically  both tert +/+ p53 -/- BRAF V600E       

and tert -/- p53 -/- BRAF V600E  zebrafish  for  the  development  of  RGP  and  VGP  lesions            

( Figure  3.3B ),  i.e.,  pre-metastatic  cancer  stages.  Inherent  limitations  to          

macroscopic  analysis  obliged  to  group  the  lesions  as  Naevi/RGP  and  RGP/VGP,            

ergo   histopathological   analysis   was   fulcral   on   the   final   staging   of   these   lesions.   
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Figure  3.3  -  Progression  to  vertical  growth  phase  of  melanoma  in  zebrafish  is  affected  by                

the   absence   of   telomerase  

A)  Representative  image  of tert +/+ and tert -/- WT  zebrafish  section  stained  with  hematoxylin-eosin             

(HE).  Sections  were  cut  transversely  as  indicated  (Aa).  F-naevi  are  well  differentiated  and  enclose               

clusters  of  melanocytes  rich  in  melanin  forming  pouch-like  structures,  both  in tert +/+  (Bd,  as               

previously  described (Elizabeth  Patton  et  al.  2005) ) and tert -/- p53 -/- BRAF V600E  (Bg) backgrounds.            

RGP  were  observed  regardless  telomerase  genotype  (Be  and  Bh),  as  it  happened  with  VGP.               

However,  the  pigment  in tert +/+ p53 -/- BRAF V600E  tumors  was  rare  to  absent,  contrary  to             

tert -/- p53 -/- BRAF V600E  tumors  that  were  generally  heavily  pigment.  M  -  muscle,  S  -  fish  scale;  C)                

tert -/- p53 -/- BRAF V600E  zebrafish  showed  similar  cumulative  incidence  (p=0.3750)  for  RGP  lesions           
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compared  to  their  WT  siblings,  although  around  9-10  months  the  curves  detached  and              

tert -/- p53 -/- BRAF V600E  tendentiously  develop  more  RGP  lesions  than tert +/+ p53 -/- BRAF V600E .  More          

importantly,  the  cumulative  incidence  of  VGP  lesions  is  lower  in tert -/- p53 -/- BRAF V600E  and             

statistically  different  (p=0.0020)  when  compared  to tert +/+ p53 -/- BRAF V600E  controls.  Data  are           

represented  as  the  proportion  of  fish  with  RGP  or  VGP  lesions  at  a  certain  age.  **  p=[0.001,  0.01[.                   

ns   p≥0.05.  

 

We  observed  no  differences  in  the  cumulative  incidence  ( Figure  3.3C )  of  RGP             

lesions  between tert +/+ p53 -/- BRAF V600E  and tert -/- p53 -/- BRAF V600E  zebrafish,  with        

approximately  58%  and  65%  of  the  fish,  respectively,  displaying  RGPs  at  13             

months  of  age.  Furthermore,  histopathological  analysis  revealed  that         

tert +/+ p53 -/- BRAF V600E  and tert -/- p53 -/- BRAF V600E  RGP  lesions  were  indistinguishable        

( Figure  3.3B ).  Surprisingly,  we  observed  that  cumulative  incidence  of  VGP  lesions            

was  significantly  lower  in  the  absence  of  telomerase  ( Figure  3.3C ).  While            

analysing  the  histopathological  features  of  VGPs  on  both  backgrounds,  we           

observed  that  the  presence  of  melanin  pigment  in tert +/+ p53 -/- BRAF V600E  ( Figure           

3.3Bf )  was  rare  to  absent,  contrary  to  their tert -/- p53 -/- BRAF V600E  ( Figure  3.3B )            

siblings  which,  for  the  most  part,  retained  the  pigment  at  this  invasive  stage.  The               

usage  of  presence/absence  of  melanin  in  melanotic  melanomas  as  a  prognostic            

factor  is  not  consensual:  on  the  one  hand,  the  scarcity  of  melanin  in  the  tumor  has                 

been  proposed  as  a  high-risk  indicator  for  metastasis (Goldstein  and  Goldstein            

2001) ;  on  the  other  hand  melanin  possesses  radioprotective  properties  and  a            

significantly  longer  survival  time  was  observed  in  patients  with  amelanotic           

metastatic  melanoma (Brożyna  et  al.  2016) .  We  did  observe  melanin  deposits  on             

gill  cells  both  in  the  presence  and  absence  of  telomerase  (data  not  shown),  hitting               

on  a  possible  metastatic  event  occurrence.  Though  we  did  not  quantified  this             

event,   it   was   observed   more   often   on   telomerase-positive   zebrafish   melanomas.   

Nonetheless,  the  fact  that tert -/- p53 -/- BRAF V600E  zebrafish  develop  significantly  less          

invasive  lesions  when  compared  to  their tert +/+  counterparts,  might  indicate  the            
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existence  of  a  barrier  against  melanoma  progression  between  RGP  and  VGP.            

More  importantly,  this  barrier  seems  to  depend,  at  least  partly,  on  telomerase             

reactivation.   

Accordingly,  our  results  suggest  that  i)  telomerase  is  reactivated  at  RGP  allowing             

tumor  progression  to  VGP,  and  ii)  the  presence  of  a  reciprocal  alternative             

mechanism   in    tert -/- p53 -/- BRAF V600E    zebrafish,   though   less   efficient.   

 

 

3.3.4  Telomerase-deficiency  provokes  an  early  telomeric  crisis  in  zebrafish          

melanoma  

 

The  first  barrier  (M1)  in  melanoma  progression  occurs  by  the  sustained  BRAF V600E             

expression  in  melanocytes (Michaloglou  et  al.  2005)  leading  naevi  to  a            

near-complete  cessation  of  proliferative  activity  which  might  be  maintained  for           

decades (Kuwata,  Kitagawa,  and  Kasuga  1993;  Bennett  2003) .  In  naevi,  this            

oncogene-induced  senescence  barrier  is  imposed  by  the  expression  of  the           

p16 INK4a  protein (Sharpless  and  Chin  2003) .  Contrary  to  most  cancers (Mantovani,            

Collavin,  and  Del  Sal  2019) ,  mutations  in  p53  are  highly  infrequent  in  melanoma              

(Box,  Vukmer,  and  Terzian  2014) .  Nonetheless,  expression  of  human  BRAF V600E  in            

zebrafish  melanocytes,  required  a  p53-deficient  background  to  progress  to          

invasive  melanomas (Elizabeth  Patton  et  al.  2005) .  Once  the  M1  barrier  is             

successfully  surpassed,  cells  resume  exacerbating  division  leading  to  massive          

genomic  instability  due  to  “breakage-fusion-bridge”  cycles  in  dysfunctional         

telomeres.  Overcoming  this  later  barrier  implies  the  activation  of  a  TMM (Wright,             

Pereira-Smith,  and  Shay  1989) ,  which  in  melanoma  might  be  achieved  by            

non-coding  and  activating  mutations  in  the TERT  gene  suggested  by  the  presence             
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of  TERTp  mutations  in  60-70%  of  melanoma  tumors (Horn  et  al.  2013;  Huang  et               

al.   2013) .   

 

Figure  3.4  -  Melanoma  progression  in tert -/-  zebrafish  is  accompanied  by  sustained             

proliferation   and   apoptosis  

A)  Representative  immunofluorescence  images  of  proliferating  (PCNA  positive,  a-f),  apoptotic           

(TUNEL  positive,  g-l).  B)  Melanoma  in tert -/- p53 -/- BRAF V600E  zebrafish  display  constant  levels  of             

proliferating  cells,  with  no  differences  between  the  benign  and  invasive  stages.  On  the  contrary,               

tert +/+ p53 -/- BRAF V600E  melanomas  show  increasing  levels  of  proliferation  with  cancer  progression,           

being  significantly  higher  at  VGP  when  compared  to  the  benign  lesions.  Differences  between              

genotypes  were  clearly  observed  at  VGP  (p=0.0004),  with  mean  of  the  percentage  of              
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PCNA-positive  cells  in tert +/+ p53 -/- BRAF V600E  VGP  being  three-fold  higher  when  compared  to  the             

same  stage  in  absence  of  telomerase.  A  total  of  5/5,  6/6  and  14/6  fish  were  analyzed  at  Naevi,                   

RGP  and  VGP  for tert +/+ / tert -/- p53 -/- BRAF V600E ,  respectively.  C)  Both tert +/+ and tert -/- p53 -/- BRAF V600E            

zebrafish  show  sustained  apoptosis  levels  throughout  melanoma  progression.  Although  not           

significant, tert +/+ p53 -/- BRAF V600E  show  a  tendency  to  decreasing  levels  of  cell  death  from  benign  to               

invasive  stage,  which  accounts  for  the  statistical  meaningful  difference  observed  in  the  presence              

and  absence  of  telomerase  at  VGP  (p=0.0079).  A  total  of  9/5,  12/6  and  16/5  fish  were  analyzed  at                   

Naevi,  RGP  and  VGP  for tert +/+ / tert -/- p53 -/- BRAF V600E ,  respectively.  Analysis  of  healthy  melanocytes            

can  be  found  on Figure  S3.7 .  Data  are  represented  as  mean  +/-  SEM  per  fish.  Scale  bar  =  20μm.                    

Blue  –  DNA  (4′,6-diamidino-2-phenylindole,  DAPI),  Red  –  Proliferative  cells  (PCNA),  Green  –             

Apoptosis  (TUNEL),  brightfield  shown  on  Naevi  composites.  **  p=[0.001,  0.01[.  ***  p=[0.0001,             

0.001[.  

 

The  M1  barrier  in  the  zebrafish  melanoma  model  under  study  is  likely  surpassed              

between  naevi  and  RGP  stage  due  to  mutations  in  the  p53  protein.  According  to               

this, tert -/- p53 -/- BRAF V600E  and tert +/+ p53 -/- BRAF V600E  should  present  similar  cell         

turnover  at  this  particular  point  of  melanoma  progression,  as  this  event  is             

telomerase-independent.  In  order  to  test  it,  we  set  ourselves  to  characterize  the             

cell  turnover  in  each  stage  by  assessing  i)  proliferation  through  proliferating  cell             

nuclear  antigen  (PCNA)  immunofluorescence  (IF)  and  ii)  apoptosis  through  the           

enzymatic  terminal  deoxynucleotidyl  transferase  dUTP  nick  end  labeling  (TUNEL)          

assay   ( Figure   3.4 ).  

There  are  no  significant  differences  regarding  proliferation  ( Figure  3.4Aa-f  and B )            

and  apoptosis  ( Figure  3.4Ag-l  and C )  at  naevi  and  RGP  stages  between             

tert -/- p53 -/- BRAF V600E  and tert +/+ p53 -/- BRAF V600E .  Thus,  telomerase  seems  to  be         

dispensable  for  cell  division  and  death  during  benign  and  radial-growth  phases,  in             

agreement  with  the  hypothesis  that  progression  from  naevi  to  RGP  is  fully  on  the               

account  of  p53  inactivation.  Nonetheless,  differences  between  genotypes  become          

significant  at  VGP.  These  differences  are  exclusively  due  to  increasing           

proliferation  and  decreasing  apoptosis  ( Figure  3.4B  and C )  from  RGP  to  VGP  in              
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tert +/+ p53 -/- BRAF V600E  as  both  events  in tert -/- p53 -/- BRAF V600E  zebrafish  present         

constant   levels   throughout   melanoma   development.  

Cell  turnover  in tert -/- p53 -/- BRAF V600E  zebrafish  has  a  close  to  one  proliferation  to             

apoptosis  ratio  ( Figure  S3.5 )  throughout  melanoma  progression.  A  continuous  cell           

division  balanced  by  cell  death  is  characteristic  of  M2 (Bennett  2003) .  Thus,  it              

seems  plausible  to  postulate  that  in  the  absence  of  telomerase,  telomeric  crisis  is              

an   earlier   event   and   overcoming   this   barrier   corresponds   to   an   oncogenic   event.   

As  previously  mentioned,  senescence  in  benign  melanocytic  naevi  is  generally           

due  to  high  levels  of  p16 INK4a protein  expression,  in  opposition  to  VGP  where              

p16 INK4a protein  is  almost  undetectable (Wang  et  al.  1996) .  Although  the  M214K             

mutation  in  p53  protein  is  sufficient  to  allow  for  melanoma  development  in  this              

zebrafish  model,  in  order  to  clearly  validate  our  hypothesis,  it  was  necessary  to              

exclude  senescence  as  a  probable  cause  for  our  observations.  Recurring  to            

immunofluorescence  assay  we  analyzed  cell  senescence  by  the  expression  of  the            

p16  protein  ( Figure  3.5 )  in  naevi,  RGP  and  VGP.  Both  in  the  presence  and               

absence  of  telomerase,  p16  levels  were  lower  at  benign  melanocytic  lesion  than  at              

VGP  ( Figure  3.5B ),  supporting  the  observation  that  p53-deficiency  is  sufficient  to            

overcome  OIS  in  this  particular  model (Elizabeth  Patton  et  al.  2005) .  More             

importantly,  differences  along  melanoma  progression  within  the  same  genotype          

were  not  significant,  devaluing  the  role  of  senescence  as  a  barrier  to  progression              

in  this  particular  model,  and  encouraging  the  hypothesis  of  such  barrier  at  RGP              

being   M2.  

The  co-expression  of  senescence  and  proliferation  markers  can  serve  as  an            

indicator  of  cell  transformation (Yu  et  al.  2019;  Chan  et  al.  2007)  as  in  normal                

healthy  cells,  these  events  are  mutually  exclusive.  In  agreement  with  our            

hypothesis,  if  telomerase  reactivation  takes  place  at  RGP,  the  dual  expression            

senescence/proliferation  should  reduce  from  RGP  to  VGP  as  a  result  of  selective             

pressure  towards  cells  that  successfully  outdid  M2.  To  test  this,  we  analyzed  the              
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co-expression  of  p16  and  PCNA  by  IF  in  all  stages  of  melanomagenesis  ( Figure              

3.5C ).  In  the  presence  of  telomerase,  the  p16coPCNA  dual  expression  seems  to  i)              

increase  from  naevi  to  RGP  and  ii)  decrease  from  RGP  to  VGP.  Despite  not  being                

significant,  this  variation  in  p16coPCNA  levels  encourages  the  hypothesis  of  M2            

being  imposed  during  RGP.  Moreover,  when  considering  the  cumulative          

engagement  in  cell  division,  death  and  transformation  ( Supplementary  Figure          

S3.6 )  it  almost  double  from  naevi  to  RGP  in tert +/+ p53 -/- BRAF V600E .  On  the  contrary,              

in tert -/- p53 -/- BRAF V600E  the  sum  of  these  events  is  sustained  between  all  melanoma             

stages.  

 

Figure  3.5  -  Melanoma  progression  in tert -/-  zebrafish  is  accompanied  by  sustained             

senescence  
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A)  Representative  immunofluorescence  images  of  senescent  (p16  positive,  a-f)  cells  in tert +/+ and              

tert -/- p53 -/- BRAF V600E  zebrafish  throughout  melanoma  progression.  B)  Contrary  to  proliferation  and           

apoptosis,  differences  in  the  percentage  of  p16-positive  cells  are  observed  at  benign  (p=0.0317)              

and  radial  phases  (p=0.0317),  i.e.,  only  at  VGP tert +/+ and tert -/- p53 -/- BRAF V600E  melanomas  display              

comparable  senescence  levels.  These  differences  are  on  the  account  of  i)  variations  in  p16               

expression  within tert +/+ p53 -/- BRAF V600E  melanoma  stages  and  ii)  (not  significant)  tendency  of            

tert -/- p53 -/- BRAF V600E  to  increasing  senescence  levels  from  benign  naevi  to  VGP.  A  total  of  5/5,  5/4                

and  13/5  fish  were  analyzed  at  Naevi,  RGP  and  VGP  for tert +/+ / tert -/- p53 -/- BRAF V600E ,  respectively.              

C)  Co-expression  of  proliferation  and  senescence  markers  decrease  from  naevi  to  VGP  in              

tert -/- p53 -/- BRAF V600E  fish  (q=3.998).  In tert +/+ p53 -/- BRAF V600E  it  peaks  at  RGP  and  then  in  VGP              

decreases  to  naevi  level.  Nonetheless,  statistical  meaning  is  only  observed  at  VGP  when              

comparing  melanoma  in  presence  and  absence  of  telomerase.  A  total  of  5/5,  3/4  and  10/5  fish                 

were  analyzed  at  Naevi,  RGP  and  VGP  for tert +/+ / tert -/- p53 -/- BRAF V600E ,  respectively.  Analysis  of             

healthy  melanocytes  can  be  found  on Figure  S3.7 .  Data  are  represented  as  mean  +/-  SEM  per                 

fish.  Scale  bar  =  20μm.  Blue  –  DNA  (4′,6-diamidino-2-phenylindole,  DAPI),  Green  –  Senescent              

cells   (p16),   brightfield   shown   on   Naevi   composites.   *   p=[0.01,   0.05[.  

 

While  considering  the  co-expression  of  p16  and  PCNA  alone  ( Figure  3.5C ),  one             

can  appreciate  that  in  the  absence  of  telomerase  there  is  significant  decrease  in              

p16coPCNA-positive  cells  from  naevi  to  VGP.  This  observation  in  combination  with            

the  sustained  proliferation,  apoptosis  and  senescence  previously  showed  for          

tert -/- p53 -/- BRAF V600E  might  indicate  that  telomeric  crisis  is  imposed  at  the  very            

beginning   of   melanoma   development,   i.e.   at   the   naevi   stage.   

 

3.4   Discussion  
 

The  transformation  of  a  healthy  cell  into  a  cancer  cell  involves  a  series  of               

alterations  that  culminate  in  the  survival  of  the  cell  and  its  endless  division.              

Thence,  these  alterations  must  concede  cells  the  ability  to  evade  both            

programmed  cell  death  and  barriers  to  proliferation.  Healthy  human  somatic  cells            
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must  overcome  to  proliferative  blockades  to  become  immortal:  senescence  (M1)           

and  crisis  (M2) (Jerry  W.  Shay,  Wright,  and  Werbin  1991) .  Both  barriers  are              

imposed  in  response  to  telomere  shortening (Harley,  Bruce  Futcher,  and  Greider            

1990) .  And,  if  M1  can  be  surpassed  by  the  inactivation  of  a  tumor  suppressor               

(Sager  1991) ,  evading  M2  requires  the  activation  of  a  mechanism  that  allows  for              

telomere   maintenance    (Counter   et   al.   1992;   Kim   et   al.   1994) .   

Through  the  study  of  melanoma  progression  in  this  zebrafish  model,  it  was             

possible  to  infer  the  stages  in  which  the  M2  barrier  is  imposed,  either  in  the                

presence   or   absence   of   telomerase.   

Human  melanoma  is  characterized  by  inactivation  of  p16 INK4A -RB  and  ARF-p53           

tumor   suppressor   pathways,   as   well   as   activation   of   RAS-RAF   signalling.  ARF  

blocks  MDM2-induced  degradation  of  p53,  whereas  p16 INK4A  and  p15 INK4B  inhibit           

CDK4  and  CDK6,  leading  to  RB  hypophosphorylation  and  consequently,  cell  cycle            

arrest (Monahan  et  al.  2010) .  Unlike  the  majority  of  types  of  cancer,  87%  of               

melanomas (Forbes  et  al.  2015)  have  wild-type  p53,  with  the  loss  of  p16 INK4A  being               

the  most  preponderant  event.  Importantly,  the  melanoma  zebrafish  model  under           

study  is  p53-deficiency,  which  in  cooperation  with  BRAF  showed  to  be  sufficient  to              

fuel   melanomagenesis    (Elizabeth   Patton   et   al.   2005) .   

Although  there  were  no  differences  in  the  cumulative  incidence  of  naevi  and  RGP              

melanomas  between tert +/+ p53 -/- BRAF V600E  and tert -/- p53 -/- BRAF V600E ,      

telomerase-mutant  fish  developed  significantly  less  VGP  melanomas.  Considering         

the  preponderant  role  of  p16 INK4A  in  melanoma,  we  sought  to  determine  if  this              

impairment  in  melanoma  progression  in tert -/- p53 -/- BRAF V600E  zebrafish  may  be  the           

result  of  p16 INK4A -ARF  activation.  Accordingly,  we  quantified  the  number  of           

p16-positive  cells  throughout  melanomagenesis  on  both  backgrounds.  Contrary  to          

our  expectations, tert +/+ p53 -/- BRAF V600E  naevi  and  RGP  lesions  showed          

significantly  higher  number  of  p16-positive  cells  than  telomerase-mutant         

reciprocals.  This  observation  suggests  a  much  more  modest  role  for  p16 INK4A            
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impairment  in  this  specific  melanoma  model.  Similar  conclusions  have  been  drawn            

from  murine  melanoma  models  where TyrRas  transgenic  mice  that  were  mutant            

for  p53,  developed  melanomas  that  retained  strong  p16 INK4A  expression (Bardeesy           

et  al.  2001) .  Hence,  our  results  further  contribute  to  the  possibility  of             

cross-species  differences  in  the  rate-limiting  role  of  this  key  protein  in  RB  pathway              

(Monahan   et   al.   2010) .  

While  disregarding  p16  contribution  to tert -/- p53 -/- BRAF V600E  melanoma  progression         

impairment,  the  absence  of  telomerase  arose  as  a  plausible  hypothesis.  The            

simultaneous  expression  of  a  cell  cycle  regulatory  protein  and  a  cell  proliferation             

marker  suggests  a  deregulation  of  the  cell  cycle.  In  fact,  the  p16/Ki-67  dual              

staining  has  been  recently  gained  clinical  meaning (Yu  et  al.  2019) .  Indeed,  VGP              

telomerase-mutant  melanoma  zebrafish  showed  a  significantly  decrease  in  the          

number  of  p16coPCNA-positive  cells  in  comparison  with tert +/+ p53 -/- BRAF V600E .         

Moreover, tert +/+ p53 -/- BRAF V600E  showed  persistent  elevated  levels  of  p16coPCNA         

throughout  melanomagenesis,  which  might  indicate  that  telomerase  is  contributing          

to   sustain   this   scenario   possible   due   to   telomere   maintenance.  

Reciprocally, tert -/- p53 -/- BRAF V600E  displayed  progressively  lower  p16coPCNA       

levels  with  melanoma  progression,  reaching  their  lowest  in  the  VGP  phase.  This             

observation  in  combination  with  the  sustained  proliferation,  apoptosis  and          

senescence  previously  showed  for tert -/- p53 -/- BRAF V600E  might  indicate  that         

telomeric  crisis  is  imposed  at  the  very  beginning  of  melanoma  development,  i.e.  at              

the   naevi   stage.   
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3.5   Material   and   Methods  
 

3.5.1   Ethics   statement  

 

All  zebrafish  work  was  conducted  according  to  Institutional  and  National           

Guidelines  and  approved  by  the  Ethical  Committee  of  the  DGV  (Portuguese            

Veterinary   Authority)   and   the   European   Union   Regulatory   Agency.  

 

3.5.2   Zebrafish   lines   and   maintenance  

  

The tert hu3430/hu3430  homozygous  mutant  is  referred  in  the  paper  as tert -/- and  was              

obtained  by  incrossing  the tert AB/hu3430  strain.  This  strain  comes  originally  from  the             

telomerase  mutant  line tert AB/hu3430 ,  which  was  generated  by  N-ethyl-N-nitrosourea          

(ENU)  mutagenesis  (Utrecht  University,  Netherlands) (Wienholds  2003)  and         

possesses  a  T→A  point  mutation  in  the tert  gene.  Briefly,  adult  male  zebrafish              

were  randomly  mutagenized  with  ENU  and  outcrossed  against  wild-type  females,           

originating  F1  animals.  Genomic  DNA  from  these  F1  animals  was  isolated  and             

arrayed  in  PCR  plates  allowing  for  the  screen  for  mutations  in  target  genes  by               

re-sequencing  or  TILLING.  The  ones  that  had  mutations  of  interest  were            

recovered  (either  from  a  pool  of  living  F1  fish  or  by in  vitro  fertilization  with  frozen                 

sperm)  and  outcrossed  against  wild-type  fish. tert AB/hu3430  line  is  available  at  the             

ZFIN  repository  (ZFIN  ID:  ZDB-GENO-100412-50) from  the  Zebrafish          

International  Resource  Center  (ZIRC)  and  was  generously  provided  to  us  by  Dr.  L.              

Bally-Cuif  at  the  Zebrafish  Neurogenetics  Department,  German  Research  Center          

for  Environmental  Health.  The tert hu3430/hu3430  used  in  this  paper  was  subsequently            

outcrossed  5  times  with  wild-type  AB  fish  for  clearing  of  potential  background             
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mutations  derived  from  the  random  ENU  mutagenesis  from  which  this  line  was             

originated.  The p53 M214K/M214K ;  mitfa-BRAF V600E  transgenic  mutant  is  referred  to  in           

the  paper  as p53 -/- BRAF V600E  and  was  obtained  by  injecting mitfa-BRAF V600E  into            

zebrafish  embryos  harboring  a  homozygous  missense  mutation  (MetèLys,  in          

position  214)  in  exon  7  of  the zp53  gene (Elizabeth  Patton  et  al.  2005;  Berghmans                

et  al.  2005) .  Briefly,  human  BRAF  cDNAs  were  PCR  amplified  from  reverse             

transcribed  human  melanoma  cells  RNA  and  cloned  into  pcDNA3.1mycHis.  This           

cassette  was  then  directionally  cloned  into  restriction  sites  of  pNP-P  containing  the             

zebrafish  nacre-enhancer/promoter.  The  linearized mitfa -BRAF V600E  vector  was        

injected  into  single-cell p53 M214K/M214K  embryos (Berghmans  et  al.  2005)  within  30            

minutes  of  fertilization.  F 0  fish  injected  were  mated,  and  the  resulting  F 1  embryos              

were  analyzed  for  germline  transmission  of  the  transgene  by  PCR  analysis.            

Almost  half  of  these  animals  developed  malignant  melanoma  by  four  months  of             

age (Elizabeth  Patton  et  al.  2005) . p53 -/- BRAF V600E  line  is  available  at  ZFIN             

repository  (ZFIN  ID:  ZDB-PUB-050209-10)  from  the  ZIRC  and  was  generously           

provided  to  us  by  the  Fish  Facility  Unit  of  Instituto  de  Medicina  Molecular  (IMM)  in                

Portugal.  The tert -/- p53 -/- BRAF V600E  line  was  obtained  by  crossing  the tert -/-  mutant            

line  with  the p53 -/- BRAF V600E  transgenic  mutant  line.  Genotyping  was  performed  by            

PCR,  as  described  below.  Overall,  characterization  of tert -/- p53 -/- BRAF V600E         

zebrafish  was  performed  in  F1  (1 st ,  2 nd  and  4 th  batches)  and  F2  (3 rd ,  5 th  and  7 th                 

batches)  animals  produced  by tert +/- p53 +/- BRAF V600E  incross  ( Supplementary        

Figure  S3.1 ).  The  probability  of  zebrafish  developing  melanoma  is  independently           

of  the  batch  as  assessed  by  application  of  the  Generalized  Linear  Model  (GLM)  to               

melanoma  incidences  within  different  batches.  All  animals  showing  signs  of           

morbidity  (impaired  swimming  capacity  and/or  food  intake)  that  persisted  for  up  to             

3  days  were  sacrificed  in  200mg/L  of  MS-222  (Sigma,  MO,  USA)  also  referred  to               

in   this   work   as   tricaine.  
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3.5.3   Genotyping   of   zebrafish   fins   and   tissues  

 

Clipped  tail  fin  or  tissues  were  placed  in  200μl  of  lysis  buffer  (50mM  Tris-HCl  pH                

8,5,  1mM  EDTA,  0.5%Tween-20  and  200μg/ml  Proteinase  K)  in  2ml  tubes,  and             

then  incubated  at  55ºC  for  2h  followed  by  10  min  incubation  period  at  95ºC  (to                

promote  denaturation  of  PK).  The  lysates  were  centrifuged  for  10  min  at  13              

200rpm  and  the  supernatant  was  collected  to  a  1.5ml  tube. tert , p53  and              

BRAF V600E genes  were  genotyped  by  PCR  followed  by  enzymatic  digestion  in  the             

cases  of tert  and p53  genes  or  directly  on  agarose  gel,  for BRAF V600E genotyping.               

For  the BRAF V600E  we  performed  two  separate  PCR  reactions,  one  to  amplify  the              

mutant  allele,  i.e. BRAF V600E  and  another  to  amplify  the  wild-type  allele.  Five  μl  of               

genomic  DNA  (gDNA)  was  used  in  a  25μl  of  PCR  reaction,  for  both  reactions.               

Forward  and  reverse  primers  as  well  as  PCR  conditions  can  be  found  on Table               

S3.1  and Table  S3.2 ,  respectively.  Fifteen  μl  of  DNA  loading  dye  was  added  to               

the  PCR  product  and  10μl  of  this  mixture  was  loaded  on  a  2%  agarose  gel.  For                 

genotyping  both tert  and p53 ,  we  used  3μl  of  gDNA  in  a  25μl  PCR  reaction  ( Table                 

S3.1 and Table  S3.2 ).  Ten  μl  of tert  and p53  PCR  products  was  digested  with  the                 

restriction  enzymes  Hpy188III  (New  England  Biolabs,  #R0622)  and  MboII  (New           

England  Biolabs,  #R0148),  respectively.  The  digestion  mixes  were  incubated  at           

37ºC  for  2  hours  in  the  case  of tert  and  1  hour  for p53  enzymatic  digestion.  Five  μl                   

of  DNA  loading  dye  was  added  to  digestion  products  and  10μl  of  this  mixture  was                

loaded  on  a  3%  agarose  gel.  Sequencing  of  all  PCR  products  was  used  to  assess                

possible   reversion   of    tert    and    p53    mutational   states.  

 

3.5.4   Telomerase   activity   assay   (TRAP)  

 

Fish  were  sacrificed  in  200mg/L  tricaine  and  both  melanoma  and  control  tissues             

were  dissected.  Protein  extracts  from  tissues  were  prepared  as  follows:  washed  in             
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1xPBS,  placed  in  a  sterile  1.5ml  eppendorf  tube  with  200μl  0.5%CHAPS  buffer             

(10mM  TrisHCl  pH=7.5,  1mM  MgCl 2 ,  1mM  EGTA,  10%  v/v  glycerol,  0.5%  v/v             

CHAPS,  0.1mM  PMSF,  1tab  Protease  inhibitor  cocktail  and  6mM          

β-mercaptoethanol)  on  ice,  homogenized  with  a  mechanical  homogenizer  until  a           

uniform  consistency  is  achieved.  Protein  extracts  from  cultured  cells  were           

prepared  as  follows:  frozen  cells  were  thawed  on  ice  and  centrifuged  12  000xg  for               

5min  at  4ºC.  The  supernatant  was  discarded  and  protein  extracts  resuspended  in             

200μl  0.5%CHAPS  buffer.  Protein  extracts  from  both  tissues  and  cultured  cells            

were  incubated  on  ice  for  30  minutes  and  centrifuged  at  12  000xg  for  20  minutes                

at  4ºC.  The  supernatant  was  quantified  using  Bradford  protein  quantification           

reagent  and  the  TRAP  assay  was  performed  using  0.5μg/μl  of  protein/sample.            

Telomerase  activity  was  measured  using  an  in  house 32 P-TRAP  protocol           

developed  by  our  group  and  adapted  from  others  already  available (Szatmari            

2001;  Mender  and  Shay  2015) .  Briefly,  47μl  aliquots  of  TRAP  master  mix  ( Table              

S3.4 )  were  prepared  in  PCR  RNase-free  tubes  and  3μl  of  each  protein  extract              

were  added.  A  PCR  reaction  was  performed  as  specified  in Table  S.3.3 .  PCR              

products  can  be  stored  at  -20ºC  up  to  1  month.  To  each  sample  15μl  of  loading                 

buffer  was  added  and  samples  were  run  on  a  10%  polyacrylamide  gel:  220v  for  30                

minutes  followed  by  200v  for  120min,  in  0.5xTBE  and  using  a  Protean  II  XL  cell,                

1.5mm  gel  system  (Bio  Rad  #1651909).  The  gel  was  transferred  to            

40%MetOH/10%Glycerol  for  at  least  30min.  Lastly,  the  gel  was  dried  at  80ºC  for              

1h  on  a  vacuum  gel  dryer  (Model  583  and  HydroTech™  Pump  Gel  Drying              

Complete  Systems  from  Bio  Rad).  We  used  cultured  HeLa  and  U2OS  cells  as              

positive   and   negative   controls   of   telomerase   activity,   respectively.  

 

3.5.5   Histological   preparation   and   phenotypic   analysis  
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Fish  were  sacrificed  as  described  above,  fixed  overnight  in  10%  neutral  buffered             

formalin  and  decalcified  in  0.5M  EDTA  for  24-48h  at  4ºC.  Whole  fish  were              

paraffin-embedded  and  5μm  transversal  sections  ( Figure  3.3A )  were  stained  with           

hematoxylin-eosin   for   histopathological   analysis.   

 

3.5.6   Immunofluorescence   (IF)   and   images   acquisition  

 

Paraffin-embedded  transversal  sections  were  deparaffinized  by  two  successive         

immersions  of  40  and  20  minutes  in  Histo-Clear  II  (National  Diagnostics).  Sections             

were  then  rehydrated  in  serial  dilutions  of  EtOH.  Slides  were  incubated  at  100ºC              

for  20  minutes  in  citrate  buffer.  Slides  were  cooled  at  room  temperature  (RT)  for  a                

minimum  of  30min  and  washed  twice  for  5  minutes  in  TBS,  and  blocked  for  30                

minutes  at  RT  in  5%  goat  serum  in  TBS.  A  rabbit  monoclonal  against  PCNA               

(Santa  Cruz  Biotechnology,  #sc-7907,  1:50  dilution)  was  used  as  primary  antibody.            

Incubation  with  primary  antibody  was  performed  overnight  at  4ºC  in  a  humid             

chamber,  followed  by  two  5  minute  washes  in  TBS  in  the  dark  and  with  slow                

shaking.  Samples  were  incubated  overnight  in  the  secondary  antibody  Alexa  488            

anti-rabbit  (Invitrogen,  1:500  dilution)  followed  by  final  washes  in  TBS  as            

described  for  the  primary  antibody  washes.  DAPI  (Sigma,  1:2  000  dilution)  was             

used  as  nuclei  counterstain  for  10min  at  RT  in  the  dark.  A  final  10  minute  wash  in                  

1xPBS  was  done.  Coverslips  were  mounted  with  DAKO  Fluorescence  Mounting           

Medium  (Sigma). Images  were  acquired  on  an  Applied  Precision          

DeltavisionCORE  system,  mounted  on  an  Olympus  inverted  microscope,         

equipped  with  a  Cascade  II  2014  EM-CCD  camera,  using  a  63x  1.4NA  Oil              

immersion   objective,   DAPI   +   CY5   fluorescence   filter   sets   and   DIC   optics.  
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3.5.7   Statistical   analysis  

 

Image  edition  of  immunofluorescence  images  was  performed  using  FIJI  software.           

All  statistical  analysis  was  performed  on  GraphPad  Prism  5.0.  The  comparison            

between  cumulative  incidence  curves  ( Figure  3.2A  and Figure  3.2 )  was  done  on             

the  basis  that  i)  observations  for tert -/- p53 -/- BRAF V600E  and tert +/+ p53 -/- BRAF V600E  are           

aged  matched  and,  ii)  data  on  both  backgrounds  do  not  follow  a  Gaussian              

distribution.  Accordingly,  the  Wilcoxon  matched  pairs  test  was  performed.  Tukey’s           

multiple  comparisons  tests  were  performed  to  assess  differences  between  stages           

within  the  same  genotype.  A  critical  value  for  significance  of  p<0.05  was  used              

throughout   the   study.  
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3.6   Supplementary   Figures   and   Tables  
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Figure   S3.1   -   Generation   of   triple   mutant   transgenic   zebrafish   line  

Schematic  representation  of  crossings  performed  to  generate  the  triple  mutant  transgenic  zebrafish             

line, tert -/- p53 -/- BRAF V600E .  A  total  of  seven  batches  were  obtained  with  a  combined  number  of  92                

tert -/- p53 -/- BRAF V600E    fish   and   104    tert +/+ p53 -/- BRAF V600E     control   fish.   

 

 

Figure   S3.2   -   Zebrafish   skin   pigmentation   is   unaltered   in   the   absence   of   telomerase  

A)  Representative  image  of  p53 -/- BRAF V600E background  zebrafish  skin  pigmentation.  We  counted            

as  naevi  all  lesions  ≥0.1mm  (full  red  arrow)  in  detriment  of  smaller  black-pigmented  spots  (open                

red  arrow),  which  were  considered  as  single  melanocytes.  Iridophores  are  highlighted  by  full  yellow               

arrow.  Scale  bar=2mm.  B)  Frequency  of  iridophores,  represented  as  number  of  iridophores  per              

area,  is  not  affected  (p=0.3450)  in  the  absence  of  telomerase,  with  an  AVG  of  73.67±12.55  SEM                 

iridophores  and  59.33±4.702  SEM  iridophores  per  mm 2 ,  in  tert +/+ p53 -/- BRAF V600E and           

tert -/- p53 -/- BRAF V600E ,   respectively.   A   total   of   3   fish   per   genotype   were   analyzed.  
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Figure   S3.3   -   Melanoma   initiating   phenotypic   lesions   have   a   broad   distribution   in   zebrafish  

A)  Representative  macroscopic  images  of  melanoma  initiating  lesions.  We  scored  as  dysplastic             

naevi/RGP,  melanocytic  flecks  clearly  seen  by  eye  (red  arrows).  Scale  bar=1cm.  B)  Distribution  of               

melanoma  initiating  phenotypic  lesions  per  site:  head,  dorsum  (right,  left),  fin  (caudal,  pelvic,              

dorsal,  pectoral,  anal)  and  other  (mouth,  peduncle,  eye).  The  number  of  lesions  at  a  specific  site                 

was  independent  of  telomerase  (p.08750),  as  no  differences  were  observed  between  genotypes.  A              

total   of   92    tert -/- p53 -/- BRAF V600E    and   104    tert +/+ p53 -/- BRAF V600E    fish   were   analyzed.  
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Figure   S3.4   -   TRAP   assay  

A)  Representative  image  of  technical  replica  of  the  TRAP  assay  on Figure  3.2B . Melanoma  and                

skin  samples  were  analyzed  on  both  backgrounds  (N=2  and  N=4, tert +/+ p53 -/- BRAF V600E ;  N=5  and              

N=3, tert -/- p53 -/- BRAF V600E ).  HeLa  cell  extract  is  shown  as  positive  control  and,  U2OS  cell  extract  is                
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shown  in  as  negative  control  for  telomerase  activity.  B)  Samples  on  A)  were  subjected  to  RNase                 

treatment.  

 

 

Figure   S3.5   -   Proliferation   to   apoptosis   ratio  

Proliferation  to  apoptosis  ratio  was  calculated  based  on  the  means  of  the  percentage  of               

proliferating  cells  against  the  means  of  the  percentage  of  apoptotic  cells  in  each  stage  of                

melanoma  progression,  within  each  phenotype  ( Figure  3.4 ).  With  melanoma  progression           

tert +/+ p53 -/- BRAF V600E  zebrafish  show  an  increase  of  proliferation  to  apoptosis  ratio,  as  established             

by  the  well  accepted  model  for  cancer  progression (J.  W.  Shay,  Wright,  and  Werbin  1991) .  More                 

importantly,  although tert -/- p53 -/- BRAF V600E  zebrafish  recapitulate  all  stages  of  melanoma          

progression,   they   do   so   on   the   account   of   a   balanced   proliferation   to   apoptosis   ratio.  
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Figure   S3.6   -   Cumulative   levels   of   cell   division,   senescence   and   transformation  

Data  are  represented  as  the  mean  percentage  ±  SEM  of  cells  positive  for  PCNA  (proliferation),  p16                 

(senescence)  and  p16coPCNA  (transformation).  Contrary  to tert -/- p53 -/- BRAF V600E  zebrafish  that          

display  constant  sum  of  three  events  throughout  melanoma  progression, tert +/+ p53 -/- BRAF V600E           

zebrafish  showed  an  increase  from  naevi  to  RGP.  Moreover,  the  percentage  of  cells  engaging  (ca.                

35%)   these   events   was   maintained   at   VGP.   
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Figure   S3.7   -   Proliferation,   apoptosis   and   senescence   in   healthy   melanocytes  

Quantifications  of  the  immunofluorescence  experiments  performed  to  assess  proliferating  (PCNA),           

apoptotic  (TUNEL)  and  senescent  (p16)  cells  in  melanocytes  from  AB  fish.  Data  are  represented               

as  mean  +/-  SEM  per  fish.  Total  number  of  fish  analyzed  for  each  experimented  are  specified                 

under   the   respective   bar.  

 

Table   S3.1   -   Primers   used   for   BRAF V600E ,   p53   and   tert   genotyping  
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Table  S3.2  -  PCR  reaction  mix  conditions  and  PCR  program  for  BRAF V600E ,  p53  and  tert                

genotyping  

 

 

Table   S3.3   -   Primers   sequences   for   TRAP   assay  
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Table   S3.4   -   PCR   reaction   mix   conditions   and   PCR   program   for   TRAP   assay  
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4.1   Abstract  
 

Carcinogenesis  depends  on  mechanisms  that  avoid  telomere  shortening  and          

senescence (R.  R.  Reddel  2000) .  Those  mechanisms  are  termed  telomere           

maintenance  mechanisms  (TMM)  and  in  about  73%  of  all  human  cancers (Barthel             

et  al.  2017)  consist  of  increased  activity  of  telomerase (Shay  and  Bacchetti  1997) .              

The  remaining  cancers  that  are  able  to  maintain  their  telomere  lengths  do  so              

mainly  on  the  account  of  alternative  lengthening  mechanisms  (ALT),  which  are            

dependent  on  homologous  recombination.  More  importantly,  coexistence  of  both          

TMMs (Perrem  et  al.  2001)  as  well  as  tumors  that  do  not  maintain  their  telomeres                

(Barthel   et   al.   2017)    have   been   detected.  

The  fact  that tert -/- p53 -/- BRAF V600E  zebrafish  are  able  of  developing  advanced  stage            

melanomas,  compelled  us  infer  that tert -/- p53 -/- BRAF V600E  melanomas  would  rely  on           

ALT  mechanism  activation.  Following  this  assumption,  we  made  our  best  efforts  to             

analyze  the  presence  of  well-known  ALT  characteristics.  All  the  performed           

state-of-the-art  experimental  assays  for  ALT  validation  (telomere-induced  foci         

(TIFs)  and  extrachromosomal  circular  DNA  (C-circles)  quantification)  were  clear  in           

showing  that  zebrafish  melanomas  that  are  negative  for  telomerase  activity  do  not             

activate  ALT.  TERRA  expression  results  were  not  conclusive  in  this  regard.            

Furthermore,  the  analysis  of  telomere  restriction  fragment  (TRF)  analysis  of           

tert -/- p53 -/- BRAF V600E  melanomas  clearly  showed  that  telomeres  in  these  tumors  are           

significantly  shortened  compared  to tert +/+ p53 -/- BRAF V600E  melanomas.  Taking        

together  our  results,  it  is  possible  to  conclude  that  melanomas  in            

tert -/- p53 -/- BRAF V600E  zebrafish  disregard  activation  of  telomere  maintenance        

mechanisms.  
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4.1   Introduction  
 

Carcinogenesis  often  depends  on  exacerbated  cell  proliferation  which  eventually          

results  in  critically  short  telomeres.  When  telomeres  reach  a  critical  length,  the             

shelterin  complex  is  destabilized  and  the  telomeric  DNA  is  recognized  as  a  DNA              

double-strand  break  recognized  by  the  establishment  of  TIFs (Bartkova  et  al.            

2006;   Rossiello   et   al.   2014) .   

According  to  the  canonical  DDR,  DSBs  are  responsible  for  the  activation  of  three              

phosphatidylinositol  3-kinase-related  kinases  (PIKKs):  ATM,  ATR  and  DNA-PK         

(Hanasoge  and  Ljungman  2007;  Stiff  et  al.  2006) .  Combined  efforts  of  ATM  and  a               

protein  complex  constituted  by  meiotic  recombination  11  (Mre11),  RAD50  double           

strand  break  repair  protein  (RAD50)  and  Nijmengen  breakage  syndrome  1  (NBS1)            

-  MRN  complex,  initiate  DSB  repair (He  et  al.  2012;  Czornak,  Chughtai,  and              

Chrzanowska  2008) .  The  MRN  complex  binds  to  sites  of  DNA  DSBs  where  it              

recruits  and  activates  ATM (Altan  et  al.  2016) .  ATM  can  then  phosphorylate             

multiple  substrates  including  H2AX  at  Ser139  ( γH2AX ),  p53  binding  protein           

(53BP1),  structural  maintenance  of  chromosomes  protein  1  (SMC1),  breast  cancer           

early-onset  1  (BRCA1)  and  checkpoint  kinase  2  (CHK2),  leading  to  cells  cell-cycle             

arrest  and  apoptosis (Stracker,  Carson,  and  Weitzman  2002;  Y.  Deng  et  al.  2009) .              

While  ATM  and  DNA-PKs  are  functional  redundant  in  phosphorylating  H2AX  upon            

ionizing  radiation,  ATR  phosphorylation  of  H2AX  happens  in  response  to  DNA            

damage   leads   to   slow   or   stalled   replication   fork    (Bonner   et   al.   2008) .   

Short  telomeres  in  human  fibroblasts  passaged  into  senescence  bear  markers  of  a             

p53-dependent  DDR (d’Adda  di  Fagagna  et  al.  2003) .  They  show  accumulation  of             

53BP1,  γH2AX,  MRE11,  CHK1,  CHK2,  RAD17  and  BRCA1 (Herbig  et  al.  2004;             

Jacobs  and  de  Lange  2004)  foci,  which  are  accepted  as  universal  markers  for              

senescence    (Cairney   et   al.   2012;   Salama   et   al.   2014) .   
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The  great  majority,  if  not  all  of  the  proteins  necessary  to  ALT  mechanisms  are               

present  in  healthy  cells.  Thus,  ALT  activity  in  cancer  cells  seems  to  be  a               

dysregulated  version  of  a  normal  process.  Accordingly,  it  was  shown  that  when             

normal  cells  are  fused  with  ALT  cells,  the  ALT  mechanism  is  repressed  in  the               

generated  hybrids (Perrem  et  al.  1999) .  Telomeres  in  ALT  cells  maintain  many             

canonical  features,  such  as:  presence  of  telomeric  repeats,  single-stranded          

overhang,  proteins  of  the  shelterin  complex  and  the  capability  to  adopt  a  t-loop              

structure    (Cesare   and   Reddel   2010) .   

Nonetheless,  ALT  cells  do  have  some  specific  features  such  as  extrachromosomal            

telomeric  DNA  which  might  display  different  forms  with  single-stranded  circles           

(c-circles) (Nabetani  and  Ishikawa  2009;  Henson  et  al.  2009) ,  being  the  most             

predominant.  Other  particular  characteristics  of  ALT  cells  are:  presence  of           

ALT-associated  promyelocytic  leukaemia  nuclear  bodies  (APBs)  composed  by         

telomeric  DNA  and  respective  binding  proteins (Yeager  et  al.  1999) ,  highly            

heterogeneous  chromosomal  telomere  lengths (Bryan  et  al.  1995) ,  rapide  changes           

in  telomere  length (Murnane  et  al.  1994) ,  high  levels  of  TERRA (Arora  and  Azzalin               

2015) ,  somatic  mutations  in  the  genes  encoding  for  the  α-thalassemia/mental           

retardation  syndrome  X-linked  protein  (ATRX)  and  the  death  domain-associated          

protein  (DAXX)  chromatin  remodeling  complex,  and  an  expressive  number  of           

recombinatory   events   at   telomeres    (Londoño-Vallejo   et   al.   2004) .  

Several  studies  analysed  the  prevalence  of  telomere  maintenance  mechanisms  in           

several  human  cancer  subtypes.  In  melanoma, TERT  promoter  mutations  were           

detected  in  about  80%  of  analyzed  tumor  tissues.  Nonetheless,  approximately  7%            

displayed  ALT  activity (Huang  et  al.  2013;  Horn  et  al.  2013;  Vinagre  et  al.  2013;                

Killela   et   al.   2013;   Shain   et   al.   2015) .   

There  are  several  methods  available  to  detect  telomerase  activity  and  ALT-related            

features  ( Figure  4.1 ).  Ideally,  the  conclusion  on  what  TMM  is  active  in  a  given  cell                

should  be  taken  from  a  combination  of  two  methods,  one  supporting  the  activation              
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of  a  TMM  and  the  other  that  discards  the  activation  of  the  other (Hung  et  al.                 

2013) .   

 
Figure   4.1   -   Detection   methods   to   determine   TMMs  

TRAP,  telomerase  repeat  amplification  protocol.  TRF,  telomere  restriction  fragment  analysis.  APB,            

ALT-associated  PML  bodies.  FISH,  fluorescence in  situ  hybridization.  *  some  low-grade  tumors  that              

do  not  maintain  their  telomeres,  based  on  TRF  analysis,  are  positive  for  APBs  ⊕  low  levels,                 

⊕⊕⊕  high  levels.  Undetermined,  the  method  has  not  been  tested  yet  on  known  telomerase  and                

ALT  dependent  tumors  and/or  tumors  that  do  not  maintain  their  telomeres.  Figure  and  legend               

adapted   from    (Hung   et   al.   2013) .  

 
 

4.2   Results  
 

4.2.1  Oncogene-induced  senescence  in  zebrafish  naevi  is        

γH2AX-independent  
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The  current  model  for  melanoma  progression  advocates  that  oncogenic  alterations           

on  BRAF  in  melanocytes,  results  in  the  persistent  activation  of  MAPK  pathway             

leading  cells  to  enter  an  OIS  state (Pollock  et  al.  2003;  Kumar  et  al.  2004) .  More                 

importantly,  it  is  still  uncertain  the  dependency  of  OIS  on  telomere  shortening             

since  there  are  no  differences  in  telomere  length  between  naevi  and  healthy             

neighbouring   tissues    (Han   et   al.   2009) .   

As  telomeres  get  shorter,  uncapped  telomeres  are  perceived  as  DSBs  and  can  be              

recognized  by  the  presence  of  TIFs,  such  as  phosphorylated  histone  H2AX            

(𝛾H2AX)  localizing  at  telomeres (Takai,  Smogorzewska,  and  de  Lange  2003) .  In            

primary  human  melanocytes  0.4  𝛾H2AX  foci  per  nucleus  was  shown  to  be             

sufficient  to  trigger  OIS.  This  value  is  significantly  increased  in  human  melanoma             

cell  lines,  c.a.  7-17  𝛾H2AX  foci  per  nucleus  mostly  likely  due  to  maintenance  or               

capping   of   dysfunctional   telomeres   in   melanoma   cells    (Warters   et   al.   2005) .  

Naevi  of tert -/- p53 -/- BRAF V600E  zebrafish,  presented  features  of  telomeric  crisis          

rather  than  OIS  ( Chapter  3 ).  If  this  is  the  case  then tert -/- p53 -/- BRAF V600E  should              

present  melanoma-like  𝛾H2AX  foci  number.  To  test  this  hypothesis  we  analysed            

the  number  of  γH2AX  foci  specifically  at  telomeres  in  melanoma  cells  of  both              

tert +/+ p53 -/- BRAF V600E and tert -/- p53 -/- BRAF V600E  zebrafish  ( Figure  4.2 )  by  a         

combination   of   immunofluorescence    and   TELO-FISH.   

The  analysis  was  performed  on  cytospins  from  single-cell  suspensions  prepared           

from  freshly  excised  tissues  from  zebrafish.  Due  to  technical  constraints,  entire            

peeled  zebrafish  skins  were  used  as  a  surrogate  for  naevi.  It  is  well  documented               

that  in  healthy  human  skin,  the  ratio  of  melanocytes  to  keratinocytes  is  1:10  in  the                

epidermal  basal  layer (Haass  and  Herlyn  2005;  Cichorek  et  al.  2013) .  Melanocytic             

naevi  are  benign  clonal  proliferation  of  melanocytes (Roh  et  al.  2015)  that  are              

thought  to  be  arrested  due  to  OIS  and  the  extent  of  its  impact  on  the  ratio                 

melanocytes  to  keratinocytes  is  unknown.  Therefore,  interpretation  of  results          

deriving  from  the  analysis  of  the  zebrafish  skins  should  be  done  accordingly.             
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Equally  important  is  to  mention  that  all  samples  collected  as  melanomas  could             

represent  both  RGP  and  VGP  stages.  As  mentioned  in  Chapter  3 ,  up  to  now  clear                

staging  of  melanoma  is  only  possible  through  histopathology  assessment  of  the            

lesions  where  the  disruption  of  the  basement  membrane  allows  to  distinguish  VGP             

from  RGP  melanomas.  Considering  this,  any  conclusion  drawn  from  melanoma           

analysis   is   in   respect   to   both   RGP   and   VGP   melanomas.   
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Figure   4.2   -   γH2AX   foci   are   decreased   in   zebrafish   melanomas   

A)  Fluorescent  microscope  images  of  telomerase-positive  (Aa  and  Ac)  and  telomerase-negative            

(Ab  and  Ad)  cytospin  preparations  from  excised  skins  and  melanomas  from  zebrafish.  Samples              

were  stained  via  immunofluorescence  for  γH2AX  (green)  combined  with  telomere-PNA  FISH  (red)             

and  counterstained  with  DAPI.  Insets  are  representative  of  γH2AXcoTEL  foci  events.  B)             

Quantification  expressed  as  the  number  of  γH2AX  foci  localizing  at  telomeres  per  nucleus.  In               
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tert +/+ p53 -/- BRAF V600E  i)  skin  cells  show  wild-type-like  (AB)  numbers  of  γH2AXcoTEL  foci  (p=0.053)             

with  mean  values  of  3.38  and  3.48  γH2AXcoTEL  foci  per  nucleus  respectively,  and  ii)  melanoma                

cells  showed  significantly  (q=8.8740)  lower  number  of  γH2AXcoTEL  (mean  value  of  1.77)             

compared  to  skin.  In tert -/- p53 -/- BRAF V600E  zebrafish  i)  γH2AXcoTEL  foci  in  skin  cells  (mean  value               

of  2.59)  were  significantly  lower  than  in  the  presence  of  telomerase  (p=0.0458)  and  ii)  further                

decreased  in  melanoma  (q=5.333),  with  a  mean  value  of  1.69  γH2AXcoTEL  foci  per  nucleus,               

similar  to  telomerase-positive  melanoma  cells.  The  number  of  fish  and  cells  analyzed  are  as               

follows  and  presented  as  nº  of  fish  (nº  of  nuclei)  for  each  tissue  and  genotype:  AB  skin,  2(203);                   

tert +/+ p53 -/- BRAF V600E ,  3(254)  skin  and  3(446)  melanoma; tert -/- p53 -/- BRAF V600E ,  3(259)  skin  and           

3(339)   melanoma.   Data   are   represented   as   mean   +/-   SEM.  

 

We  observed  a  mean  value  of  3.38  γH2AX  foci  colocalize  with  telomeres  in              

tert +/+ p53 -/- BRAF V600E  zebrafish  skin  ( Figure  4.2B ),  which  corresponds  to  a  close  to            

10-fold  increase  when  compared  to  what  is  reported  in  primary  human            

melanocytes (Warters  et  al.  2005) .  A  similar  number  of  γH2AXcoTEL  foci  was             

observed  on  the  skin  of  wild-type  zebrafish  (mean  value  of  3.58  foci  per  nucleus),               

clearly  showing  that  zebrafish  healthy  skin  displays  a  much  higher  basal  level  of              

𝛾H2AX  than  human  melanocytes.  It  also  suggests  that  OIS  in  zebrafish  naevi  may              

be   H2AX-independent.  

The  number  of  γH2AXcoTEL  foci  was  significantly  lower  in tert +/+ p53 -/- BRAF V600E           

melanomas  ( Figure  4.2Ac )  when  compared  to  their  skin  ( Figure  4.2Aa ).  Although            

in  direct  contradiction  with  the  increased  𝛾H2AX  foci  per  nucleus  observed  in             

human  melanoma  cell  lines (Warters  et  al.  2005) ,  we  can  not  underrate  the  fact               

that  this  particular  zebrafish  melanoma  model  is  a  p53  mutant.  Thus,  the  elevated              

number  of  γH2AXcoTEL  foci  in  skin  might  come  from tert +/+ p53 -/- BRAF V600E  skin            

cells  inability  to  launch  a  fully  DNA  damage  stress  response,  leading  to  an  early               

accumulation  of  TIFs.  An  equivalent  decrease  in  γH2AXcoTEL  from  skin  to            

melanoma  cells  was  observed  in tert -/- p53 -/- BRAF V600E .  A  previous  study  has  shown            

that  cells  that  lack  a  functional  p53  contain  remarkably  large  number  of  TIFs,              

whether  being  telomerase-  or  ALT-positive  cells (Cesare  et  al.  2009) .           
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Nonetheless,  γH2AXcoTEL  foci  must  depend  on  some  extent  on  telomerase  since            

skin  from tert -/- p53 -/- BRAF V600E  zebrafish  showed  a  significantly  lower  number  of           

γH2AX  (mean  value  of  2.59)  foci  at  telomeres  when  compared  to            

tert +/+ p53 -/- BRAF V600E  skin.  This  dependency  is  specific  to  the  establishment  DNA           

repair  foci  formation  rather  than  maintenance,as tert +/+ p53 -/- BRAF V600E and          

tert -/- p53 -/- BRAF V600E    melanomas   have   similar   numbers   of   γH2AXcoTEL   foci.   

Collectively,  our  data  shows  that  upon  BRAF  activation  and  in  a  p53-deficient             

background,  γH2AX  accumulation  at  telomeres  takes  place  earlier  on          

melanomagenesis  and  does  not  relate  to  OIS.  Still,  lower  DDR  in            

tert +/+ p53 -/- BRAF V600E  and tert -/- p53 -/- BRAF V600E  melanomas,  could  be  a  result  of          

selective  pressure  favouring  cells  with  lower  extent  of  TIFs,  i.e.,  fewer            

dysfunctional  telomeres.  Such  would  be  ensured  by  TMMs  activation  which,  in  the             

case   of    tert -/- p53 -/- BRAF V600E    could   be   on   the   account   of   an   ALT   mechanism.  

 

4.2.2  Absence  of  telomerase  imposes  a  dramatic  increase  of  DNA  repair            

complex   proteins   foci   in   melanoma   cells  

 

Several  studies  support  that  ALT  is  achieved  by  homologous  recombination  (HR)            

at  telomeres (Cesare  and  Reddel  2013) .  DNA  tags  inserted  into  telomeres  are             

copied  between  chromosome  ends  specifically  in  immortalized  ALT  cell  lines           

(telomerase  negative)  and  not  in  telomerase  positive  cells (Dunham  et  al.  2000) .             

In  addition,  several  recombination  proteins  are  necessary  for  telomere          

maintenance  in  ALT  cells,  including  the  MRN  complex (Jiang  et  al.  2005;  Zhong  et               

al.  2007) .  This  complex  regulates  signaling  and  damage  responses  to  extreme            

cellular  stress  which  include  but  are  not  limited  to:  DNA  damage  at  DSBs,  stalled               

replication  forks,  dysfunctional  telomeres  and  viral  invasion (D’Amours  and          

Jackson  2002) .  In  HR,  5’  resection  (presynapsis  stage)  is  initiated  by  the  MRN              
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complex  and  the  resulting  3’  ssDNA  overhang  is  coated  with  RPA  that  is  later               

displaced  by  the  BRCA2-RAD51  complex  that  promotes  homology  search  and           

strand  invasion  (synapsis) (Syed  and  Tainer  2018) .  In  post  synapsis,  RAD51            

dissociates  from  the  DNA  to  allow  for  DNA  synthesis (Pâques  and  Haber  1999;              

van   den   Bosch,   Lohman,   and   Pastink   2002) .   

In  order  to  validate  the  hypotheses  of tert -/- p53 -/- BRAF V600E  naevi  facing  telomeric            

crisis  that  can  be  surpassed  by  ALT  activation,  we  investigated  the  presence  of              

other   known   markers   for   both   OIS   and   ALT.   

Through  a  combination  of  immunofluorescence  and  TELO-FISH  methods  we          

analyzed  both  Mre11  and  RPA  foci  specifically  at  telomeres  in  skin  and             

melanomas   in   the   presence   and   absence   of   telomerase   ( Figure   4.3 ).   
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Figure   4.3   -   Absence   of   telomerase   renders   higher   levels   of   HR   proteins   in   melanoma  

A)  Fluorescent  microscope  images  of  telomerase-positive  (Aa,c,e  and  Ag)  and           

telomerase-negative  (Ab,d,f  and  Ah)  cytospin  preparations  from  excised  skins  and  melanomas            

from  zebrafish.  Samples  were  stained  via  immunofluorescence  (green)  against  Mre11  and  pRPA             

combined  with  telomere-PNA  FISH  (red)  and  counterstained  with  DAPI.  Insets  are  representative             

of  Mre11  and  pRPAcoTEL  foci  events.  B)  Quantification  expressed  as  the  number  of  Mre11  foci                

localizing  at  telomeres  per  nucleus.  In tert +/+ p53 -/- BRAF V600E  zebrafish  i)  skin  cells  show  AB-like              
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numbers  of  Mre11coTEL  foci  (p=0.2484)  with  mean  values  of  8.46  and  7.29  Mre11coTEL  foci  per                

nucleus  respectively,  and  ii)  melanoma  cells  showed  significantly  lower  (q=5.74)  number  of             

Mre11coTEL  (mean  value  of  5.2)  compared  to  skin  within  this  genotype.  In tert -/- p53 -/- BRAF V600E              

zebrafish  i)  Mre11coTEL  foci  in  skin  cells  (mean  value  of  5.96)  were  lower  than               

tert +/+ p53 -/- BRAF V600E  zebrafish  skins  (no  significance)  and  ii)  increased  (q=14.01)  in  melanoma,            

with  a  mean  value  of  13.94  Mre11coTEL  foci  per  nucleus  compared  to tert +/+ p53 -/- BRAF V600E              

melanoma  cells  (p<0.0001).  The  number  of  fish  and  cells  analyzed  are  as  follows  and  presented                

as  nº  of  fish  (nº  of  nuclei)  for  each  tissue  and  genotype:  AB  skin,  2(213); tert +/+ p53 -/- BRAF V600E ,                 

3(309)  skin  and  3(510)  melanoma; tert -/- p53 -/- BRAF V600E ,  3(287)  skin  and  3(317)  melanoma.  C)             

Quantification  expressed  as  the  number  of  pRPA11  foci  localizing  at  telomeres  per  nucleus.  In               

tert +/+ p53 -/- BRAF V600E  zebrafish  i)  skin  cells  show  significantly  higher  number  (p=0.0004)  of            

pRPAcoTEL  foci  compared  to  AB  skin  with  mean  values  of  1.5  and  0.95  pRPAcoTEL  foci  per                 

nucleus  respectively,  and  ii)  melanoma  cells  showed  significantly  lower  number  (q=9.99)  of             

pRPAcoTEL  (mean  value  of  0.82)  compared  to tert +/+ p53 -/- BRAF V600E skin.  In tert -/- p53 -/- BRAF V600E            

zebrafish  i)  pRPAcoTEL  foci  in  skin  cells  (mean  value  of  0.85)  showed  AB-like  (p=0.6563)               

pRPAcoTEL  foci  but  significantly  lower  (p<0.0001)  than tert +/+ p53 -/- BRAF V600E  skins  and  ii)            

increased  (q=12.8)  in  melanoma,  with  a  mean  value  of  2.34  pRPAcoTEL  foci  per  nucleus               

compared  to tert +/+ p53 -/- BRAF V600E  melanoma  cells  (p<0.0001).  The  number  of  fish  and  cells             

analyzed  are  as  follows  and  presented  as  nº  of  fish  (nº  of  nuclei)  for  each  tissue  and  genotype:                   

wild-type  skin,  2(164); tert +/+ p53 -/- BRAF V600E ,  3(430)  skin  and  2(479)  melanoma;          

tert -/- p53 -/- BRAF V600E ,  3(272)  skin  and  3(574)  melanoma.  Data  are  represented  as  mean  +/-  SEM.              

 

In  the  presence  of  telomerase,  Mre11coTEL  foci  decreased  from  skin  cells  (mean             

value  of  7.29)  to  melanoma  (mean  value  of  5.2)  ( Figure  4.3Aa-d,C ),  consistent             

with  the  hypothesis  of  telomerase  activation  being  sufficient  to  stabilize           

dysfunctional  telomeres.  Considering  the  fact  that  the  MRN  complex  provokes           

H2AX  phosphorylation,  the  decrease  on  Mre11coTEL  foci  is  in  line  with  the             

analogous  decrease  observed  on  γH2AXcoTEL  foci  in tert +/+ p53 -/- BRAF V600E .  Even          

more,  Mre11  expression  at  telomeres  in tert +/+ p53 -/- BRAF V600E  naevi  ( Figure  4.3Aa,           

C )  was  similar  to  Mre11coTEL  foci  in  wild-type  zebrafish  skin  (mean  value  of              

8.46),  supporting  the  idea  that  OIS  in  this  particular  zebrafish  melanoma  model  is              

triggered   by   other   than   MRN-γH2AX   signaling.  
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In tert -/- p53 -/- BRAF V600E  melanomas,  Mre11coTEL  foci  ( Figure  4.3B )  significantly         

increase  skin  cells  (mean  value  of  5.96)  to  melanoma  (13.94).  High  level  of  Mre11               

expression  at  telomeres  implies  that  not  only tert -/- p53 -/- BRAF V600E  melanoma  cells           

( Figure  4.3Ac,B )  have  dysfunctional  telomeres  but  also  that  those  telomeres  are            

under  extensive  5’  end  resection  a  crucial  step  (presynapsis)  on  HR  underlying             

ALT.  The  resulting  ssDNA  stretches  should  be  protected  by  RPA (Fanning,            

Klimovich,  and  Nager  2006)  which  inhibits  annealing  of  short  homologous           

sequences  through  microhomology  mediated-repair  and  diminishes  secondary        

structures  recognized  by  nucleases (S.  K.  Deng,  Chen,  and  Symington  2015) .  A             

crucial  step  on  ALT-HR  is  RPA  displacement  by  the  BRCA2-RAD51 (Syed  and             

Tainer   2018) .   

The  analysis  of  the  number  of  phosphorylated  RPA32  (pRPA)  at  telomeres            

showed  that  pRPAcoTEL  foci  in tert +/+ p53 -/- BRAF V600E  skin  cells  was  significantly           

higher  than  in  wild-type  zebrafish  skin.  More  importantly,  pRPAcoTEL  foci  in            

tert -/- p53 -/- BRAF V600E  skins  were  indistinguishable  from  the  wild-type  zebrafish  skin,          

supporting  our  previous  inference  that  in tert -/- p53 -/- BRAF V600E  zebrafish,  naevi          

arrested-cells  are  not  senescent.  It  is  then  possible  to  propose  that,  in  this              

p53 -/- BRAF V600E melanoma  zebrafish  model,  pRPA  rather  than  γH2AX  is  as  a            

bona-fide   marker   of   OIS.   

Melanoma  cells  in tert -/- p53 -/- BRAF V600E  showed  great  increase  of  pRPA  foci  at            

telomeres  ( Figure  4.3Ah,  C )  when  compared  to tert -/- p53 -/- BRAF V600E  skin  cells           

( Figure  4.3Af,  C ).  High  levels  of  phosphorylated  RPA  may  represent  contradictory            

events:  on  the  one  hand  indicates  the  occurrence  of  an  important  step  in  the  ALT                

mechanism,   on   the   other,   if   persistent   it   may   correspond   to   inhibition   of   ALT.  
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4.2.3  Telomerase-negative  melanomas  in  zebrafish  do  not  show  any  sign  of            

ALT  

 

To  test  whether tert -/- p53 -/- BRAF V600E  melanoma  cells  may  have  activated  the  ALT            

mechanism,  we  investigated  the  presence  of  known  ALT  markers  which  include,            

but  are  not  limited  to:  absence  of  telomerase  activity (Dilley  and  Greenberg  2015) ,              

presence  of  APBs (Yeager  et  al.  1999) ,  highly  heterogeneous  telomere  lengths            

(Bryan  et  al.  1995) ,  high  levels  of  TERRA (Arora  and  Azzalin  2015) ,  somatic              

mutations  ATRX/DAXX  proteins,  presence  of  DNA  c-circles (Henson  et  al.  2009)            

and  an  expressive  number  of  recombinatory  events  at  telomeres (Londoño-Vallejo           

et   al.   2004) .  

From  our  previous  results  is  not  possible  to  conclusively  acknowledge  the            

existence   or   absence   of   ALT   in    tert -/- p53 -/- BRAF V600E    zebrafish.  

A  well-established  hallmark  of  ALT  is  the  presence  of  large  clusters  of  telomeres              

formed  around  APBs (Draskovic  et  al.  2009) .  As  zebrafish  lacks  an  ortholog  of              

the  main  structural  component  of  APBs  (PML  protein),  it  was  not  possible  to              

perform  this  analysis (Carneiro,  de  Castro,  and  Ferreira  2016) .  Nevertheless,  in            

ALT  cells  telomeres  are  much  longer  and  more  heterogeneous  than  those  of             

telomerase-positive  cells (Bryan  et  al.  1995) .  The  analysis  of  telomeric  signal  was             

implicit  on  the  study  of  the  Mre11-  and  pRPAcoTEL  foci  in  both  skin  and               

melanoma  from tert +/+  and tert -/- p53 -/- BRAF V600E fish  and  showed  no  differences  on            

the  bright  telomeric  signal  in  the  presence  and  absence  of  telomerase.            

Interestingly, tert -/- p53 -/- BRAF V600E  melanomas  seem  to  have  lower  number  (not          

quantified)  of  telomeres  ( Supplementary  Figure  S4.3e )  when  compared  to  both           

tert -/- p53 -/- BRAF V600E skin  and tert +/+ p53 -/- BRAF V600E  melanomas  ( Supplementary        

Figure  S4.3d ).  TELO-FISH  method  relies  on  probe  hybridization  kinetics  and  it  is             

unsuitable  to  quantify  the  shortest  telomeres (Lai  et  al.  2017) .  The  apparent             

decrease  in  the  number  of  telomeres  on tert -/- p53 -/- BRAF V600E  melanomas  may           
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indicate  the  existence  of  critically  short  telomeres,  described  by  others  in  ALT             

tumors (Londoño-Vallejo  et  al.  2004) .  On  the  other  hand,  the  absence  of             

ultra-bright  telomeric  signal  on  telomerase-mutant  zebrafish  melanomas  compared         

to  their  telomerase-positive  counterparts,  do  not  support  the  hypothesis  of  ALT            

activation   on   the   former.   

In  collaboration  with  David  Halvorsen  and  Haroldo  Silva  from  SENS  Research            

Foundation  we  assessed  c-circle  (CC)  levels  on  melanoma  and  fins  samples  from             

tert +/+ p53 -/- BRAF V600E  and tert -/- p53 -/- BRAF V600E zebrafish  ( Supplementary  Figure       

S4.1 ).  As  additional  controls,  we  used  two  human  osteosarcoma  cell  lines:  U2OS,             

ALT  positive (Pompili  et  al.  2017)  and  143B,  a  telomerase-positive  cell  line (L.  Yu               

et  al.  2013) . CCs  were  detected  by  telomeric  qPCR  ( Supplementary  Figure  S4.1 )             

and  the  zebrafish  CC  signal  was  normalized  to  PicoGreen,  a  dye  for  dsDNA,  in               

order  to  correct  variances  in  loading.  All  samples  presented  a  150-fold  decrease  in              

the  CC  signal  when  compared  to  the  CC  signal  from  U2OS  cells  ( Supplementary              

Figure  S4.1A ).  Nonetheless,  we  did  not  see  any  evidence  of  CC  in  any  of  the                

tert -/- p53 -/- BRAF V600E  tumors  tested  ( Supplementary  Figure  S4.1A ),  as  CC  signal          

was  comparable  to  the  one  in tert +/+ p53 -/- BRAF V600E  samples  and  the  negative            

control  for  ALT.  To  increase  the  method’s  sensitivity (Fogli  et  al.  2017) ,  we  did  the                

same  analysis  with  respect  to  an  internal  control  (amount  of  Alu  repeats  in              

zebrafish),   and   obtained   the   same   results   (data   not   shown).  

Mounting  evidence  suggests  that  ALT  cells  express  high  levels  of  long  noncoding             

TERRA  resulting  in  highly  recombinogenic  telomeres  due  to  the  formation  of            

RNA-DNA  hybrids  with  the  telomeric  C-rich  strand.  TERRA  would  then  interact            

(Arora  and  Azzalin  2015) .  A  hypothetical  model  for  TERRA-mediated  telomere           

elongation  in  ALT  cells  proposes  that  high  levels  of  TERRA  in  ALT  cells  favor               

stable  association  of  RPA  with  telomeres (Arora  and  Azzalin  2015) .  Considering            

the  increased  number  of  pRPAcoTEL  foci  on tert -/- p53 -/- BRAF V600E  tumors  one           

could   expect   these   tumors   to   express   high   levels   of   TERRA.   
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In  a  collaboration  with  Claus  Azzalin  and  Harry  Wischnewski  (Azzalin  laboratory  at             

ETH  Zurich),  we  investigated  TERRA  cellular  levels  by  performing  northern  blot            

analysis  of  total  RNA  ( Supplementary  Figure  S4.4 ).  As  expected,  all           

tert +/+ p53 -/- BRAF V600E samples  presented  low  levels  of  TERRA  and  the  size  of  the             

transcripts  was  never  longer  than  1kb.  It  was  possible  to  detect  in  one  of  the  two                 

tert -/- p53 -/- BRAF V600E melanomas  analysed,  the  presence  of  extremely  long  TERRA          

transcripts,  further  above  the  28S  ribosomal  RNA.  This  particular  feature  has  been             

shown  to  be  specific  to  ALT  cells (Arora  et  al.  2014) ,  and  constitutes  the  only                

supportive  evidence  to  the  hypothesis  according  to  which tert -/- p53 -/- BRAF V600E          

zebrafish  melanomas  may  activate  ALT  however  based  on  a  single  positive            

individual.  

 

4.2.4  Melanoma  in  telomerase-deficient  zebrafish  displays  ever-shorter        

telomeres  

 

An  unquestionable  hallmark  of  ALT  cells  is  the  existence  of  highly  heterogeneous             

telomeres,  most  likely  as  a  result  of  HR  engagement (Murnane  et  al.  1994;  R.               

Reddel  2014) .  The  “gold  standard”  for  telomere  length  measurement  is  through            

the  analysis  of  the  length  of  the  terminal  restriction  fragments  (TRFs)  by  southern              

blot (Lai,  Wright,  and  Shay  2018) .  In  ALT  cells,  mean  TL  is  reported  to  be  about                 

twice   that   of   telomerase-positive   or   normal   somatic   cells    (Henson   et   al.   2002) .   

We  performed  TRF  analysis  on  melanomas  and  skin  excised  from tert +/+ and             

tert -/- p53 -/- BRAF V600E  zebrafish.  The  telomere  lengths  in tert +/+ p53 -/- BRAF V600E  skin         

ranged  from  5kb  up  to  more  than  15kb  with  a  median  telomere  length  of  5.03kb                

( Figure  4.4A )  while  in tert -/- p53 -/- BRAF V600E  skin  telomere  lengths  varied  from  less            

than  5kb  up  to  under  than  15kb,  and  displayed  a  median  telomere  length  of  4.76kb                

( Figure  4.4B ).  Although tert -/- p53 -/- BRAF V600E  skins  showed  tendendionally  shorter         

telomeres,  the  median  lengths  are  not  significant  different  from  the  ones  on  their              
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telomerase-positive  counterparts.  Nevertheless,  one  can  acknowledge  the        

absence  of  TRFs  above  15kb  on  the  skins  of  the  telomerase-mutant  background.             

Both  observations  are  in  agreement  with  previous  studies  from  our  group            

(Carneiro   et   al.   2016) .  

 

Figure   4.4   -   Telomerase-mutant   melanomas   have   ever-short   telomeres  

A)  Representative  image  of  restriction  fragment  analysis  of  genomic  DNA  from  skin  (S)  and               

melanomas  (M)  of tert +/+ p53 -/- BRAF V600E and tert -/- p53 -/- BRAF V600E  zebrafish  by  southern  blot           

(random  primer-labelled  telomeric  probe  (TTAGGG) n 
32 P-dCTP).  Range  of  telomere  lengths  are            

depicted  by  box-dashed  yellow  line.  Raw  southern  blot  gels  and  gel  with  over  contrasted  signal  are                 

shown  in Supplementary  Figure  S4.2 .  ND  -  Not  digested.  S  -  skin.  M  -  melanoma.  B)                 

Quantification  of  median  TRF  showed  that  skin  cells  telomeres  have  similar  median  telomere              

lengths  in  the  presence  (5.025kb)  and  absence  (4.755)  of  telomerase  (p=0.7695).            

tert +/+ p53 -/- BRAF V600E  melanomas  telomeres  are  slightly  shorter  (4.668  kb)  when  compared  to  the             

telomeres  in  the  control  tissue,  although  this  difference  is  not  significant  (p=0.8203).  On  the  other                

hand,  in  the  absence  of  telomerase  there  is  a  significant  decrease  in  telomere  length  in  melanoma                 

cells  (4.13  kb)  compared  to tert +/+ p53 -/- BRAF V600E  melanomas  (p=0.0020).  Skin  cells  TRFs  were             

analyzed  on  a  total  of  7 tert +/+ p53 -/- BRAF V600E  zebrafish  by  14  independent  measurements;  4              
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tert -/- p53 -/- BRAF V600E  zebrafish  by  10  independent  measurements.  Melanomas  cells  TRFs  were           

analyzed  on  a  total  of  4 tert +/+ p53 -/- BRAF V600E  zebrafish  by  10  independent  measurements;  5              

tert -/- p53 -/- BRAF V600E  zebrafish  by  26  independent  measurements.  Median  TRFs  quantification  in           

muscle   zebrafish   cells   in   both   genotypes   are   shown   in    Supplementary   Figure   S4.1 .   

 

We  observed  no  differences  regarding  median  telomere  lengths  ( Figure  4.4B )           

between   melanomas   and   control   tissues   in    tert +/+ p53 -/- BRAF V600E    zebrafish.  

Curiously,  median  telomere  length  in tert -/- p53 -/- BRAF V600E  melanomas  (4.13kb)         

was  significantly  lower  than  in tert +/+ p53 -/- BRAF V600E  melanomas  ( Figure  4.4B )          

thwarting  the  expectations  of  visualizing  abnormally  long  and  heterogenous          

ALT-like  telomere  length  pattern.  Still,  we  have  to  consider  the  fact  that  median              

TRFs  between  melanomas  and  skins  (4.76)  in  the  absence  of  telomerase  are  not              

statistically  different,  despite  being  borderline  to  significance  (p=0.0684).         

Supporting  the  lack  of  ALT  activation  in tert -/- p53 -/- BRAF V600E  melanomas  is  the            

TRF   result   ( Figure   4.4A )   showing   shortening   of   telomeres.  

 

4.3   Discussion  
 

Approximately  7%  of  human  melanomas  rely  on  the  activation  of  the  ALT             

mechanism (Huang  et  al.  2013;  Horn  et  al.  2013;  Vinagre  et  al.  2013;  Killela  et  al.                 

2013;  Shain  et  al.  2015) .  Our  previous  results  ( Chapter  3 )  showed  that  in  the               

absence  of  telomerase,  and  within  a  melanoma  background,  zebrafish  are           

capable  of  developing  advanced  stage  melanomas.  According  to  this,  we           

hypothesize  that tert -/- p53 -/- BRAF V600E melanomas  could  show  ALT  positive         

phenotype,  and  engaged  a  panoplia  of  state-of-the-art  experimental  assays  in           

order   to   validate   this   hypothesis.    
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All  assays  were  performed  on  samples  prepared  from  entire  skins  and  melanoma             

tumors  from tert +/+ and tert -/- p53 -/- BRAF V600E  zebrafish.  The  resulting  analysis  was           

not   restricted   to   naevi   but   rather   the   entire   skin   cell   populations.   

Considering  the  fact  that  ALT  mechanism  is  a  recombination-mediated          

mechanism,  it  is  widely  accepted  that  DDR  may  play  an  important  role  in  ALT               

induction    (Chang   et   al.   2003) .  

H2AX  phosphorylation  (γH2AX)  has  been  extensively  reported  as  a  bona  fide            

marker  for  DDR  engagement (Roh  et  al.  2015;  Podhorecka,  Skladanowski,  and            

Bozko  2010) ,  as  it  serves  as  a  docking  site  for  the  accumulation  of  DNA  repair                

proteins  at  DSB  sites (Firsanov,  Solovjeva,  and  Svetlova  2011) .  More  importantly,            

throughout  the  years  γH2AX  gained  clinical  meaning  with  many  reporting  elevated            

levels  of  γH2AX  in  a  number  of  cancer  model  systems (T.  Yu  et  al.  2006) .  One  of                  

such  systems  is  melanoma  where  it  was  shown  that  as  much  as  0.4  𝛾H2AX  foci                

per  nucleus  were  sufficient  to  arrest  naevi  further  progression  to  melanoma  by             

triggering  OIS (Warters  et  al.  2005) .  We  observed  that tert +/+ p53 -/- BRAF V600E  skin            

cells  have  equal  γH2AX  levels  compared  to  wild-type  zebrafish  skin.  Thus,  either             

naevi-arrested  cells  in  this  particular  melanoma  model  are         

γH2AX-OIS-independent  or  γH2AXcoTEL  foci  in  naevi  is  not  expressive  enough  to            

overcome  the  bias  created  by  the  other  skin  cells.  Nonetheless  γH2AX  foci  in  AB               

and tert +/+ p53 -/- BRAF V600E  zebrafish  skins  were  approximately  10-fold  higher  than          

the  value  reported  in  human  naevi (Warters  et  al.  2005) .  Importantly,  we  have              

previously  analysed  γH2AXcoTEL  foci  in  gut,  testis  and  muscle  cells  from            

wild-type  zebrafish (Carneiro  et  al.  2016) ,  and  all  tissues  render  higher  γH2AX             

levels  than  their  human  counterparts  but  at  least  twice  lower  than  the  ones  we               

now  report  specifically  in  the  zebrafish  skin.  Hence,  it  is  reasonable  to  state  that               

zebrafish  skin  has  much  higher  basal  levels  of  γH2AX  foci  at  telomeres,  which              

may  be  explained  in  some  part  by  the  panoplia  external  stressors  to  which  the  skin                

is  directly  exposed (Kulczykowska  2019) .  Other  important  conclusion  from  our           
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results  is  that  skins  from tert -/- p53 -/- BRAF V600E  zebrafish  have  significantly  lower           

number  of  γH2AXcoTEL  foci  when  compared  to tert +/+ p53 -/- BRAF V600E  skin  and  that            

this  dependency  is  specific  to  the  formation  rather  than  maintenance  of  DNA             

repair  foci  as tert +/+  and tert -/- p53 -/- BRAF V600E  melanomas  have  similar  numbers  of            

γH2AXcoTEL  foci.  Regarding  this  last  result,  we  questioned  if  it  could  be  a  result               

of  telomere  stabilization  due  to  activation  of  TMMs.  In  fact,  this  question  has              

already  been  partially  answered  by  Ronald  De  Pinho  and  colleagues  who  showed             

that  exogenous  telomerase  reduces  focus  formation  in  p53  null  cells,  i.e.,  that             

telomerase  cooperates  with  p53  deficiency  to  facilitate  cellular  transformation          

(Chang  et  al.  2003;  Chin  et  al.  1999) .  In  the  absence  of  telomerase,  activation  of                

an   ALT   mechanism   would   render   the   same   result.  

Nonetheless,  analysis  of  the  number  of  pRPAcoTEL  foci  showed  that  this  DDR             

marker  was  significantly  higher  in  telomerase-positive  naevi  than  in  wild-type           

zebrafish  skin  and  telomerase-negative  naevi.  These  observations  cemented  our          

hypothesis  that  naevi-arrested  cells  in tert -/- p53 -/- BRAF V600E  do  not  engage  OIS  and            

to  conclude  that,  in  this p53 -/- BRAF V600E melanoma  zebrafish  model,  pRPA  rather            

than  γH2AX  is  as  a  bona-fide  marker  of  OIS.  To  our  knowledge,  p53  mutations  are                

yet  to  be  detected  on  human  naevi  and  are  quite  a  rare  event  in  human                

melanomas (Malkin  2011;  Hodis  et  al.  2012) .  Nonetheless,  germline  mutations  in            

p53 (Malkin  2011)  are  the  basis  of  the  Li-Fraumeni  syndrome  characterized  by  an              

increased  incidence  of  a  variety  of  primary  neoplasms (Rieber  et  al.  2009) .             

Oncogene  amplifications  occur  as  second  hits  to  this  syndrome (Rieber  et  al.             

2009) .  Hence,  the  usage  of  pRPA  as  an  indicator  of  senescence  may  add  value  in                

the  diagnosis  of  the  disease.  A  recent  study  showed  that  RPA  phosphorylation  is  a               

critical  negative  regulator  of  DNA  resection  through  abrogation  or  changes  to  its             

interaction  with  Bloom’s  syndrome  helicase  (BLM) (Soniat  et  al.  2019) .  Hence,            

pRPA  accumulation  at tert -/- p53 -/- BRAF V600E  telomeres  could  simply  represent  a          

dysfunctional   DDR   response.   
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We  have  performed  all  established  methods  (at  the  time)  suitable  to  detect  ALT              

activation,  and  all  turned  out  to  be  negative.  The  only  assay  that  was  not               

conclusive  on  the  absence  of  ALT  activation  in tert -/- p53 -/- BRAF V600E  melanomas           

was  TERRA  transcripts  quantification.  Analysis  of  TERRA  has  arose  as  a  powerful             

tool  to  assess  ALT  activation.  Nonetheless,  conclusions  on  potential  TERRA           

functions  in  human  cells  show  conflicting  results  either  due  to  the  telomeres  length              

heterogeneity  or  because  there  is  still  no  sequences  consensus  on  TERRA            

identification (Montero  et  al.  2018;  Diman  and  Decottignies  2018) .  More           

importantly,  the  origin  of  TERRA  molecules  is  yet  to  be  clear,  with  recent  studies               

indicated  that  TERRA  can  originate  from  internal  telomeric  sequences  (ITS)  and            

not  from  telomeres  only  ( (Laberthonnière,  Magdinier,  and  Robin  2019) .  Even           

more,  this  particular  assay  was  performed  in  a  very  small  number  of  samples              

completely   precluding   a   conclusive   analysis.  

The  results  obtained,  particularly  the  fact  that tert -/- p53 -/- BRAF V600E melanomas          

have  ever-short  telomeres,  allow  to  conclude  that  melanoma  progression  in           

zebrafish  disregards  TMMs,  at  least  at  certain  extent.  Almost  simultaneously,  two            

other  research  groups  made  similar  findings  through  the  analysis  TMMs  activation            

in  human  melanoma (Viceconte  et  al.  2017)  and  high-risk  neuroblastoma (Dagg  et             

al.  2017) .  Nonetheless,  this  zebrafish  melanoma  model  constitutes  the  first in  vivo             

tool   for   the   study   of   NDTMM   cancers.  

 

4.4   Material   and   Methods  
 

4.4.1   gDNA   extraction   from   zebrafish   freshly   isolated   tissues  

 

Briefly,  zebrafish  were  sacrificed  by  anesthetic  overdose,  in  200  mg/L  of  MS-222             

(Sigma,  MO,  USA).  Genomic  DNA  was  extracted  from  freshly  isolated  tissue  using             
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lysis  buffer  (K0512,  Thermo  Scientific)  supplemented  with  30μl  (10mg/ml)          

Proteinase  K  (Sigma,  MO,  USA),  200μl  1xTE  and  10μl  RNase  A  (1:100  dilution,              

Sigma,  MO,  USA).  Samples  were  incubated  at  50°C  for  18h  in  a  thermomixer  and               

genomic  DNA  was  extracted  by  equilibrated  phenol-chloroform  (Sigma,  MO,  USA)           

and   chloroform-isoamyl   alcohol   extraction   (Sigma,   MO,   USA).  

 

4.4.2  γH2AX,  Mre11  and  pRPA  immunofluorescence  -  Telomere  fluorescence          

in   situ   hybridization   (TELO-FISH)  

 

Skin  and  RGP/VGP  melanomas  were  dissected  and  placed  in  200  μL  of             

100%FBS  in  ice.  Tissues  were  finely  cut  with  a  blade  and  transferred  o  500μl               

0.9xPBS  supplemented  with  10%FBS  (0.9xPBS/10%FBS).  Samples  were  passed         

5  times  through  a  strainer  (0.4μm)  with  the  help  of  a  1ml  syringe  plunger  to  further                 

mince  tissues.  One  ml  of  cell  suspension  was  transferred  to  a  1.5ml  eppendorf              

and  spinned  down  maximum  speed  for  5  minutes.  The  supernatant  was  discarded             

and  cells  resuspended  in  300μl  of  0.9xPBS/10%FBS.  Cell  suspension  was  fixed            

by  adding  300μl  of  10%formalin/0.2%  triton  for  2h  at  RT.  Lastly,  cell  suspensions              

were  cytospinned,  100μl  per  slide,  and  air  dried  overnight  at  RT.  Slides  were              

washed  in  1xPBS  for  2x5min  and  incubated  in  0.5%  NP-40  prepared  in  1xPBS  for               

10min  at  RT.  After  washing  2  times  for  5  minutes  in  1xPBS,  slides  were  blocked                

1h  at  RT  with  PBG  (0.2%  (w/v)  cold  water  fish  gelatin),  0.5%  (w/v)  BSA  prepared                

in  1xPBS).  Each  primary  antibody  (1:100  rabbit  anti-H2A.XS139ph,  GTX127342,          

GeneTex;  1:200  rabbit  anti-Mre11,  A300-181A,  Bethyl  and  1:200  rabbit          

anti-Phospho  RPA32  (S33),  A300-246A,  Bethyl  )  was  prepared  in  the  blocking            

solution,  added  for  1h  at  RT  and  left  incubating  overnight  at  4°C.  Primary  antibody               

was  washed  with  PBG  three  times,  5  minutes  each.  Secondary  antibody  Alexa             

Fluor  568  goat  anti-rabbit  (Invitrogen,  UK,  1:1000  dilution)  together  with  DAPI            

(Sigma,  MO,  USA,  1:1000)  were  added  to  slides  for  1h  at  RT  followed  by               
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incubation  overnight  at  4°C.  Secondary  antibody  was  washed  with  PBG  three            

times,  10  minutes  each  wash,  followed  by  fixation  in  buffered  formalin  10%  for  10               

minutes.  Slides  were  washed  in  1xPBS/0.05%  Tween  2x5  minutes  and  air-dried.            

Denaturing  was  performed  for  15  to  20  min  at  80°C  in  hybridization  buffer  (70%               

formamide  (Sigma),  25  mM  MgCl2,  1  M  Tris  pH  7.2,  5%  blocking  reagent              

(Roche)),  containing  3  μg/ml  Cy-3-labelled  telomere  specific  (CCCTAA)  peptide          

nucleic  acid  probe  (Panagene),  followed  by  hybridization  for  2  h  at  room             

temperature  in  the  dark.  The  slides  were  washed  with  70%  formamide  in  2×SSC              

for  10  minutes,  followed  by  two  10  minutes  wash  with  2×SSC  and  PBS.  Slides               

were  mounted  as  previously  described  and  imaged  in  a DeltavisionCORE  system,            

mounted  on  an  Olympus  inverted  microscope,  equipped  with  a  Cascade  II  2014             

EM-CCD  camera,  using  a  63x  1.4NA  Oil  immersion  objective,  DAPI  +  CY5             

fluorescence  filter  sets  and  DIC  optics .  For  quantitative  and  comparative  imaging,            

equivalent   image   acquisition   parameters   were   used.   

 

4.4.3   C-circle   assay  

 

Genomic  DNA  extraction  was  performed  as  in 4.4.1  gDNA  extraction  from            

zebrafish  freshly  isolated  tissues .  Extracts  were  diluted  in  10mM  Tris-HCl  pH            

7.6.  Samples  were  placed  in  dry  ice,  frozen  overnight  at  -20ºC  and  then  place  in  a                 

box  with  dry  ice  for  shipment  to  our  collaborators.  For  CC  detection  a  very               

sensitive  non-radiactive  version  of  the  dot  plot  technique  was  used.  For  more             

information  this  analysis  please  refer  to  David  Halvorsen  and  Haroldo  Silva  (SENS             

Research   Foundation).  

 

4.4.4   TERRA   transcripts   quantification   by   RNA   FISH  
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Briefly,  zebrafish  were  sacrificed  as  described  above.  Tissues  (melanomas  and           

muscle  as  control  healthy  tissue)  were  dissected,  driedand  placed  in  a  screw  cap              

2ml  tube  containing  1ml  Tryzol.  Samples  were  placed  in  dry  ice,  frozen  overnight              

at  -20ºC  and  then  place  in  a  box  with  dry  ice  for  shipment  to  our  collaborators.  For                  

more  information  this  analysis  please  refer  Harry  Wischnewski  (ETH  Zurich)  and            

Claus   Azzalin   (IMM   Lisbon).  

 

4.4.5   Telomere   restriction   fragment   (TRF)   analysis   by   southern   blot  

 

TRF  analysis  was  performed  as  previously  described (Kimura  et  al.  2010) .            

Genomic  DNA  was  extracted  as  described  above  and  quantified  and  normalized            

so  the  same  amount  of  DNA  was  digested  with  RSAI  and  HINFI  enzymes  (NEB,               

MA,  USA)  for  12h  at  37°C.  Samples  were  electrophoresed  on  a  20cm  0.6%              

agarose  gel  in  0.5%  TBE  buffer,  at  4°C  for  17h  at  110  constant  voltage.  A  1.6  kb                  

telomere  probe,  (TTAGGG)n,  labelled  with  [α-32P]-dCTP  using  the  Prime-it  II           

random   primer   labelling   kit   (Stratagene)   was   used   for   Southern   blotting.  

 

4.4.6   Statistical   Analysis  

 

Image  edition  of  immunofluorescence  images  was  performed  using  FIJI  software.           

All  statistical  analysis  was  performed  on  GraphPad  Prism  5.0.  The  comparison            

between  genotypes  was  done  on  the  basis  that  i)  observations  for            

tert -/- p53 -/- BRAF V600E  and tert +/+ p53 -/- BRAF V600E  are  aged  matched  and,  ii)  data  on           

both  backgrounds  do  not  follow  a  Gaussian  distribution.  Accordingly,  the  Wilcoxon            

matched  pairs  test  was  performed.  Tukey’s  multiple  comparisons  tests  were           
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performed  to  assess  differences  between  stages  within  the  same  genotype.  A            

critical   value   for   significance   of   p<0.05   was   used   throughout   the   study.  

 

  4.5   Supplementary   Figures  

 

Figure   S4.1   -   Muscle    and   skin   cells   have   similar   telomere   lengths   regardless   telomerase   

Quantification  of  median  TRF  showed  that  skin  cells  telomeres  have  similar  median  telomere              

lengths  when  compared  to  muscle  cells  telomere  in  the  presence  and  absence  of  telomerase.  Skin                

cells  TRFs  were  analyzed  on  a  total  of  7 tert +/+ p53 -/- BRAF V600E  zebrafish  by  14  independent               

measurements;  4 tert -/- p53 -/- BRAF V600E  zebrafish  by  10  independent  measurements.  Muscle  cells           

TRFs  were  analyzed  on  a  total  of  6 tert +/+ p53 -/- BRAF V600E  zebrafish  by  11  independent              

measurements;   7    tert -/- p53 -/- BRAF V600E    zebrafish   by   14   independent   measurements.   
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Figure   S4.2   -   Raw   southern   blot   gels   used   on   TRF   analysis  

A  and  B)  Raw  southern  blot  gels  images  from  the  restriction  fragment  analysis  of  genomic  DNA                 

from  skin  (S)  and  melanoma  (M)  of tert +/+ and tert -/- p53 -/- BRAF V600E  zebrafish  samples  selected  to               

compose  southern  blot  on Figure  4.4A .  ND  -  Not  digested.  L  -  ladder.  C)  Over  contrasted  image  of                   

the   gel   on    Figure   4.4A ,   which   allow   to   indicate   ranges   of   telomere   length   to   each   sample.  
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Figure   S4.3   -   Melanoma   cells   in   tert -/-    zebrafish   do   not   accumulate   c-circles  

A)  Quantification  of  CC  amount  normalized  to  PicoGreen  in  melanoma  (M)  and  fins  (F)  from  both                 

tert +/+  and tert -/- p53 -/- BRAF V600E  zebrafish.  Numbered  letters  indicate  that  fin  and  melanoma  were             

excised  from  the  same  individual;  2  sets  in  telomerase-mutant  background  and  1  set  in               

telomerase-positive  zebrafish.  The  osteosarcoma  cell  lines  143B  and  U2OS  were  used  as  negative              

and  positive  controls  for  ALT  activation,  respectively.  B)  Sames  as  in  A)  but  without  considering                

U2OS   CC   amount.  
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Figure   S4.4   -   tert -/-    zebrafish   melanomas   lack   ultra-bright   telomeric   signals  

Fluorescent  microscope  images  of  telomerase-positive  (Ab  and  Ad),  telomerase-negative  (Ac  and            

Ae)  and  wild-type  zebrafish  cytospin  preparations  from  excised  skins  and  melanomas.            

Telomere-PNA  FISH  (red)  and  DNAcounterstained  with  DAPI.  Yellow  arrows  point  to  cells  shown  in               

insets.   Scale   bars   are   10μm   and   5μm   on   insets.  
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Figure   S4.5   -   TERRA   analysis   in   zebrafish   tissues  

TERRA  northern  blot  hybridizations  of  RNA  extracted  from  melanomas  (M)  and  muscle  (Mu)  from               

both tert +/+  and tert -/- p53 -/- BRAF V600E  zebrafish.  U2OS  were  used  as  a  positive  control  for  ALT.  One                

melanoma   sample   from    tert -/- p53 -/- BRAF V600E    zebrafish   displayed   a   typical   TERRA   pattern.  
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Chapter   5|   General   Discussion   and   Future   Perspectives  

  

 



 

  



 

5.1   General   Discussion  
 

Cancer  is  considered  one  of  the  major  epidemics  of  the  twenty-first  century             

(Kaidar-Person,   Bar-Sela,   and   Person   2011) .   

There  is  no  such  thing  as  two  identical  cancers.  There  is  no  such  thing  as  two                 

identical  cells  within  the  same  cancer.  Recognition  of  the  existence  of  intra-  and              

intra-tumor  heterogeneity  has  made  it  possible  both  to  better  understand           

resistance  to  therapy  and  to  develop  increasingly  personalized  therapies  for  each            

cancer  and  each  patient.  The  complexity  associated  with  the  uniqueness  of  each             

cancer  of  each  person  has  served  as  a  trigger  for  the  scientific  community  to  study                

the   universal   mechanisms   that   support   the   carcinogenic   process.  

At  the  turn  of  the  century,  Douglas  Hanahan  and  Robert  Weinberg  revolutionized             

this  field  of  research  by  proposing  a  set  of  6  capabilities  that  when  acquired  allow                

a  healthy  cell  to  complete  tumor  progression  -  the  hallmarks  of  cancer (Hanahan              

and  Weinberg  2000) .  Among  these  competences  is  the  principle  most  inalienable            

to  the  tumorigenic  process,  the  sustaining  of  chronic  cell  proliferation.  Recognition            

of  the  importance  of  this  principle  is  embodied  in  the  current  model  of              

tumorigenesis  that  advocates  the  existence  of  two  anti-proliferative  barriers          

(Wright,  Pereira-Smith,  and  Shay  1989) .  Both  barriers  have  a  common  instigator,            

the   erosion   state   of   the   chromosomal   ends,   the   telomeres.  

It  is  common  ground  that,  more  than  the  length  of  telomeres,  it  is  their  status  that                 

dictates  the  triggering  of  DNA  repair  mechanisms (Laberthonnière,  Magdinier,  and           

Robin  2019) .  The  study  of  telomeric  dysfunction  generates  considerable          

controversy  since  processes  triggered  by  telomere  deprotection  can         

simultaneously  prevent  tumor  progression  and/or  accelerate  the  aging  process          

(Carneiro  et  al.  2016) .  Notwithstanding  the  activation  of  mechanisms  that  allow  the             

stabilization  of  telomeres  by  maintaining  their  size  above  a  critical  value,  it  is              
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identified  as  the  key  step  towards  the  acquisition  of  cellular  immortality  inherent  to              

all  carcinogenic  processes.  Two  telomere  maintenance  mechanisms  (TMMs)  are          

known:  telomerase  activity  and  an  alternative  mechanism  based  on  homologous           

recombination  events  (ALT).  Much  is  still  unknown  about  the  activation  of  these             

mechanisms,   namely,   the   moment   in   which   it   occurs.  

In  the  study  presented  here,  we  characterized  the  dependence  of  tumor            

progression  on  telomeric  maintenance  mechanisms.  By  investigating  the  BRAF          

zebrafish  melanoma  model  we  report  that  melanoma  incidence  decreases          

significantly  in  the  absence  of  telomerase  activity.  Even  more  important  is  the             

observation  that  this  decrease  occurs  at  the  level  of  the  appearance  of  invasive              

melanoma  lesions  (VGP),  allowing  us  to  conclude  that  apparently  telomerase           

activation  precedes  this  stage.  This  result  represents  an  important  contribution  to            

the  community  as  until  now,  it  was  only  known  that  telomerase  activation  preceded              

metastasization (Soo  et  al.  2011) ,  but  there  was  a  lack  of  evidence  about  the  exact                

moment   in   which   it   occurs.   

In  a  previous  study  by  our  research  group,  we  directly  compared  the  aging              

process  in  zebrafish  in  the  presence  or  absence  of  telomerase.  Our  results  allow              

us  to  conclude  that  in  the  absence  of  telomerase,  the  aging  phenotype  is              

anticipated (Carneiro  et  al.  2016) .  The  characterization  of  cell  renewal,           

senescence  and  tumor  transformation  in  the  zebrafish  melanoma  model  under           

study  allowed  an  analogous  ilation.  In  the  absence  of  telomerase,  melanoma            

progression  still  occurs,  but  the  telomeric  crisis  barrier  seems  to  be  anticipated             

from   the   RGP   phase   to   the   benign   lesion   phase.   

Nonetheless,  tumor  progression  occurs  in  the  absence  of  telomerase  activity  in            

this  zebrafish  melanoma  model.  It  is  generally  accepted  that  about  85-90%  of             

cancers  use  telomerase  as  TMM,  while  the  remaining  10-15%  use  ALT (Cesare             

and  Reddel  2010) .  Although  the  molecular  details  of  ALT  remain  to  be  defined,  a               

number  of  other  characteristics  may  be  implicit:  telomere  size  heterogeneity,           
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presence  of  C-circles,  increased  telomeric  recombination,  presence  of  APBs  and           

increased  TERRA  expression.  In  light  of  the  methodological  knowledge  at  that            

time  and  some  inherent  limitations  of  the  organism  model  used,  we  have             

exhausted  all  experimental  techniques  that  would  validate  the  presence  of  ALT.            

We  found  that  melanoma  in  this  BRAF  zebrafish  model  discards  both  telomerase             

and  ALT  as  TMMs.  The  existence  of  ALT  as  a  TMM  for  zebrafish  tumor               

development  has  been  duly  validated  in  a  recent  study (Idilli  et  al.,  n.d.)  using  the                

same  methodology  we  used  to  report  the  existence  of  ALT.  Thus,  being  validated              

the  existence  of  ALT  in  zebrafish,  we  are  sure  that  in  our  model  under  study  this                 

mechanism   is   not   activated.  

A  recent  analysis  of  more  than  31  types  of  cancers  revealed  that  telomerase              

expression  occurs  in  about  73%  of  cancers  and  the  ALT  phenotype  is  found  in  5%                

of  cancers.  The  remaining  22%  of  cancers  do  not  appear  to  depend  on  any  of                

these  mechanisms  for  tumor  progression (Barthel  et  al.  2017) .  Almost           

simultaneously  two  independent  studies,  one  on  melanoma  biopsies (Viceconte  et           

al.  2017)  and  the  other  on  neuroblastoma  cell  cultures,  were  peremptory  in  stating              

that  tumor  progression  may  take  place  in  the  absence  of  TMMs (Dagg  et  al.  2017) .                

From  our  analysis  it  also  follows  that  the  development  of  zebrafish  melanoma  is              

accompanied   by   ever-short   telomeres,   which   corroborates   the   previous   studies.  

Thus,  the  most  important  contribution  that  results  from  this  study  is  the  availability              

and  characterization  of  an in  vivo  model  that  will  allow  the  in-depth  study  of               

cancers   independent   of   TMM   activation.   
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5.2   Future   Perspectives  
 

The  findings  in  this  thesis  may  serve  as  a  basis  for  future  studies  on               

anti-telomerase  therapeutics.  It  would  be  extremely  pertinent  to  validate  if  the            

same  observation  is  true  for  other  cancer  typologies  in  the  same  animal  model              

which  would  exponentially  increase  the  value  of  this  finding.  Zebrafish  have  no             

ortholog  of  the  gene  encoding  the  PML  protein.  Is  the  absence  of  PML  enough  to                

impossibilitate   ALT   engagement?  

This  zebrafish  melanoma  model  presents  a  germline  p53  mutation.  Is  the  absence             

of  p53  sufficient  to  trigger  an  early  telomeric  crisis?  Moreover,  is  it  the  early               

activation  of  the  telomeric  crisis  that  is  allowing  tumor  spread  without  the  use  of               

TMMs?   Or,   is   it   simply   a   particularity   of   melanoma?  

Melanoma  is  well  known  for  its  uniqueness.  As  an  example,  it  is  noted  that  a                

significant  number  of  melanoma  patients,  after  surgically  excising  their  tumors,           

develop  multiple  other  cancers  concomitantly.  The  speed  with  which  this           

phenomenon  occurs  leads  to  the  question  whether  these  neoplasms  were  already            

present  but  somewhat  indolent  in  the  presence  of  melanoma.  With  the  recognition             

of  the  existence  of  tumor  communication  and  the  advent  of  exosomes  as  vehicles              

that  carry  information,  the  hypothesis  and  proposal  of  experimental  approach           

described   in   the   Appendix   emerged.  

 

 

 

 

 

230  



 

References  
 

Barthel,  Floris  P.,  Wei  Wei,  Ming  Tang,  Emmanuel  Martinez-Ledesma,  Xin  Hu,            
Samirkumar  B.  Amin,  Kadir  C.  Akdemir,  et  al.  2017.  “Systematic  Analysis  of             
Telomere  Length  and  Somatic  Alterations  in  31  Cancer  Types.” Nature           
Genetics    49   (3):   349–57.  

Carneiro,  Madalena  C.,  Catarina  M.  Henriques,  Joana  Nabais,  Tânia  Ferreira,           
Tânia  Carvalho,  and  Miguel  Godinho  Ferreira.  2016.  “Short  Telomeres  in  Key            
Tissues  Initiate  Local  and  Systemic  Aging  in  Zebrafish.” PLoS  Genetics  12            
(1):   e1005798.  

Cesare,  Anthony  J.,  and  Roger  R.  Reddel.  2010.  “Alternative  Lengthening  of            
Telomeres:  Models,  Mechanisms  and  Implications.” Nature  Reviews.  Genetics         
11   (5):   319–30.  

Dagg,  Rebecca  A.,  Hilda  A.  Pickett,  Axel  A.  Neumann,  Christine  E.  Napier,  Jeremy              
D.  Henson,  Erdahl  T.  Teber,  Jonathan  W.  Arthur,  et  al.  2017.  “Extensive             
Proliferation  of  Human  Cancer  Cells  with  Ever-Shorter  Telomeres.” Cell          
Reports    19   (12):   2544–56.  

Hanahan,  Douglas,  and  Robert  A.  Weinberg.  2000.  “The  Hallmarks  of  Cancer.”            
Cell    100   (1):   57–70.  

Idilli,  Aurora  Irene,  Emilio  Cusanelli,  Francesca  Pagani,  Emanuela  Kerschbamer,          
Francesco  Berardinelli,  Manuel  Bernabé,  María  Luisa  Cayuela,  Silvano         
Piazza,  Pietro  Luigi  Poliani,  and  Maria  Caterina  Mione.  n.d.  “Expression  of            
Telomerase  Prevents  ALT  and  Maintains  Telomeric  Heterochromatin  in         
Juvenile   Brain   Tumors.”   https://doi.org/ 10.1101/718551 .  

Kaidar-Person,  Orit,  Gil  Bar-Sela,  and  Benjamin  Person.  2011.  “The  Two  Major            
Epidemics  of  the  Twenty-First  Century:  Obesity  and  Cancer.” Obesity  Surgery           
21   (11):   1792–97.  

Laberthonnière,  Camille,  Frédérique  Magdinier,  and  Jérôme  D.  Robin.  2019.          
“Bring  It  to  an  End:  Does  Telomeres  Size  Matter?” Cells  8  (1).              
https://doi.org/ 10.3390/cells8010030 .  

Soo,  Julia  K.,  Alastair  D.  Mackenzie  Ross,  David  M.  Kallenberg,  Carla  Milagre,  W.              
Heung  Chong,  Jade  Chow,  Lucy  Hill,  et  al.  2011.  “Malignancy  without            
Immortality?  Cellular  Immortalization  as  a  Possible  Late  Event  in  Melanoma           
Progression.”    Pigment   Cell   &   Melanoma   Research    24   (3):   490–503.  

Viceconte,  Nikenza,  Marie-Sophie  Dheur,  Eva  Majerova,  Christophe  E.  Pierreux,          
Jean-François  Baurain,  Nicolas  van  Baren,  and  Anabelle  Decottignies.  2017.          
“Highly  Aggressive  Metastatic  Melanoma  Cells  Unable  to  Maintain  Telomere          
Length.”    Cell   Reports    19   (12):   2529–43.  

Wright,  W.  E.,  O.  M.  Pereira-Smith,  and  J.  W.  Shay.  1989.  “Reversible  Cellular              
Senescence:  Implications  for  Immortalization  of  Normal  Human  Diploid         
Fibroblasts.”    Molecular   and   Cellular   Biology    9   (7):   3088–92 .  

231  

http://paperpile.com/b/kynUro/NcP1n
http://paperpile.com/b/kynUro/NcP1n
http://paperpile.com/b/kynUro/NcP1n
http://paperpile.com/b/kynUro/NcP1n
http://paperpile.com/b/kynUro/NcP1n
http://paperpile.com/b/kynUro/NcP1n
http://paperpile.com/b/kynUro/J7EFh
http://paperpile.com/b/kynUro/J7EFh
http://paperpile.com/b/kynUro/J7EFh
http://paperpile.com/b/kynUro/J7EFh
http://paperpile.com/b/kynUro/J7EFh
http://paperpile.com/b/kynUro/J7EFh
http://paperpile.com/b/kynUro/ky8GQ
http://paperpile.com/b/kynUro/ky8GQ
http://paperpile.com/b/kynUro/ky8GQ
http://paperpile.com/b/kynUro/ky8GQ
http://paperpile.com/b/kynUro/ky8GQ
http://paperpile.com/b/kynUro/H26BT
http://paperpile.com/b/kynUro/H26BT
http://paperpile.com/b/kynUro/H26BT
http://paperpile.com/b/kynUro/H26BT
http://paperpile.com/b/kynUro/H26BT
http://paperpile.com/b/kynUro/H26BT
http://paperpile.com/b/kynUro/Y8UV8
http://paperpile.com/b/kynUro/Y8UV8
http://paperpile.com/b/kynUro/Y8UV8
http://paperpile.com/b/kynUro/1UpVU
http://paperpile.com/b/kynUro/1UpVU
http://paperpile.com/b/kynUro/1UpVU
http://paperpile.com/b/kynUro/1UpVU
http://paperpile.com/b/kynUro/1UpVU
http://dx.doi.org/10.1101/718551
http://paperpile.com/b/kynUro/1UpVU
http://paperpile.com/b/kynUro/oKqb
http://paperpile.com/b/kynUro/oKqb
http://paperpile.com/b/kynUro/oKqb
http://paperpile.com/b/kynUro/oKqb
http://paperpile.com/b/kynUro/oKqb
http://paperpile.com/b/kynUro/0w2NS
http://paperpile.com/b/kynUro/0w2NS
http://paperpile.com/b/kynUro/0w2NS
http://paperpile.com/b/kynUro/0w2NS
http://paperpile.com/b/kynUro/0w2NS
http://dx.doi.org/10.3390/cells8010030
http://paperpile.com/b/kynUro/0w2NS
http://paperpile.com/b/kynUro/IxFL7
http://paperpile.com/b/kynUro/IxFL7
http://paperpile.com/b/kynUro/IxFL7
http://paperpile.com/b/kynUro/IxFL7
http://paperpile.com/b/kynUro/IxFL7
http://paperpile.com/b/kynUro/IxFL7
http://paperpile.com/b/kynUro/pKQc
http://paperpile.com/b/kynUro/pKQc
http://paperpile.com/b/kynUro/pKQc
http://paperpile.com/b/kynUro/pKQc
http://paperpile.com/b/kynUro/pKQc
http://paperpile.com/b/kynUro/pKQc
http://paperpile.com/b/kynUro/Z7spk
http://paperpile.com/b/kynUro/Z7spk
http://paperpile.com/b/kynUro/Z7spk
http://paperpile.com/b/kynUro/Z7spk
http://paperpile.com/b/kynUro/Z7spk




 

 

 

 

 

 

 

 

Appendix|  Intertumor  Communication  in  Multiple  Primary       

Neoplasms  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

This  appendix  corresponds  to  the  original  thesis  work  plan  submitted  to  and             

approved   by   the   thesis’   author   doctoral   program,   GABBA.  
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Abstract  
 

In  recent  years,  extracellular  vesicles  (EVs)  have  emerged  as  novel  mediators  of             

cellular  communication  due  to  their  capacity  to  carry  functional  molecules (Graça            

Raposo  and  Stoorvogel  2013) .  EVs  are  found  in  all  body  fluids:  blood (Bosman  et               

al.  2012) ,  urine (Saraswat  et  al.  2015) ,  semen (Höög  and  Lötvall  2015)  and  breast               

milk (Admyre  et  al.  2007) .  More  importantly,  their  signature  cargo  led  to  their              

usage  as  diagnostic  markers  in  cancer (Kahlert  et  al.  2014) .  Here,  we  show  for               

the   first   time   that   zebrafish   melanoma   EVs   are   similar   to   human   melanoma   EVs.  

 

Introduction  
 

According  to  the  World  Health  Organization  (WHO),  cancer  is  a  leading  cause  of              

death  worldwide,  accounting  for  approximately  8  million  deaths  (around  13%  of  all             

deaths)   in   2008.   This   number   is   expected   to   increase   to   21   million   by   2030.  

Melanoma  is  a  form  of  skin  cancer  that  arises  from  the  melanocytes,  which  are               

pigment-producing  cells  of  human  skin (White  and  Zon  2008;  Ceol  et  al.  2008;              

Slipicevic  and  Herlyn  2012) .  Melanoma  accounts  for  less  than  5%  of  skin  cancers,              

but  causes  a  large  majority  of  skin  cancer  deaths.  Melanoma  cure  rate  is  close  to                

100%  when  detected  in  its  earlier  stages.  However,  once  it  reaches  an  invasive              

phase,  the  cure  rate  drops  dramatically  to  10-15%  (10-year  survival),  due  to             

the  lack  of  a  successful  treatment  of  advanced  disease.  Early  primary            

melanomas  are  curable  the  majority  of  the  times,  only  by  surgically            

removing    the   tumor    (Wassberg   et   al.   1999) .   

It  is  known  since  1869,  that  a  single  patient  can  present  multiple  primary              

malignancies (Fraser,  Bull,  and  Englebert  Dunphy  1971) .  In  the  last  20  years,             
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several  studies  reported  that  patients  with  malignant  and in  situ  melanoma            

have  a  significant  predisposition  to  develop  coexistent  or  subsequent  additional           

primary  melanomas  as  well  as  other  unrelated  malignant  neoplasms (Bellet  et  al.             

1977;  Gutman  et  al.  1991;  Bhatia  et  al.  1999;  Schmid-Wendtner  et  al.  2001;              

Doubrovsky  and  Menzies  2003;  Bradford  et  al.  2010;  Hwa  et  al.  2012;  Kahn  and               

Donaldson  1970) ;  when  compared  to  patients  with  other  types  of  cancer.            

Even  more  importantly,  from  the  available  studies  the  number  of  concurrent            

primary  tumors  with  malignant  melanoma  was  less  than  the  number  of  primary             

tumors  subsequent  to  the  melanoma;  although  very  few  people  attempt  to            

clarify  this  tendency.  However,  the  correlation  between  malignant  melanoma          

and  increased  risk  of  developing  additional  malignancies  since  its  first           

observation  by  Klausner  et  al. (Bellet  et  al.  1977;  Wassberg  et  al.  1999) ,  has  been                

highly  debatable.  Many  tried  to  clarify  if  the  development  of  additional            

primary  melanomas  and  other  unrelated  cancers  was  indeed  due  to  a            

higher  susceptibility  of  these  patients (Bellet  et  al.  1977;  Wassberg  et  al.  1999;              

Schmid-Wendtner  et  al.  2001;  Hwa  et  al.  2012;  Kahn  and  Donaldson  1970)  or  just               

a  consequence  of  chance  alone (Gutman  et  al.  1991;  Doubrovsky  and  Menzies             

2003) ;  being  the  former  the  most  well  accepted  hypothesis.  Nonetheless  the            

reason   behind   this   increased   susceptibility   is   still   unknown.   

In  1970,  Kahn  and  Donaldson,  excised  and  cultured  tumor  cells  from  a             

multiple  primary  melanoma  patient;  they  compared  the  behavior  of  the  cells            

in  media  containing  fetal  calf  serum,  pooled  human  serum  and  the  patient  ́s              

own  serum.  They  observed  that  the  tumor  cells  grew  more  rapidly  and             

showed  less  contact  of  inhibition  when  grown  in  the  patient’s  own  serum.  Hence,              

they  postulated  as  possible  explanations  for  the  multiple  primary  lesions  the            

existence  of  an  “activating  factor”  or  the  production  of  a  more  favorable             

growth   environment   by   the   patient’s   own   serum    (Sounni   and   Noel   2013) .   
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The  impact  of  the  microenvironment  in  cancer  progression  is  nowadays           

irrefutable.  It  is  known  that  there  exists  a  complex  and  well-coordinated            

interplay  between  cancer  cells  and  their  local  microenvironment,  the          

extracellular  matrix  (ECM) (Théry,  Zitvogel,  and  Amigorena  2002) .  Cells  can           

communicate  through  different  mechanisms  including  the  secretion  of  small          

membrane  vesicles  of  endocytic  origin  into  the  extracellular  space,  named           

exosomes (Harding,  Heuser,  and  Stahl  1983;  Pan  and  Johnstone  1983;  Stahl  and             

Raposo  2019) .  The  thought  that  exosomes  were  secreted  with  the  sole            

purpose  of  discarding  membrane  proteins  was  without  any  doubt  dismissed           

when,  in  1996  Graça  Raposo  and  colleagues  showed  that  exosomes  secreted            

by  the  Epstein-Barr  Virus-transformed  B  cells,  play  a  role  in  antigen            

presentation (G.  Raposo  1996) .  Since  then  many  studies  have  been  conducted            

to  unravel  the  role  of  exosomes  as  mediators  of  intercellular           

communication  due  to  their  capacity  to  merge  with  and  transfer  a  repertoire             

of  bioactive  molecular  content  (cargo)  to  recipient  cells (Mathivanan,  Ji,  and            

Simpson  2010;  Lee  et  al.  2011) .  A  major  breakthrough  happen  with  discovering             

that  the  bioactive  cargo  of  exosomes  may  include  growth  factors  and  their             

receptors,  proteases,  adhesion  molecules,  signaling  molecules,  as  well  as  DNA,           

mRNA  and  miRNA  sequences (Kalra  et  al.  2012;  Shifrin  et  al.  2013;  Mathivanan              

2012) .  Despite  the  emerging  evidence  that  cancer-derived  exosomes  may          

contribute  to  the  recruitment  and  reprogramming  of  the  tumor          

microenvironment,  the  “packaging”  mechanism  of  these  vesicles,  the         

signals  involved  in  their  secretion,  the  mechanism  by  which  they  know  where             

to  travel  and  the  impact  of  their  cargo  into  the  target  cells  remain  unclear               

along    with    their    biological   significance    in   vivo .  

Melanoma-derived  exosomes  have  unique  gene  expression  signatures,        

miRNA  and  proteomic  profiles  compared  to  exosomes  from  normal          

melanocytes (Mears  et  al.  2004;  Mueller,  Rehli,  and  Bosserhoff  2009;  Hood  et  al.              

2009;  Xiao  et  al.  2012;  X.  Chen  et  al.  2012;  Xu  and  Tahara  2013) .  Moreover,                
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Peinado  et  al.  supported  the  notion  that  circulating  exosomes  directly  promote            

melanoma  metastasis (Peinado  et  al.  2012) .  Emphasizing  the  importance  of           

exosomes  in  cancer,  recently  it  has  been  reported  that  senescence  is  associated             

with  the  release  of  exosomes,  and  senescence-associated  exosomes  can  transfer           

cargo  between  cells  to  mediate  cell-to-cell  communication  during  cellular          

senescence (Peinado  et  al.  2012;  Xu  and  Tahara  2013) .  More  importantly,  it  was              

shown  that  the  secretory  activity  and  release  of  exosomes  in  senescent  cells  are              

regulated  by  the  p53  tumor  suppressor;  with  malignant  cells  secreting  more            

exosomes  than  normal  somatic  cells (Camussi  et  al.  2010;  Yu,  Harris,  and  Levine              

2006) .  

Almost  70%  of  human  melanomas  harbour  a  BRAF  V600E  mutation,  a  key             

player  in  the  MAPK  signaling  pathway.  This  mutation  results  in  the            

constitutive  activation  of  the  BRAF  oncogene  in  the  melanocytes,  which           

results  in  a  boost  of  proliferation  within  these  cells (Ceol  et  al.  2008;  Smalley  and                

Herlyn  2005;  Saab  2011) .  However,  an  oncogene-induced  senescence  (OIS)          

response  is  activated  and  the  nevi  can  remain  in  a  growth-arrested  state             

for  decades  and  only  rarely  progress  into  malignancy  (melanoma).  Hence,           

overcoming  the  OIS  represents  the  initial  step  of  malignant  transformation           

(Slipicevic  and  Herlyn  2012;  Michaloglou  et  al.  2005;  Saab  2011;  Ross,  Sanchez,             

and   Grichnik   2012) .   

Although  p53  mutations  are  infrequently  in  melanoma,  several  studies  in  animal            

models,  such  as  mice  and  zebrafish,  showed  that  p53  play  an  active  role  in               

preventing  nevus  progression  to  melanoma (Ceol  et  al.  2008;  Smalley  and  Herlyn             

2005)  i.e.  in  the  absence  of  the  p53  tumor  suppressor  nevi  can  overcome  the  OIS                

state.  However,  malignant  cells  have  to  overcome  a  second  barrier,  the            

telomere-dysfunction  induced  senescence  state  (TDIS)  promoted  by  the         

critical  shortening  of  telomeres  as  result  of  cells  over  proliferative  state.  This             

second  barrier  can  be  surpassed  by  the  reactivation  of  telomerase,  TERT,  (in             
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about  90%  of  all  cancers,  melanoma  included)  in  the  malignant  cells  with  the              

consequent  telomere  elongation,  which  allows  the  cell  to  maintain  its  telomeres            

above  a  critical  length  continuing  its  cancer  progression (White  and  Zon  2008;             

Michaloglou  et  al.  2005;  Warters  et  al.  2005;  Suram  et  al.  2012) .  The  telomerase               

reactivation  during  melanoma  progression  is  much  debated,  with  some  authors           

arguing  telomerase  having  a  role  only  in  the  metastatic  stage  and  others  in  a               

much  earlier  phase.  In Chapter  3 ,  we  propose  that  telomerase  activation  occurs             

at   the   radial-growth   stage.   

Few  studies  have  examined  the  association  between  telomere  length  and  the  risk             

of  skin  cancer.  Nevertheless,  a  higher  risk  for  melanoma  among  individuals  with             

longer  telomeres  was  observed (Glaessl  et  al.  1999;  Hahn  2003;  Nan  et  al.  2011;               

Bodelon  et  al.  2012;  Hou  et  al.  2012;  Shay  2013) .  Arguing  in  favor  with  the  theory                 

that  short  telomeres  have  the  potential  to  prevent  tumor  development  by            

rapidly  triggering  TDIS;  this  phenomenon  would  be  delayed  in  nevi           

comprised  with  longer  telomeres,  increasing  the  likelihood  of  malignant          

transformation  by  allowing  the  continual  proliferation  of  cells  with  oncogenic           

mutations.  Moreover,  early  this  year  independent  groups  found  through  the           

analysis  of  whole-genome  sequencing  data  from  malignant  melanoma,  two          

somatic  TERT  gene  promoter  mutations  in  about  80%  of  the  examined  cases,             

reinforcing  the  importance  of  telomerase  not  only  in  melanoma (Anic  et  al.  2013;              

Huang  et  al.  2013)  but  also  in  other  types  of  cancer (Anic  et  al.  2013;  Huang  et  al.                   

2013;   Vinagre   et   al.   2013) .  

In  agreement  to  what  was  previously  exposed,  very  few  is  known  about  the              

signals  that  account  for  the  transformation  of  a  benign  nevi  to  a  malignant  lesion.               

Even  less  is  known  about  the  increased  susceptibility  of  melanoma  patients  to             

acquire  second  primary  neoplasia.  With  the  advent  of  the  discovery  of            

exosomes  as  vehicles  for  intercellular  communication,  their  secretion  by          

melanoma  cells  and  the  fact  that  these  cells  have  in  their  majority  long              
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telomeres,  it  is  tempting  to  interconnect  these  observations  and  extrapolate  it            

to     a     possible     mechanism     of     intertumor   communication.  

 

Working   hypothesis  
 

Our  working  hypothesis  is  that  there  is  intertumor  communication  in  a  multiple             

primary  cancer  scenario,  and  this  crosstalk  could  account  for  the  increase            

susceptibility  of  melanoma  patients  to  develop  additional  primary  lesions.  This           

intertumor  communication  may  be  performed  through  exosomes  release/uptake         

by  the  cancer  cells.  Accordingly,  primary  tumors  with  longer  telomeres           

progress  first  (or  more  aggressively)  when  comparing  to  the  co-existing           

primary  lesions,  by  packaging  information  about  the  status  of  the  telomeres            

length    along    with    the    remaining   exosomes’   cargo.   

Accordingly   to   this,   the   present   project   has   two   main   goals:   

a)  Characterize  and  compare  exosomes  and  their  cargo  between  a           

single  and  multiple  primary  tumor  scenario,  and  assess  their  role  in            

intertumor   communication;  

b)  Investigate  the  role  of  telomere  length  in  the  secretion/uptake  of            

exosomes   in   both   scenarios   by   the   tumor   cells.   

We   will   use   the   zebrafish   ( Danio   rerio )   as   an   in   vivo   model.   

In  order  to  test  if  exosomes  secreted  from  melanoma  cells  with  short  telomeres              

increase  the  susceptibility  to  develop  additional  primary  lesions  we  will  extract,            

purify,  characterize  and  ultimately  inject  these  exosomes  in  zebrafish  animals           

with  single  or  multiple  primary  lesions.  If  a  higher  number  of  new  lesions              

arise  after  the  injection  of  the  exosomes  when  comparing  to  the  proper             

control    groups,    our    hypothesis    will    prevail.   
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Experimental   setup  
 

To   test    our    hypothesis,    we   purpose   to   fulfill   the   following   tasks:   

1.  Characterization  (proliferation,  senescence,  apoptosis,  telomere  size  and         

telomerase    activity)   of    melanoma    cells    in   cell   cultures   derived   from:   

a)   Human   melanoma   primary   lesions;   

b)   Zebrafish   ( p53 -/- BRAF V600E )   melanoma   primary   lesions;   

c)   Zebrafish   (HRAS V12 )   melanoma   primary   lesions;   

Melanoma   cells   from   b)   and   c)   will   be   harvested   from:   

i)   telomerase-positive   background;   

ii)   telomerase-negative   background;   

Melanoma   cells   from   a),   b)   and   c)   will   be   culture   as:   

j)   Single-cultures   derived   from   each   primary   tumor;   

jj)   Co-culture   of   cells   from   different   primary   tumors.   

2.   Isolation   and   purification   of   exosomes   from   a),   b)   and   c);   

3.  Characterization  of  exosomes  extracted  and  purified  from  a),  b)  and  c)  and  their               

cargo   by:   

3.1   Electron   microscopy;   

3.2   Flow-cytometry;   

3.3   Western   Blot;   

3.4   Mass   spectrometry;   
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3.5   RNA   and   miRNA   purification.   

4.  Comparison  of  the  number  of  secreted  exosomes  and  their  cargo  between             

primary  tumors  with  long  telomeres  and  primary  tumors  with  short  telomeres,  in  b)              

and   c);   

5.  Injection  of  extracted  and  purified  exosomes  in  the  different  in  vivo  zebrafish              

models:   

5.1   b);   

5.2   c);   

5.3   Zebrafish   ( p53 -/- )    (Li-Fraumeni   model).  

 

Preliminary   results  
 

In  order  to  validate  zebrafish  as  a  suitable  model  for  the  study  of  exosomes,  we                

first  investigated  whether  zebrafish  cells  release  extracellular  vesicles  (EVs).  No           

experimental  method  was  available  as  our  work  corresponded  to  the  very  first             

attempt  to  do  so.  The  experimental  approach  used  combined  knowledge  about            

deriving  cell  cultures  from  adult  zebrafish  tissues (Choorapoikayil,  Overvoorde,          

and  den  Hertog  2013)  and  exosomes  isolation  from  cell  cultures  from  other             

models    (Théry   et   al.   2006) .  

Primary  culture  cells  were  derived  from  telomerase-positive  and  telomerase          

negative HRAS G12V  zebrafish  freshly  excised  biopsies.  These  biopsies  were          

collected  from  three  different  body  parts:  head,  dorsum  and  caudal  peduncle            

( Supplementary  Figure  S1A )  and  cultured  into  6-well  plates.  Supernatant          

collection  started  48h  after  cells  derivation  and  was  repeated  at  72h,  96h,  120h              

and  168h  time-points  ( Supplementary  Figure  S1C ).  Our  first  electron  microscope           

images  were  “empty”,  as  not  a  single  EV  or  EV-like  structure  was  visualized.              
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Nonetheless,  supernatants  volumes  from  individual  samples  were  very  reduced          

( Supplementary  Figure  S1B ),  only  3ml  per  condition  which  may  have  diluted  any             

EVs  that  might  be  present.  On  the  second  round  of  trials,  we  pulled-down  same               

condition   at   different   time-points   to   have   a   larger   final   supernatant   volume.   

 

Figure   A1   -   Exosome-like   vesicles   isolated   from   zebrafish   tumor   cells  

A)  Electron  microscopy  analysis  of  EVs  isolated  by  ultracentrifugation  from  supernatants  of  primary              

cells  derived  from HRAS G12V  telomerase  positive  and  telomerase  negative  zebrafish.  B)            

Quantification   of   the   number   of   exosome-like   structure   per   region   of   interest   (ROI)   analysed.  

 

By  increasing  the  supernatant  final  volume  we  were  able  to  visualize  for  the  first               

time,  exosome-like  vesicles  which  are  secreted  by  zebrafish  tumor  cells  ( Figure            

1 ).  EVs  from  both tert +/+ HRAS G12V  and tert -/- HRAS G12V  were  in  the  size  range  of              

exosomes  (100-200nm)  ( Figure  A1 )  and  were  visually  indistinguishable.  More          

importantly,  they  were  similar  human  EVs (Jang  et  al.  2019;  G.  Chen  et  al.  2018) .                

As  a  rough  proxy  to  differences  in  EVs  number  between  genotypes  we  counted              
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the  number  of  EVs  per  region  of  interest  (ROI)  by  EM.  Although  the  average               

number  of  EVs/ROI  in tert -/- HRAS G12V was  increased  compared  to tert +/+ HRAS G12V      
      

this   difference   is   not   significant.  

Recently,  zebrafish  exosomes  were  characterized (Hyenne  et  al.,  n.d.)  and           

zebrafish   was   proposed   as   an    in   vivo    model   to   study   EV   function.  

Nonetheless,  the  work  here  explained  constitute  the  first  ever  observation  of            

zebrafish  exosomes  which  revealed  a  whole  new  potential  of  zebrafish  as  an             

animal   model.   

 

Material   and   Methods  
 

Ethics   statement  

 

All  zebrafish  work  was  conducted  according  to  Institutional  and  National           

Guidelines   and   approved   by   the   European   Union   Regulatory   Agency.  

 

Genotyping   of   zebrafish   fins   and   tissues  

Clipped  tail  fin  or  tissues  were  placed  in  200μl  of  lysis  buffer  (50mM  Tris-HCl  pH                

8,5,  1mM  EDTA,  0.5%Tween-20  and  200μg/ml  Proteinase  K)  in  2ml  tubes,  and             

then  incubated  at  55ºC  for  2h  followed  by  10  min  incubation  period  at  95ºC  (to                

promote  denaturation  of  PK).  The  lysates  were  centrifuged  for  10  min  at  13              

200rpm  and  the  supernatant  was  collected  to  a  1.5ml  tube. Tert  gene  was              

genotyped  by  PCR  followed  by  enzymatic  digestion.  We  used  3μl  of  gDNA  in  a               

25μl  PCR  reaction  ( Table  S5.1 and Table  S5.2 ).  Ten  μl  of tert  PCR  products  was                

digested  with  the  restriction  enzyme  Hpy188III  (New  England  Biolabs,  #R0622).           
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The  digestion  mixes  were  incubated  at  37ºC  for  2  hours  and  5μl  of  DNA  loading                

dye  was  added  to  digestion  products  .  Ten  μl  of  this  mixture  was  loaded  on  a  3%                  

agarose   gel.  

 

Fish   preparation   for   biopsies  

All  samples  were  collected  by  performing  biopsies  on  live  fish.  Briefly,            

tumor-bearing  fish  were  incubated  overnight  in  E3  media  containing  50U/ml           

penicillin  and  0.05mg/ml  streptomycin  (E3/PS).  Media  was  refreshed  the  next           

morning  the  E3/PS  solution  and  incubate  fish  for  2 h.  And  refreshed  one  more  time               

with  double  the  amount  of  PS  for  at  least  2 h.  Zebrafish  were  anesthetized  as               

described   before   and   placed   on   a   sponge   soaked   with   anesthetic   solution.   

After  the  biopsy  procedure  fish  were  kept  isolated  in  200  ml  of  E3/PS  solution  for                

48-72h.  If  no  signs  of  distress  were  detected,  fish  were  transferred  to  200ml  of               

system's  water  supplemented  with  antibiotic  for  48h.  After  the  antibiotic  treatment,            

if   fish   were   swimming   and   eating   properly   they   went   back   to   the   main   system.  

 

Isolation   of   tissues   from   adult   zebrafish  

Excess  water  was  removed  from  the  surface  of  the  fish  using  tissue  paper.              

Biopsies  were  gently  excised  with  forceps  and  microdissection  scissors.  Excised           

tissue  were  placed  in  1.5ml  eppendorf  tube  containing  1ml  of  disinfecting  solution             

(SURFA’SAFE)  for  30s,  transferred  to  a  new  1.5ml  eppendorf  tube  containing            

500μl  of  PBS  and  500μl  PS  and  transferred  once  more  o  a  new  1.5ml  eppendorf                

tube  containing  500μl  L-15-B  media  supplemented  with  250μl  PS  and  250μl            

TrypLE.   Tissues   were   sheared   with   a   pistil.   
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Transferring   single-cell   suspension   to   culture   conditions  

6-well  plates  were  prepared  with  4ml  of  L-15-B  media  per  well.  Cell  suspensions              

from  biopsies  were  transferred  to  15ml  falcon  and  spinned-down  for  5min.            

Supernatant  was  discarded  and  1ml  of  L-15-B  media  was  added  to  the  cell  pellet.               

One  ml  of  each  single-cell  suspension  was  added  to  each  6-well-plate  well.  Cells              

were  incubated  at  28ºC  in  the  absence  of  CO 2 .  Cells  maintenance  was  performed              

as   described   elsewhere    (Choorapoikayil,   Overvoorde,   and   den   Hertog   2013) .   

 

Carbon-Formvar   coated   grids  

Carbon-formvar  coated  grids  were  prepared  as  described  elsewhere (Théry  et  al.            

2006) .  

 

Exosomes   isolation   from   single-cell   suspensions  

Exosomes  were  prepared  from  pulling-down  supernatants  of  primary  culture  cells           

as  depicted  in Supplementary  Figure  S5.1 ,  in  order  to  attain  better  yields.  The              

performed  protocol  was  adapted  from  a  previously  described  method  using           

differential  ultracentrifugation (Théry  et  al.  2006) .  On  the  last  ultracentrifugation           

step,  supernatants  were  collected  and  stored  at  -80ºC.  Cell  pellets  resuspended  in             

1xPBS  and  further  ultracentrifuged  (100  000  g  for  1h).  The  supernatant  was             

discarded  and  the  cell  pellet  resuspended  in  50-100μl  of  1xPBS,  depending  on  the              

pellet  size.  Exosomal  pellets  were  transferred  to  a  0.6ml  low  retention  RNase,             

DNase  and  Pyrogen-free  eppendorf  and  store  at  4ºC  up  to  1  week  or  -80ºC  if                

long-term.  
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Exosomes   immunolabeling   and   contrast  

Five  μl  of  exosomal  pellets  were  deposited  on  top  of  a  formvar-carbon  coated  grid,               

and  let  to  adsorb  for  20min.  A  stretch  of  parafilm  was  prepared  with  all  drops                

solutions.  Throughout  the  protocol  a  lid  covered  the  drops  to  avoid  evaporation.             

A  minimum  of  3  grids  per  condition  was  prepared.  Grids  were  transferred             

face-down  on  a  drop  of  2%PFA/PBS  and  allowed  to  incubate  for  20  min.  The  grids                

were  transferred  3x2min  to  50mM  glycine/PBS  and  blocked  in  0.1%cold-water  fish            

skin  gelatin  (CWFSG)/PBS  for  5min.  Exosomes  were  incubated  with  primary           

antibodies  (mouse  anti-cd63  and  rabbit  anti-GFP)  for  30min.  Primary  antibodies           

were  washed  5x2min  in  0.1%CWFSG/PBS  and  samples  incubated  for  30min  with            

secondary  antibodies  (only  in  the  case  of  mouse  anti-cd63  as  it  does  not  directly               

reacts  against  protein  A).  Grids  were  washed  5x2min  in  0.1%CWFSG/PBS  and            

transferred  to  solution  drop  containing  protein-A-gold  (10nm)  and  allowed  to           

incubate  for  20min.  Grids  were  washed  5x2min  in  1xPBS.  The  immunoreaction            

was  stabilized  by  incubating  grids  in  1%glutaraldehyde/PBS  for  5min.  Samples           

were  washed  6x1min  in  H 2 O.  Parafilm  was  placed  in  a  glass  petri  dish  and  two                

drops  of  uranyl  acetate:methylcellulose  (1:10)  were  prepared.  Grids  were  carefully           

passed  on  top  of  the  first  drop  and  then  placed  on  the  second  drop  for  a  12min                  

incubation  period.  Grids  were  recovered  with  a  loop  and  the  excess  solution  was              

dried  on  whatman  paper.  Lastly,  grids  were  let  air  dry  for  30min  while  carefully               

covered   from   dust.   

 

Electron   microscopy  

All  samples  were  examined  with  a  FEI  Tecnai  Spirit  electron  microscope  (FEI             

Company),  and  digital  acquisitions  were  made  with  a  numeric  camera  (Quemesa;            

Soft   Imaging   System).  

247  



 

Supplementary   figures   and   tables  

Table   S1   -   Primers   used   for   tert   genotyping  

 

Table   S2   -   PCR   reaction   mix   conditions   and   PCR   program   for   tert   genotyping  
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Figure   S1   -   Schema   of   supernatants   collection  

A)  Tumor  biopsies  were  collected  from  three  different  body  locations:  caudal  peduncle  (samples  1               

to  3),  dorsum  (4-6)  and  head  (7-9).  Genomic  DNA  extraction  was  performed  on  clip  fins  of  all                  

individuals  (1-9)  to  assess  genotype.  B)  Derived  primary  cells  were  cultured  on  6-well  plates  with  a                 

final  volume  of  3ml  per  well.  Supernatants  were  collected  at  specific  time  points  (C)  and                

pulled-down  into  2  groups  (I/II)  for  optimum  exosomes  yield.  C)  Time  points  for  supernatant               

collection.  
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