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Abstract 

High throughput sequencing and publicly accessible genomic resources increased the 

diagnostic yields for inherited conditions, and, nowadays, the genetic bases for thousands of 

Mendelian disorders have been identified. However, providing a molecular diagnosis for these 

conditions remains challenging, and a considerable portion of patients with inherited 

conditions still lack a genetic diagnosis. 

In clinical genomics, identifying the aetiological variants remains a significant hurdle 

because they are hidden amongst thousands of rare variants present in the genome of each 

person. Furthermore, historically only the coding portion of the genome, or so-called exome, 

has been explored to identify causal variants. It is reasonable to assume that, for a fraction of 

patients with unexplained inherited diseases, the answer lies in the non-coding portion of the 

genome. To date, the ability to interpret the functional consequences of variants in the non-

coding space remains limited.  

My thesis uses large-scale genomics studies and functional genomic techniques to 

investigate the role of genetic variants in the aetiology of haemostatic diseases. To explore 

the contribution of rare coding variants to the different phenotypes, I selected all the 

pathogenic and likely pathogenic variants from a few well-curated resources. Then, I identified 

carriers of these variants in the UK Biobank cohort and explored their phenotypes. This 

approach allowed me to estimate the effect sizes of this class of rare variants on the 

haemostatic phenotypes and investigate their interplay with common ones.  

I then expanded my investigation to non-coding regions. I performed experiments to 

define the most detailed cell type-specific maps of interactions between promoters and 

regulatory elements for the 93 diagnostic-grade genes for haemostatic diseases. To obtain 

these interaction landscapes, I differentiated human induced pluripotent stem cells from the 

principal cell types functionally implicated in haemostasis. I also generated chromatin 

conformation maps for the relevant genes using a capture Hi-C approach.  

Finally, I characterised the captured sequences by annotating them with cell type-

specific epigenomic features, and I experimentally examined the regulatory potential of some 

of the defined regions. These validation experiments were based on two independent 

approaches: (I) reporter assays (II) perturbation of the epigenetic state for a few identified 

regions. Furthermore, I assessed the impact of rare genetic variants found in the NIHR 

BioResource Rare Disease participants, 10% of whom have haemostatic diseases.  



The aim of my PhD project was: (i) to investigate the contribution of rare coding variants 

to different phenotypes, (ii) to improve the annotation of the non-coding space of a set of well-

characterised rare diseases genes and, (iii) to improve our ability to provide an accurate 

molecular diagnosis for individuals with unexplained inherited haemostatic diseases.  
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1.1   Blood   

Blood  is  one  of  the  most  important  tissues  in  the  human  body.  This  has  been  clear  for                   

a  long  time  in  human  history.  Indeed,  the  suffix   haema- ,  which  still  today  describes  blood                 

and  all  its  related  conditions,  comes  from  the  homonym  ancient  Greek  word   (Meletis  and                

Goratsa  2002) .  Without  knowing  much  about  its  biology,  Greek  culture  associated  blood  with               

life,  diseases  and  death   (“On  the  Pathology  of  the  Blood”  1831;  Meletis  and  Konstantopoulos                

2010) .  Indeed,  Hippocrates  and  Galen  described  blood  as  one  of  the  four  components  of                

humour,  which  balance  with  phlegm,  black  bile,  and  yellow  bile  to  maintain  health  in  humans                 

(Cos   and   Hippocrates   of   Cos   1931;   Jouanna   2012) .   

The  humoral  theory  was  abandoned  while  scientific  discoveries  in  the  19 th  century              

shed  light  on  the  actual  role  of  blood   (“On  the  Pathology  of  the  Blood”  1831;  Blundell  1818) .                   

Nowadays,  it  is  clear  that  blood  plays  a  crucial  role  in  biophysics  (e.g.  volume,  pressure  and                  

temperature),  chemistry  (e.g.  pH  and  osmolarity)  and  biology  of  our  bodies   (Hoffbrand  et  al.                

2016) .  Because  of  its  central  role  in  human  physiology  and  its  relatively  easy  accessibility,                

blood  has  been  extensively  studied  and,  therefore,  is  one  of  the  best-characterised  human               

tissues.   

Whole  blood  is  exceptionally  heterogeneous.  It  is  composed  of  a  liquid  and  a  cellular                

component.  The  former  is  referred  to  as  plasma.  Plasma  has  several  roles:  (i)  it  regulates                 

the  osmotic  pressure  through  circulating  proteins,  such  as  albumin;  (ii)  it  maintains  the               

correct  pH  via  electrolytes;  and  (iii)  it  acts  as  a  carrier  for  cell  nutrients,  fatty  acids  and                   

hormones   (Hoffbrand  et  al.  2008) .  The  blood  cellular  component  comprises  several  cell              

types,  which  based  on  their  ontology  can  be  grouped  into  two  broad  lineages:  lymphoid  and                 

myeloid.  The  lymphoid  lineage  is  mainly  composed  of  T  cells,  B  cells  and  natural  killer  cells.                  

The  myeloid  lineage  is  mainly  composed  of  monocytes  (and  derived  macrophages),             

granulocytes,  erythrocytes,  and  platelets  (Fig.  1.1).  The  main  functions  of  these  lineages  are:               

(i)  monocytes,  granulocytes  and  lymphoid  cells  are  the  main  effectors  of  the  host-invasion               

response;  (ii)  erythrocytes  (or  red  blood  cells)  carry  oxygen  through  the  circulation;  (iii)               

platelets  are  responsible  for  haemostasis  by  maintaining  vascular  integrity  (see  chapter             

1.1.2.4).   

The  quality  and  quantity  of  the  cells  described  above  is  critical  for  biological               

processes,  such  as  host-invasion  response  or  wound  healing,  and  the  balance  between  the               
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liquid  phase  and  the  cellular  components  is  maintained  during  the  cell  production  process,               

the   haematopoiesis.   

1.1.1   Haematopoiesis   

Haematopoiesis  is  the  differentiation  process  from  which  all  the  mature  blood  cell              

types  originate.  This  process  is  tightly  regulated  to  keep  the  cells  in  the  correct  number  and                 

ratio,  which  is  relevant  to  maintain  haemostasis  and  the  other  functions.  Adult             

haematopoiesis  occurs  almost  entirely  in  the  bone  marrow  of  the  axial  skeleton,  although               

instances  of  extramedullary  haematopoiesis  have  been  reported   (Lefrançais  et  al.  2017) .             

Recently,  thrombopoiesis,  the  branch  of  the  haematopoiesis  that  gives  rise  to  platelets,  has               

been  observed  in  the  lungs,  making  these  a  novel  site  with  haematopoietic  potential               

(Lefrançais   et   al.   2017) .     

All  the  mature  cell  types  circulating  in  the  blood  are  derived  from  a  common  cell  type,                  

referred  to  as  hematopoietic  stem  cell  (HSC;   Laurenti  and  Göttgens  2018) .  The  HSC  is  a                 

rare  quiescent  cell  type  that  lies  in  a  specific  niche  in  the  bone  marrow  and  undergoes                  

self-renewal  upon  differentiation   (Cheshier  et  al.  1999;  Wilson  et  al.  2008;  Foudi  et  al.  2009;                 

Sun  et  al.  2014;  Baryawno,  Severe,  and  Scadden  2017) .  The  cell  types  that  are                

metabolically  active  and  contribute  the  most  to  the  circulating  cells,  in  terms  of  numbers,  are                 

the  early  myeloid  and  lymphoid  progenitors   (Laurenti  and  Göttgens  2018) .  Indeed,  these              

progenitor  cells  completely  restructure  their  epigenetic  state  and  transcription  pattern  to             

accelerate  their  metabolism,  division  time  and  to  differentiate  towards  different  lineages  in              

response   to   external   stimuli   (Fig.   1.1;    Ji   et   al.   2010;   Laurenti   et   al.   2013;   Corces   et   al.   2016) .     
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Fig.  1.1  |  Schematic  representation  of  a  classic  haematopoietic  tree.  Haematopoietic  stem  cell               
(HSC);  common  myeloid  progenitor  (CMP);  megakaryocyte-erythrocyte  progenitor  (MEP);          
granulocyte–monocyte   progenitor   (GMP);   common   lymphoid   progenitor   (CLP).   

Haematopoiesis  is  often  depicted  as  a  lineage  tree,  with  HSCs  on  top,  that               

progressively  differentiate  into  mature  cell  types,  following  the  branches  of  the  tree,  in  a                

stepwise  manner  through  distinct  oligopotent  progenitors   (Kondo,  Weissman,  and  Akashi            

1997;  Akashi  et  al.  2000;  Doulatov  et  al.  2010) .  In  the  classic  differentiation  tree,  the  first                  

division  of  an  HCS  would  give  rise  to  myeloid  and  lymphoid  progenitors,  respectively               

common  myeloid  progenitor  (CMP)  and  common  lymphoid  progenitor  (CLP;   Kondo,            

Weissman,  and  Akashi  1997;  Akashi  et  al.  2000) .  The  former  will  contribute  mainly  to                

erythrocytes,  polymorphonuclear  white  cells  (i.e.  granulocytes)  and  platelets,  while  the  latter             

to   the   mononuclear   white   cells    (Laurenti   and   Göttgens   2018) .     

Thanks  to  the  development  of  better  assays  (i.e.   in  vitro   clonal  assay  and               

transplant-based  tracking  assays;   Osawa  et  al.  1996)  and  the  advent  of  single-cell              

technologies   (Wilson  et  al.  2015;  Grover  et  al.  2016) ,  the  haematopoietic  tree  has  been                

widely  reshaped  and  debated  in  the  scientific  community,  with  several  alternative  trees              

proposed.  Nowadays,  the  consensus  is  that  haematopoiesis  is  a  continuous  process  and  not               

a  differentiation  tree  with  discrete  steps  and  branches   (Nestorowa  et  al.  2016;  Notta  et  al.                 

2016;  Velten  et  al.  2017;  Laurenti  and  Göttgens  2018;  Cheng,  Zheng,  and  Cheng  2020) .  It                 
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has  been  proposed  that  different  HSCs  have  biases  (or  are  primed)  towards  one  or  more                 

blood  cell  fates   (Velten  et  al.  2017;  Laurenti  and  Göttgens  2018;  Popescu  et  al.  2019) .  For                  

instance,  some  stem  cells  are  enriched  in  the  protein  to  differentiate  towards  the               

megakaryocyte–platelet  lineage  component   (Sanjuan-Pla  et  al.  2013) ,  possibly  for  their            

central  role  in  human  haemostasis.  However,  if  triggered,  all  the  HSC  still  retain  the  capacity                 

to   differentiate   towards   several   lineages    (Velten   et   al.   2017;   Laurenti   and   Göttgens   2018) .     

Despite  not  being  linear  and  unbiased  as  early  models  suggested,  the             

haematopoietic  differentiation  is  tightly  regulated  to  ensure  that  the  correct  cells  are              

produced  in  the  required  amount,  for  physiological  processes  and  even  in  response  to               

external  stimuli   (Paul  et  al.  2016) .  In  fact,  each  HSC  generates  ~10 11  new  cells  per  day  in                   

order  to  keep  the  number  of  blood  cells  constant  and  replace  dead  cells   (Orkin  and  Zon                  

2008) .  The  half-life  of  blood  cells  varies  greatly,  because  of  their  biology  and  external  stimuli.                 

Neutrophils  have  one  of  the  shortest  lifespans  (5.4  days),  whilst  T  cells  have  one  of  the                  

longest   (years   after   immunization;    Sallusto   et   al.   1999;   Pillay   et   al.   2010) .   

1.1.2   Haemostasis   

Haemostasis  is  the  physiological  process  that  aims  to  keep  blood  flowing  through  the               

veins  and  arteries  while  maintaining  vascular  integrity.   The  process   can  be  summarised  in               

four  main  tasks:  (i)  maintaining  the  blood  vessel  unobstructed;  (ii)  repairing  damages  where               

they  occur;  (iii)  maintaining  blood  in  a  liquid  state  in  the  regions  surrounding  the  injury;  (iv)                  

removing  clots  from  the  wound  sites  when  they  are  no  longer  needed   (Versteeg  et  al.  2013) .                  

To  work  properly,  haemostasis  requires  the  harmonic  effort  of  cells  (i.e.  platelets,  vascular               

endothelium  and  hepatocytes;  see  paragraph  1.1.2.1)  and  proteins  (i.e.  procoagulant  and             

anticoagulant   factors;   see   paragraph   1.1.2.2;    Marcdante   and   Kliegman   2018) .     

Because  of  the  intricate  network  of  interactions,  the  redundancy  and  the  large              

number  of  factors  that  are  involved,  perturbations  affecting  a  haemostatic  player  do  not               

produce  a  linear  and  obvious  outcome  in  the  haemostatic  process   ( Hurwitz  et  al.,  2014 ,                

Gomez  and  McVey,  2015;  Link  et  al.,  2020) .  Haemostasis  is  divided  into  two  components:                

primary  and  secondary.  Primary  haemostasis  refers  to  all  the  processes  that  are  involved  in                

platelet  clot  formation  (see  chapter  1.1.2.4).  Secondary  haemostasis  refers  to  all  the              

enzymatic  digestions  and  zymogen  activations  that  occur  in  the  coagulation  cascade  (i.e.              

intrinsic,  extrinsic  and  common  cascade,  see  chapter  1.1.2.3;   Gale  2011;  Chaudhry,  Usama,              

and   Babiker   2020) .   
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1.1.2.1   Cells   involved   in   haemostasis     

There  are  many  cell  types  involved  in  haemostasis.  These  have  different  embryonic              

origins  and  derive  from  the  mesoderm  and  endoderm   (Oberlin  et  al.  2002 ;   Pansky  1982 ;                

Oberlin  et  al.  2002) .  The  mesoderm-derived  cells  grow  and  differentiate  into  a  common               

progenitor  (i.e.  hemangioblast)  and  generate  the  vascular  endothelium  and  the            

hematopoietic  portion  of  the  bone  marrow   (Hoffbrand  et  al.  2016) .  Endothelial  cells  are  the                

most  relevant  haemostatic  cell  type  of  the  vascular  endothelium,  whilst  the  haematopoietic              

bone  marrow  contributes  to  the  haemostasis  through  platelet  production  (Fig.  1.1).  The              

endoderm-derived  cells  form  many  organs  including  the  liver,  which  is  responsible  for  the               

production   of   the   majority   of   coagulation   factors    (Hoffbrand   et   al.   2016) .   

Endothelial   cells   

Endothelial  cells  (ECs)  inlay  the  entire  vascular  system  and  are  involved  in  several               

biological  processes,  directly  or  indirectly  related  to  haemostasis.  For  instance,  they  regulate              

vascular  tone  and  inflammation  and  mitigate  the  communications  between  the  bloodstream             

and  the  connective  tissues  below  the  vascular  endothelium   (Chesterman  1988;            

Krüger-Genge  et  al.  2019) .  The  vascular  endothelium  is  a  monolayer  of  cells,  these  are                

25-50  m  long  and  10-15  m  wide,  and  their  morphology  is  commonly  referred  to  as                 

cobblestone   (Haudenschild  1984) .  In  spite  of  their  morphological  similarities,  ECs  are  a  very               

heterogeneous  population   (Khan  et  al.  2019 ;   Nakato  et  al.  2019)  and  their  identity  is                

conferred  by  blood  mechano-  and  chemical-stimuli,  namely  shear  stress  and  cytokines             

(Furie   and   Furie   2008).    

ECs  mechanically  contribute  to  the  haemostasis  via  the  interplay  with  the  vascular              

smooth  muscle  to  control  vasodilation  and  vasoconstriction  and,  therefore,  regulate  the  local              

blood  pressure   (Michiels  2003) .  Two  molecules  are  the  main  vasodilators:  nitric  oxide  and               

prostacyclin   (Palmer,  Ferrige,  and  Moncada  1987) .  They  are  both  constitutively  synthesized             

in  the  endothelium  and  released  upon  EC  stimulation  via  angiotensin,  histamine,  thrombin              

( F2 )  and  others   (Fleming,  Bauersachs,  and  Busse  1996;  Moncada,  Higgs,  and  Vane  1977) .               

These  molecules  prevent  platelet  adhesion  to  ECs,  an  event  that  is  one  of  the  triggers  of                  

coagulation  and  inflammation   (Moncada  et  al.  1977;  Gibbins  2004) .  The  opposite             

mechanism,  vasoconstriction,  is  controlled  by  other  molecules,  such  as  angiotensin  II  or              

prostaglandin  H2   (Chien  2008;  Garland  and  Dora  2017) .  In  the  case  of  blood  vessel  injuries,                 
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ECs  reduce  vascular  lumen  to  limit  the  haemorrhage   (Ho-Tin-Noé,  Boulaftali,  and  Camerer              

2018;   Doherty   and   Kelley   2020) .   

In  normal  conditions,  ECs  promote  the  activity  of  several  anticoagulants,  such  as              

protein  C  and  protein  S  (see  chapter  1.1.2.3;   Sadler  1997) .  In  response  to  vascular                

damages,  on  the  other  hand,  ECs  release  proteins  and  molecules  that  trigger  the  activation                

of  platelets  and  initiate  the  wound  repair  mechanisms   (Krüger-Genge  et  al.  2019) .  This               

interplay  between  bloodstream  and  ECs  acquires  the  distinct  definition  of  thromboregulation             

(Marcus  et  al.  2001) .  Examples  of  procoagulant  proteins  are  von  Willebrand  Factor   (VWF)               

and  P-selectin  (SELP) .  Amongst  others,  these  proteins  are  synthesized  by  EC  and  stored  in                

the  Weibel-Palade  bodies,  granules  specific  to  the  EC  that  are  released  in  response  to  blood                 

vessel   damages   (Lichtman   and   Williams,   2006).     

Thromboregulatory  reactions  are  crucial  to  balance  haemostasis  (Table  1.1):  on  the             

one  hand,  ECs  have  to  orchestrate  clot  formation  and  platelets  adhesion,  and  on  the  other                 

hand,  platelets  inhibition  and  fibrinolysis  (Lichtman  and  Williams,  2006).  Indeed,  one  of  the               

primary  purposes  of  a  healthy  vascular  endothelium  is  preventing  unwanted  thrombus             

formation.     

Table  1.1  |  List  of  procoagulants  and  anticoagulants  events  carried  out  by  vascular               
endothelium.    Adapted   from   Williams   Hematology   8th   edition.   

Platelets   

Platelets  are  a  unique  cell  type.  Evolutionarily,  they  may  be  derived  from  a  shared                

progenitor  with  white  blood  cells,  as  it  is  still  the  case  in  lower  organisms.  For  instance,                  

hemocytes  in  the  horseshoe  crab  have  a  shared  role  in  immunity  and  coagulation   (Levin                

1977;  Morrell  et  al.  2014;  Hoffbrand  et  al.  2016) .  In  humans,  platelets  have  roles  in                 

inflammation,  atherosclerosis,  tumour  growth,  metastasis  and  angiogenesis,  but  their           

primary  role  is  in  haemostasis   (Bertozzi,  Hess,  and  Kahn  2010;  Watson,  Herbert,  and  Pollitt                

2010;  Feng,  Madajka,  and  Kerr  2011;  Nurden  2011) .  They  are  highly  specialised  cells  that                
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participate  in  wound  healing,  mainly  in  two  ways:  by  forming  platelet  plugs  and  by  enhancing                

prothrombin   activation    (de   Gaetano   2001) .     

Platelets  are  produced  via  a  tightly  regulated  process  (mainly  by  thrombopoietin,             

THPO )  by  megakaryocytes  (Fig.  1.1;   Wendling  et  al.  1994) .  Megakaryocytes  produce             

thousands  of  proplatelets  released  into  the  bloodstream  as  platelets  (2,000-3,000  platelets             

per  megakaryocyte;  the  normal  range  of  platelet  count  150-450x10   cells/L;  Hoffbrand  et  al.               

2016) .  They  are  ten  times  smaller  than  an  average  cell  and  have  a  discoid  shape,  with  a                   

radius  of  ~1.5  m  and  a  mean  volume  (mpv)  of  ~9  fL   (Hoffbrand  et  al.  2016) .  Experimental                   

evidence  correlates  mpv  to  platelet  granule  release  capacity   (Karpatkin  1978;  Haver  and              

Gear  1981;  Martin  et  al.  1983;  Mangalpally  et  al.  2010;  Gieger  et  al.  2011) .  Under  normal                  

circumstances,  the  platelet  count  (plt)  and  mpv  are  inversely  correlated,  with  a  correlation               

coefficient  of  -0.5   (Levin  and  Bessman  1983;  Astle  et  al.  2016) .  When  the  platelet  count                 

decreases,  the  bone  marrow  tries  to  compensate  and  releases  new  platelets,  which  are  still                

reticulated   and   have,   on   average,   larger   volumes    (Levin   and   Bessman   1983) .     

Platelet  internal  structure  is  fundamental  to  their  functions  and  it  is  the  subject  of                

extensive  studies.  The  most  obvious  structural  feature  is  that  platelets,  which  are              

megakaryocyte  cytoplasmic  fragments,  do  not  have  nuclei   (Melchinger  et  al.  2019) .  This              

characteristic  allows  them  to  pass  through  the  narrowest  capillaries  alongside  red  cells              

(Hoffbrand  et  al.  2016) .  However,  the  lack  of  a  nucleus  limits  their  ability  to  transcribe  new                  

mRNA  (see  chapter  1.3  for  mRNA  definition)  and,  consequently,  constraints  platelet  half-life              

to  5-8  days   (Levin  and  Bessman  1983;  Italiano  et  al.  2021) .  This  does  not  mean  that                  

platelets  are  molecularly  inactive.  In  fact,  compelling  evidence  shows  significant            

RNA-splicing  and  translation  activities  in  platelets  that  have  been  activated  by  agonists  like               

F2   (Weyrich  et  al.  1998;  Schwertz  et  al.  2006) .  Platelets  also  have  an  extensive  network  of                  

surface  membrane  invaginations,  known  as  the  canalicular  system   (Escolar  and  White             

1991) ,  linked  to  the  cytoskeleton  and  required  to  expand  their  volume  during  activation.  The                

main  components  of  the  platelet  cytoskeleton  are  tubulin  ( TUBB1 ),  actin  filaments  ( ACTN1 )              

and   spectrin   ( SPTBN1 )   proteins    (Raslova   et   al.   2007 ;   Rendu   2011).   

Platelet  cytoplasm  is  also  characterised  by  secretory  granules,  namely  lysosomes,            

dense  granules  (~7  granules  per  platelet)  and  ɑ  granules  (~80  granules  per  platelet;   Italiano                

et  al.  2021) .  The  main  role  of  the  latter  two  types  of  granules  is  to  regulate  thrombus                   

formation,  however,  they  are  also  involved  in  other  biological  processes,  like  wound  healing               

and  immunity   (Koupenova  and  Freedman  2020) .  Dense  granules  contain  haemostatically            

active  small  molecules,  such  as  serotonin,  ADP,  ATP  and  Calcium  (as  Ca 2+   cation;               
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Youssefian  and  Cramer  2000) .  ɑ  granules  contain  hundreds  of  proteins  that  are  mainly               

synthesised  by  megakaryocytes,  such  the  cytokine  platelet  factor  4  ( PF4 ),  thrombospondin  1              

( THBS1 ),  vascular  endothelial  cell  growth  factor  ( VEGF ),   VWF  and  fibrinogen            

( FGA-FGB-FGG;   Heijnen  et  al.  1998) .  These  granules  originate  as  protrusion  of  the              

trans-Golgi  network  and  have  multivesicular  bodies  as  intermediate  stages           

(Podolak-Dawidziak   et   al.   1995;   Heijnen   et   al.   1998;   Bariana   et   al.   2017) .   

Platelets  play  an  important  and  fundamental  role  in  the  aetiology  of  cardiovascular              

diseases  (CVD),  such  as  myocardial  infarction,  thrombotic  stroke  and  peripheral  artery             

disease   (Willoughby  et  al.  2002) .  Hence  the  production  of  these  cells  by  megakaryocytes               

has  been  extensively  studied  at  the  biophysics  and  cell  biology  levels.  plt  is  the  main                 

parameter  that  is  being  used  clinically;  the  other  platelet  physical  features,  such  as  mpv,                

platelet  distribution  width  (pdw)  and  plateletcrit  (pct),  are  typically  limited  to  research  studies               

(Italiano  et  al.  2021;  Sivapalaratnam  et  al.  2021) .  pdw  is  an  indicator  of  the  platelet  volume                  

variability  and  pct  is  the  percentage  of  blood  volume  occupied  by  platelets   (Budak  et  al.                 

2016) .     

Platelets  circulate  in  the  bloodstream  in  an  inactive  state  and  are  maintained  so  via                

nitric  oxide  and  prostacyclin  released  by  the  ECs  (see  chapter  1.1.2.1).  Indeed,  platelets               

should  only  be  activated  in  response  to  traumatic  vascular  injury  or  a  ruptured               

atherosclerotic  plaque   (Badimon  et  al.  2012) .  However,  some  circumstances  (e.g.            

progressive  atherosclerosis)  may  activate  platelets  erroneously  at  sites  of  disturbed  arterial             

blood   flow,   like   arterial   bifurcation   ( Ruggeri   2009;   Massai   et   al.   2012) .     

Hepatocytes   

Liver  is  the  largest  gland  of  the  human  body,  and  it  has  more  than  500  different  roles,                   

amongst  which  there  is  detoxification,  digestion  metabolism  and  immunity   (Boyer  et  al.              

2012) .  Hepatocytes  (HEPs)  constitute  about  80%  of  the  liver  mass   (Zhou  et  al.  2016)  and                 

are  the  most  important  parenchymal  cells   (Vekemans  and  Braet  2005;  Stanger  2015) .  The               

remaining  20%  volume  is  composed  mainly  of  biliary  epithelial  cells  and  a  few  others,  such                 

as   Kupffer   cells,   which   play   a   central   role   in   the   immune   response    (Stanger   2015) .     

HEPs  are  large  polygonal-shaped  cells,  with  a  diameter  of  ~25  m  and  a  volume  of                 

~5,000  m 3 .  In  homeostatic  conditions,  HEPs  are  quiescent  cells.  Generally,  less  than  2%  of                

them  go  through  mitosis   (MacDonald  1961) ,  however,  upon  injuries,  they  have  the  ability  to                

re-enter  the  cell  cycle  and  renew  the  damaged  tissue   (Sawada  and  Ishikawa  1988) .  If                
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needed,  each  HEP  is  able  to  undergo  hundreds  of  cellular  divisions   (Overturf  et  al.  1997) .                 

These  cells  are  tightly  adherent  to  the  surrounding  ones  and  their  cellular  membranes  are                

highly  polarised   (Burt,  Ferrell,  and  Hubscher  2017) .  Cell  polarisation  and  adhesion  are              

fundamental  to  create  liver  structures  such  as  sinusoids  and  lobules   (Sellaro  2007;  Brunt  et                

al.   2014) .     

One  of  the  main  roles  of  HEPs  is  the  synthesis  of  the  proteins  that  circulate  in  the                   

bloodstream   (Feldmann  et  al.  1972;  Roberts,  Patel,  and  Arya  2010;  Zhou  et  al.  2016) .                

Indeed,  HEPs  have  a  central  role  in  primary  and  secondary  haemostasis  and  produce  the                

majority  of  the  procoagulant  and  anticoagulant  factors  (Table  1.2;   Roberts,  Patel,  and  Arya               

2010) .  Moreover,  HEPs  not  only  synthesise  most  of  the  coagulation  factors  but  are  also  the                 

main  site  for  the  synthesis  of  TPO,  the  key  growth  factor  for  differentiating  haematopoietic                

stem  cells  into  megakaryocytes   (Jelkmann  2001;  Rios  et  al.  2005) .  The  binding  of  old                

platelets  to  the  Ashwell-Morell  receptor  induces  the  transcription  of  the   THPO  gene,  thereby               

providing  a  direct  regulatory  mechanism  to  maintain  a  stable  platelet  count   (Grozovsky  et  al.                

2015) .     

Table  1.2  |  List  of  proteins  synthesised  in  the  hepatocytes  that  have  a  direct  role  in                  

haemostasis.    Adapted   from    Roberts,   Patel,   and   Arya   2010 .   

Notwithstanding  the  liver's  exceptional  self-regeneration  capacity,  several  conditions          

can  compromise  HEPs  function   (Michalopoulos  and  Bhushan  2021) .  Chronic  hepatitis  and             

cirrhosis  are  often  linked  to  liver  failure  and  the  cause  of  impaired  haemostasis   (Hillman  et                 

al.  2005;  Tripodi  and  Mannucci  2011) .  Particularly,  advanced  alcoholic  liver  cirrhosis  can              

lead  to  combinations  of  thrombocytopenia  (i.e.  low  platelet  count)  and  reduced  levels  of               

clotting  factors  (Mammen  et  al.  1992;  Trotter  et  al.  2006),  with  portal  hypertension  and                

bronchial   varices   resulting   in   a   severely   increased   risk   of   haemoptysis    (Youssef   et   al.   1994) .   
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Pro-coagulant   proteins   Anticoagulant   proteins   

Fibrinogen   Antithrombin   

FII,FV,   FVII,   FVIII,   FIX,   FX,   FXI,   FXII   Tissue   factors   pathway   inhibitors   

PAI-1   Plasminogen   

α2-antiplasmin   Protein   C   

  Protein   S   
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1.1.2.2   Proteins   involved   in   haemostasis   

Haemostasis  is  a  complex  and  intricate  process,  in  which  not  only  cells  have  to                

maintain  their  function  in  tight  control,  but  also  proteins  need  to  conserve  the  correct                

stoichiometry  across  all  the  elements  of  the  process.  Haemostasis  is  controlled  by  (i)               

proteins  that  start  the  coagulation,  (ii)  proteins  that  accelerate  the  activation  cascade  and  (iii)                

proteins  that  inhibit  coagulation  and  remove  the  platelet  plug.  Interestingly,  some  of  these               

proteins  and  their  functions  might  have  evolved  from  a  few  ancestral  proteins.  Coagulation               

protein  families  show  a  high  degree  of  similarity,  sharing  several  domains.  For  instance,  the                

serine  protease  domain  is  present  in  several  coagulation  factors,  namely   F2 ,  factor  VIII,  IX,                

X,  XI  ( F8 ,  F9 ,  F10 ,  F11   respectively),  protein  C  ( PROC ),  prekallikrein  ( KLKB1 ),  prourokinase               

( PLAU )  and  plasminogen   ( PLG ;   Hoffbrand  et  al.  2016) .  A  list  of  the  major  circulating                

coagulation  proteins  is  reported  in  Table  1.3  and  their  function  is  described  in  the  following                 

paragraphs.   
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Protein   name   Gene   name   Cell   Main   role   pLI   

Prothrombin   F2   HEP   Create   fibrinogens   clots   0   

Tissue   Factor     F3   HEP   Cofactor   for   active   factor   VII   0   

Factor   V   F5   HEP   Cofactor   in   tenase   0   

Factor   VII   F7   HEP   Activates   factors   IX   and   X   0   

Factor   VIII   F8   HEP,   MK   Cofactor   for   factor   IX   1   

Factor   IX   F9   HEP   Activates   factor   X   1   

Factor   X   F10   HEP   Activates   prothrombin   0   

Factor   XI   F11   HEP   Activates   factor   IX   0   

Prekallikrein   KLKB1   HEP   Start   intrinsic   pathways   0   

Fibrinogen   (   -   chain   )  α  FGA   HEP   Stabilise   the   clot   0   

Fibrinogen   (   -   chain   )  β  FGB   HEP   Stabilise   the   clot   0.57   

Fibrinogen   (   -   chain   )  γ  FGG   HEP   Stabilise   the   clot   0.05   

Von   Willebrand   factor   VWF   EC/MK   Platelet   adhesion   0   

Thrombomodulin   THBD   EC/MK   Cofactor   in   protein   C   activation   0.05   

Protein   C   PROC   HEP   Inactivation   of   factor   V   and   VIII   0   

Protein   S   PROS1   HEP/MK/EC   Inactivation   of   factor   V   and   VIII   0   

Tissue   factor   pathway   inhibitor   TFPI   HEP/MK/EC   Stop   coagulation   initiation   0.25   
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Table  1.3  |  The  major  circulating  coagulation  proteins.  The  gene  symbols  are  reported  according                
to  their  HGNC  name.  Cell  expression  is  limited  to  HEP,  MK,  EC  and  derived  from  the  expression                   
profiles  of  the  BLUEPRINT  and  GTEx (Chen  et  al.  2016;  GTEx  Consortium  2020) .  pLI  (probability  of                  
loss  of  function  intolerance;  see  chapter  1.3.6)  is  a  measure  of  conservation  of  the  tolerance  to  loss  of                    
function   variants   (0   =   tolerated;   1   =   not   tolerated).     

1.1.2.3   Coagulation   processes,   the   secondary   haemostasis   mechanisms   

The  coagulation  process,  also  referred  to  as  the  coagulation  cascade,  describes  all              

the  enzymatic  reactions  that  happen  in  the  secondary  haemostasis  (for  a  description  of  the                

primary  haemostasis  see  chapter  1.1.2.4).  These  catalytic  activations  are  required  to  convert              

blood   from   a   liquid   to   a   gel   state   in   order   to   contain   bleeds.     

Two  independent  laboratories  devised  the  landmark  models  of  human  coagulation  in             

the  1960s   (Macfarlane  1964;  Davie  and  Ratnoff  1964) .  These  models  are  still  commonly              

cited;  however,  throughout  the  years  they  have  been  complemented  with  further  details  and               

more  complex  models  have  been  proposed   (Hoffman  and  Monroe  2001;  Monroe  and              

Hoffman  2006;  Mackman  2009) .  Refinements  to  the  models  try  to  reflect  more  accurately               

what  happens   in  vivo,   redefining  the  function  of  some  enzymes  and  acknowledging  the               

interplay  between  extrinsic  and  intrinsic  pathways  (described  below;   Repke  et  al.  1990;              

Gailani   and   Broze   1991) .     

Extrinsic   pathway   

The  extrinsic  pathway  corresponds  to  the  initiation  phase  of  the  coagulation  process              

(Fig.  1.2).  When  the  vascular  endothelium  is  damaged,  by  mechanical  or  chemical  injuries,               

adventitial  cells  -  i.e.  smooth  muscle  cells  in  the  tunica  media  (for  veins  and  arteries)  or                  

fibroblasts  (for  capillaries)  -  become  exposed  to  the  bloodstream  and  reveal  the  tissue  factor                

( F3 )  to  the  bloodstream.   F3  is  one  of  the  most  important  proteins  in  the  coagulation  cascade                  

and  it  is  ubiquitously  expressed  in  all  the  cell  types  of  the  human  body,  with  the  exception  of                    

blood  cells  and  ECs  surrounding  the  vascular  epithelium  (e.g.  vascular  adventitia;  Grover              
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Antithrombin   SERPINC1   HEP   Cleave   pro-coagulant   proteins   1   

Plasminogen   PLG   HEP   Digest   clot   after   wound   repair   0.01   

Tissue   plasminogen   activator   PLAT   EC   Activate   plasminogen   0   

Prourokinase   PLAU   EC   Activate   plasminogen   0   

 2 -Antiplasmin  α  SERPINF2   HEP   Inhibits   plasmin   0.01   
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and  Mackman  2018) .  This  widespread  expression  ensures  that  damages  to  the  vascular              

endothelium   are   immediately   detected   and   repaired.     

Once  exposed,   F3  binds  to  the  circulating  zymogen  factor  VII  ( F7 )  and  converts   it  to                 

its  active  form.  The   F3-F7  complex  is  then  able  to  activate   F10 ,  which  in  response  can                  

cleave  and  activate  a  minimum  amount  of  prothrombin  (the  inactive  form  of   F2 ;  Fig.  1.2).                 

The  small  amount  of  active   F2  cuts  and  activates  factor  V  ( F5 ),   F8   and   F9   and  these  begin  a                     

positive  feedback  loop,  commonly  referred  to  as  the  amplification  phase.  The  increase  of  the                

F2  activation,  required  to  the  cleavage  of  the  fibrinogen  and  therefore  the  formation  of  the                 

fibrin  clot,  happens  after  the  formation  of  the   F5 - F10  complex,  also  known  as  tenase (Gailani                 

and  Renné  2007;  Butenas,  Orfeo,  and  Mann  2009;  Grover  and  Mackman  2018) .  Clinical               

tests,  such  as   prothrombin  time  (PT),  are  based  on  the  measure  of  the  activity  of   F2 ,   F7 ,  and                    

F10 ,  and  assess  the  function  of  the   extrinsic  pathway   (Chaudhry,  Usama,  and  Babiker               

2020) .     

Intrinsic   pathway   

The  role  of  the  intrinsic  pathway  was  thought  to  be  only  that  of  amplifying  the  effect  of                   

the  extrinsic  coagulation  cascade.  This  theory  was  supported  by  the  fact  that  the               

concentration  of  the  coagulation  factors  involved  increases  descending  the  coagulation            

cascade  (Fig.  1.2)  thus  suggesting  a  ‘domino  effect’  amplification   (Baird,  Clancy,  and              

McVicar  2005;  Tormoen  et  al.  2013;  Chaudhry,  Usama,  and  Babiker  2020) .  However,              

experiments  in  mouse  models  have  altered  the  idea  that  the  intrinsic  pathway  is  only                

secondary,  as  they  have  identified  physiological  triggers  for  its  direct  activation  which  include               

collagen,  polyphosphates,  and  neutrophil  extracellular  traps  (NETs;   Versteeg  et  al.  2013) .             

Briefly,  in  response  to  stimuli  such  as  the  release  of  PRCP  in  the  bloodstream,  factor  12                  

( F12 )  and   KLKB1  initiate  a  series  of  enzymatic  reactions  that  cleave  and  activate  themselves                

and  also  digest  high-molecular-weight  kininogen  (HMWK,  Fig.  1.2;   Waldmann  et  al.  1975;              

Hillman  et  al.  2005;  Ivanov  et  al.  2020) .  The  products  of  these  reactions  activate   F11  which                  

in  response  cleaves   F9  and   F8   (Ngo  et  al.  2008;  Gardner  and  Davies  2009) .  Finally,   F8                  

cleaves   F10  and  generates  the  intrinsic-pathway  tenase  that  cleaves  prothrombin  (Fig.  1.2;              

Hoffbrand,  Catovsky,  and  Tuddenham  2008) .  The  intrinsic  cascade  initiation  is  quite             

redundant,  for  instance,   F12  deficiency  does  not  compromise  the  initiation  of  the  cascade               

(Chaudhry,  Usama,  and  Babiker  2020) .  The  intrinsic  pathway  activity  is  clinically  measured              

through  the  activated  partial  thromboplastin  time  (APTT)  test   (Chaudhry,  Usama,  and             

Babiker   2020) .   
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Common   pathway   

Both  coagulation  cascade  pathways  (i.e.  extrinsic  and  intrinsic)  terminate  with  a             

tenase  complex,  which  cleaves  and  activates   F10  (Fig.  1.2) .   The  extrinsic  pathway  tenase               

complex  is  composed  of   F7-F3  while  the  intrinsic  pathway  tenase  complex  is   F8-F9   (Undas,                

Brummel-Ziedins,  and  Mann  2005) .  This  redundant  and  convergent  evolution  of  the             

pathways  stresses  the  central  role  of F10  in  secondary  haemostasis.  Calcium,  in  its  bivalent                

cationic  form  (i.e.  Ca 2+ ),  is  required  for  all  the  catalytic  steps  in  the  intrinsic  and  extrinsic                  

pathways.  Also,  phospholipids  are  important  for  both  tenase  complexes  and  they  are  offered               

by  ECs  and  activated  platelets   (Hoffbrand  et  al.  2016;  Chaudhry,  Usama,  and  Babiker  2020) .                

Phospholipid  surfaces  host  the  tenase  complexes  and  this  physical  constraint  is  necessary              

to   limit   the   coagulation   cascade   to   the   relevant   site   of   injury    (Hoffbrand   et   al.   2016) .     

Once  activated,   F10  binds  to  its  cofactor,   F5 ,  in  order  to  cleave  prothrombin  into  its                 

active  form,   F2.   F2 ,  in  response,  cleaves  soluble  fibrinogen  into  fibrin  ( FGA-FGB-FGG ).              

FGA-FGB-FGG  is  an  insoluble  fibrous  protein,  which  polymerises  and  creates  a  mechanical              

frame  to  clots  at  the  wound  site,  closing  the  blood  vessel  injury  (Lichtman  and  Williams,                 

2006).  Fundamental  for  wound  closure  is   F8 ,  which  crosslinks  fibrin  fibres  to  make  them                

more  stable  ( Hoffbrand  et  al.  2011) .  The  major  players  of  the  common  pathway  are                

FGA-FGB-FGG ,    F2 ,    F5 ,    F8    and    F10     (Chaudhry,   Usama,   and   Babiker   2020) .   

Fig.  1.2  |  Schematic  representation  of  the  haemostasis.  The  top  right  panel  have  a  brief                 
representation  of  the  coagulation  cascade.  Intrinsic,  extrinsic  and  common.  The  three  bottom  panels               
depict   the   primary   haemostasis   and   all   the   steps   involved   in   the   platelet   plug   formation.   

Inhibition   of   the   pro-coagulant   stimuli   

Blood  needs  to  be  kept  in  its  liquid  form  aside  from  the  injury  sites.  The  process  of                   

thrombus  formation  needs  to  remain  localised  and  resolved  in  a  timely  manner  once               
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vascular  integrity  has  been  restored.  For  this  purpose,  the  negative  feedback  of  haemostasis               

(also  named  thrombolysis)  is  essential  to  prevent  the  unnecessary  formation  of  thrombi  and               

to  limit  the  excessive  growth  of  a  thrombus.  The  control  and  termination  of  the  coagulation                 

cascade  have  two  main  mechanisms:  the  inhibition  of  the  serine-proteases  via  their              

plasma-residing   inhibitors   and   the   lysis   of   activated   coagulation   factors,   like   fibrinogen.   

There  are  2  types  of  inhibitors  involved  in  the  resolution  of  the  coagulation  cascade:                

serine-protease  inhibitors  (serpins)  and  Kunitz-type  ones   (Neuenschwander  2006;  Rein  et  al.             

2011) .  Serpins  are  a  family  of  at  least  seven  irreversible  inhibitors  that  circulate  in  the                 

plasma.  They  function  as  substrates  for  the  serine-proteases  and,  once  cleaved,  they              

irreversibly  bind  to  the  serine-protease  inactivating  that  molecule.  Antithrombin  ( SERPINC1 )            

is  the  best-characterised  serpin  and  it  modulates  the  coagulation  complex  with   F3   and   F10                

and  its  main  role  is  the  inhibition  of   F2   (Lomas  et  al.  1992;  Huntington  et  al.  2000;  Quinsey  et                     

al.  2004;  Patnaik  and  Moll  2008) .  Some  serine  proteases  involved  in  the  coagulation               

cascade  are  also  able  to  cleave  cell  receptors  involved  in  haemostasis.  As  an  example,  the                 

Protease-Activated  Receptors  (PARs)  are  a  family  of  proteins  that  are  expressed  on              

platelets  and  vascular  ECs.  The  role  of  PARs  is  to  restore  the  correct  physiology  after  clot                  

formation.  For  instance,  to  repristinate  the  vascular  endothelium  (i.e.  angiogenesis)  through             

the  growth  of  ECs  (Versteeg  et  al.  2013).  The  existence  of   PARs  is  one  example  that                  

underlines  that  not  only  circulating  coagulation  factors  but  also  the  interplay  with  cells  is                

crucially   important   for   maintaining   haemostasis   (see   chapter   1.1.2.4).     

Kunitz-type  inhibitors  are  quenching  coagulation  cascades  via  reversible  binding  to            

the  coagulation  factors   (Antuch  et  al.  1994) .  The  most  important  serine-proteases             

Kunitz-type  is  the  Tissue  Factor  Pathway  Inhibitor  ( TFPI ),  which  is  present  mainly  on  EC                

membranes  and  within  platelet  α  granules   (Broze  and  Girard  2012;  Mast  2016) .   TFPI  mainly                

inhibits   F10  and   F3-F7 ,  forming  a  quaternary  structure  and  blocking  further  activation  of  the                

coagulation   cascade    (Hoffbrand,   Catovsky,   and   Tuddenham   2008) .   

F2  not  only  activates  pro-coagulant  proteins  (e.g.  fibrinogen),  but  it  also  starts  the               

inhibition  of  the  coagulation   (Dahlbäck  and  Villoutreix  2005) .  For  instance,  its  binding  to               

PROC  initiates  the  protein  C  pathway.   PROC  is  a  vitamin  K-dependent  serine  protease  that                

circulates  as  a  zymogen  in  the  plasma  and  uses  protein  S  ( PROS )  as  a  cofactor.  When                  

activated,   PROC  digests   F5  and   F8  reducing  the  pro-coagulant  stimuli   (Dahlbäck  and              

Villoutreix   2005) .   
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Fibrinolysis   

The  last  step  in  the  haemostasis  is  known  as  fibrinolysis  and  it  consists  of  the                 

elimination  of  the  fibrin  clots  by  several  different  proteases   (Chapin  and  Hajjar  2015) .  When                

fibrin  binds  to  the  damaged  tissues,  it  activates  tPA  ( PLAT )  and  uPA  ( PLAU ;   Chapin  and                 

Hajjar  2015) .  These  two  proteins  compete  with  the  circulating   PLG  activator  inhibitor  (PAI)-1               

and,  eventually,  lead  to  the  activation  of   PLG   (Forsgren  et  al.  1987) .   PLG  breaks  the  fibrin                  

clots  into  soluble  units  which  are  normally  referred  to  as  D-dimers   (Khalafallah  et  al.  2014) .                 

The  level  of  D-dimers  is  of  considerable  diagnostic  value  in  determining  whether  there  is                

inappropriate  thrombus  formation  (see  chapter  1.2.2;   Hulle  et  al.  2013) .  Ultimately,  also   PLG               

has  a  negative  regulation  that  is  mainly  carried  out  by   α 2-antiplasmin   (Chapin  and  Hajjar                

2015) .     

1.1.2.4   Primary   haemostasis   

Thrombus  formation  is  the  result  of  platelet  adhesion  and  aggregation.  This  process              

is  triggered  by  molecules  such  as  collagen  and F2   (Furie  and  Furie  2008)  and  has  slightly                  

different  pathways  in  response  to  the  blood  shear  stress   (Hoffbrand  et  al.  2016) .  Vasculature                

damages  at  medium-high  flow  rates  (i.e.  1000-5000/s;  arterial  pressure)  trigger  platelet             

activation  mainly  via  the   VWF -collagen  complex  which  is  bound  by  the  GPIb–IX–V  complex.               

Whilst,  at  lower  flow  rates  (i.e.  <  500/s;  venous  blood  flow),  platelets  can  adhere  directly  to                  

the  subendothelial  matrix,  without  the  intermediated  help  of   VWF  and  collagen   (Hoffbrand  et               

al.   2016) .     

After  initial  adhesion,  platelets  roll  over  the  damaged  area  in  an  inactive  state               

(Vanhoorelbeke  et  al.  2003) .  This  process,  which  is  still  reversible,  is  normally  referred  to  as                 

tethering,  because  of  the  tethers  formed  by  the  adhering  platelet  membranes.  The  initial               

anchoring,  driven  by   VWF -GPIb-IX-V  complex,  is  strengthened  by  GPIIb-IIIa  and   GP6             

binding  to  collagen  and   F2 ,  with  the  cooperation  of  other  integrins  as  well   (López  1994;                 

Nieswandt  and  Watson  2003) .  The  events  following  the  tethering  steps  commit  the  platelets               

to  their  activation,  inducing  changes  in  morphology  and  releasing  their  granules   (Blair  and               

Flaumenhaft   2009;   Hoffbrand   et   al.   2016) .    

Indeed,  after  activation,  platelets  undergo  an  internal  cytoskeleton  rearrangement,           

mainly  because  of  actin  polymerization,  which  allows  the  spreading  of  the  cell  membrane               

and  the  formation  of  filopodia  and  lamellipodia   (Fox  1996;  Albuschies  and  Vogel  2013) .               

These  morphological  rearrangements  are  necessary  for  platelet  function  and  facilitate  the             
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adhesion  of  other  cells  on  the  injury  site   (Bearer,  Prakash,  and  Li  2002) .  Ca2 +  is  a  key                   

molecule  in  the  activation  of  the  platelets  because  it  helps  the  formation  of  actin  fibres  and  it                   

also  works  as  a  cofactor  for  a  series  of  proteins  that  induce  granules  release   (Bearer,                 

Prakash,  and  Li  2002) .  The  release  of  granules  is  mainly  mediated  by  tyrosine  kinases  and                 

G-protein-coupled  receptors   (GPCRs;  Shattil,  Kashiwagi,  and  Pampori  1998) .  These           

proteins  induce  a  cascade  of  signals  that  transduce  in  α  granules  and  dense  granules                

release,   which   helps   in   orchestrating   the   haemostasis.     

α  granules  contain  proteins  that  regulate  thrombus  formation  (e.g.   FGA - FGB - FGG ,            

VWF ,   TFPI ,   PF4  and   PLG ),  sustain  vascular  endothelium  integrity  (e.g.   VEGF )  and  stimulate               

inflammation  (e.g.  β-thromboglobulin;   King  and  Reed  2002;  Kaushansky  et  al.  2015) .  Some              

α  granules  proteins  have  a  dual  role  that  links  haemostasis  to  immune  response.  For                

instance,   SELP ,  which  is  transferred  from  the  granules  to  the  platelet  membrane  upon               

activation,   is   able   to   interact   with   endothelial   cells   and   leukocytes    (Michelson   et   al.   2019) .   

Dense  granules  take  their  name  because  of  how  they  appear  in  electron  microscopy               

images,  being  highly  osmophilic  due  to  the  high  concentration  of  adenosine  triphosphate              

(ATP)  and  adenosine  diphosphate  (ADP;   McNicol  and  Israels  1999) .  The  ADP,  released              

after  initial  platelet  activation,  acts  as  a  positive  amplification  signal  to  induce  the  activation                

of  more  platelets.  The  positive  feedback  is  mediated  by  binding  to  GPCRs,  namely   P2RY1                

and    P2RY12     (Michelson   et   al.   2019) .     

Ultimately,  the  final  process  in  thrombus  formation  is  plug  stabilisation   (Hawiger             

1987) .  In  order  to  resist  the  blood  shear  stress,   F8  crosslinks  fibrin  fibres  to  the  just-formed                  

platelet  plug,  stressing  one  last  time  the  interplay  between  primary  and  secondary              

haemostasis    (Hawiger   1987) .   

1.2   Bleeding,   thrombotic   and   platelet   disorders   

Inherited  defects  of  haemostasis  comprise  a  heterogeneous  group  of  rare  diseases,             

referred  to,  in  this  thesis,  as  inherited  bleeding,  thrombotic  and  platelet  disorders  or  BTPDs                

in  short.  The  BTPD  symptomatology  ranges  from  severe  to  mild  and  in  some  cases                

symptoms  may  be  entirely  absent,  limited  only  to  altered  FBC  (e.g.  mild  thrombocytopenia).               

For  the  purpose  of  this  thesis,  BTPDs  are  defined  as  a  group  of  rare  inherited  conditions                  

caused  by  pathogenic  variants  in  a  set  of  93  diagnostic-grade  genes,  which  have  been                

curated  by  the  Scientific  and  Standardization  Committee  for  Genomics  in  Thrombosis  and              
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Haemostasis  for  the  International  Society  on  Thrombosis  and  Haemostasis  (Table  1.4;   Megy              

et   al.   2019) .     

Inherited  BTPDs  tend  to  have  earlier  manifestations  in  life  and,  most  of  the  time,                

there  is  a  family  history   (Lentaigne  at  al.  2016;  Sivapalaratnam  et  al.  2017) ,  although                

sometimes  these  can  arise  due  to   de  novo   mutations.  For  instance,  30%  of  haemophilia  A                 

cases  have   de  novo   variants   (Castaldo  et  al.  2007;  Rodriquez-Merchan  and  Lee  2008) .  The                

aetiology  of  inherited  BTPDs  resides  in  germline  mutations  in  one,  or  more,  genetic  regions                

that  are  involved  in  the  hemostasis  process   (see  also  chapter  1.3.7;  Westbury  et  al.,  2015;                 

Simeoni  et  al.,  2016;  Downes  et  al.,  2019) .  BTPDs  can  affect  only  one  tissue  (i.e.                 

non-syndromic)  or  several  tissues  (i.e.  syndromic),  such  as  the  case  of   MYH9 -related              

diseases  which  are  characterised  by  macrothrombocytopaenia,  kidney  insufficiency  and           

hearing   loss    (Althaus   and   Greinacher   2009) .   

Accurate  estimates  on  the  prevalence  of  rare  inherited  BTPDs  are  lacking,  but  it  is                

estimated  to  range  between  1  in  5,000  and  1  in  2,000,000   (Peyvandi  et  al.  2009;  Castaman                  

and  Linari  2017 ;   UKHCDO  annual  report  2018 ).  Taken  together,  all  the  inherited  forms  of                

BTPDs  affect  1  in  3,500  people  (Simeoni  et  al.  2016)  and  nearly  25,000  individuals  are                 

registered  on  the  United  Kingdom  Haemophilia  Centre  Doctors’  Organisation  (UKHCDO)            

database.  Given  their  broad  range  of  aetiologies  and  different  manifestations,  it  is  difficult  to                

make  a  reliable  estimate  of  their  frequencies.  Indeed,  milder  forms  do  not  require  medical                

attention  and  therefore  they  are  very  hard  to  recognise.  Notwithstanding  the  lack  of  accurate                

estimates  for  their  prevalence,  it  is  important  to  reach  a  molecular  diagnosis  early  in  life                 

because  it  informs  the  choice  of  treatment,  aids  prognostication  and  can  be  used  in  family                 

planning    (Sivapalaratnam   et   al.   2021) .   

The  World  Health  Organization  (WHO)  has  standardised  the  disease  reports  and             

health  conditions  with  unique  identifiers,  namely  the  International  Classification  of  Disease             

(ICD)  codes.  This  categorisation  is  helpful  to  estimate  the  global  burden  of  disease  and                

inform  the  delivery  of  integrated  health  care  (see  Table  1.5  for  the  ICD  codes  relative  to                  

BTPDs,  Table  2.2  for  the  BTPD  symptoms  and  chapter  1.5.2  for  a  more  detailed  description                 

of  ICD  codes).  However,  the  ICD  codes  are  not  granular  enough  to  encode  the  wide  range  of                   

symptoms  observed  in  patients  with  inherited  BTPDs.  An  alternative  ontology,  named  the              

Human  Phenotype  Ontology  (HPO)  has  been  introduced  to  support  studies  in  patients  with               

inherited   disorders   (see   chapter   1.5).   
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1.2.1   Bleeding   disorders   

The  absence  or  lack  of  activity  of  procoagulant  proteins  can  cause  pathological              

bleeding  (Table  1.4;   Megy  et  al.  2019) .  Amongst  the  several  types  of  inherited  bleeding                

disorders,  haemophilia  A,  haemophilia  B  and  von  Willebrand  disease  (VWD)  are  the  most               

common  and  well  characterised.  According  to  the  UKHCDO  annual  report  for  2018,  the  UK                

has  8,159  and  1,795  haemophilia  A  and  B  patients  respectively  (occurrence  1  in  8,000  and  1                  

in  37,000  in  the  whole  UK  population)  and  10,798  VWD  patients  (occurrence  1  in  6,000).                 

Rarer  bleeding  disorders,  for  example,   FVII  and   FXIII  deficiencies  have  frequencies  between              

1  in  500,000  for  and  1  in  2  million,  respectively  (see  Table  1.4;  Palla  et  al.  2015;  Hoffbrand  et                     

al.  2016 ;   UKHCDO  annual  report  2018 ;  Peyvandi  et  al.  2009;  Castaman  and  Linari  2017) .                

There  is  a  diagnostic  bias  towards  females  because  of  the  medical  attention  needed  to  treat                 

iron-deficiency   anaemia   caused   by   heavy   menstrual   bleeding    ( Hoffbrand   et   al.   2016) .   

Bleeding  phenotypes  caused  by  secondary  haemostasis  problems  vary  greatly  in            

their  severity,  from  almost  undetectable  to  life-threatening.  The  most  common  symptoms  of              

coagulation  factor  deficiency  are  mucosal  bleeding,  post-trauma  or  post-surgery  bleeding           

and  central  nervous  system  bleeding.  Death  caused  by  bleeding  disorder   per  se  is  rare,                

occurring  in  1  in  10,000  patients,  mainly  because  of  intracranial  haemorrhage   (Darby  et  al.                

2007;  Cavazza  et  al.  2016) .  More  frequent  are  deaths  due  to  HIV  and  Hepatitis  C                 

comorbidities  caused  by  the  past  use  of  blood-derived  factors,  which  increases  the  death               

rate  to  1  in  100  patients  per  year   (Diamondstone  et  al.  2002;  Darby  et  al.  2004;   UKHCDO                   

Annual   Report   2019,   accessed   in   September   2021 ) .   

1.2.2   Thrombosis     

Inherited  conditions  with  an  increased  risk  of  blood  clots  in  the  venous  circulation  are                

referred  to  as  thrombosis  or  thrombophilia   (Sexton  and  Smyth  2014) .  The  two  main               

conditions  are  deep  vein  thrombosis  (DVT),  usually  occurring  in  the  lower  limbs,  and              

pulmonary  embolism  (PE).  These  two  are  often  grouped  together  as  venous             

thromboembolism  (VTE;   Goldhaber  and  Morrison  2002) .  According  to  the  Global  Burden  of             

Diseases,  Injuries,  and  Risk  Factors  Study  2010,  thrombosis  causes  25%  of  all  deaths               

worldwide  and  VTE  itself  caused  500,000  deaths  in  Europe  in  2004   (Raskob  and  ISTH                

Steering  Committee  for  World  Thrombosis  Day  report  2014;  Thrombosis  UK,  accessed  in              

September  2021) .  Approximately  60%  of  the  VTE  events  occur  during  or  after  hospitalization               

( Thrombosis  UK,  accessed  in  September  2021 )  and  females  are  more  susceptible  because              
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of  the  use  of  oral  contraceptives  containing  oestrogen  and  pregnancy,  which  increase  the               

risk   of   VTE   of   3-6   and   5-10   fold   respectively    (Gialeraki   et   al.   2018) .   

Thrombophilia  is  a  complex  disorder  (see  chapter  1.3.1  for  a  definition  of  complex               

disorders)  that  presents  late-onset,  in  which  environment,  genetics  and  lifestyle  act             

synergistically.  However,  inherited  thrombophilia  are  a  group  of  early-onset  disorders  with             

loss-of-function  (LoF;  see  chapter  1.3.6)  variants  in  anticoagulant  and  antithrombin  proteins             

(e.g.   PROC,  PROS1,  SERPINC1 )   and  gain-of-function  (GoF)  variants  in  procoagulant            

factors  (e.g.   F5  and   F2 ;  Franco  et  al.  2001;  Hoffbrand  et  al.  2016) .  Possibly,  the  best                  

characterised  genetic  risk  factor  is  Factor  V  Leiden  variant  (FV.R506Q),  which  is  a  relatively                

common  allele  that  in  most  studies  increases  the  risk  of  VTE  up  to  three  folds   (Klarin  et  al.                    

2019) .     

1.2.3   Platelet   disorders   

Inherited  platelet  disorders  are  rare,  with  occurrences  that  are  between  1  in  200,000               

and  1  in  1,000,000  newborns   (Peyvandi  et  al.  2012) .  They  can  be  quantitative  or  qualitative                 

and  they  can  have  a  series  of  causes,  from  bone  marrow  failure  (Fanconi  anaemia)  to                 

autoimmune  reactions   (Key  et  al.  2017) .  Quantitative  platelet  disorders  affect  platelet  counts,              

reducing  or  increasing  their  concentration  in  the  bloodstream.  Qualitative  platelet  defects             

affect   their   ability   to   correctly   respond   to   stimuli   and   contribute   to   primary   haemostasis.     

The  standard  reference  parameter  for  platelet  count  is  150-450x10 3 /µl,  with            

differences  in  the  distribution  between  genders,  and  females  having  on  average  a  higher               

platelet  count   (Collins  et  al.  2021) .  However,  many  people  with  a  platelet  count  below                

150x10 3 /µl  do  not  have  any  bleeding  events  unless  seriously  challenged   (Key  et  al.  2017;                

Izak  and  Bussel  2014) .  Only  If  the  platelet  concentration  goes  below  20x10 3 /µl,  bleeding              

may  occur  without  any  injury  and  a  platelet  transfusion  is  required   (Key  et  al.  2017;  Izak  and                   

Bussel  2014) .  Low  platelet  count  (i.e.  thrombocytopenia)  can  occur  alone  or  in  combination               

with  alteration  of  other  platelet  features  (e.g.  size  and  volume).  An  example  of  reduced                

platelet  count  with  a  normal  size  is  the  thrombocytopenia  with  absent  radius  syndrome  (TAR;                

mutated  gene   RBM8A ),  a  recessive  disease  linked  to  hemorrhagic  manifestations  that  can              

also  be  fatal.  Wiskott-Aldrich  syndrome  (WAS;  mutated  gene   WAS )  is  an  example  of  platelet                

disease  where  size  and  number  are  both  reduced;  while   MYH9 -related  and  Bernard-Soulier              

syndromes  (BSS;  mutated  genes   GP9 ,   GP1BA   and   GP1BB )  are  both  linked  to  reduced               

platelet  count  but  increased  platelet  volume  (i.e.  macrothrombocytopenia).  On  the  other  side              

of  the  spectrum,  if  too  many  platelets  are  produced  in  the  bone  marrow,  there  is  an  even                   
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rarer  condition  called  thrombocythemia,  which  has  a  broad  range  of  symptoms  ranging  from               

blood  clots  to  excessive  bleeding.  Most  of  the  time,  this  is  caused  by  somatic  variants,  but                  

variants  in   MPL   or   THPO  have  been  reported  to  cause  inherited  forms  of  familial                

thrombocythemia    (Tefferi   et   al.   2007;   Wilkins   et   al.   2008) .   

Thrombocytopathy  is  the  general  definition  for  qualitative  platelet  defects;  these            

defects  can  be  in  adhesion,  signal  transduction  or  aggregation.  BSS  is  also  characterised  by                

reduced  platelet  agglutination,  because  of  defects  in  the  binding  of  VWF  and  delayed               

response  to   F2   (Hoffbrand  et  al.  2016) .  Problems  in  the  signal  transduction  have  a  less                 

well-characterised  pathophysiology,  but  usually  are  grouped  under  an  umbrella  term,  platelet             

signalling  disorder,  because  of  their  nature,  most  of  the  time  due  to  defects  in  one  or  more  of                   

the  receptors  coupled  to  G-proteins.  Lastly,  Glanzmann’s  thrombasthenia  (GT)  is  an            

example  of  reduced  aggregation   (Hoffbrand  et  al.  2016) .  People  affected  by  GT  have  a                

normal  platelet  count,  but  these  platelets  do  not  respond  to  aggregation  stimuli  such  as  ADP,                 

collagen   or    F2 .   

With  the  exception  of  severe  cases  that  require  platelet  transfusions,  most  of  these               

conditions  do  not  require  extensive  medical  attention  and  an  adapted  lifestyle  can  prevent               

most  of  the  symptoms.  For  example,  trauma  avoidance  and  appropriate  dental  care  to               

prevent  gingival  bleeding.  However,  it  is  convenient  to  know  of  their  existence  because  they                

may  require  medical  attention  if  coupled  with  other  conditions  or  habits.  For  instance,               

pregnancy  reduces  platelet  count   (Reese  et  al.  2018) ,  while  smoking  is  discouraged  in               

people  that  already  have  high  platelet  count   (Levine  1973;  Mundal  et  al.  1998;               

Ghahremanfard   et   al.   2015) .   
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HGNC   
symbol   

Associated   disorder(s)   Inheritance  Disease   domain   

F10   Factor   X   deficiency   AR;   AD   Bleeding/coagulation  

F11   Factor   XI   deficiency   AR;   AD   Bleeding/coagulation  

F12   Factor   XII   deficiency   
Angioedema   

AR;   AD   Coagulation   
Angioedema   

F13A1   Factor   XIII   deficiency   AR   Bleeding/coagulation  

F13B   Factor   XIII   deficiency   AR   Bleeding/coagulation  

F2   Prothrombin   deficiency   
Thrombophilia   resulting   from   thrombin   defect   

AR;   AD   Bleeding/coagulation   
Thrombosis   

F5   Factor   V   deficiency   
Thrombophilia  resulting  from  activated  protein  C       
resistance   

AR;   AD   Bleeding/coagulation   
Thrombosis   

F7   Factor   VII   deficiency   AR;   AD   Bleeding/coagulation  

F8   Hemophilia   A   XLR   Bleeding/coagulation  

https://paperpile.com/c/6jg5Eg/iv71+wQUr
https://paperpile.com/c/6jg5Eg/bRuX
https://paperpile.com/c/6jg5Eg/bRuX
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https://paperpile.com/c/6jg5Eg/eWJx+en1o+JBPp
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F9   Hemophilia   B   XLR   Bleeding/coagulation  

FGA   Fibrinogen   deficiency   AR;   AD   Bleeding   

FGB   Fibrinogen   deficiency   AR;   AD   Bleeding   

FGG   Fibrinogen   deficiency   AR;   AD   Bleeding   

GGCX   Vitamin   K-dependent   clotting   factors   deficiency   1   AR   Bleeding/coagulation  

KNG1   Kininogen   deficiency   AR   Coagulation   

LMAN1   Combined   factor   V   and   VIII   deficiency   AR   Bleeding/coagulation  

MCFD2   Combined   factor   V   and   VIII   deficiency   AR   Bleeding/coagulation  

SERPINE1   Plasminogen   activator   inhibitor   1   deficiency   AR;   AD   Bleeding   

SERPINF2   Alpha   2   antiplasmin   deficiency   AR   Bleeding   

VKORC1   Vitamin   K-dependent   clotting   factors   deficiency   2   AR   Bleeding/coagulation  

VWF   VWD   AR;   AD   Bleeding/Platelet   

ADAMTS13  Thrombotic   thrombocytopenic   purpura   AR   Thrombosis   

HRG   Histidine-rich   glycoprotein   deficiency   AD   Thrombosis   

PLG   Plasminogen   deficiency   AR   Thrombosis   

PROC   Protein   C   deficiency   AR;   AD   Thrombosis   

PROS1   Protein   S   deficiency   AR;   AD   Thrombosis   

SERPINC1   Antithrombin   deficiency   AR;   AD   Thrombosis   

SERPIND1   Heparin   cofactor   2   deficiency   AD   Thrombosis   

THBD   Thrombomodulin   deficiency;   
Bleeding  resulting  from  high  soluble       
thrombomodulin   

AD   Thrombosis/Bleeding  

ABCG5   Sitosterolemia   with   macrothrombocytopenia   AR   Platelet   

ABCG8   Sitosterolemia   with   macrothrombocytopenia   AR   Platelet   

ACTB   Baraitser-Winter  syndrome  1  with      
macrothrombocytopenia   

AD   Platelet   

ACTN1   Macrothrombocytopenia   AD   Platelet   

ANKRD26   AD   thrombocytopenia   2   AD   Platelet   

ANO6   Scott   syndrome   AR   Platelet   

AP3B1   HPS   AR   Platelet   

AP3D1   HPS   AR   Platelet   

ARPC1B   Platelet  abnormalities  with  eosinophilia  and      
immune-mediated   inflammatory   disease   

AR   Platelet   

BLOC1S3   HPS   AR   Platelet   

BLOC1S6   HPS   AR   Platelet   

CDC42   Takenouchi-Kosaki  syndrome  with    
thrombocytopenia   

AD   Platelet   

CYCS   AD   thrombocytopenia   4   AD   Platelet   

DIAPH1   Macrothrombocytopenia  and  sensorineural  hearing     
loss   

AD   Platelet   

DTNBP1   HPS   AR   Platelet   

ETV6   Thrombocytopenia   and   susceptibility   to   cancer   AD   Platelet   



52   

52   

FERMT3   Leukocyte   integrin   adhesion   deficiency,   type   3   AR   Platelet   

FLI1   Paris-Trousseau   and   Jacobson   syndrome   AR;   AD   Platelet   

FLNA   Syndrome   with   macrothrombocytopenia   XLD;   XLR   Platelet   

FYB1   Thrombocytopenia   3   AR   Platelet   

GATA1   X-linked   thrombocytopenia   with   dyserythropoiesis   XR   Platelet   

GFI1B   Platelet-type   bleeding   disorder   17   AD;   AR   Platelet   

GNE   Myopathy   associated   with   Thrombocytopenia   AR   Platelet   

GP1BA   BSS   
Mild   macrothrombocytopenia   
Platelet-type   VWD   

AR;   AD   Platelet   

GP1BB   BSS   
Mild   macroTP   

AR;   AD   Platelet   

GP6   Bleeding  diathesis  resulting  from  glycoprotein  VI       
deficiency   

AR   Platelet   

GP9   BSS   AR   Platelet   

HOXA11   Amegakaryocytic  thrombocytopenia  with  radioulnar     
synostosis   

AD   Platelet   

HPS1   HPS   AR   Platelet   

HPS3   HPS   AR   Platelet   

HPS4   HPS   AR   Platelet   

HPS5   HPS   AR   Platelet   

HPS6   HPS   AR   Platelet   

ITGA2B   GT   
Platelet-type   bleeding   disorder   16   

AR;   AD   Platelet   

ITGB3   GT   
Platelet-type   bleeding   disorder   16   

AR;   AD   Platelet   

KDSR   Thrombocytopenia   and   erythrokeratoderma   AR   Platelet   

LYST   Chediak-Higashi   syndrome   AR   Platelet   

MECOM   Amegakaryocytic  thrombocytopenia  with  radioulnar     
synostosis   2   

AD   Platelet   

MPIG6B   Thrombocytopenia,   anaemia,   and   myelofibrosis   AR   Platelet   

MPL   Congenital   amegakaryocytic   thrombocytopenia   AR   Platelet   

MYH9   MYH9-related   disorders   AD   Platelet   

NBEA   Autism   with   platelet   dense   granule   defect   AD   Platelet   

NBEAL2   Grey   platelet   syndrome   AR   Platelet   

P2RY12   ADP   receptor   defect   AR   Platelet   

PLA2G4A   Deficiency   of   phospholipase   A2,   group   IV   A   AR   Platelet   

PLAU   Quebec   platelet   disorder   AD   Platelet   

RASGRP2   Platelet-type   bleeding   disorder   18   AR   Platelet   

RBM8A   Thrombocytopenia-absent   radius   syndrome   AR   Platelet   

RNU4ATAC  Roifman   syndrome   AR   Platelet   

RUNX1   Familial   platelet   disorder   with   predisposition   to   AML  AD   Platelet   
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Table   1.4   |   Lists   of   BTPDs.    Adapted   from    Megy   et   al.   2019 .   
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SLFN14   Platelet-type   bleeding   disorder   20   AD   Platelet   

SRC   Thrombocytopenia   6   AD   Platelet   

STIM1   Stormorken   syndrome   (York   platelet   syndrome)   AD   Platelet   

STXBP2   Familial   hemophagocytic   lymphohistiocytosis   type   5  AR   Platelet   

TBXA2R   Thromboxane   A2   receptor   defect   AR;   AD   Platelet   

TBXAS1   Ghosal   syndrome   AR   Platelet   

THPO   Thrombocytopenia  progressing  to  trilineage  bone      
marrow   failure   

AR   Platelet   

TUBB1   Macrothrombocytopenia   AD   Platelet   

VIPAS39   Arthrogryposis,   renal   dysfunction,   and   cholestasis   1  AR   Platelet   

VPS33B   Arthrogryposis,   renal   dysfunction,   and   cholestasis   2  AR   Platelet   

WAS   Wiskott-Aldrich   syndrome   XLR   Platelet   

ICD-10  Code    
category   

Condition   Disease   name   

D82.0   Platelet   disease   Wiskott-Aldrich   syndrome   

D68.5   Platelet   disease   Primary   thrombophilia   

D69.6   Platelet   disease   Thrombocytopenia   unspecified   

D69.1   Platelet   disease   Qualitative   platelet   defects   

D69.4   Platelet   disease   Other   primary   thrombocytopenia   

D69.3   Platelet   disease   Idiopathic   thrombocytopenic   purpura   

D68.0   Bleeding   Von   Willebrand   disease   

D68.1   Bleeding   Hereditary   factor   XI   deficiency   

D68.2   Bleeding   Hereditary   deficiency   of   other   clotting   factors   

D68   Bleeding   Other   coagulation   defects   

D67   Bleeding   Hereditary   factor   IX   deficiency   

D66   Bleeding   Hereditary   factor   VIII   deficiency   

D65   Thrombosis   Disseminated   intravascular   coagulation   

I26   Thrombosis   Pulmonary   embolism   

I801   Thrombosis   Phlebitis   and   thrombophlebitis   of   femoral   vein   

I802   Thrombosis   Phlebitis   and   thrombophlebitis   of   other   deep   vessels     

I803   Thrombosis   Phlebitis   and   thrombophlebitis   of   lower   extremities   

https://paperpile.com/c/6jg5Eg/lyPC
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Table  1.5  |  Lists  of  BTPDs  phenotypes  described  according  to  the  world  health  organization                
ICD-10   nomenclature    (see   chapter   1.5.2;    https://icd.who.int/browse10/2010/en ).   

  

1.3   Genetics,   epigenetics   and   genome   function   

1.3.1   Genetics  

Heritability  is  the  proportion  of  variation,  for  a  defined  phenotype,  that  can  be               

explained  by  genetic  inheritance   (Visscher,  Hill,  and  Wray  2008) .  Mendel  was  the  first               

biologist  to  formalise  trait  heritability  in  1866   (Mendel  1866)  and,  not  long  after  the  English                 

translation  of  his  findings,  Garrod  adopted  Mendel’s  research  on  his  alkaptonuria  patients              

(Garrod  1902) ,  whilst  Fisher  and  Wright  followed  with  the  mathematical  conceptualisation  of              

trait  heritability   (Fisher  1919;  Wright  1920) .  These  scientists  pioneered  genetics  and  its              

application  to  the  study  of  trait  heritability  much  earlier  than  the  concept  of  genes  even                 

existed   (see   chapter   1.3.4   for   the   definition   of   genes).     

Indeed,  the  experiment  that  proved  that  the  molecule  encoding  for  the  genetic              

material  is  the  DNA,  starting  the  field  of  molecular  genetics  as  we  know  it  today,  happened  in                   

the  1950s   (Hershey  and  Chase  1952) .  Today,  we  know  that  DNA  contains  the  information                

required  to  pass  on  life,  relying  just  on  4  nucleotides:  Adenine  (A),  Thymine  (T),  Cytosine  (C)                  

and   Guanine   (G;    Watson   and   Crick   1953) .   

There  are  two  main  modes  of  trait  heritability,  Mendelian  traits  and  complex  traits               

(Antonarakis  and  Beckmann  2006) .  In  the  case  of  a  Mendelian  trait,  the  heritability  is                

explained  almost  entirely  by  one  locus   (Antonarakis  and  Beckmann  2006;  NIH  definition  of               

Mendelian  inheritance,  accessed  in  September  2021) .  However,  the  proportion  of  phenotype             
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I676   Thrombosis   Nonpyogenic   thrombosis   of   the   intracranial   venous   system   

O225   Thrombosis   Cerebral   venous   thrombosis   in   pregnancy   

I81   Thrombosis   Portal   vein   thrombosis   

I820   Thrombosis   Budd-Chiari   syndrome   

I822   Thrombosis   Embolism   and   thrombosis   of   vena   cava   

I823   Thrombosis   Embolism   and   thrombosis   of   renal   vein   

O223   Thrombosis   Deep   phlebothrombosis   in   pregnancy   

O871   Thrombosis   Deep   phlebothrombosis   in   the   puerperium   
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variability  explained  solely  by  one  locus  is  rarely  100%,  even  for  Mendelian  trait  inheritance               

(Visscher,  Hill,  and  Wray  2008;  Hill,  Goddard,  and  Visscher  2008) .  For  instance,  in  the  case                 

of  cystic  fibrosis,  which  severely  compromises  lung  function,  several  genes  contribute  to  the               

variability   of   the   phenotype   influencing   the   final   lung   function    (Cutting   2010) .   

In  the  case  of  a  complex  trait,  multiple  genes  and/or  multiple  loci  contribute  to  the                 

manifestation  of  the  same  phenotypes   (Lander  and  Schork  1994;  Antonarakis  and             

Beckmann  2006) .  Different  models  have  been  created  to  explain  how  several  genes              

orchestrate  to  obtain  the  final  phenotype   (Marchini,  Donnelly,  and  Cardon  2005) ,  but  they  all                

mainly  rely  on  two  basic  concepts:  additive  effect  or  epistatic  effect.  Additive  effect  models                

assume  that  every  gene  gives  an  independent  contribution  to  the  phenotypic  manifestation,              

even  if  minimal   (Robertson  and  Lerner  1949;  Dempster  and  Lerner  1950;  Yang  et  al.  2011) .                 

More  complex  epistatic  effect  models  take  into  account  gene-gene  interplay  and  epistatic              

influences  of  one  gene  onto  the  effect  of  another   (Mackay  and  Moore  2015) ,  but,  due  to  their                   

complexity,  these  are  less  commonly  applied  to  the  study  of  human  heritability   (Yang  et  al.                 

2011;   Sheppard   et   al.   2021) .   

All  the  different  approaches  used  to  study  genetic  inheritance  do  not  explain              

heritability  and  trait  variabilities  fully   (Kong  et  al.  2018;  Young  2019) .  Exposure  to               

environmental  stimuli  influences  gene  expression  and  the  phenotype  we  observe;  giving  rise              

to   the   nature   versus   nurture   dichotomy   and   the   rising   epigenetic   field    (Kong   et   al.   2018) .   

1.3.2   Epigenetics   

The  idea  that  the  DNA  molecule   per  se  does  not  contain  all  the  relevant  information                 

to  cell  function  in  multicellular  organisms  was  postulated,  in  the  1950s   ( The  Physical               

Foundation  of  Biology  1958) ,  possibly  because  earlier  a  DNA  modification,  namely             

5-methylcytosine,  was  observed  in  mammalian  DNA   (Hotchkiss  1948) .  The  role  of             

methylation  in  gene  regulation  was  reported  in  the  1980s   (Razin  and  Riggs  1980)  and  soon                 

after  associated  with  human  diseases,  cancer  in  particular   (Riggs  and  Jones  1983) .  In  1984,                

an  elegant  experiment  by  McGrath  and  Solter  showed  that  the  sole  DNA  sequence  is  not                 

sufficient  to  support  the  correct  mouse  embryogenesis  and  therefore  other  information             

needed   to   be   passed    (McGrath   and   Solter   1984) ,   starting   a   new   field   of   research.   

The  interpretation  of  this  additional  code  of  information  is  the  subject  of  study  of                

epigenetics,  a  term  introduced  in  its  modern  meaning  by  Moss  in  1981   (Moss  1981) .                

Nowadays,  it  is  accepted  that  on  top  of  the  DNA  sequence,  eukaryotes  have  further  layers  of                  
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complexity  resulting  from  (i)  nucleotide  modifications  (e.g.  5-methylcytosine),  (ii)  histones            

post-translational  modifications  (e.g.  acetylation)  and  (iii)  chromatin  conformation  (e.g.  loop;            

Kelsey,  Stegle,  and  Reik  2017) .  Importantly,  none  of  the  above-mentioned  epigenetic             

modifications  affects  the  DNA  sequence.  These  additional  layers  of  complexity  are  required              

to  achieve  the  correct  regulation  of  the  gene  expression  in  embryonic  development,  cell               

differentiation  and  ageing   (Kelsey,  Stegle,  and  Reik  2017) .  Interestingly,  at  least  in  part,  this                

information  can  be  passed  to  the  offspring,  priming  behaviour  or  predisposing  to  certain               

traits    (Juengst   et   al.   2014) .   

There  are  several  nucleotide  modifications,  such  as  adenine  or  cytosine  methylation             

(Kumar,  Chinnusamy,  and  Mohapatra  2018;  Fang  et  al.  2012) .  DNA  methylation  is  the  addition                

of  a  methyl  group  to  DNA  nucleotides.  The  most  common  modification  present  in  the  human                 

genome  is  5-methylcytosine  (i.e  5mC;   Ehrlich  et  al.  1982;  Matsuda  et  al.  2018) .  5mC  is                 

found  particularly  at  the  promoter  of  genes,  defining  the  CpG  islands  and  its  role  is  to                  

repress  gene  expression   (Deaton  and  Bird  2011) .  Possibly,  the  best  examples  of  genetic               

imprinting,  mediated  by  DNA  methylation,  come  from  two  human  diseases,  the  Angelman              

and  Prader-Willi  syndromes   (Buiting  et  al.  1995) .  The  group  of  genes  that  causes               

Prader-Willi  syndrome  is  expressed  only  from  the  paternal  chromosome  15,  whilst  maternal              

genes  are  methylated  and  therefore  silenced,  hence  the  loss  of  the  paternal  copy  of  these                 

genes  causes  the  homonym  syndrome.  Similarly,  Angelman  syndrome  has  the  uniparental             

expression  of  the  maternal  alleles,  because  of  the  methylation  of  the  paternal  ones,               

therefore  leading  to  a  similar  disease  mechanism  if  the  maternal  copies  of  the  genes  are                 

non-functional    (Buiting   et   al.   1995;   Stelzer   et   al.   2014) .   

Eukaryotic  DNA  is  wrapped  around  proteins,  i.e.  histones,  that  compact  and  organise              

the  DNA  structure   (Alberts  2014) .  On  top  of  this  mechanical  contribution,  histones  control  the                

state  and  function  of  the  DNA  via  chemical  modifications   (Alberts  2014;  Kelsey,  Stegle,  and                

Reik  2017) .  Arguably,  the  most  well-characterised  histone  modification  is  the  acetylation  of              

the  twenty-seventh  lysine  of  the  histone  H3  (H3K27Ac),  which  labels  genomic  regions  that               

are  actively  transcribing  (i.e.  promoters  and  enhancers,  see  chapter  1.3.4  and  1.3.5;              

Rosenfeld  et  al.  2009) .  A  list  of  the  most  commonly  found  histone  modifications  and  their                 

biological  functions  is  in  Table  1.6   (Wang  et  al.  2008;  Rosenfeld  et  al.  2009;  Calo  and                  

Wysocka   2013;   Huang,   Litt,   and   Blakey   2015) .     

The  combination  of  DNA  sequence,  DNA  modification  and  histone  modifications            

shape  the  3D  structure  of  the  genome.  This  higher  structure  information  is  a  fundamental                
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part  of  gene  regulation,  epigenetics  and  cell  identity  (see  chapter  1.3.5;   Dekker,              

Marti-Renom,   and   Mirny   2013;   Schoenfelder   and   Fraser   2019) .     

Table  1.6  |  List  and  function  of  the  most  common  histone  modifications   (Zhibin  Wang  et  al.                  
2008;   Rosenfeld   et   al.   2009;   Calo   and   Wysocka   2013;   Huang,   Litt,   and   Blakey   2015) .   

1.3.3   Human   genome   

The  human  genome  has  a  size  of  3.2  billion  base  pairs   (“GRCh38.p13  -  Genome  -                 

Assembly  -  NCBI”) .  The  first  complete  human  reference  sequence  has  been  the  outcome  of                

the  ‘Human  Genome  Project’,  which  took  about  20  years  from  its  conceptualisation  in  1984                

to  its  completion  in  2003   (Bentley  2000;  McPherson  et  al.  2001;  Lander  et  al.  2001;  Collins                  

et  al.  2003) .  Despite  almost  40  years  of  international  collaboration,  the  human  genome               

reference  sequence  has  still  some  unresolved  regions  and  consortia,  such  as             

“Telomere-to-Telomere”,  are  actively  working  to  fill  in  the  gaps  that  are  still  persisting   (Miga                

et  al.  2020;  GIS) .  Indeed,  some  relevant  parts  of  the  human  genome,  such  as  highly                 
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Histone   Residue   Modification   Biological   functions   

H2A   Lysin   5   Acetylation   Transcription   activation   

H2A   Lysine   9     Acetylation   Highly   expressed   genes   

H2B   Lysine   12   Acetylation   Highly   expressed   genes   

H2B   Lysine   20   Acetylation   Enhancers   

H2B   Lysine   120   Acetylation   Low   gene   expression,   

H3   Lysine   9   Acetylation   Active   promoters   

H3   Lysine   14   Acetylation   Low   gene   expression,   subtelomeric   regions   

H3   Lysine   9   Di-methylation   Non-genic   regions,   pericentromeric   regions   

H3   Lysine   9   Tri-methylation   Heterochromatin,   silenced   genes   

H3   Lysine   27   Tri-methylation   Silenced   genes   

H3   Lysine   4   Mono-methylation   Poised   enhancers   (when   with   H3K27me3)   

H3   Lysine   4   Tri-methylation   Active   promoters   

H3   Lysine   27   Acetylation   Highly  expressed  genes,  active  regulatory  regions        
(promoter   and   enhancers)   

H3   Lysine   79   Di-methylation   Active   gene   bodies   

H4   Lysine   5   Acetylation   Mark   TSS   and   gene   bodies   

H4   Lysine   8   Acetylation   Active   promoters   and   transcribed   regions   

H4   Lysine   20   Mono-methylation   Cell   cycle   regulation   
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repetitive  regions  or  transposon  elements,  are  particularly  difficult  to  sequence  and  map  on               

the  reference  genome   (Miga  et  al.  2020) .  The  human  genomic  sequence  has  been  key  to                 

improve  our  understanding  of  basic  biological  processes,  such  as  chromosomal  organisation             

or  mitosis,  but  it  has  also  been  at  the  basis  of  the  genomic  studies,  which  allowed  the                   

unravelling  of  the  genetic  architecture  of  common  and  rare  diseases   (Miga  et  al.  2020;  Rood                 

and   Regev   2021) .     

During  the  intervening  years  of  molecular  genetic  research,  the  role  of  the  coding               

genome,  i.e.  genes,  has  been  understood  relatively  well.  On  the  other  hand,  the  role  of  the                 

non-coding  part  of  the  genome  started  to  be  evident  and  broadly  studied  more  recently.                

Indeed,  what  was  initially  referred  to  as  “junk”  DNA   (Ehret  and  de  Haller  1963;  Ohno  1972)  is                   

now  known  to  have  several  functions,  from  regulating  gene  expression  to  achieving  the               

correct  structural  organisation  of  the  DNA  within  the  cell  nucleus  and  therefore  driving  the                

evolution    (Biémont   and   Vieira   2006;   Palazzo   and   Gregory   2014;   Ecker   et   al.   2012) .   

1.3.4   The   coding   genome   

With  the  term  coding  genome,  I  refer  to  that  part  of  the  genome  (~4%)  that  encodes                  

information  for  the  synthesis  of  other  molecules,  namely  protein  and  non-coding  RNA              

(Palazzo  and  Lee  2015) .  The  coding  genome  led  molecular  biology  studies  since  the  late                

‘50s  and  brought  to  the  postulation  of  the  “central  dogma  of  molecular  biology”   (Crick  1958;                 

Crick  1970) .  Today,  a  revised  and  expanded  vision  to  the  “central  dogma  of  molecular                

biology”  includes  a  few  more  instances,  indeed  the  product  of  a  gene  can  be  either  coding  or                   

non-coding  for  proteins:  the  former  has  its  RNA  molecule  spliced  into  mRNA  and  translated                

into   protein,   the   latter   use   RNA   molecules   as   its   final   product.     

There  are  about  20,000  to  25,000  protein-coding  genes  in  the  human  genome.  The               

number  of  possible  transcripts  also  increases  dramatically  when  considering  alternative            

splicing.  Indeed  it  has  been  calculated  that  at  least  95%  of  the  genes  use  alternative  splicing                  

(Pan  et  al.  2008)  for  a  total  of  more  than  100,000  alternative  transcripts   (Nilsen  and  Graveley                  

2010) .  While  the  number  of  non-coding  genes  is  yet  to  be  determined,  it  is  thought  to  be                   

around  the  same  number   (Palazzo  and  Lee  2015) ;  well-known  examples  of  non-coding              

genes  are  the  tRNA  and  rRNA  genes   (International  Human  Genome  Sequencing             

Consortium  2004;  Clamp  et  al.  2007;  Pertea  et  al.  2018) .  Regardless  of  being  coding  or  not,                  

most  of  the  genes  have  a  shared  structure  that  is  based  on  three  functional  units:  promoter,                  

introns   and   exons.   
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Promoters   

Promoters  are  genetic  sequences  that  allow  the  expression  of  a  gene  and,  usually,               

they  are  localised  upstream  the  gene  transcription  starting  site  (TSS),  which  is  the  region                

where  the  RNA  polymerase  begins  to  transcribe   (Alberts  2014) .  Generally,  promoters  are              

located  in  the  2Kb  regions  surrounding  the  TSS   (Alberts  2014) .  The  presence  of               

tissue-specific  transcription  factor  binding  sites  leads  to  the  alternative  use  of  the  promoter               

regions  that  are  relevant  for  cell-type  specific  transcription   (Chen  et  al.  2016) .  There  are                

different  types  of  promoters,  defined  by  their  different  nucleotides  ratio   (Gagniuc  and              

Ionescu-Tirgoviste  2012) .  For  instance,  human  promoters  are  characterised  by  their  high             

guanine  and  cytosine  (GC)  concentration,  which  is  forming  the  hypomethylated  sequences             

usually  called  ‘CpG’  islands  (see  Chapter  1.3.2;   Gagniuc  and  Ionescu-Tirgoviste  2012) .             

Promoters  act  together  with  enhancers  to  recruit  the  molecular  machinery  required  for  the               

transcription  initiation  and  extension  (see  chapter  1.3.5  for  a  description  of  the  proteins               

involved   in   the   transcription   and   its   regulation).   

Introns   

Introns  are  the  regions  of  a  gene  that  usually  do  not  code  for  proteins   (Alberts  2014) .                  

With  few  exceptions,  introns  are  usually  spliced  out,  during  transcription,  from  the  mature               

mRNA,  and  rarely  are  retained  to  form  alternative  mRNAs   (Herzel  et  al.  2017;  Zheng  et  al.                  

2020) .  The  biological  evolution  of  introns  is  widely  discussed  and  not  resolved  yet.  They  are                 

absent  in  prokaryotes  and  It  is  not  clear  whether  they  have  always  been  present  and  lost  in                   

this  domain  or  acquired  after  prokaryotes  and  eukaryotes  evolution  diverged   (Jeffares,             

Mourier,  and  Penny  2006) .  Introns  are  actively  involved  in  the  trafficking  of  the  pre-mRNA                

from  the  nucleus  to  the  cytoplasm  and  they  regulate  mRNA  splicing  and  its  stability                

(Jeffares,   Mourier,   and   Penny   2006;   Cenik   et   al.   2011;   Bicknell   et   al.   2012) .     

Exons   

The  exons  mainly  contain  the  nucleotides  sequences  that  are  retained  into  the              

mature  mRNA  after  splicing  and  that  during  the  translation  process  are  converted  to  amino                

acids  forming  the  proteins   (Alberts  2014) .  The  coding  information  is  encoded  and  organised               

in  consecutive  triplets  of  nucleotides,  called  codons,  each  containing  the  information  for  one               

amino  acid   (Crick  1966a) .  There  are  64  possible  different  combinations  of  the  4  nucleotides                

(i.e.  A,  T,  C  and  G)  and  they  encode  the  information  for  the  translation  of  21  amino  acids                    

(Alberts  2014) .  These  redundancies  in  the  triplets  encoding  for  amino  acids  are  referred  to                
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as  “amino  acid  code  degeneration”.  This  implies  that  translation  is  more  tolerant  to  single                

nucleotide  variations   (Lagerkvist  1978;  Crick  1966b;  Barrell,  Bankier,  and  Drouin  1979) .  This              

tolerance  is  vital  to  confer  some  resilience  against  the  naturally  occurring  variants,  leading  to                

synonymous  variants.  In  spite  of  the  code  degeneration,  variants  may  still  affect  translation               

and  protein  structure,  especially  if  involving  multiple  nucleotides  (see  chapter  1.3.6  for  the               

description  of  variants).  The  reading  frame  (i.e.  consecutive  non-overlapping  triplets  of             

nucleotides)  of  the  codons  needs  to  be  respected  during  the  transcription,  splicing  and               

translation,  otherwise  frameshift  variants  can  disrupt  the  correct  reading  frame  and             

compromise   protein   function   (see   chapter   1.3.6).   

  

Fig.  1.3  |  Cartoon  representing  the  genetic  and  epigenetics  structure  of  the  human  genome.                
TAD  =  Topologically  associated  domain.  LAD  =  lamina  associated  domain.  TSS  =  transcription               
starting   site.   UTR   =   untranslated   region.   

1.3.5   The   non-coding   portion   of   the   genome   

Non-coding  regions  are  referred  to  as  the  regions  of  the  genome  that  are  not  part  of                  

genes.  These  regions  are  more  tolerant  to  variation  and,  for  this  reason,  poorly  conserved                

across  evolutionarily  distant  animals.  Non-coding  variants  that  do  not  influence  fitness  are              

not  under  evolutionary  pressure.  However,  roughly  5%  of  the  genome,  in  the  case  of                

humans,  makes  exceptions  and  deviates  from  neutral  evolution   (see  chapter  1.3.6;  Bejerano             

et   al.   2004;   Boffelli,   Nobrega,   and   Rubin   2004) .     
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The  role  of  these  conserved  regions  is  still  partially  under  examination,  however,  it               

has  been  shown  that  some  of  these  are  crucial  for  transcription   (Visel  et  al.  2008,  2013;                  

Dickel  et  al.  2018;  Byeon  et  al.  2021)  or  post-transcriptional  regulation   (Byeon  et  al.  2021) .                 

Non-coding  regions  harbour  functional  elements  that  are  required  for  gene  regulation,             

especially  to  confer  the  correct  identity  to  the  different  cell  types   (Young  2011;  Whyte  et  al.                  

2013) ,  and  regulate  the  basic  biological  processes  such  as  in  the  case  of  mitosis  (i.e.                 

centromeres,    Fachinetti   et   al.   2015) .     

Focusing  the  description  on  interphase  chromatin,  the  main  human  genomic            

non-coding  features  are  enhancers,  TAD,  LAD,  compartments,  euchromatin  and           

heterochromatin.   

Enhancers   

Enhancers  are  eukaryotic  transcriptional  modulators  and  they  can  be  located            

anywhere  with  respect  to  their  cognate  genes,  upstream,  downstream  or  even  within  its               

cognate  or  other  genes   (Alberts  2014) .  Enhancers  contribute  to  determining  cell  identity              

during  development  and  differentiation   (Freire-Pritchett  et  al.  2017)  and  they  are  estimated              

to   be   in   the   order   of   hundreds   of   thousands   in   all   human   cell   types    (Pennacchio   et   al.   2013) .   

There  are  several  mechanisms  used  by  enhancers  to  regulate  gene  expression;             

experimental  evidence  points  to  long-range  direct  physical  interactions  called  “loops”   (Deng             

et  al.  2012;  de  Wit  et  al.  2015;  Schoenfelder  and  Fraser  2019;  Bonev  et  al.  2017) .  Most                   

likely,  mechanisms  other  than  direct  contact  loops  exist  and  they  depend  on  the  distance                

and  type  of  interaction.  For  instance,  linking  is  a  mechanism  that  connects  enhancers  to  the                 

promoter  with  a  chain  of  proteins  that  does  not  require  looping  and  physical  contact   (Gupta                 

et  al.  2017;  McCord,  Kaplan,  and  Giorgetti  2020;  Furlong  and  Levine  2018) .  Indeed,               

Benabdallah  and  colleagues  characterised  and  reported  an  example  in  which  when  the              

enhancer  moves  away  from  the  promoter  of  SOX1,  it  increases  the  expression  of  this  gene                 

(Benabdallah  et  al.  2019) .  Also,  more  complex  scenarios  exist,  for  instance,   UMLILO ,  a               

lncRNA,  regulates  cognate  genes  sharing  a  regulatory  circuit  with  enhancers,  therefore  a              

combined   regulation   of   DNA   and   RNA    (Fanucchi   et   al.   2019) .   

Chen  and  colleagues  generated  experimental  evidence  of  the  distance  effect  on  the              

enhancer-promoter  interaction  with  microscopy  and  also  investigated  the  dynamics  of  these             

interactions  in   Drosophila   (Chen  et  al.  2018) .  A  stable  and  persistent  association  is  required                

for  transcription  in  the  regulatory  loop  they  investigated   (Chen  et  al.  2018) .  However,  the                

61   

https://paperpile.com/c/6jg5Eg/C4xF+A7QL+cIvu+r4XV
https://paperpile.com/c/6jg5Eg/C4xF+A7QL+cIvu+r4XV
https://paperpile.com/c/6jg5Eg/r4XV
https://paperpile.com/c/6jg5Eg/8mwH+duKK
https://paperpile.com/c/6jg5Eg/8mwH+duKK
https://paperpile.com/c/6jg5Eg/YTd9
https://paperpile.com/c/6jg5Eg/Rt3j
https://paperpile.com/c/6jg5Eg/A5Hb
https://paperpile.com/c/6jg5Eg/19A8
https://paperpile.com/c/6jg5Eg/8Ood+6N1X+tCuc+ieCj
https://paperpile.com/c/6jg5Eg/8Ood+6N1X+tCuc+ieCj
https://paperpile.com/c/6jg5Eg/MGMA+gPmY+keg7
https://paperpile.com/c/6jg5Eg/MGMA+gPmY+keg7
https://www.sciencedirect.com/science/article/pii/S1097276519305933?via=ihub%23!
https://paperpile.com/c/6jg5Eg/itbN
https://paperpile.com/c/6jg5Eg/lexD
https://paperpile.com/c/6jg5Eg/II2Q
https://paperpile.com/c/6jg5Eg/II2Q


62   

dynamics  and  duration  of  the  contacts  look  less  stable  in  studies  that  investigated  these  at                 

single-cell  topology   (Bintu  et  al.  2018) .  Promoter-enhancers  are  dynamic  interactions  that             

stabilise  and  increase  the  residence  time  of  the  RNA  polymerase  II  machinery,  at  the                

population  level,  on  the  promoter  of  the  gene  they  regulate,  leading  to  an  increase  in  the                  

number   of   RNA   molecules   produced    (Bartman   et   al.   2016) .   

Enhancers  contain  motif  sequences  for  constitutive  and  tissue-specific  transcription           

factors  that  are  required  to  regulate  the  cognate  genes  and  cofactors  are  required  to  link                 

enhancers  to  the  cognate  genes  and  promote  gene  expression   (Whyte  et  al.  2013;               

Schoenfelder  and  Fraser  2019) .  Fundamental  proteins  that  are  exclusively  involved  in  the              

enhancer-promoter  loops  are  Mediator,  p300,  YY1,  LDB1.  Other  proteins  (i.e.  CTCF  and              

cohesin)   are   involved   in   enhancer-promoter   loops,   but   probably   more   for   structural   reasons.     

The  most  likely  molecular  topology  that  links  enhancers  and  promoters  are  loops              

(Eeftens  and  Dekker  2017) .  Part  of  the  proteins  required  to  have  functional  regulatory  loops                

have  yet  to  be  identified,  but  there  are  a  few  known  players   (de  Wit  et  al.  2015;  Nora  et  al.                      

2017;  Hansen  et  al.  2017;  Bintu  et  al.  2018) .  The  ‘loop  extrusion  model’  sees  CTCF  and                  

cohesin  binding  the  DNA  on  CTCF  binding  sites.  Once  bound  to  the  DNA,  CTCF  works  as                  

an  anchor  and  cohesin  pulls  the  string  of  DNA  through  the  complex  creating  a  loop,  hence                  

the  model  name.  The  extrusion  stops  when  the  complex  encounters  another  CTCF  protein               

anchored  to  the  DNA,  but  oriented  in  the  opposite  direction.  During  the  process  of  extrusion,                 

the  enhancers  come  in  close  proximity  to  the  regulated  genes  and  cause  the  gene  to  be                  

transcribed.  The  CTCF  loop  extrusion  has  two  roles:  regulating  enhancer-promoter            

interactions  and  defining  the  higher  structure  of  genomic  architecture,  indeed  it  is  often               

anchored  at  the  edges  of  topologically  associated  domains  (TAD)  with  its  companion  protein,               

cohesin    (Schoenfelder   and   Fraser   2019) .   

TADs   

Enhancers  can  interact  with  promoters  up  to  1  megabase  (Mb)  apart,  but  these               

interactions  are  usually  contained  within  the  same  TAD   (Lupiáñez  et  al.  2015;  Nora  et  al.                 

2012;  Schoenfelder  and  Fraser  2019) .  Indeed,  TADs  are  thought  to  constrain  the              

“movement”  of  enhancers  and,  by  doing  so,  increase  the  probability  that  they  find  the  correct                 

target  genes   (Schoenfelder  and  Fraser  2019) ;  or,  on  the  contrary,  prevent  the  activation  of                

genes  that  should  not  be  active   (Lupiáñez  et  al.  2015) .  Confining  the  spreading  of  chromatin                 
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state  (i.e.  euchromatin  versus  heterochromatin)  has  also  been  hypothesised  as  one  of  the               

other   functions   of   TADs   in   eukaryotes    (Narendra   et   al.   2015) .     

CTCF  loops  usually  connect  and  define  the  insulators,  boundaries  that  are  at  the               

edges  of  a  TAD  and  constrain  the  DNA  movement.  Insulators  are  genetic  features               

composed  of  several  proteins  that  constrain  enhancers  and  chromatin  modification  in             

discrete  regions  of  the  genome   (West,  Gaszner,  and  Felsenfeld  2002;  Gaszner  and              

Felsenfeld  2006) .  There  are  thousands  of  TAD  insulators  in  the  human  genome   (Hnisz,  Day,                

and  Young  2016) ,  often  in  the  sequences  surrounding  enhancers   (Schoenfelder  and  Fraser              

2019) .  Despite  the  existence  of  insulators,  about  a  third  of  the  interactions  of  each  viewpoint                 

span  across  TAD  boundaries   (Javierre  et  al.  2016) .  This  incomplete  insulation  may  be  a                

reflection  of  a  subgroup  of  cells  having  different  TAD  conformations  or  of  the  fact  that  TADs                  

are   more   dynamic   structures   than   one   would   have   imagined    (Bintu   et   al.   2018) .   

The  role  of  TADs  on  transcription  regulation  needs  more  investigation.  Indeed,  when              

TAD  boundaries  are  reshaped,  either  by  the  depletion  of  CTCF  or  cohesin,  gene  expression                

does  not  always  reflect  expectations   (Zuin  et  al.  2014;  Nora  et  al.  2017;  Schwarzer  et  al.                  

2017) .  At  the  mouse   Shh   locus,  the  inversion  of  the  CTCF  binding  sites  compromised  TAD                 

structure  and  altered   Shh   expression  resulting  in  monodactyly   (Symmons  et  al.  2016) .  This               

observation  is  in  contrast  with  the  one  from  the  mouse   Sox9-Kcnj2  locus.  In  this  region,  the                  

ablation  of  the  TAD  insulator  did  not  alter  gene  expression,  suggesting  that  the               

enhancer-promoter  loop  was  maintained  independently  of  TAD  absence   (Despang  et  al.             

2019) .  This  expression  independent  from  the  TAD  structure  suggests  that  transcription  may              

also  play  a  role  in  the  organisation  of  the  chromatin,  especially  for  the  interactions  happening                 

at   the   sub-TAD   level    (Dixon   et   al.   2012;   van   Steensel   and   Furlong   2019) .     

TADs  tend  to  be  conserved  across  cell  types  and  species   (Dixon  et  al.  2015;  Battulin                 

et  al.  2015) ,  however,  the  smaller  domains  within  TADs,  named  sub-TADs,  are  highly               

dynamic  and  enriched  in  regulatory  loops  that  may  also  contribute  to  the  3D  structure   (Bintu                 

et  al.  2018) .  These  sub-TAD  interactions  undergo  the  most  dramatic  changes  in  cell               

differentiation   (Schoenfelder  and  Fraser  2019) ,  however,  some  interactions  pre-exist  and            

become   functional   just   after   differentiation    (Stadhouders,   Filion,   and   Graf   2019) .   

LADs   

Lamina  associated  domains  (LADs)  are  large  regions  of  DNA  (from  10Kb  to  10Mb)               

that  during  interphase  are  associated  with  the  nuclear  lamina   (ENCODE  Project  Consortium              
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2012;  van  Steensel  and  Belmont  2017) .  LADs  are  characterised  by  repressed  chromatin  and               

inactive  transcription,  physically  separating  them  from  the  active  chromatin   (van  Steensel             

and  Belmont  2017) .  LADs  can  be  constitutive,  if  always  found  to  be  associated  with  the                 

nuclear  lamina,  or  facultative,  if  associated  with  the  nuclei  periphery  only  in  certain  cell  types                 

(Meuleman  et  al.  2013) .  Interestingly,  while  the  LAD  positions  in  the  chromosomes  are               

evolutionarily  conserved,  their  sequence  is  not.  This  observation  indicates  that  further             

investigations  are  needed  to  understand  the  mechanisms  of  association  of  the  nuclear              

lamina  to  the  DNA   (Meuleman  et  al.  2013) .  LAD  separation  from  the  active  chromatin  occurs                 

because  of  structural  proteins,  such  as  CTCF,  or  active  promoters  that  block  the               

heterochromatic  state  expansion   (Guelen  et  al.  2008) .  The  chromatin  state  is  repressed  as               

shown   by   the   histone   marks   (see   Table   1.6).     

Compartments   

Compartments  are  large  chromatin  domains,  larger  than  TAD,  that  have  been             

discovered  with  the  use  of  high-throughput  technologies  to  study  chromosomal  structure             

(Lieberman-Aiden  et  al.  2009) .  They  are  more  dynamic  than  TADs  and  show  great               

rearrangement  during  cell  differentiation   (Schoenfelder  and  Fraser  2019)  thanks  to            

transcription  factors  and  chromatin  remodelers,  such  as  YY1  and  CTCF   (Therizols  et  al.               

2014;   Harr   et   al.   2015;   Wijchers   et   al.   2016;   van   Steensel   and   Belmont   2017) .   

Compartments  are  spatially  segregated  within  the  nucleus  and  are  commonly            

referred  to  as  “compartment  A”  and  “compartment  B”   (Lieberman-Aiden  et  al.  2009) .  During               

the  interphase,  compartment  A  is  positioned  in  the  centre  of  active  chromatin,  while               

compartment  B  is  in  the  proximity  of  the  nuclear  lamina  (LAD)  and  nucleolus   (Wijchers  et  al.                  

2015;  Vieux-Rochas  et  al.  2015;  van  Steensel  and  Belmont  2017) .  Compartment  As  are               

transcriptionally  active  regions  and  are  characterised  by  genomic  features  such  as  H3K27Ac              

(Guelen  et  al.  2008;  Giorgetti  et  al.  2016) .  On  the  other  hand,  compartment  Bs  are                 

transcriptionally  inactive  and  histone  marks,  such  as  H3K9me3  are  widespread  in  these              

regions   (van  Steensel  and  Belmont  2017) .  The  two  compartments  almost  entirely  overlap              

with  euchromatin  and  heterochromatin,  respectively  compartment  A  and  compartment  B            

(Lieberman-Aiden   et   al.   2009) .   

Euchromatin   and   heterochromatin   

At  the  beginning  of  the  20th  century,  Emil  Heitz  noticed  some  differences  in  the  nuclei                 

response  to  cytological  staining.  The  DNA  within  the  nuclei  is  not  homogeneously  distributed               
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and  Heitz  called  euchromatin  the  regions  less  dense  and  heterochromatin  the  denser  ones               

(Heitz   1928).    

Nowadays,  these  differences  have  been  investigated  further  and  linked  to  their             

molecular  state  and  biological  meaning.  Euchromatin  is  the  chromatin  that  is  actively              

transcribed  and  it  is  characterised  by  H3K4me1,  H3K4me3,  H3K27Ac  and  a  few  other               

modifications  (see  Table  1.6).  There  are  other  structures  that  are  present  exclusively  in  the                

euchromatin,  namely  speckles.  Speckles  are  regions  of  high  transcriptional  activity  and  are              

thought  to  be  formed  thanks  to  phase-phase  separation  mechanisms   (Misteli,  Cáceres,  and              

Spector  1997;  Lamond  and  Spector  2003;  Kim  et  al.  2019) .  Heterochromatin  is  linked  to  the                 

inactive  state  of  transcription  and  is  associated  with  histone  markers  such  as  H3K9me2,               

H3K9me3,   H3K27me3.     

Events  that  compromise  the  structure  or  the  function  of  any  of  the  genomic  features                

described  above  have  been  linked  to  inherited  disorders.  The  main  cause  of  aberration  of                

these   biological   structures   is   genetic   variants.   

1.3.6   DNA   variants:   types   and   impact   

Genetic  variants  occur  naturally  in  the  genome  of  every  living  organism  and  are  the                

main  source  of  evolution   (Barrett  and  Schluter  2008;  Futuyma  and  Kirkpatrick  2017) .  DNA               

can  mutate  because  of  chemical  (e.g.  reactive  oxygen  species  or  ethidium  bromide),              

physical  (e.g.  ultraviolet  or  radioactivity  decay),  and  biological  events  (e.g.  DNA  break  during               

replication,  transposons  and  viruses;   Kozmin  et  al.  2005;  McKinnon  and  Caldecott  2007;              

Halliwell  and  Gutteridge  2015) .  Interestingly,  each  source  of  variation  leads  to  a  particular               

signature  mutation  in  the  DNA,  as  for  example,  ultraviolet  light  mutations  are  enriched  in  the                 

transition  C→T   (Alexandrov  et  al.  2013;  Maura  et  al.  2019;  Zou  et  al.  2021) .  Genetic  variants                  

create  different  versions  of  a  given  genomic  locus  and  these  different  versions  of  the  same                 

region  are  called  alleles   (Elston,  Satagopan,  and  Sun  2012) .  When  multiple  variants              

co-occur  together  more  often  than  expected  from  random  recombination,  these  clusters  of              

variants   are   called   haplotypes    (Hartl   and   Clark   1997;   Elston,   Satagopan,   and   Sun   2012) .   

Variation  in  the  genome  tends  to  occur  randomly,  with  a  few  exceptions  of  mutational                

hotspots   (Nesta,  Tafur,  and  Beck  2020) .  The  effect  of  variants  on  fitness  (i.e.  ability  to  pass                  

the  genetic  material  of  an  organism  to  its  progeny)  is  in  part  determined  by  the  effect  of  the                    

variation  on  the  molecule  function  and  in  part  determined  by  the  environment  and  natural                

selection.  The  balance  of  these  two  components  determines  if  a  variant  is  fixed  in  a                 
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population  or  lost  (see  below  the  example  on  malaria;   Smith  and  Smith  1989;  Hartl  and  Clark                  

1997;  Eyre-Walker  and  Keightley  2007) .  Indeed,  if  a  variant  confers  an  advantage  then  it  will                 

be  positively  selected,  or  if  the  variant  decreases  the  fitness  it  will  be  negatively  selected                 

(Eyre-Walker  and  Keightley  2007) .  There  is  also  the  possibility  that  some  variants  are               

neutral  to  any  function,  in  this  case,  their  allele  frequencies  are  determined  by  genetic  drift                 

and  therefore  independent  from  natural  selection   (Eyre-Walker  and  Keightley  2007) .  Natural             

selection  or  genetic  drift  determines  the  frequency  of  an  allele  in  a  population  (i.e.  allele                 

frequency,  AF).  The  AF  of  a  variant  is  the  number  of  alleles  with  that  variant  present  in  a                    

given  population  over  the  total  number  of  alleles  for  that  region  present  in  the  population                 

(Elston,   Satagopan,   and   Sun   2012) .     

The  population  frequency  of  a  variant  over  time  has  been  mathematically  described              

in  the  Hardy-Weinberg  equation   (Hardy  1908) .  In  a  locus  that  is  occupied  by  2  alleles,  the                  

equation  is:  ,  where   p   and   q  are  the  AF  of  the  two  alleles.   This  means  that  the    1(p  q)+   2 =                   

allele  frequency  stays  constant  over  generations.  However,  this  equilibrium  is  valid  only  if  the                

population  respects  some  assumptions  (e.g.  organisms  are  diploid,  the  population  is  large              

and  matings  are  random;   Edwards  2008) .  It  is  important  to  note  that  genetic  mutations  are                 

one   of   the   causes   that   induce   deviation   from   the   AF   equilibrium    (Edwards   2008) .   

Variants  drove  the  speciation  of  the   Homo  sapiens  from  hominids  and,  nowadays,  we               

know  that  the  human  DNA  differs,  from  the  closest  living  relative,  of  about  1.23%  of  their                  

genomes,  with  35  million  SNPs  and  approximately  5  million  structural  variants   (Wienberg              

2005;  Chimpanzee  Sequencing  and  Analysis  Consortium  2005;  Khaitovich  et  al.  2006) .             

From  that  branching  point  onwards,  the  human  genome  kept  acquiring  new  variants  and               

alleles,  some  are  shared  across  all  humans,  whilst  others  appeared  later  and  remained               

confined  to  certain  ancestries  due  to  geographical  or  cultural  differences   (Relethford  2008) .              

For  instance,  sub-Saharan  Africa  inhabitants  have  the  highest  levels  of  genetic  diversity,  in               

line  with  the  theory  of  the  origin  of  the  human  species  in  this  continent   (Relethford  2008) .                  

Statistical  approaches,  such  as  principal  component  analysis  (PCA),  can  determine  and            

discriminate  amongst  different  ethnic  groups  based  on  the  differences  in  the  common              

variants  present  in  each  ancestry   (Patterson,  Price,  and  Reich  2006;  Alexander,  Novembre,              

and  Lange  2009) .  Similar  approaches  are  used  to  study  admixture  and  reconstruct  human               

migration    (Choudhury   et   al.   2020) .   

The  presence  and  AF  of  a  given  variant  are  also  due  to  environmental  selective                

pressures.  For  example,  the  variants  in  haemoglobins  that  cause  sickle  cell  disease  are               
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present  in  individuals  from  sub-Saharan  Africa  with  a  relatively  common  AF.  In  fact,  being  a                 

carrier  of  those  variants  is  protective  against  malaria,  an  endemic  disease  in  certain  African                

countries.  In  homozygosity,  these  alleles  cause  severe  forms  of  sickle  cell  disease  which  is  a                 

life-threatening  condition  as  they  compromise  red  cells  function.  Therefore,  the  AF  of              

haemoglobin  variants  is  a  tight  balance  between  sickle  cell  disease  and  the  protective  effect                

that,   in   heterozygosity,   these   variants   confer   against   the   malaria   parasite.   

If  variants  decrease  the  function  of  a  protein  or  alter  the  regulatory  capacity  of  a  DNA                  

region,  up  to  completely  inhibiting  its  functions,  they  are  generally  called  a  LoF  variant.                

Whilst,  variants  conferring  extra  activities  to  the  DNA  molecule  or  protein  are  named  GoF.                

The  intrinsic  probability  of  a  gene  to  be  LoF  intolerant  (pLI)  has  been  recently  calculated                 

thanks  to  the  sequencing  aggregation  efforts  of  human  genetic  consortia,  namely  exAC  and               

gnomAD  (see  chapter  1.5.1;   Lek  et  al.  2016;  Minikel  et  al.  2020) .  pLI  is  a  reflection  of  how                    

many  times  LoF  variants  (e.g.  premature  stop  codons)  are  observed  in  a  gene,  normalised                

by  the  size  of  the  gene  and  the  number  of  variants  that  would  be  observed  if  that  gene  was                     

not  under  selective  pressure.  If  a  gene  is  observed  to  be  less  mutated  than  expected  it                  

means  that  this  gene  is  probably  not  tolerant  to  LoF  variants  and  reflected  with  a  pLI  score                   

closer   to   1   (pLI   score   goes   from   0   to   1;    Lek   et   al.   2016) .   

Genetic  variants  are  classified  mainly  according  to  the  number  of  nucleotides             

affected   by   the   change.   The   main   groups   of   genetic   variants   are   listed   below.   

Single   nucleotide   polymorphisms   

Single  nucleotide  polymorphisms  (SNPs),  often  also  called  single  nucleotide  variants            

(SNVs)  are  the  most  tolerated  variants  in  both  coding  and  non-coding  regions,  they  are                

substitutions  of  one  nucleotide  for  another   (Alberts  2014) .  They  are  called  transitions  if  the                

purine  and  pyrimidine  chemical  structures  are  conserved  in  the  mutations  (i.e.  A   T  or  C                   

 G)  or  transversions  if  a  purine  flips  to  pyrimidine  or   vice  versa  (i.e.  A C;  A G;  T C;                          

T G).       

If  a  SNP  occurs  in  a  transcription  factor  binding  site  or  in  a  region  that  regulates  other                   

epigenetic  features,  it  can  quantitatively  alter  protein  expression  and  therefore  influence             

biological  pathways.  A  very  well-known  example  of  a  phenotype  caused  by  non-coding  SNV               

is  Hemingway’s  cat  and  its  descendants,  which  have  polydactyly  because  of  a  point               

mutation  in  the   ZRS  regulatory  region   (Schoenfelder  and  Fraser  2019) .  If  SNPs  occur  within                

exons  some  of  the  variants  will  be  synonymous,  i.e.  a  variant  in  the  DNA  will  not  reflect  on                    
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the  protein  sequence  and  therefore  function,  because  of  the  degenerated  nature  of  the               

genetic  code.  These  variants  tend  to  be  functionally  neutral  and  are  not  subject  to  selection                 

during   evolution.   

Non-synonymous  SNPs  cause  a  change  in  the  amino  acid  sequence  or  introduce  a               

premature  stop  codon,  and  they  are  usually  referred  to  as  missense  or  nonsense  variants                

respectively.  Depending  on  their  effect  on  the  proteins,  missense  variants  can  be  functionally               

neutral,  LoF  or  GoF.  The  missense  AFs  undergo  natural  selection  or  genetic  drift  and                

eventually  their  AF  is  fixed  in  or  erased  from  the  population.  There  are  well-known  cases  of                  

polymorphic  loci,  such  as  the  ABO  blood  group,  where  at  least  3  main  haplotypes  coexist                 

and  encode  for  the  presence  of  the  A  or  B  transferase,  or  in  the  case  of  group  O  a  nonsense                      

SNP  leads  to  a  premature  stop  codon  and  the  absence  of  either  transferase   (Seltsam  et  al.                  

2003) .  The  increased  number  of  genome  sequencing  studies  at  population  scale  and  in               

populations  of  different  ethnicities  is  incrementally  improving  the  catalogue  of  polymorphic             

loci,  but  saturation  has  not  been  achieved   (Karczewski  et  al.  2020).  Indeed,  each  new                

genome  sequence  from  individuals  of  European  ancestry  identifies  approximately  1,000            

DNA   variants   previously   unobserved    (Turro   et   al.   2020) .   

Another  category  of  coding  SNPs  may  ablate  the  transcription  start  or  stop  codons.               

Losing  the  initiation  or  termination  codon  has  a  high  impact  on  the  protein  structure  with                 

consequences  on  the  protein  function,  generally  leading  to  a  LoF   (Alberts  2014) .              

Alternatively,  SNPs  can  affect  splice-sites  and  alter  the  protein  structure  by  changing  the               

splicing  events.  Alternative  splicing  can  be  deleterious  for  the  protein  function,  because  it               

may  result  in  a  different  reading  frame  or  because  the  protein  may  miss  an  important  domain                  

(Alberts   2014) .  

Insertions   and   deletions     

INDEL  is  the  univerbation  of  the  words  insertion  and  deletion,  this  category  of               

variants  refers  to  the  addition  or  removal  of  a  string  of  nucleotides.  There  is  not  a  defined                   

consensus  on  the  size  of  INDELs,  but  generally,  they  are  between  50  and  10,000  (or  10  Kb)                   

nucleotides  in  length   (Mullaney  et  al.  2010) .  The  number  of  INDELs  in  a  human  genome  is                  

far   less   than   SNPs,   with   estimates   of   one   INDEL   for   every   10   SNPs    (Beyter   et   al.   2021) .   

In  coding  regions,  if  variants  involve  more  than  one  nucleotide  then  the  mature               

mRNA  sequence  might  result  in  a  frameshift.  If  the  variant  is  a  multiple  of  the  genetic  codons                   

(i.e.  3  nucleotides)  and  it  is  in  frame,  then  the  new  reading  frame  may  be  better  tolerated                   
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because  it  returns  to  the  correct  amino  acid  sequence  just  after  the  INDEL.  If  the  variant  puts                   

the  mRNA  out-of-frame  then  the  impact  on  the  protein  tends  to  be  larger  and  more                 

deleterious,  especially  because  out  of  frame  mRNA  will  often  result  in  a  premature  stop                

codon  and  a  truncated  form  of  the  protein  that  will  be  degraded  via  the  nonsense-mediated                 

decay  ubiquitin-proteasome  systems (Amm,  Sommer,  and  Wolf  2014;  Lykke-Andersen  and            

Jensen   2015) .     

Because  of  their  size,  INDELs  may  remove  a  big  portion  of  a  gene  or  a  non-coding                  

functional  region.  The  biological  result  of  these  aberrations  depends  on  the  region  affected:  if                

the  gene  or  genes  involved  are  haplosufficient,  then  the  effect  of  the  variants  may  be                

tolerated,  whilst  if  the  genes  are  haploinsufficient,  then  the  INDELs  may  result  in  a                

compromised   biological   pathway.     

Structural   variants     

Structural  variants  (SVs)  are  all  variants  larger  than  10  Kb,  they  are  complex               

rearrangement  events  such  as  duplication,  inversion,  deletion,  translocation  or  repositioning            

of  mobile  elements   (Collins  et  al.  2020) .  SVs  are  the  most  difficult  variation  events  to  detect                  

using  the  results  from  high-throughput  sequencing  technologies.  Most  genomic  studies  rely             

on  short-read  sequencing  (e.g.  Illumina  sequencing)  and  this  technology  does  not  directly              

observe  SVs  but  infers  them   post  hoc  via  the  aberrations  generated  in  the  alignment  steps                 

(e.g.  depth  of  coverage  or  pair-read  distances;   Coster,  De  Coster,  and  Van  Broeckhoven               

2019) .  DNA  properties,  such  as  GC  content,  or  technical  aspects  of  the  protocols,  such  as                 

PCR  amplification,  can  introduce  biases  and  affect  the  SV  calling   (Coster,  De  Coster,  and                

Van  Broeckhoven  2019) .  However,  progress  has  been  made  in  the  biology  of  SVs  with  the                 

use  of  the  3 rd  generation  long-read  nucleic  acid  sequencers,  such  as  Oxford  Nanopore  or                

PacBio   (Mahmoud  et  al.  2019;  Sedlazeck,  Rescheneder,  et  al.  2018;  Chaisson  et  al.  2015;                

Audano  et  al.  2019) .  This  technology,  in  spite  of  having  a  higher  nucleotide  call  error  rate,                  

has  much  higher  mappability  for  SVs  because  it  directly  sequences  across  breakpoints  and               

repetitive   regions    (Treangen   and   Salzberg   2011;   Sedlazeck,   Lee,   et   al.   2018) .   

One  of  the  earliest  and  most  famous  examples  of  non-coding  SVs  affecting  a               

phenotype  came  from  the  laboratory  of  Douglas  Higgs.  In  a  manuscript  published  in  1990,                

Hatton  and  colleagues  identified  a  62Kb  deletion  upstream  the  haemoglobin  locus  and              

causally   associated   this   SV   to   -thalassemia    (Hatton   et   al.   1990) .   
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1.3.7  Role  of  genetics  to  study  disease  aetiologies,  improve           

diagnostics   and   design   new   drugs   

Variants  that  alter  the  function  of  any  of  the  genetic  features  described  in  the                

previous  paragraphs  can  contribute  to  the  heritability  of  diseases   (Schoenfelder  and  Fraser              

2019;  Claussnitzer  et  al.  2020) .  These  can  be  complex  or  Mendelian  disorders,  depending               

on   the   genetic   architecture   that   causes   the   phenotype   (see   chapter   1.3.1).     

 Mendelian  disorders  cumulatively  affect  1  in  20  people   (Boycott  et  al.  2017) ,  and                

scientists  have  been  discovering  variants  and  genes  associated  with  this  group  of  diseases               

for  decades,  preceding  the  introduction  of  next-generation  sequencing  technologies           

(Claussnitzer  et  al.  2020) .  Before  the  advent  of  these  new  technologies  resolving  the  genetic                

cause  of  rare  diseases  relied  on  biochemical  studies  combined  with  genetic  investigations  in               

large  informative  pedigrees  allowing  the  use  of  linkage  analysis  to  identify  regions  for               

targeted  investigation   (Jarvik  1998) .  These  endeavours  have  populated          

gene-to-phenotype-association  databases  with  thousands  of  genes  and  variants  known  to            

be   causally   linked   to   rare   inherited   diseases   (see   chapter   1.5.2).     

Autosomal  recessive  diseases  are  caused  by  two  pathogenic  variants  co-occurring            

on  the  two  alleles  of  a  locus,  either  in  homozygosity  (the  same  variant  on  both  alleles)  or                   

compound  heterozygosity  (two  different  variants  affecting  the  function  of  the  same  locus).              

This  mode  of  inheritance  implies  that  one  functioning  copy  of  the  gene  is  sufficient  to                 

correctly  perform  the  relevant  biological  functions   (Genetic  Alliance,  2010) .  The  probability             

that  a  person  inherits  both  pathogenic  alleles  from  parents  that  are  carriers  of  deleterious                

variants  (i.e.  having  the  pathogenic  variants  but  in  heterozygosity),  is  0.25,  as  postulated  in                

Mendel’s  laws.  The  AF  for  recessive  variants  is  expected  to  be  lower  than  1  in  1,000   (Turro                   

et  al.  2020a)  but  needs  adjustment  based  on  the  prevalence  of  the  disease  in  consideration.                 

Indeed,  the  AF  of  pathogenic  variants  spans  from  singletons  (i.e.  private  variants  present  in                

a  single  person)  to  relatively  common  ones  (AF  >  0.001).  For  example,  chr12: 6034812:C>T               

(GRCh38)  has  an  AF  of  about  1  in  300  and  it  is  the  most  common  cause  of  VWD  in                     

Europeans   (Goodeve  2010;  Downes  et  al.  2019) .  Another  example  of  an  autosomal              

recessive  condition,  from  the  BTPD  disease  domain,  is  the  grey  platelet  syndrome  (GPS).               

GPS  is  a  rare  autosomal  disorder  caused  by  LoF  variants  in   NBEAL2  and  is  characterised                 

by  macrothrombocytopaenia,  bleeding  diathesis,  absence  of  platelet  α-granules   (Albers  et            

al.  2011;  Sims  et  al.  2020;  Mayer  et  al.  2018) .  A  recent  cohort  study  also  revealed  extensive                   
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immune  dysregulation,  resulting  in  the  presence  of  autoantibodies  and  autoimmune            

diseases   in   many   of   the   GPS   patients    (Sims   et   al.   2020) .     

In  contrast,  inherited  diseases  with  an  autosomal  dominant  mode  of  inheritance  are              

caused  by  a  single  pathogenic  variant.  This  consequence  indicates  that,  in  the  case  of  LoF                 

variants,  a  single  copy  of  the  gene  cannot  maintain  normal  biological  function,  or  that,  in  the                  

case  of  GoF  variants,  the  excess  gene  activity  leads  to  pathology.  The  reference  AF  that  is                  

typically  used  for  variants  causing  dominant  conditions  is  1  in  10,000   (Turro  et  al.  2020)  and                  

the  molecular  mechanisms  leading  to  dominant  conditions  are  haploinsufficiency,  a  GoF             

effect  or  dominant-negative  effect   (Herskowitz  1987;  Veitia  2002) .  The  dominant-negative            

refers  mainly  to  proteins  that  multimerise  and  negatively  affect  also  the  wild-type  copy  of  the                 

gene   (Veitia  2002) .  The  probability  that  a  person  inherits  the  pathogenic  variant  from  a                

heterozygous  and  affected  parent  is  50%   (Genetic  Alliance,  2010) .  For  example,  a  single               

rare  variant  of  the   RUNX1   gene  may  cause  an  autosomal  dominant  condition  that  initially                

presents  as  thrombocytopenia  and  at  a  later  age  may  be  complicated  by  acute  myeloid                

leukaemia    (Song   et   al.   1999) .   

The  mode  of  inheritance  described  in  the  paragraph  above  refers  just  to  autosomal               

chromosomes  (i.e.  not  sexual  chromosomes,  from  1  to  22  in  humans).  Indeed,  genes  that  lie                 

in  the  sexual  chromosomes  (i.e.  chromosomes  X  and  Y  in  humans)  follow  a  slightly  different                 

mode  of  inheritance,  because  males  are  hemizygous  for  the  X  chromosome  and  the  only                

carriers  of  the  Y  chromosomes.  In  this  case,  diseases  that  would  normally  be  recessive,  tend                 

to  be  dominant  in  the  male  offspring   (Genetic  Alliance  2010) .  Haemophilia  A  is  an  example                 

of  X-linked  recessive  disease.  Males  that  inherit  pathogenic  variants  from  their  mothers              

manifest  directly  the  phenotype,  while  it  is  very  rare  for  females  to  be  affected  because  they                 

need  both  the  X  chromosomes  to  carry  a  pathogenic  variant.  Variants  in   F8  are  the  cause  of                   

haemophilia  A,  there  are  thousands  of  documented  variants   (Giansily-Blaizot  et  al.  2020) ,              

30%  of  which   de  novo  (i.e.  spontaneous  mutation  absent  in  the  parents;   Kentsis  et  al.  2009)                  

with  the  most  common  variant  being  the  inversion  of  intron  22,  which  explains  ~40%  of  all                  

the   haemophilia   A   cases    (Lakich   et   al.   1993) .     

The  development  of  high-throughput  genotype  technologies,  namely  SNP  array  and            

short-read  sequencing,  made  possible  the  study  of  the  genetic  architecture  for  rare  and               

common  complex  conditions,  such  as  BTPDs,  cancer  or  autoimmunity   (Ng  et  al.  2009;               

Albers  et  al.  2012;  Firth  et  al.  2011;  Karczewski  et  al.  2020;  Turro  et  al.  2020;  Thaventhiran                   

et   al.   2020;   Smedley   et   al.   2021) .     
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Genetics  has  proven  itself  an  invaluable  tool  in  perinatal  counselling,  diagnostics  and              

prognostication  of  inherited  disorders.  For  this  reason,  there  has  been  a  growing  investment               

in  genotyping  in  clinical  genetics,  which  also  urged  the  need  for  guidelines  in  variant                

pathogenicity  interpretation.  Arguably,  the  most  widely  adopted  guidelines  are  those  of  the              

American  College  Medical  Genetics  (ACMG;   Richards  et  al.  2015;  Kleinberger  et  al.  2016) .               

These  guidelines  aim  to  consider  the  different  evidence  that  can  support  classification,              

helping  to  allocate  each  variant  in  the  correct  group  according  to  its  likelihood  of                

pathogenicity.  Examples  of  evidence  are  (i)  the  effect  of  the  variants  on  the  transcript,  with                 

premature  stop  codon  predicted  to  be  one  of  the  most  pathogenic  (ii)  functional  studies                

supporting  the  aetiological  role  of  the  variants  (iii)  an  odds  ratio  greater  than  five  to  have  the                   

related  disease   (Richards  et  al.  2015) .  Also,  in  the  UK  the  ACMG  guidelines  are  widely                 

applied,  and  a  similar  set  of  criteria  have  also  been  suggested  by  the  UK  Association  for                  

Clinical  Genomics  Science   (Association  for  Clinical  Genomic  Science  website,  accessed  in             

September   2021)   

In  summary,  the  identification  of  genes  and  variants  causally  implicated  in  inherited              

diseases  has  laid  the  foundation  for  clinical  genetics.  Defining  the  genetic  and  molecular               

basis  is  an  essential  first  step  in  disease  diagnosis,  administration  of  the  most  effective                

treatment  and  prognostication.  For  example,  these  studies  contributed  to  the  development  of              

treatments  for  rare  diseases,  such  as  gene  therapy  for  haemophilia  or  allogeneic  bone               

marrow  transplant  for  WAS   (Burroughs  et  al.  2020;  Pasi  et  al.  2020) .  Moreover,  genetics  and                 

Mendelian  disorder  studies  have  also  informed  drug  discovery  pipelines  and  contributed  to              

drug  target  prioritisation,  drug  repurposing,  the  definition  of  the  therapeutic  windows  and              

estimation  of  side  effects   (Plenge  et  al.  2013;  Nelson  et  al.  2015;  King  et  al.  2019) .  For                   

instance,  molecular  observations  on  familial  hypercholesterolemia  have  identified  the           

PCSK9  gene  as  the  cause  of  this  condition  and  further  studies  brought  to  the                

conceptualisation  and  approval  of   PCSK9  inhibitor  to  treat  high  cholesterol  levels   (Abifadel              

et   al.   2003;   Sabatine   et   al.   2017) .   

1.4  Methods  to  study  human  genetics  and         

epigenetics.   

The  healthcare  advancements  described  at  the  end  of  the  previous  sub-chapter  will              

only  be  possible  because  of  the  technological  developments  that  have  distinguished  the              

beginning  of  the  21 st  century,  namely  high-throughput  genotyping,  CRISPR/Cas9  and  all             
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their  derived  applications  and  resources   (Jinek  et  al.  2012;  Reuter,  Spacek,  and  Snyder               

2015;  Slatko,  Gardner,  and  Ausubel  2018;  Nakamura  et  al.  2021) .  Genotyping  and              

sequencing  technologies  allowed  the  scientific  community  to  study  genomic  variants  in             

hundreds  of  thousands  of  individuals,  generating  new  insights  into  human  biology   (Gaziano              

et  al.  2016;  Di  Angelantonio  et  al.  2017;  Bycroft  et  al.  2018;  Turro  et  al.  2020b;  Thaventhiran                   

et  al.  2020) .  Meanwhile,  CRISPR/Cas9  technology  made  possible  the  modification  of             

specific  genomic  and  epigenomic  regions  in  an  easy  and  scalable  fashion,  virtually  in  every                

cell   type    (Adli   2018;   Nakamura   et   al.   2021) .   

1.4.1     Models   systems   

In  biomedical  sciences,  the  availability  of  human  biological  materials  is  often  limited              

and  researchers  rely  on  the  use  of  animals  or  cell  lines  as  models.  The  most  common                  

animal  model  for  human  biology  is  the  mouse  which  has  biology  relatively  similar  to  the                 

human  one   (Bedell  et  al.  1997) .  There  are  many  successful  examples  where  knock-out  mice                

recapitulate  well  the  human  pathophysiology  of  inherited  disorders.  For  instance,  for             

inherited  platelets  disorders,  knock-out  models  have  been  successful  for  Glanzmann            

thrombasthenia   (Morgan  et  al.  2010) ,  Bernard  and  Soulier  syndrome   (Strassel  et  al.  2007) ,               

and  more  recently  for  the  grey  platelet  syndrome   (Mayer  et  al.  2018) ,  amongst  many  other                 

inherited   BTPDs.     

However,  there  are  many  discordances  between  human  and  mouse  biology.  For             

instance,  humans,  but  not  mice,  are  haploinsufficient  for  many  developmental  genes   (Bedell              

et  al.  1997;  Wilkie  2003) .  Moreover,  the  ENCODE  project  showed  that  a  large  portion  of  the                  

regulatory  elements  in  the  human  genome  are  evolutionary  recent  and  cannot  be  identified               

by  sequence  homology  between  humans  and  mice   (ENCODE  Project  Consortium  et  al.              

2020) .     

Hence,  stable  cell  lines  are  a  valid  alternative  to  study  human  biology.  For  instance,                

the  immortalized  megakaryocyte  cell  line  from  Nakamura  and  colleagues   (Nakamura  et  al.              

2014)  allows  access  to  an  unlimited  source  of  biological  material  that  resembles              

megakaryocytes  (MK).  In  general,  cellular  models  are  convenient  for  experiments  that             

require  many  cells  as  starting  material  or  that  need  a  system  less  prone  to  inter-personal                 

genetic  variability.  However,  cell  lines  tend  to  acquire  chromosomal  aberration  which  may              

alter  the  genetics  and  epigenetics  of  the  cells.  For  instance,  translocation  may  compromise               

or   rewire   the   physiological   regulatory   loops   happening   in   the   parental   cell   type.     
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A  particularly  interesting  cell  model  is  the  human-induced  pluripotent  stem  cells             

(hiPSC;   Takahashi  and  Yamanaka  2006;  Takahashi  et  al.  2008) .  Specifically  for  the  research               

in  MK  and  platelet  biology,  it  is  now  feasible  to  generate  MKs  in  large  numbers  by  forward                   

programming  of  human  iPSCs  (see  chapter  2.2;   Moreau  et  al.  2016) .  Ideally,  one  could                

generate  hiPSC  from  patients  and  the  differentiation  into  the  relevant  cell  type   (Laugsch  et                

al.  2019) .  Initiatives  such  as  HipSci  ( https://www.hipsci.org/ )  created  an  hiPSC  biobank  from              

hundreds  of  healthy  and  rare  disease  volunteers   (Kilpinen  et  al.  2017) .  This  method  allows                

working  directly  on  the  original  genomic  background  that  is  causing  the  disease,  without  the                

necessity  of  genome  editing  that  may  create  some  biological  noise  due  to  off-target  effects                

of  the  CRISPR-Cas9  technology  (see  chapter  1.4.2).  A  successful  example  comes  from  the               

laboratory  of  Rada-Iglesias   (Laugsch  et  al.  2019) .  The  authors  of  this  manuscript  used  iPSC                

derived  from  a  patient  and  their   in  vitro  differentiation  to  study  the  orofacial  clefting  aetiology                 

and   identified   the   cause   in   a   SV   that   altered   a   regulatory   loop    (Laugsch   et   al.   2019) .     

1.4.2  Genome-wide  association  studies,  effect  size        

and   polygenic   risk   scores   

Genome-wide  association  studies  (GWAS)  are  a  hypothesis-free  statistical  approach           

to  determine  the  association  between  genetic  variants  and  one  or  more  categorical  or               

quantitative  traits.  GWAS  have  been  widely  used  since  2002,  as  they  facilitate  the  study  of                 

complex  traits,  such  as  blood  cell  count   (Ozaki  et  al.  2002;  Bush  and  Moore  2012;  Astle  et                   

al.  2016b;  Vuckovic  et  al.  2020;  WTCCC  2007) ,  and  became  one  of  the  most  adopted  tools                  

to  improve  biological  understanding  of  defined  traits   (Lichou  and  Trynka  2020) .  Nowadays,              

GWAS  have  identified  thousands  of  common  SNPs  associated  with  human  traits,  and              

haematology  is  one  of  the  biomedical  fields  in  which  GWAS  application  has  been  most                

successful   (Soranzo  et  al.  2009;  van  der  Harst  et  al.  2012;  Shin  et  al.  2014;  Astle  et  al.  2016;                     

Astle   et   al.   2016;   Buniello   et   al.   2019;   Vuckovic   et   al.   2020;   Chen   et   al.   2020) .     

GWAS  design  can  investigate  either  categorical  or  quantitative  traits   (Bush  and             

Moore  2012) .  The  former  often  refers  to  binary  variables,  because  the  sampled  population  is                

divided  into  two  groups  (e.g.  phenotype  present  versus  absent)  and  the  two  groups  are                

interrogated  for  their  genetic  differences.  The  latter  is  applicable  to  all  traits  that  are                

continuous  variables,  such  as  weight,  height  or  blood  cell  counts   (Bush  and  Moore  2012) .                

The  advantage  of  quantitative  traits  is  that  they  do  not  have  to  be  grouped,  hence  less  prone                   

to  mitigate  the  differences  because  of  the  grouping  strategies  and  therefore  resulting  in               
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increased  statistical  power (Bush  and  Moore  2012) .  A  few  factors  may  cause  spurious  SNP                

associations  in  GWAS  (i.e.  variants  correlated  with  the  phenotype  for  technical  reasons),  for               

example,  consanguinity  in  the  cohort  or  ethnic  stratification  (Zeng  et  al.  2015).  Hence,               

sample  size  and  genomic  architecture,  which  lie  at  the  base  of  statistical  power,  have  to  be                  

well-calibrated,  balancing  costs  and  power  (Bush  et  al.  2012;  Ball  et  al.  2013,  Astle  et  al                  

2106a).     

GWAS  identify  the  association  between  single  genetic  variants  and  a  particular             

phenotype.  As  a  consequence  of  linkage  disequilibrium  usually,  a  large  number  of              

associated  variants  is  identified  at  a  certain  locus.  Conditional  analysis  can  be  applied  to                

differentiate  between  ‘bystander  associated  variants’  and  the  variants  which  are  causally             

associated  (Vuckovic,  Cell  2016).  Mapping  causally  associated  variants  to  genes,  protein             

and  pathways  remain  one  of  the  key  challenges  in  the  post-GWAS  era   (Lichou  and  Trynka                 

2020;   Cano-Gamez   and   Trynka   2020) .   

This  is  further  complicated  by  the  fact  that  over  90%  of  associated  variants  are                

localised  in  the  non-coding  region  of  the  genome   (Astle  et  al.  2016;  Vuckovic  et  al.  2020).                  

While  non-synonymous  SNPs  in  the  coding  space  are  readily  mapped  to  protein  and               

pathways,  this  is  not  the  case  for  non-coding  variants  (Peters  et  al.  2017;   Cano-Gamez  and                 

Trynka  2020) .  One  of  the  most  used  computational  approaches  to  assign  variants  to  genes                

is  colocalisation   (Wallace  2020) ,  where  GWAS  results  are  co-analysed  with  the  results  of               

expression  quantitative  trait  loci  (eQTL)  studies  ( Wallace  2020) .  An  alternative  approach  is              

to  use  the  insight  gained  from  experiments  that  identify  long-range  interaction  between              

regulatory  elements  and  gene  promoters  (e.g.  promoter  capture  Hi-C,  see  chapter  1.4.3;              

Javierre  et  al.  2016;  Sati  and  Cavalli  2017) .  Ultimately,  some  tools  combine  multiple  layers  of                 

evidence,  both  computational  and  experimental,  for  instance,  the  “Locus-2-Gene”  tool  from             

the   Open   Targets   Consortium    (Carvalho-Silva   et   al.   2019) .   

GWAS  results  also  provide  information  on  the  contribution  of  every  single  associated              

variant  to  the  phenotype.  The  contribution  is  expressed  in  the  form  of  odds  ratio  (OR)  for                  

discrete  traits,  or  beta  coefficient  (β)  for  continuous  traits.  These  parameters  are  generally               

referred  to  as  effect  sizes.  The  effect  size  of  common  variants  (MAF  ≥  0.05)  is  in  the  vast                    

majority  of  cases  moderate  (OR  ~  1.2  and  β  ~  0.05,  Fig.  1.4;   Goldstein  2009;                 

López-Cortegano  and  Caballero  2019) ,  meaning  that  each  variant  independently  makes  a             

small  contribution  to  the  phenotype   (Vuckovic  et  al.  2020) .  In  contrast,  the  effect  sizes  of  rare                  
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variants  (MAF  <  0.01)  tend  to  have  larger  effect  sizes  (OR>1  and  β>1;   Bomba,  Walter,  and                  

Soranzo   2017) .   

To  increase  the  statistical  power  of  GWAS,  several  imputation  methods  have  been              

developed  to  infer  the  role  and  association  of  rare  variants,  which  have  remained               

unmeasured  by  array  genotyping   (Li  et  al.  2009;  Marchini  and  Howie  2010;  Bycroft  et  al.                 

2018) .  However,  imputation  is  not  reliable  to  infer  the  genotype  of  variants  with  a  MAF  <                  

0.001    (Van   Hout   et   al.   2020) .   

  

Fig.  1.4  |  Cartoon  illustrating  the  correlation  between  allele  frequency  and  effect  size/Odds               
ratio   of   human   variants.    Adapted   from    Manolio   et   al.   2009 .   

Rare  and  ultra-rare  variants  (MAF  <  0.001)  with  large  effect  sizes  on  medically               

relevant  traits  are  of  particular  interest  in  medicine,  as  has  been  demonstrated  by  the  study                 

of  Mendelian  disorders   (Manolio  et  al.  2009;  Long  et  al.  2017;  Turro  et  al.  2020;                 

Thaventhiran  et  al.  2020) .  These  deleterious  variants  with  large  effect  sizes  (Fig.  1.4,  top-left                

corner)  are  confined  to  rare  allele  frequencies  because  of  the  negative  selective  pressure               

(McCarthy  et  al.  2008;  Manolio  et  al.  2009) .  Indeed,  for  FBC  parameters,  the  effect  size  for                  

variants  with  a  MAF  >  0.01  does  not  exceed  0.4  standard  deviations  (sd),  whilst  associated                 

rare   variants   have   effect   sizes   up   to   0.86   SD    (Vuckovic   et   al.   2020) .     
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Leveraging  the  recent  GWAS  results  from  large  cohort  studies,  biomedical  scientists             

reliably  calculated  for  the  first  time  a  single  predictive  value  for  a  given  phenotype,  namely                 

polygenic  risk  score  (PRS).  Briefly,  the  PRS  uses  the  sum  of  all  the  variant  effects  to                  

forecast  the  predisposition  or  protection  to  a  certain  trait   (Khera  et  al.  2018) .  In  some  cases,                  

the  sum  of  the  effect  sizes  of  common  variants  is  comparable  to  the  effect  of  one  single  rare                    

(e.g.  Mendelian  disease)  variant  with  a  large  effect   (Fahed  et  al.  2020) .  PRS  have  been                 

calculated  for  many  common  diseases,  such  as  VTE  and  cancer   (Kachuri  et  al.  2020;  Klarin                 

et  al.  2019) ,  and  for  FBC  traits  ( Vuckovic  et  al.  2020) .  To  give  an  example  of  the  role  and  use                      

of  PRS,  Vuckovic  and  colleagues  reported  that  about  30%  of  the  mpv  can  be  explained  from                  

the  set  of  SNPs  used  for  the  calculation  of  the  PRS   (Vuckovic  et  al.  2020) .  It  is  hoped  that,  in                      

the  future,  PRS  will  become  clinically  relevant  for  providing  targeted  public  health  measures               

to  those  who  are  most  at  risk.  However,  further  pieces  of  evidence  are  needed  to  determine                  

the  clinical  value  of  PRS   (Eisenstein  2021) .  Collins  et  al.  have  illustrated  how  the  PRS  for                  

platelet  count  modifies  the  effect  of  a  Mendelian  rare  variant  ( Collins  et  al.  2021) .  Variant                 

rs5030764  is  a  pathogenic  variant  in   GP9  and  if  present  on  both  alleles  is  causal  of  BSS                   

(see  chapter  1.2.3).  It  was  assumed  that  carriers  of  this  variant  do  not  present  a  clinically                  

relevant  reduction  in  platelet  count,  however  several  individuals  carrying  this  variant  present              

a  platelet  count  <  150×10 9  platelet/L.  The  platelet  count  was  correlated  to  PRS,  people  who                 

are  in  the  lowest  decile  tend  to  have  the  lowest  plt.  If  not  considering  PRS,  such  genetic                   

configuration   may   be   misdiagnosed   as   a   case   of   immune   thrombocytopenia.   

1.4.3     Sequencing   technologies   

Sequencing  DNA  molecules  became  readily  possible  in  the  late  1970s   (Sanger,             

Nicklen,  and  Coulson  1977) ,  since  then  Sanger  sequencing  has  been  the  “gold  standard”               

sequencing  technology.  It  underwent  several  improvements  in  the  fluorescent           

dideoxynucleotides  and  electrophoresis  technology,   (Sanger  1988;  Kheterpal  et  al.  1996;            

Rosenblum  et  al.  1997)  driving  the  completion  of  the  human  genome  project   (Collins  et  al.                 

2003;  McPherson  et  al.  2001) .  However,  the  turning  point  in  sequencing  technologies              

happened  in  2008,  when  the  sequencing-by-synthesis  technology  by  Solexa  became            

available   (Bentley  et  al.  2008) .  This  scalable  sequencing  technology  resulted  critical  for  the               

efforts  to  decipher  the  whole  human  genome  in  a  large  number  of  individuals   (NIH  -  The  cost                   

of  sequencing  a  human  genome  webpage,  accessed  September  2021) .  Indeed,  the  latest              

Illumina  instrument  (i.e.  NovaSeq  6000),  with  the  largest  flow  cell  (i.e.  S4)  allows               

multiplexing  48  human  genomes  (30x  coverage),  500  exomes  (100x  coverage)  and  about              
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400  transcriptomes  (50  million  reads;  Illumina  website,  accessed  in  September  2021 ) .  There              

is  also  the  3 rd  generation  of  sequencing  technologies,  such  as  Oxford  Nanopore  and  Pacific                

Biosciences,   which   allow   the   sequencing   of   long   strings   of   DNA    (Niedringhaus   et   al.   2011) .     

This  technological  development  led  to  the  establishment  of  a  series  of             

sequencing-based  approaches  that  are  used  to  study  the  genome,  epigenome  and             

transcriptome   (see   chapter   1.3.1   and   1.3.2).     

  

Fig.  1.5  |  Representation  of  the  technologies  based  on  sequencing  and  their  standard  output                
after   analysis.   

High-throughput   sequencing   (HTS)   of   the   genome   

Human  genome  sequencing  has  two  main  high-throughput  approaches:  targeted           

sequencing  and  genome-wide.  Targeted  approaches  allow  the  sequencing  of  defined            

regions  of  interest  via  the  use  of  a  set  of  capture  probes.  These  probes  can  enrich  for  a                    

group  of  regions  (or  genes)  that  have  a  high  probability  of  being  involved  in  one  or  more                   

diseases.  The  ThromboGenomics  (TG)  HTS  test  was  a  research-diagnostic  platform  that             

used  this  targeted  approach  to  sequence  all  the  diagnostic-grade  genes  involved  in  BTPDs               

(Simeoni  et  al.  2016;  Downes  et  al.  2019) .  In  a  more  agnostic  way,  one  could  look  at  the                    
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whole  exome.  Whole-exome  sequencing  (WES)  covers  most  of  the  coding  sequence             

including  the  mRNA  untranslated  regions  (UTR).  With  WES,  the  amount  of  target  DNA               

sequenced   is   approximately   2%   of   the   entire   genome   (~40   Mb;    Clark   et   al.   2011) .     

However,  the  capture  efficiency  varies  on  the  hybridization  efficiency  of  the  utilised              

probes,  which  are  often  depending  on  the  complexity  of  the  DNA  sequence.  For  instance,                

GC  or  AC  rich  regions  tend  to  have  worse  capture  efficiency   (Dohm  et  al.  2008) .  This                  

hybridization  variability  may  introduce  some  bias  in  the  downstream  analyses  and             

interpretation   (Clark  et  al.  2011) .  Moreover,  in  spite  of  being  a  cost-effective  resource  for  the                 

identification  of  the  variants  in  protein-coding  regions,  WES  overlooks  the  genetic  material  of               

~98%  of  the  human  genome  and  this  limitation  is  magnified  in  approaches  that  focus  on                 

smaller  panels.  The  reduction  in  the  sequencing  cost  and  the  increased  sequencing  depth               

(30x  coverage  is  sufficient  to  recall  rare  variants  with  good  confidence;   Turro  et  al.  2020)  are                  

shifting  the  approach  of  choice  to  whole-genome  sequencing  (WGS),  in  order  to  achieve  the                

greatest  amount  of  information  per  sequencing  run,  including  non-coding  regions  (see             

chapter   1.3).     

Transcriptome   sequencing   

Similarly  to  DNA,  also  the  RNA  within  a  cell  (i.e.  transcriptome)  can  be  sequenced                

(Zhong  Wang,  Gerstein,  and  Snyder  2009) .  RNA-Seq  allows  obtaining  quantitative            

information  on  the  expression  of  the  entire  transcriptome  of  a  population  of  cells  (ribosomal                

RNA,  transfer  RNA  and  messenger  RNA)  via  retrotranscription  to  complementary  DNA  (i.e.              

cDNA;   Mortazavi  et  al.  2008) .  RNA-Seq  allows  to  identify  cell-type  specific  patterns  of  gene                

expression  and  to  look  at  differentially  expressed  genes  between  two  types  of  cells  to  gain                 

insight  into  their  biological  differences   (Love,  Huber,  and  Anders  2014;  Turro,  Astle,  and               

Tavaré   2014) .   

Further  technological  advances  enabled  the  sequence  of  the  RNA  present  within  a              

single  cell,  which  gives  a  much  finer  capacity  to  discriminate  subpopulations  within  the  same                

cell  type  and  it  is  being  used  to  build  a  human  single-cell  atlas   (Tang  et  al.  2009;                   

Papatheodorou   et   al.   2020) .   

Sequencing   technologies   to   study   the   chromatin   state   and   structure   

Chromatin  immunoprecipitation  followed  by  high-throughput  DNA  sequencing  (i.e.          

ChIP-Seq)  is  used  to  study  the  distribution  of  proteins  that  interact  with  DNA  in  the  genome.                  

See  Table  1.6  for  a  list  of  the  most  common  histone  modifications   (Barski  et  al.  2007) .                  

ChIP-Seq  returns  information  on  the  role  of  DNA  regions,  while  indirectly  reporting  the               
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position  of  the  proteins  and  their  post-translational  modifications  because  of  the  antibody              

precipitation  step   (Barski  et  al.  2007) .  For  this  reason,  ChIP-Seq  is  also  used  to  study                 

transcription   factor   binding   site   specificity    (Landt   et   al.   2012) .     

ChIP-Seq  signal  is  measured  as  a  signal  DNA  over  the  noise  DNA  (i.e.  control).  The                 

signal  is  given  by  the  DNA  that  was  linked  to  a  protein  and  precipitated  because  of  the                   

antibody-specific  immunoprecipitation.  ChIP-Seq  controls  are:  (i)  “input”  DNA  sonicated  but            

not  immunoprecipitated,  or  (ii)  “IgG”,  a  mock  antibody  that  does  not  have  any  specificity                

towards   nuclear   proteins    (Landt   et   al.   2012) .     

The  assay  for  transposase-accessible  chromatin  using  high-throughput  sequencing          

(i.e.  ATAC-Seq;   Buenrostro  et  al.  2013)  is  a  parallel  approach  that  is  used  to  study  open                  

chromatin  regions.  The  hyperactive  Tn5  transposase  inserts  sequencing  adapters  in  the             

genome,  and  it  has  a  higher  chance  to  insert  them  in  regions  where  the  DNA  is  not  wrapped                    

around  histones   (Buenrostro  et  al.  2013) .  A  genomic  region,  to  be  functionally  active,  needs                

to  be  relatively  free  of  histones,  in  order  to  give  access  to  transcription  factor  motifs  and                  

allow  protein-specific  binding.  For  this  reason,  ATAC-Seq  is  thought  to  be  more  sensitive  to                

cell  dynamics,  because  chromatin  accessibility  is  preceding  transcription   (Nimmo,  May,  and             

Enver   2015) .    

The  3D  structure  of  the  genome  has  a  central  role  in  cell  function,  influencing  cell                 

development,  cell  differentiation  and  gene  expression   (Schoenfelder  and  Fraser  2019;            

Zheng  and  Xie  2019;  van  Steensel  and  Furlong  2019) .  Chromosome  conformation  capture              

(3C)  techniques  have  shown  great  potential  to  investigate  the  role  of  non-coding  DNA.               

Amongst  all  the  3C  derived  assays,  Hi-C,  which  looks  at  genome-wide  interactions,  has               

been  widely  adopted   (Sati  and  Cavalli  2017;  McCord,  Kaplan,  and  Giorgetti  2020) .  Briefly,               

Hi-C  consists  of  an  enzymatic  digestion  of  the  genome,  followed  by  a  ligation  to  create                 

chimeric  DNA  sequences  of  regions  that  are  in  close  proximity  when  chromatin  is  folded  into                 

its  structure  (see  chapter  2.3  for  a  more  detailed  description  of  the  technique;   Dekker,                

Marti-Renom,  and  Mirny  2013) .  Hi-C  technology  has  contributed  to  the  identification  of  TADs               

(see  chapter  1.3.5),  genomic  structures  which  have  also  been  confirmed  more  recently  with               

microscopy   experiments    (Bintu   et   al.   2018) .     

The  complexity  of  the  Hi-C  libraries  (i.e.  the  number  of  different  DNA  fragments  that                

are  in  a  library)  limits  the  experiment  analysis  resolution  and  the  capacity  to  identify  sub-TAD                 

regulatory  loops   (Mifsud  et  al.  2015;  Schoenfelder  et  al.  2015) .  To  bypass  this  problem,                

Promoter  capture  Hi-C  (or  pcHi-C)  uses  probes  to  capture  the  regions  of  interest  (i.e.                
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promoters),  reducing  the  complexity  of  the  libraries  and  increasing  the  information  relative  to               

regulatory   loops    (Mifsud   et   al.   2015;   Schoenfelder   et   al.   2015;   Javierre   et   al.   2016) .   

1.4.4  Clustered  regularly  interspaced  short       

palindromic   repeats   (CRISPR)-Cas9   tools   

The  idea  of  surgical  precision  in  gene  editing  has  been  around  at  least  since  the  late                  

1980s   (Thomas  and  Capecchi  1986;  Capecchi  1989) .  Research  into  genome  editing  drove              

the  investigations  and  discoveries  of  basic  biological  processes,  such  as  homologous             

recombination  and  non-homologous  end-joining  mechanisms  to  repair  DNA  breaks   (Jeggo            

1998) .  It  also  pushed  the  boundaries  for  biotechnology  invention,  with  the  finding  of               

meganucleases  (i.e.  restriction  enzymes  with  recognition  sites  between  14  and  40  bp;   Adli               

2018) ,  zinc  fingers   (Klug  and  Rhodes  1987) ,  transcription  activator-like  effector  nucleases             

(Joung   and   Sander   2013)    and   finally   the   CRISPR-Cas9    (Jinek   et   al.   2012) .   

CRISPR-Cas9  is  an  RNA-guided  endonuclease,  discovered  because  of  its  role  in  the              

defence  from  pathogens  invasion  in  Streptococcus  pyogenes   (Marraffini  2015) .  The  two             

molecular  components  required  for  the  correct  functioning  of  the  CRISPR-Cas9  system  are              

an  RNA  molecule,  often  called  single  guide  RNA  (sgRNA),  and  the  endonuclease  Cas9.  The                

capacity  to  specifically  direct  the  endonuclease  in  virtually  any  locus,  just  designing  a               

20-nucleotide  long  oligonucleotide  that  is  complementary  to  the  target,  made  the             

CRISPR-Cas9   system   the   widespread   genome-editing   tool   that   it   is   today.     

CRISPR  derived  technologies  also  allow  multiplexing   (McCarty  et  al.  2020) .  It  is              

therefore  possible  to  assess,  in  the  same  experiment,  the  effect  of  perturbation  of  several                

regions  at  once,  allowing  combinatorial  and  additive  testing  of  multiple  loci.  However,  further               

studies  are  needed  to  understand  and  limit  the  deleterious  effects  of  multiple  testing,  such  as                 

exogenous  component  toxicities  and  off-target  effects   (Morgens  et  al.  2017;  Tycko  et  al.               

2019) .  Indeed,  off-target  effects  are  still  one  of  the  main  concerns  for  the  designing  of  the                  

CRISPR-Cas9  experiments  and  that  are  holding  back  most  of  its  applicability  in  healthcare               

(Cho  et  al.  2014;  Naeem  et  al.  2020) .  However,  approaches  such  as  base  editors,  which  do                  

not  require  DNA  strand  breaks  to  edit  the  genome,  can  accelerate  the  adoption  of  gene                 

therapies   in   clinical   practice    (Gaudelli   et   al.   2017;   Grünewald   et   al.   2019;   Kurt   et   al.   2021) .   

Since  its  first  application  in  2012,  CRISPR-Cas9  has  been  re-engineered  in  different              

flavours  to  edit  DNA  and  epigenome   (Jinek  et  al.  2012) ,  but  also  to  act  as  molecular  probes                   

for  microscopy   (Chen  et  al.  2013) ,  biotin  tag   (Liu  et  al.  2017)  and  sequencing  enrichment                 

(Gilpatrick   et   al.   2020) .     
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CRISPR   interference   

CRISPR  interference  (CRISPRi)  is  an  adaptation  of  the  CRISPR  technology.            

CRPISPRi  takes  advantage  of  an  enzymatically  inactive  form  of  Cas9  conjugated  to  protein               

domains  to  epigenetically  repress  chromosomal  regions,  usually  with  the  aim  of             

understanding  the  role  of  a  region  on  gene  expression   (Gilbert  et  al.  2013) .  Part  of  the                  

repression  effect  comes  from  Cas9  steric  interference.  When  the  Cas9  binds  to  a  specific                

locus  on  the  DNA,  it  competes  with  transcription  factors  and  reduces  their  DNA  binding,                

decreasing  gene  transcription   (Gilbert  et  al.  2013) .  Furthermore,  the  Cas9-conjugated            

repressor  domains,  often  the  Krüppel  associated  box  (KRAB;   Larson  et  al.  2013;  Gilbert  et                

al.  2013) ,  recruit  chromatin  remodelers  to  edit  the  epigenetics  of  the  locus  and  silence  it                 

(Margolin   et   al.   1994;   Urrutia   2003;   Huntley   et   al.   2006) .     

Several  protein  domains  have  had  their  repressor  activity  tested  in  the  CRISPRi              

system,  namely  chromo  shadow,  DNMT3A,  LSD1,  WRPW  domains,  however,  KRAB            

showed  the  strongest  repression  activity   (Gilbert  et  al.  2013;  Kearns  et  al.  2015;  Amabile  et                 

al.  2016) .  The  CRISPRi  based  on  the  KRAB  domain  is  able  to  repress  up  to  99%  of  the                    

expression   (Larson  et  al.  2013) .  There  is  an  evident  variability  that  depends  on  the  regions                 

and  genes  that  are  targeted   (Yeo  et  al.  2018;  McCarty  et  al.  2020) .  CRISPRi  has  been                  

successfully  adopted  to  repress  gene  expression  via  the  epigenetic  editing  of  proximal              

regulatory  regions,  such  as  promoters   (Gilbert  et  al.  2013)  and,  with  equal  success,               

long-distance  regulatory  elements  (i.e.  enhancers,   Thakore  et  al.  2015;  Klann  et  al.  2017) .               

Recently,  independent  studies  optimised  the  CRISPRi  system  to  make  it  more  effective  in               

the  silencing  of  regulatory  regions,  via  the  addition  of  multiple  repressing  domains  or               

proteins,  in  order  to  activate  multiple  distinct  repressing  pathways   (Yeo  et  al.  2018;  Li  et  al.                  

2020) .   

1.5   Databases   and   resources   

The  technological  advances  described  in  chapters  1.4.2  and  1.4.3  allowed  the             

conceptualisation  and  completion  of  several  large  studies  that  collected  phenotype,            

genotype,  epigenome  and  transcriptome  from  hundreds  of  thousands  of  people  and             

counting.  This  has  prompted  the  development  of  large  cohort  studies  to  define  the               

relationship  between  sequence  variation  and  phenotype.  This  chapter  describes  some  of             

these   resources.   
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1.5.1   Biobanks   

Biobanks  are  repositories  of  biological  specimens  (e.g.  HipSci)  or  biological  data             

(e.g.  UK  Biobank;   Hewitt  and  Watson  2013) .  Originally,  they  have  been  thought  to  preserve                

biodiversity  (e.g.  Svalbard  Global  Seed  Vault);  but  they  quickly  became  an  instrument  to               

improve  healthcare  and  personalised  medicine   (Hopkin  2008;  Labant  2012;  Hewitt  and             

Watson  2013) .  The  storage,  use  and  distribution  of  biological  samples  and  data  also               

contributed  to  the  development  of  stringent  regulations  on  data  privacy,  data  use  and  ethics                

(Cambon-Thomsen,  Rial-Sebbag,  and  Knoppers  2007;  Rothmayr  2009;  Spagnolo,  Daloiso,           

and   Parente   2011) .     

The  largest  and  best-characterised  population  cohort  for  biomedical  studies  is  the  UK              

Biobank  (UKB;   https://www.ukbiobank.ac.uk/ ).  UKB  is  a  prospective  study  that  collected            

genomic  data  of  half  a  million  people  and  linked  them  to  electronic  health  records  (EHR)  in                  

order  to  understand  the  causes  of  common  disorders  with  the  aim  of  preventing  disease                

onset  and  finding  new  treatments.  Between  2006  and  2010  ~5  million  people  were               

approached  with  an  invite  to  participate  and  500,000  were  enrolled  across  an  age  range                

from  40  to  69  years  (at  the  time  of  enrolment;   Munafò  et  al.  2018;  Bycroft  et  al.  2018) .                    

Although  UKB  participant  sampling  is  not  completely  unbiased,  it  is  still  the  best               

representation  available  of  an  archetypal  cohort  of  the  UK  population   (Munafò  et  al.  2018) .                

UKB  has  been  instrumental  in  defining  the  genetic  architecture  of  most  common  diseases               

and  of  biomedical  relevant  traits   (Bycroft  et  al.  2018;  Cortes  et  al.  2020;  Vuckovic  et  al.                  

2020) .  In  2020  the  WES  data  for  50,000  participants  have  been  released   (Van  Hout  et  al.                  

2020)  and  during  2021  the  WES  data  for  all  participants  has  been  made  available  to  a                  

limited  number  of  pharmaceutical  companies  and  125,000  participants  for  academic            

institutions    (Wang   et   al.   2021) .     

A  resource  similar  to  UKB  for  size  (830,000  participants)  and  scope  is  the  Million                

Veteran  Project  (MVP;   Gaziano  et  al.  2016) .  Recently,  the  largest  meta-analysis  study              

(746,667  Individuals)  was  published  to  gain  insight  into  the  different  human  haematological              

traits  and,  more  importantly,  in  different  ethnic  groups  using  data  mainly  coming  from  UKB                

and  MVP   (Chen  et  al.  2020) .  There  is  an  increasing  awareness  of  the  importance  to  further                  

increase  the  ethnic  diversity  of  biobanks  and  more  initiatives  have  been  taken  recently  to                

achieve  this  building  more  non-European  cohorts,  for  instance,  Three  Million  African             

Genomes,   and   GenomeAsia100K    (GenomeAsia100K   Consortium   2019;   Wonkam   2021) .     
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A  limitation  of  UKB  and  MVP  is  that  participants  cannot  be  recalled  based  on                

genotype  to  investigate  the  association  between  genotype  and  phenotype  in  further  detail.              

For  this  purpose,  the  NIHR  BioResoure  (NBR-BR)  was  founded  in  2007  by  professors  Todd                

and  Ouwehand  (Cambridge  Bioresource  at  the  time).  The  NBR-BR  has  now  13  centres  that                

create  a  national  network  with  a  repository  for  biosamples,  genomic  and  clinical  data   (“NIHR                

BioResource  Home  Page”) .  Its  main  purpose  is  to  provide  researchers  with  access  to  a                

cohort  to  perform  recall  by  genotype  studies.  At  the  moment,  NIHR-BR  has  recruited  more                

than  200,000  participants  that  have  been  genotyped  with  the  UKB  genome-wide  array  or               

WGS.  One  of  the  first  publications  originating  from  the  NIHR-BR  piloted  the  functional               

validation  of  a  GWAS  hit  in  humans   (Dendrou  et  al.  2009) .  Indeed,  Dendrou  and  colleagues                 

validated  the  association  between  IL2RA  and  type  1  diabetes  via  the  regulation  of  the                

expression  of  CDC25   (Dendrou  et  al.  2009) .  Since  then,  NIHR-BR  has  given  an  outstanding                

contribution  to  research  with  over  200  publications  reporting  on  the  association  between              

genotype  and  phenotype   (Turro  et  al.  2020b;  Vuckovic  et  al.  2020;  Thaventhiran  et  al.  2020;                 

Collier   et   al.   2021;   Stephenson   et   al.   2021;   Gräf   et   al.   2018;   Wei   et   al.   2019) .   

The  NIHR-BR  also  piloted  the  rare  diseases  arm  of  the  100,000  Genomes  Project               

(100KGP,   2014) .  The  primary  purpose  of  the  100KGP  was  to  introduce  WGS  into  the                

frontline  of  NHS  care,  initially  for  rare  diseases  and  several  cancers.  The  100KGP  has  many                 

unique  features  with  one  being  that  the  genotype  and  phenotype  data  are  available  for                

research  and  the  number  of  patient  samples  which  will  have  been  analysed  by  2024  will                 

have   increased   to   0.5   million.   

Other  resources  of  genomic  data  linked  to  the  NHS  EHR  data  are  the  blood  donor                 

health  studies  INTERVAL   (Di  Angelantonio  et  al.  2017) ,  COMPARE   (Bell  et  al.  2021)  and                

STRIDES.  These  trials,  which  are  delivered  by  a  partnership  between  the  University  of               

Cambridge,  NIHR-BR  and  NHS  Blood  and  Transplant  (NHSBT)  have  as  their  primary  aim  to                

inform  improvements  in  the  care  of  blood  donors  but,  as  is  the  case  for  the  100KGP,  the                   

genotype   and   phenotype   data   are   available   for   research.   

One  more  important  resource  is  the  genome  aggregation  database  (gnomAD;            

Karczewski  et  al.  2020) .  This  resource  is  the  aggregation  of  genomic  information  on  201,904                

individuals  (125,748  WES  +  76,156  WGS)  from  different  ethnic  groups  and  coming  from               

more  than  50  different  projects  (e.g.  BioMe  and  TOPMed).  Despite  being  a  first-class               

resource  for  allele  frequencies,  gnomAD  lacks  phenotype  information  of  the  participants,             

limiting  the  use  of  the  resource  in  biomedical  research.  However,  some  of  the  cohort  studies                 
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that  are  aggregated  in  gnomAD  are  on  the  cusp  of  releasing  their  genotype  and  phenotype                 

data   at   the   level   of   the   single   participants   (e.g.   TOPMed;    Taliun   et   al.   2021) .     

There  are  also  ambitious  studies  that  are  about  to  start,  namely  Our  Future  Health                

( https://ourfuturehealth.org.uk/ )  and  All  of  Us  ( https://allofus.nih.gov/ ).  These  two  projects           

aim  to  genotype  up  to  6  million  people  (5  million  Our  Future  Health  and  1  million  All  of  Us)  of                      

different  ethnic  groups  and  backgrounds.  Both  projects  have  the  goal  to  assess  the  value  of                 

the  PRS  in  clinical  settings  and  the  benefit  of  early  intervention  on  people  having  a  higher                  

genetic   risk   for   a   particular   disease.   

1.5.2   Phenotype   ontologies  

Biobanks  also  require  hierarchical  controlled  dictionaries  (i.e.  ontologies)  to           

communicate  phenotypes.  Indeed,  while  variants  are  relatively  easy  to  describe  because             

they  are  discrete  and  unambiguous,  human  phenotypes,  especially  diseases,  have  a  series              

of  possible  interpretations  and  variability  that  comes  from  the  nomenclature,  anatomy  or  the               

severity   of   the   phenotype.     

The  MYH9-related  disease  (MYH9-RD)  is  a  good  example.  For  historical  reasons,             

MYH9-RD  is  also  called  Epstein  syndrome,  Fechtner  syndrome,  May-Hegglin  anomaly  and             

Sebastian  syndrome.  Its  phenotypes  are  characterised  by,  but  not  necessarily  all,             

thrombocytopenia,  hearing  loss,  presenile  cataracts,  the  elevation  of  liver  enzymes,  and             

nephropathy  with  a  range  of  gravity  from  mild  to  severe.  The  age  of  onset  for  MYH9-RD                  

spans  from  neonatal  to  late  adulthood.  All  this  variability  limits  the  statistical  power  in                

association  analysis,  because  it  may  lead  to  the  creation  of  different  groups  describing  the                

same  observation  or,  even  worse,  aggregating  different  traits  in  the  same  one.  For  this                

reason,  biomedical  scientists  created  a  series  of  codes  that  describe  diseases,  phenotypes              

and   their   relations   unequivocally.     

OMIM  (https:// www.omim.org ;   Hamosh  2002)  was  the  first  attempt  to  create  a  unique              

repository  to  define  univocally  human  diseases.  This  effort  started  in  the  1960s,  by  the  work                

of  Victor  McKusick  (i.e.   Mendelian  Inheritance  in  Man,  MIM),  moved  online  in  the  1980s  and                 

was  renamed  OMIM  (online  MIM).  Nowadays  it  contains  4,690  human  genes  associated  with               

almost    6,000  traits  including  Mendelian,  complex  and  somatic  disorders   (OMIM  website             

accessed   in   September   2021) .   

Another  human  ontology,  more  comprehensive  than  OMIM,  is  the  Human  Phenotype             

Ontology  (HPO;   Robinson  et  al.  2008) .  The  HPO  annotation  was  started  in  2008  and  today                 
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contains  more  than  15,000  terms  that  describe  relations  between  phenotypes  and  genes              

(Köhler  et  al.  2021) .  This  resource  provides  a  tool  to  analyse  the  phenotype  of  the  patients  in                   

a  more  statistically  and  computationally  efficient  way  than  free  text   (Turro  et  al.  2020) .                

Similarly,  Experimental  factor  ontology  (EFO;   Malone  et  al.  2010)  is  the  European              

Bioinformatics  Institute  (EMBL-EBI)  holistic  attempt  to  describe  all  the  experimental            

variables,  chemical  compounds,  phenotypes  and  diseases  that  are  related  to  molecular             

biology.   

International  Statistical  Classification  of  Diseases  and  Related  Health  Problems  (ICD)            

is  not  an  ontology,  and  it  was  developed  at  the  beginning  of  the  20 th  century  to  be  used  in                     

medical  practice  and  to  describe  anatomical  sites.  Since  then,  this  code  has  been  expanded                

and  updated,  in  January  2022  the  eleventh  version  of  the  ICD  codes  will  be  officially  adopted                  

in  clinical  practice   (“Classification  of  Diseases;  ICD”) .  ICD  coding  entered  the  world  of               

biomedical  research  because  large  cohorts  started  to  integrate  the  phenotype  of  their              

participants  with  hospital  episode  statistics  (HES)  and  EHRs,  some  of  which  are  based  on                

ICD   codes.   

1.5.3   Pathogenic   Variants   

Most  of  the  large-scale  rare  diseases  genomic  studies  aim  to  identify  new  genes               

implicated  in  rare  diseases  and  to  catalogue  the  pathogenicity  level  of  rare  variants  in  these                 

genes   (Turro  et  al.  2020;  Thaventhiran  et  al.  2020) .  Having  this  information  organised  in  a                 

single   repository   is   convenient   for   genomic   medicine   and   variant   clinical   interpretation.     

ClinVar  is  one  such  public  repository  curated  by  the  National  Centre  for              

Biotechnology  Information  (NCBI)  that  reports  the  relationship  between  human  variants  and             

phenotypes   (NCBI  website  accessed  in  September  2021) .  Each  variant  has  information  on              

the  evidence  and  interpretation  of  the  variant  and  also  the  degree  of  confidence  of  the                 

interpretation.  Similar  structure  and  Similar  structure  and  scope  are  characterising  the             

Human  Gene  Mutation  Database  (HGMD®),  which  is  a  proprietary  resource  of  human              

pathogenic   variants   curated   from   the   literature    (HGMD®   website) .   

There  are  also  haemostasis  specific  databases,  which  have  a  superior  level  of              

curation  and  annotation  of  variants.  An  example  is  the  one  curated  by  the  European                

Association  for  Haemophilia  and  Allied  Disorders  (EAHAD)  which  only  reports  variants             

occurring   in    F5 ,    F7 ,    F8 ,    F9    and    VWF    genes.   
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1.5.4   Transcription   and   Epigenetics   

High-throughput  sequencing  studies  have  also  produced  a  large  amount  of            

information  on  transcriptome  and  epigenome   (ENCODE  Project  Consortium  2012;  GTEx            

Consortium  2013;  The  GTEx  Consortium  2015;  Schultz  et  al.  2015;  Skipper  et  al.  2015;                

Stunnenberg  et  al.  2016;  Davis  et  al.  2018) .  Collecting  information  from  transcriptome  and               

epigenome  is  more  challenging  than  genome  because  these  biological  features  are  cell-type              

specific.  Moreover,  in  epigenomes  many  different  modifications  co-occur  (e.g.  acetylation  or             

methylation)  and  evolve  over  the  lifespan  of  the  same  person   (Hernando-Herraez  et  al.               

2019;   Peleg   et   al.   2016) .     

Expression  Atlas  ( https://www.ebi.ac.uk/gxa/home )  is  a  resource  curated  by  the           

EMBL-EBI  that  reports  gene  expression  levels  organised  by  tissues.  Expression  Atlas             

integrates,  collates  and  reanalyses  the  information  from  several  resources,  using  more  than              

3,000  independent  experiments   (EBI  website  accessed  in  September  2021) .  A  resource,             

present  within  Expression  Atlas,  is  GTEx   (GTEx  website  accessed  in  September  2021) .              

GTEx  not  only  reports  gene  expression  in  different  tissues  but  also  correlates  them  with                

nucleotide  polymorphisms,  creating  the  most  comprehensive  repository  of  expression           

quantitative   trait   loci   (eQTL)   data.     

The  International  Human  Epigenome  Consortium  (IHEC;   Stunnenberg  et  al.  2016,            

Hirst  2016)  is  an  international  research  effort  that  aims  to  get  information  on  1,000                

epigenomes   (Eurice  GmbH ;   http://ihec-epigenomes.org/ ).  Also,  this  consortium  is  the  result            

of  the  aggregation  of  several  independent  studies.  Amongst  many  that  are  part  of  the  IHEC,                 

four  have  had  great  resonance  in  the  scientific  community:  RoadMap  (started  in  2007;               

Bernstein  et  al.  2010) ,  BLUEPRINT  (started  in  2011;   Adams  et  al.  2012;  Stunnenberg  et  al.                 

2016) ,  4D  Nucleome   (Dekker  et  al.  2017)  and  Encyclopedia  of  DNA  element  (ENCODE)               

which  aims  to  collect  information  on  all  the  different  level  of  epigenetic  information  (started  in                 

2003  and  today  at  its  5 th  version;   ENCODE  Project  Consortium  et  al.  2007,  2020) .  The  goal                 

of  all  these  studies  is  to  define  the  relationship  between  epigenetic  modifications,  human               

biology   and   ultimately   human   diseases.   

1.6   Project   aims   
Despite  the  improvements  brought  about  by  high  throughput  sequencing,  no            

conclusive  diagnosis  can  be  defined  for  ~50%  of  the  referrals  for  a  possible  diagnosis  of                 
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BPTDs  analysed  by  the  TG  HTS  test  ( Downes  et  al.  2019) .  A  part  of  the  referrals  may  have                    

concerned  non-inherited  conditions  but  in  other  cases,  the  underlying  variants  remain  to  be               

identified.  The  aim  of  this  PhD  project  was  to  investigate  further  the  genetic  aetiology  of                 

inherited  BTPDs,  with  a  particular  focus  on  the  non-coding  space  as  a  possible  harbour  of                 

causative   variants.     

First,  I  estimated  the  contribution  of  rare  coding  variants  to  BTPDs  and  their  interplay                

with  common  variants.  The  rationale  behind  this  study  is:  (i)  pathogenic  and  likely               

pathogenic  variants  (P/LP)  effect  sizes  may  have  been  overestimated  for  a  portion  of  these                

variants;  (ii)  some  rare  phenotypes  may  be  caused  by  the  interplay  of  rare  and  common                 

variants.  I  investigated  the  contribution  of  common  variants  to  the  BTPD  aetiology  by  using                

the  relevant  PRS.  This  workflow  also  allowed  me  to  (i)  look  into  the  biology  of  PRS  and  its                    

mapping  onto  pathways  relevant  for  BTPDs  and  (ii)  inspect  the  phenotype  of  autosomal               

recessive  pathogenic-variant  carriers  and  challenge  the  acceptance  that  these  individuals            

have   no   discernible   clinical   phenotypes.   

Second,  I  explored  the  role  of  non-coding  DNA  in  the  onset  of  BTPDs.  My  working                 

hypothesis  is  that  part  of  the  undiagnosed  BTPDs  can  be  explained  by  rare  non-coding                

variants  that  alter  the  transcription  of  key  haemostasis  genes.  I  experimentally  derived              

high-resolution  DNA  interaction  maps  for  the  diagnostic-grade  BTPD  genes  in  HEP,  EC  and               

MK.  I  applied  these  interactions  to  define  cell  type-specific  regulatory  regions.  I  used  these                

newly  defined  regulatory  regions  to  interrogate  the  genome  of  individuals  with  BTPDs              

lacking  clear  genetic  diagnosis,  searching  for  possible  explanatory  variants.  Ultimately,  I             

performed   in  vitro   validation  for  some  of  these  regions  that  showed  a  high  probability  of                 

having   a   regulatory   role   and   that   had   rare   variants   identified   in   people   with   inherited   BTPDs.   
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Chapter  2.1  Computational  methods  for  the        

VarioPath   project   

Ethics   

All  the  work  that  is  related  to  chapter  3  has  been  performed  under  the  UK  Biobank                  

application  ID  13745.  While  the  NIHR  BioResource  –  Rare  Diseases  work  (chapter  4  and                

chapter  5),  such  as  accessing  the  biological  samples  to  PCR  the  DNA  and  analysing  the                 

genotype   and   phenotype   data,   was   performed   under   the   REC   Number   13/EE/0325.  

Definition   of   the   list   of   pathogenic   variants   

A  list  of  variants  was  obtained  from  the  major  resources  described  below  and  filtered                

to  retain  only  the  variants  with  high  likelihood  of  being  pathogenic  or  likely  pathogenic                

(P/LP).  From  HGMD  Pro  (v2019.4;  http://www.hgmd.cf.ac.uk/),  I  extracted  disease-causing           

(DM)  or  questionable  disease-causing  (DM?)  variants.  From  ClinVar  “pathogenic”  or  “likely             

pathogenic”  variants  (https://www-ncbi-nlm-nih-gov.ezp.lib.cam.ac.uk/clinvar/).  I  also       

complemented  these  large  resources  with  in-house  curated  variants   (Sivapalaratnam  et  al.             

2017;  Turro  et  al.  2020b;  Thaventhiran  et  al.  2020) .  These  manually  curated  pathogenic               

variants  have  been,  mainly,  obtained  via  the  NIHR  BioResource  rare  diseases  projects.  The               

variant  coordinates  used  in  the  VarioPath  project  were  in  GRCh38,  and  if  not,  they  were                 

converted  to  this  latest  assembly  using  the  online  tool  “AssemblyConverter”            

( https://www.ensembl.org/Homo_sapiens/Tools/AssemblyConverter ,  Ensembl  v.100;   Zhao  et       

al.   2014) .   The   final   list   of   P/LP   variants   had   299,632   unique   entries.     

Genes   and   transcript   adopted   in   the   VarioPath   studies   

A  list  of  4,881  unique  genes  was  compiled  in  order  to  collect  the  Mendelian                

disease-causing  genes.  The  list  was  based  on  the  union  of  (i)  “green-flag”  genes  from                

Genomic  England  Panel  App  ( Martin  et  al.  2019 ;   https://panelapp.genomicsengland.co.uk/ );           

(ii)  OMIM   (Amberger  et  al.  2019) ;  (iii)  OrphaNet   (Rath  et  al.  2012) ;  (iv)  NBR  diagnostic  gene                  

list   (Simeoni  et  al.  2019;  Megy  et  al.  2019;  Turro  et  al.  2020b;  Gleadall  et  al.  2020) .  All  the                     

mentioned  resources  have  been  accessed  or  downloaded  on  the  28 th  April  2020.  Throughout               

this  thesis  I  used  the  latest  HGNC  symbols  and  stable  identifiers   (Tweedie  et  al.  2021) .  The                  

transcripts  adopted  for  each  coding  gene  were  selected  in  order  of  priority  as  follows:                
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Matched  Annotation  from  NCBI  and  EMBL-EBI  (MANE;         

https://www-ncbi-nlm-nih-gov.ezp.lib.cam.ac.uk/refseq/MANE/),  Locus  Reference  Genomic      

(LRG;  https://www.lrg-sequence.org/),  Canonical  transcript  from  UniProt        

( https://www.uniprot.org/ )  and  manually  selected  from  Ensembl  (i.e.  ensembl  canonical;           

https://www.ensembl.org/info/genome/genebuild/transcript_quality_tags.html).   

Extraction   of   pathogenic   variants   from   UKB   

I  searched  for  the  pathogenic  and  likely  pathogenic  variants,  collected  from  the              

various  resources  presented  earlier,  in  the  UKB  WES  data  (data-field  23141,  downloaded  on               

10 th  November  2020).  These  variants  were  extracted  from  UKB  aggregated  Variant  Call              

Format  Specification  (VCF  v4.4;  https://github.com/samtools/hts-specs).  The  software  used          

to  manipulate  the  aggregated  VCF  files  was  ̀bcftools`  version  1.10.2-17  (using  htslib              

1.10.2-22;   Danecek  et  al.  2021) .  The  pathogenic  and  likely  pathogenic  variants  that  were               

identified  in  the  UKB  participants  were  used  for  the  following  experiments  only  if  they  met  the                  

variant-call  quality  requirements.  The  minimum  quality  criteria  for  variants  to  be  included              

were:  (i)  AF  <  0.001;  (ii)  QUAL  >  30;  (iii)  STATUS  =  PASS;  (iv)  DP  >  20  (per  each  sample).                      

Moreover,  all  the  variants  that  had  the  same  genotype  as  reference  or  missing  genotypes                

were  excluded.  The  command  used  to  extract  the  variants  from  the  UKB  WES  aggregated                

VCF   was:   

Code   2.1   |   Script   and   parameter   used   to   select   the   variants   to   use   in   the   VarioPath   project.   

VCF  variant  structure  was  normalised  using  the  ‘norm’  function  of  the  bcftools              

software.  The  VarioPath  analyses  were  performed  only  on  unrelated  Europeans  to  limit  the               

genetic  confounding  effect  of  the  other  ethnic  groups.  Relatedness  and  ethnicity  were              

calculated  using  “Somalier”  software  ( https://github.com/brentp/somalier )  according  to  the          

developer  guidelines.  Somalier  calculates  the  ancestries  based  on  a  predefined  set  of              

variants  that  are  known  to  be  polymorphic  in  the  different  ethnic  groups  according  to  the                 

1,000  Genomes  Project   (Fairley  et  al.  2020) .  It  uses  these  variants  to  calculate  principal                

components  and  subsequently  label  the  different  groups  according  to  the  known  ethnicities              
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bcftools   view   --threads   20   -i    'INFO/AF   <   0.001   &&   QUAL   >   30'    \     
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of  the  1,000  Genomes  Project.  Somalier  uses  the  coefficient  of  relationship  to  calculate  the                

identity-by-state  (IBS)  factor  0,  IBS1,  IBS2   (Stevens  et  al.  2011) ,  and  kinship  coefficient               

(Lange  2012)  of  the  cohort.  The  parameters  are  then  used  to  identify  related  samples.  The                 

ethnic-specific  AF  was  calculated  using  the  plink2  software  (2.00a3LM;           

https://www.cog-genomics.org/plink/2.0/ )   with   the   command:   

Code   2.2   |   Script   to   calculate   the   ethnic   group-specific   AF   with   plink2.   

Annotation   of   the   pathogenic   variant   list   

The  pathogenic  and  likely  pathogenic  variants  were  annotated  using  the  Ensembl             

Variant  Effect  Predictor  (VEP;  software  version  100.2,  cache  version  99;   McLaren  et  al.               

2016) .  This  annotation  step  allowed  me  to  (i)  estimate  the  impact  of  the  variants;  (ii)  assign                  

variants  to  genes  and  transcripts;  (iii)  convert  genomic  variants  to  their  respective  amino  acid                

substitutions;  (iv)  annotate  the  variants  with  gnomAD  AFs  and  (v)  annotate  the  variants  with                

the   CADD   scores.   The   command   used   to   annotate   pathogenic   variants   with   VEP   was:     

Code   2.3   |   Script   used   to   run   VEP   and   annotate   the   VarioPath   variants.     

VEP  flags  the  impact  of  a  variant  on  the  transcripts  or  the  proteins  as  “HIGH”,  “MODERATE”,                  

“MODIFIER”,  or  “LOW”.  The  description  of  these  flags  and  their  biological  meaning  is               

reported   in   Table   2.1.     
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plink2   --bcf   unrelated_genotype_file.bcf   \    #   bcf   file   with   the   variants   and   the   genotype   of   the   samples   
        --freq   --pheno   population_file.txt   \    #   file   with   two   columns:   smapleID   and   predicted   ethnicities   
        --loop-cats   population   \    #   header   of   the   population   file   which   has   the   predicted   population   
        --vcf-half-call    'haploid'   

vep   -dir    ${ensembl_dir}    --cache   --species   homo_sapiens   --offline   \   
-i   pathogenic_variant_from_200KWES.txt   --no_check_variants_order   --fork   6   \   
--force_overwrite   --tab   \   
--hgvs   --symbol   --buffer_size   50   --merged   --transcript_version   \   

        --protein   --symbol   --uniprot   \   
--canonical   --mane   --af_gnomad   \   

        --fasta   ../reference_UKB_GRCh38/genome.fa   \   
--plugin   CADD, ${ensembl_dir} /whole_genome_SNVs.tsv.gz   --cache_version   99   \   
--no_check_variants_order   --output_file   ./annotation_withVEP.tab   

SO   term   SO   description   IMPACT   

transcript_ablation   
A  feature  ablation  whereby  the  deleted  region  includes  a  transcript            

feature   
HIGH   

splice_acceptor_variant   A  splice  variant  that  changes  the  two  base  region  at  the  3'  end  of  an                 HIGH   

https://paperpile.com/c/KNctv7/UEEf3
https://paperpile.com/c/KNctv7/dADKu
https://www.cog-genomics.org/plink/2.0/
https://paperpile.com/c/KNctv7/51kJo
https://paperpile.com/c/KNctv7/51kJo
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intron   

splice_donor_variant   
A  splice  variant  that  changes  the  two  base  region  at  the  5'  end  of  an                 

intron   
HIGH   

stop_gained   

A  sequence  variant  whereby  at  least  one  base  of  a  codon  is              

changed,  resulting  in  a  premature  stop  codon,  leading  to  a            

shortened   transcript   

HIGH   

frameshift_variant   

A  sequence  variant  which  disrupts  the  translational  reading  frame           

because  the  number  of  nucleotides  inserted  or  deleted  is  not  a             

multiple   of   three   

HIGH   

stop_lost   
A  sequence  variant  where  at  least  one  base  of  the  terminator  codon              

(stop)   is   changed,   resulting   in   an   elongated   transcript   
HIGH   

start_lost   
A  codon  variant  that  changes  at  least  one  base  of  the  canonical              

start   codon   
HIGH   

transcript_amplification   A   feature   amplification   of   a   region   containing   a   transcript   HIGH   

inframe_insertion   
An  inframe  non-synonymous  variant  that  inserts  bases  into  in  the           

coding   sequence   
MODERATE   

inframe_deletion   
An  inframe  non-synonymous  variant  that  deletes  bases  from  the           

coding   sequence   
MODERATE   

missense_variant   
A  sequence  variant  that  changes  one  or  more  bases,  resulting  in  a              

different   amino   acid   sequence   but   where   the   length   is   preserved   
MODERATE   

protein_altering_variant   
A  sequence_variant  which  is  predicted  to  change  the  protein           

encoded   in   the   coding   sequence   
MODERATE   

splice_region_variant   

A  sequence  variant  in  which  a  change  has  occurred  within  the             

region  of  the  splice  site,  either  within  1-3  bases  of  the  exon  or  3-8                

bases   of   the   intron   

LOW   

incomplete_terminal_codo 

n_variant   

A  sequence  variant  where  at  least  one  base  of  the  final  codon  of  an                

incompletely   annotated   transcript   is   changed   
LOW   

start_retained_variant   
A  sequence  variant  where  at  least  one  base  in  the  start  codon  is               

changed,   but   the   start   remains   
LOW   

stop_retained_variant   
A  sequence  variant  where  at  least  one  base  in  the  terminator  codon              

is   changed,   but   the   terminator   remains   
LOW   

synonymous_variant   
A  sequence  variant  where  there  is  no  resulting  change  to  the             

encoded   amino   acid   
LOW   

coding_sequence_variant   A   sequence   variant   that   changes   the   coding   sequence   MODIFIER   

mature_miRNA_variant   A   transcript   variant   located   with   the   sequence   of   the   mature   miRNA   MODIFIER   

5_prime_UTR_variant   A   UTR   variant   of   the   5'   UTR   MODIFIER   
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Table  2.1  |  Description  of  variant  biological  impacts  that  are  used  by  the  VEP  software  and                  
adopted  in  the  VarioPath  project .  Adapted  from   (Ensembl  Variant  Effect  Predictor  (VEP)  website,               
accessed   in   September   2021)   

Phenotypes   in   UKB,   definition   and   extraction   

Phenotypes  and  covariates  of  interest  were  extracted  from  UKB  using  both   ad  hoc               

and  UKB-provided   scripts.  The  BTPD  phenotype  definition  and  symptomatology,  based  on             

the  ICD-10  codes,  has  been  manually  curated  via  experts  opinions,  literature  review  and  the                

CALIBER  phenotype  resource  ( https://www.caliberresearch.org/portal/codelists ).  The       

disease  phenotype  definition  used  in  this  thesis  is  listed  in  Table  2.2.  Every  UKB  participant,                 
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3_prime_UTR_variant   A   UTR   variant   of   the   3'   UTR   MODIFIER   

non_coding_transcript_ex 

on_variant   

A  sequence  variant  that  changes  non-coding  exon  sequence  in  a            

non-coding   transcript   
MODIFIER   

intron_variant   A   transcript   variant   occurring   within   an   intron   MODIFIER   

NMD_transcript_variant   A   variant   in   a   transcript   that   is   the   target   of   NMD   MODIFIER   

non_coding_transcript_va 

riant   
A   transcript   variant   of   a   non-coding   RNA   gene   MODIFIER   

upstream_gene_variant   A   sequence   variant   located   5'   of   a   gene   MODIFIER   

downstream_gene_varian 

t   
A   sequence   variant   located   3'   of   a   gene   MODIFIER   

TFBS_ablation   
A  feature  ablation  whereby  the  deleted  region  includes  a           

transcription   factor   binding   site   
MODIFIER   

TFBS_amplification   
A  feature  amplification  of  a  region  containing  a  transcription  factor            

binding   site   
MODIFIER   

TF_binding_site_variant   A   sequence   variant   located   within   a   transcription   factor   binding   site   MODIFIER   

regulatory_region_ablatio 

n   

A  feature  ablation  whereby  the  deleted  region  includes  a  regulatory            

region   
MODERATE   

regulatory_region_amplific 

ation   
A   feature   amplification   of   a   region   containing   a   regulatory   region   MODIFIER   

feature_elongation   
A  sequence  variant  that  causes  the  extension  of  a  genomic  feature,             

concerning   the   reference   sequence   
MODIFIER   

regulatory_region_variant   A   sequence   variant   located   within   a   regulatory   region   MODIFIER   

feature_truncation   
A  sequence  variant  that  causes  the  reduction  of  a  genomic  feature,             

concerning   the   reference   sequence   
MODIFIER   

intergenic_variant   A   sequence   variant   located   in   the   intergenic   region,   between   genes   MODIFIER   

https://paperpile.com/c/KNctv7/StXa4
https://paperpile.com/c/KNctv7/StXa4
https://www.caliberresearch.org/portal/codelists
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who  had  at  least  one  of  the  ICD-10  codes  relative  to  the  list  of  diseases,  was  defined  as                    

“case”  in  the  case-control  comparisons;  those  participants  without  any  ICD-10  code  in  Table               

2.2  as  controls.  Moreover,  when  a  disease/phenotype  is  described  only  by  the  three-digit               

code,  all  the  sub-codes  present  for  that  code  were  also  used.  For  instance,  aplastic  anaemia                

is  defined  by  the  D61  ICD-10  code  (Table  2.2).  Therefore  also  the   D61.9  and  the  other                  

subcategories  were  adopted  in  the  disease  definition.  The  UKB  phenotypes  were  extracted              

from  the  category  “2000”  (downloaded  in  November  2020).  Specifically,  the  ICD-10  codes              

describing  participant  phenotypes  were  extracted  from  the  “ HESIN_DIAG''  file           

( https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=2000 ).  The  covariates  used  in  the        

case-control  studies  were  age,  smoking  status,  bmi,  sex  and  the  first  ten  genetic  principal                

components.  The  covariates  were  extracted  using  the  “ukbconv”  software  provided  by  UKB.              

The  quantitative  data  used  in  this  study  were  relative  to  the  full  blood  count  data  (Category                  

100081;  https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=100081).  This  data  were       

standardised  for  their  skewness  and  corrected  for  the  technical  variables  (e.g.  date  of               

recruitment  and  centre  of  recruitment)  as  previously  described   (Astle  et  al.  2016;  Vuckovic  et                

al.   2020) .     
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Disease   ICD-10   codes   

Abdominal   pain   R10.4   

Acute   lymphoblastic   leukaemia   C91.0   

Acute   myeloid   leukaemia   
C92.0;  C92.4;  C92.5;  C92.6;  C92.8;  C92.9;  C93.0;  C94.0;  C94.2;  C95.0;            

D46.3   

Aplastic   anaemia   D61   

Arthralgia   M25.5   

Arthritis   M05;   M06;   M07;   M08;   M09;   M10;   M11;   M12;   M13;   M14;   M19.90   

Ataxia   R26.0;   R27.0;   R27.8   

Atrial   fibrillation   I48   

Bleeding   -   epistaxis   R04.0   

Bleeding   -   General   

I61.0;  I61.1;  I61.2;  I61.3;  I61.4;  I61.5;  I61.6;  I61.8;  I61.9;  I62.0;  I62.1;  I62.9;              

R23.3;  D69.2;  R04.1;  R31;  T79.2;  O72.0;  O72.1;  O72.2;  T81;  M25.00;            

M25.01;  M25.02;  M25.03;  M25.04;  M25.05;  M25.06;  M25.07;  M25.08;          

M25.09;   I61.7;   N92.3;   R58;   D69.9   

Bleeding  after  tooth  extraction     

other   procedure   
T81.0   

https://icd.codes/icd10cm/D619
https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=2000
https://paperpile.com/c/KNctv7/9l6ak+N6tXO
https://paperpile.com/c/KNctv7/9l6ak+N6tXO
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Cardiac   bleeding   I23.0;   I31.2;   S26.0   

Cataract   
H25.0;  H25.1;  H25.2;  H25.8;  H25.9;  H26.0;  H26.1;  H26.2;  H26.3;  H26.4;            

H26.8;   H26.9;   H28.0;   H28.1;   H28.2;   Q12.0;   H59.0   

Central   nervous   system   bleeding  

I61.0;  I61.1;  I61.2;  I61.3;  I61.4;  I61.5;  I61.6;  I61.8;  I61.9;  S06.4;  S06.5;             

S06.6;  I60.0;  I60.1;  I60.2;  I60.3;  I60.4;  I60.5;  I60.6;  I60.7;  I60.8;  I60.9;             

I62.0;   I62.1;   I62.9   

Cholelithiasis   K80.0;   K80.1;   K80.2;   K80.3;   K80.4;   K80.5;   K80.8   

Chronic   kidney   disease   

N18.1;  N18.2;  N00;  N10;  N17;  N01;  N03;  N05.2;  N05.3;  N05.4;  N05.5;             

N05.6;  N07.2;  N07.3;  N07.4;  N18.3;  N18.4;  N18.5;  N18.9;  N19;  N25;            

Y84.1;   Z49;   Z99.2;   T86.1;   Z94.0;   N28.9   

Coronary   artery   atherosclerosis   I25;   I70;   K76.1   

Cutaneous   bruising   or   bleeding   R23.3;   D69.2   

Diabetes   E11;   E12;   E13;   E14;   G590;   G632;   H280;   H360;   M142;   N083   

Pulmonary   embolism   I26   

Dyslipidemia   E78   

Eczema   L20;   L30.9   

Eye   bleeding   H35.6;   H43.1   

Gastrointestinal   bleeding   

K92.0;  K92.1;  K92.2;  K62.5;  K29.0;  I85.0;  I98.3;  K22.6;  K25.0;  K25.2;            

K25.4;  K25.6;  K26.0;  K26.2;  K26.4;  K26.6;  K27.0;  K27.2;  K27.4;  K27.6;            

K28.0;   K28.2;   K28.4;   K28.6;   K29.0;   K62.5   

Gout   M10.0;   M10.4;   M10.9   

Growth   delay   R62.8;   R62.9   

Gynaecological   bleeding   
N83.7;  N93.8;  N93.9;  O03.1;  O03.6;  O04.1;  O04.6;  O05.1;  O05.6;  O06.1;            

O06.6;   O07.1;   O07.6;   O08.1   

Haemangioma   D18.0   

Haemarthrosis   M25.0   

Haematuria   R31   

Haemolytic   anaemia   D58.9   

Hearing   loss   
H90.3;  H90.4;  H90.5;  H90.6;  H90.7;  H90.8;  H91.1;  H91.2;  H91.3;  H91.8;            

H91.9;   Z45.3;   Z46.1;   Z97.4   

Hepatomegaly   R16.0;   R16.2   

Hereditary  deficiency  of  oth   D68.2   
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clotting   factors   

Hereditary   elliptocytosis   D58.1   

Hereditary   factor   IX   deficiency   D67   

Hereditary   factor   VIII   deficiency   D66   

Hereditary   factor   XI   deficiency   D68.1   

Hereditary   haemolytic   anaemia   D58.8;   D58.9   

Hereditary   spherocytosis   D58.0   

Hyperthyroidism   E05.0;   E05.1;   E05.2;   E05.5;   E05.8;   E05.9;   E06.9;   H06.2   

Hyposplenism   D73.0   

Hypothyroidism   E05.5;   E06.9;   E03.5;   E03.8;   E03.9;   E06.2;   E06.3;   E06.5  

Idiopathic   thrombocytopenic   purpu D69.3   

Iron   disorder   E83.1   

Ischaemic   stroke   I630;   I631;   I632;   I633;   I634;   I635;   I638;   I639;   I693   

Jaundice   R17   

Liver   disease   K70;   K71;   K72;   K73;   K74;   K75;   K76;   K77   

Lower   respiratory   tract   infection   J20;   J21;   J22   

Lymphoma   C81;   C82;   C83;   C84;   C85;   C88.3;   C88.7;   C88.9;   C91.4;   C91.5;   C96   

Maculopapular   exanthema   R21   

Meningitis   G00;   G01;   G03   

Menorrhagia   N92.0;   N92.1;   N92.2;   N92.4   

Metastases   C77;   C78;   C79   

Muscle   weakness   M62.8;   M62.9   

Myalgia   M79.1   

Myelodysplastic   syndrome   D46.0;   D46.1;   D46.2;   D46.4;   D46.5;   D46.6;   D46.7;   D46.9;   C94.6   

Myelofibrosis   D47.4   

Myocardial   infarction   I25;   I21;   I22;   I23;   I24   

Non-melanoma   skin   cancer   C44   

Obstetric   bleeding   O20.8;   O20.9;   O46.8;   O46.9;   O67.8;   O67.9;   O71.7;   O90.2   

Oral   cavity   bleeding   R04.1   
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Table  2.2  |  List  of  the  phenotypes  considered  in  the  VarioPath  project  and  their  definition  based                  
on   the   ICD-10   codes.   

Calculation   of   the   OR   via   the   burden   aggregation   test   

The  pathogenic  and  likely  pathogenic  variants  present  in  UKB  participants  were             

aggregated  by  genes  and  used  to  calculate  a  cumulative  effect  size  (i.e.  Burden  test;   Guo  et                  
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Other   myeloproliferative   diseases  C86;   C88.0;   C88.2;   C88.4;   C90.2;   C90.3;   C94.4;   D45;   D47   

Other   primary   thrombocytopenia   D69.4   

Otitis   media   H66;   H65   

Pallor   R23.1   

Peripheral   arterial   disease   I731;   I738;   I739;   I743;   I744;   I745   

Pneumonia   J09;   J10;   J11;   J12;   J13;   J14;   J15;   J16;   J17;   J18   

Postpartum   haemorrhage   O72.0;   O72.1;   O72.2   

Proteinuria   R80   

Qualitative   platelet   defects   D69.1   

Renal   tubular   acidosis   N25.8   

Respiratory   system   bleeding   P26.1;   R04.2;   R04.8;   R04.9   

Restrictive   cardiomyopathy   I42.5   

Secondary   pulmonary   hypertensio I27.2   

secondary   thrombocytopenia   D69.5   

Sinusitis   J01;   J32   

Skin   ulcer   L98.4   

Splenomegaly   R16.1   

Stomatocytosis   D58.8   

Stroke   NOS   G46.3;   G46.4;   G46.5;   G46.6;   G46.7;   G46.8;   I64;   I69.4   

Thrombocytopenia   unspecified   D69.6   

Transient   ischaemic   attack   
G45.0;  G45.1;  G45.2;  G45.3;  G45.4;  G45.8;  G45.9;  G46.0;  G46.1;  G46.2;            

I65;   I66   

Traumatic   bleeding   T79.2   

Upper   respiratory   tract   infection   J39;   J31   

von   Willebrand   disease   D68.0   

https://paperpile.com/c/KNctv7/mvVNW
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al.  2018) .  Therefore,  this  score  associates  genetic  regions  with  diseases.  To  perform  these               

calculations,  I  used  the  raremetal  software        

( https://genome.sph.umich.edu/wiki/RAREMETAL ;   Sanna  et  al.  2008;  Willer  et  al.  2008) .           

Genes  were  the  discrete  units  used  to  perform  the  aggregation  in  the  VarioPath  project.  For                 

instance,  all  the  variants  that  occurred  in   MPL  were  aggregated  and  considered  together  in                

their  effect  on  the  phenotype.  This  approach  loses  statistical  power  if  the  variants  in  a  gene                  

have  opposite  effects.  For  example,  some  variants  are  protective  against  the  phenotype  and               

others  increase  the  risk  of  presenting  the  same  phenotype.  However,  this  approach  allows               

exploring  the  effect  of  the  variants  that  have  so  few  carriers  that  would  be  removed  from  the                   

experiments.  Additive  and  dominant  modes  of  inheritance  were  tested  for  all  the  genes  and                

phenotypes.     

The   commands   used   to   run   the   burden   test   with   raremetal   were:   

Code   2.3   |   Commands   used   to   perform   the   burden   test   analyses   for   the   VarioPath   project.     

Estimation   of   the   effect   of   single   variants   

The  contribution  of  the  single  variants  to  the  phenotype  was  estimated  with  the               

mathematical  models  reported  below   (Lynch,  Walsh,  and  Others  1998) .  The  role  of  a  variant                

was  considered  only  if  the  allele  count  for  that  variant  was  greater  than  five  in  the  case  of                    

continuous  phenotype  (e.g.  red  cell  count)  or  greater  than  15  in  the  case  of  categorical                 

phenotypes  (e.g.  thrombocytopenia).  In  the  case  of  quantitative  phenotypes,  the            

mathematical   model   adopted   was:   
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raremetalworker   --ped    ${ped_dir} / ${line}    \    #   this   file   contains   the   phenotypes   
                 --dat    ${out_dir} /variopath_burden.dat   \    #   this   file   contains   the   covariates   
                 --vcf    ${out_dir} /variopath_variants.vcf.gz   \    #   this   file   has   the   genotypes   
                 --traitName   TRAIT   \    #   header   that   contains   the   phenotype   
                 --inverseNormal   \    #   normalisation   method   
                 --makeResiduals   --prefix   \     
                  ${out_dir} /phenotypes/ ${name} /raremetalworker. ${name}    \    #   output   file   
                 --dominant[--recessive]   \    #   mode   of   inheritance   to   test     
                 --useCovariates   \   
                 --xStart   2699520   --xEnd   155701383    #   coordinated   of   the   x   chromosome   variants   

#   Run   raremetal   burden   test   
raremetal   --summaryFiles    ${out_dir} /phenotypes/score_file_ ${name}    \   
           --covFiles    ${out_dir} /phenotypes/cov_file_ ${name}    \     
           --groupFile    ${group}    \    #   how   to   group   the   variants.   By   gene   in   this   case   
           --MAB   --MB   --BBeta   --SKAT    --burden   --useExact   \    #   statistical   test   to   perform   
           --longOutput   --tabulateHits   --altMAF   --hitsCutoff   0.1   --prefix   \    #   output   structure   
            ${out_dir} /phenotypes/ ${name} / ${name2}     #   output   name   

https://paperpile.com/c/KNctv7/mvVNW
https://genome.sph.umich.edu/wiki/RAREMETAL
https://paperpile.com/c/KNctv7/Oj2J2+W5Dd1
https://paperpile.com/c/KNctv7/yImup
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   (variant)    (covariates)Y = ε + β 1 + ∑
n

i=1
β i,n

 

Where  Y  is  the  quantitative  phenotype  that  has  been  normalised  to  a  standard  distribution.                

The  linear  model  estimates  the  role  of  the  variants  and  covariates  on  the  phenotype.  The                 β

variant  is  the  effect,  in  standard  deviations,  of  the  SNPs  to  the  phenotype.  In  the  case  of                   

qualitative   phenotypes:   

 ogit(ε[Y ])  β    (variant)    (covariates)l =   0 + β 1 + ∑
n

i=1
β i,n

 

Where  Y  is  the  qualitative  phenotype  in  consideration  that  has  a  Bernoulli  distribution  in                

response  to  the  predictors.  The  logistic  function  calculates  the  odds  associated  with  the               

predictors  of  being  in  the  class  disease.  is  the  effect  of  the  SNPs  on  the  phenotypes,  and         β           

the  summation  refers  to  the  impact  of  the  covariates  (i.e.  smoking  status,  bmi,  age,  sex  and                  

genetic   principal   components).     

The   interplay   between   rare   and   common   variants   in   VTE   

The  contribution  that  rare  and  common  variants  have  to  the  different  VTE              

characteristics   has   been   estimated   with   the   following   mathematical   model:   

 ogit(ε[Y ])  β    (rare)    (prs)    (covariates)l =   0 + β 1 + β 2 + ∑
n

i=1
β i,n

 

Where   rare  is  a  dichotomous  variable  that  reports  whether  a  person  carries  at  least  one  rare                  

variant,   prs  is  the  PRS  score  of  each  individual  and  the  covariates  are  the  same  listed                  

earlier.  Different  logit  models  have  been  tested  based  on  additional  covariates  (Fig.  2.1).  The                

one  with  the  better  performance  was  adopted  to  describe  the  outcome  of  these  phenotypes.                

The  PRS  was  used  as  a  proxy  of  the  effect  of  common  variants,  and  it  was  calculated  in  a                     

previously   published   study    (Klarin   et   al.   2019) .   
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Fig  2.1  |  Prediction  capacities  of  the  VTE  phenotype  models.  Four  models  that  differ  for  the                  
covariates  used  have  been  tested.  The  goal  was  to  predict  the  number  of  VTE  events,  VTE                  
manifestation,  and  onset  age.  The  greater  the  area  covered  by  the  model,  the  higher  its  prediction                  
capacity   is.     

PRS  variants  with  large  effect  sizes  localise  in  the  proximity  of  relevant              

biological   pathways    

The  human  interactome  (i.e.  PPI  network)  was  built  on  the  combination  of  the               

information  coming  from  STRING  (v11.0,  score>0.75)  and  the  Open  Targets  project             

( www.opentargets.org ;  accessed  in  November  2019).  The  Open  Targets  interactome  is  a             

compilation  of  IntAct,  Signor  and  Reactome.  Self-loops  were  removed  leading  to  18,410              

nodes  and  571,917  edges   (Choobdar  et  al.  2019;  Schwartzentruber  et  al.  2021) .  A  PRS                

SNP  was  considered  to  overlap  with  a  gene  if  the  SNP  laid  within  the  gene  or  in  the  10Kb                     

surrounding  the  gene  body.  When  several  SNPs  mapped  to  the  same  gene,  only  the  one                 

with  the  largest  effect  size  was  kept.  SNPs  were  grouped  into  four  quantile  clusters                

depending  on  their  effect  sizes.  Similarly,  the  interactome  was  divided  into  four  groups  based                

on  their  distance  from  the  93  BTPD  genes.  This  method,  applied  to  calculate  the  enrichment,                 

was  recently  published   (Barrio-Hernandez  et  al.  2021) .  The  formula  to  calculate  the  odds               

ratio   of   a   variants   is:   

 g B⋂PRS   ⋅ g B⋂PRS /
g B⋂PRS   ⋅ g B⋂PRS /  

Where represents  a  gene,  is  the  list  of  93  BTPD  genes,  PRS  is  the  effect  size  of  the  g    B               

variant  associated  with  that  gene,  and  the  arrows  indicate  if  that  variant  is  part  of  the  highest                   

percentile  (>50%)  or  lower  percentile  (<50%).  These  analyses  and  the  PPI  network  were  the                

result   of   a   collaboration   with   Dr.   Pedro   Beltrao   and   Dr.   Inigo   Barrio-Hernandez.     
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Comparison   between   effect   size   and   protein   function   

This  analysis  used  only  the  missense  variants  that  map  onto  protein  crystal              

structures,  based  on  Protein  Data  Bank  (PDB;  https://www.rcsb.org/).  The  deleterious  effect             

of  a  variant  was  estimated  with  a  support-vector  machine  (SVM)  supervised  model   (Petrova               

and  Wu  2006;  Capra  et  al.  2009) .  The  training  set  was  composed  of  disease  variants  (i.e.                  

pathogenic  variants  extracted  from  ClinVar  and  humsavar)  and  benign  variants  (i.e.  variants              

recorded  in  gnomAD).  The  number  of  variants  used  in  the  training  set  was  84,105,  and  they                  

were  all  selected  to  not  overlap  with  the  collection  of  variants  used  in  VarioPath.  Every                 

variant  was  converted  to  its  amino  acid  substitution  and  annotated  with  several  descriptors               

used  in  the  training  of  the  model.  The  predictors  were:  (i)  aa  is  used  in  disulphide  bonds;  (ii)                    

aa  binds  proteins;  (iii)  aa  binds  DNA;  (iv)  aa  binds  ligand;  (v)  aa  binds  metal;  (vi)                  

conservation  score  of  the  residue;  (vii)  aa  chemistry  change;  (viii)  CADD  score.  The  model                

generated  was  used  to  classify  VarioPath  variants  as  deleterious  or  not  based  only  on  their                 

amino  acid  change  characteristics.  The  effect  sizes  selected  to  compare  with  the  SVM               

scores  were  the  highest  statistically  significant  scores  identified  across  all  the  phenotypes              

tested.  The  statistical  method  adopted  to  compare  the  two  scores  was  Pearson  correlation.               

The  training  of  the  SVM  model  and  calculation  of  the  variant  deleteriousness  was  performed                

by   Professor   Dame   Janet   Thornton   and   Dr   Roman   Laskowski.   

2.2  Cell  Biology  methods  for  the  identification  of          

non-coding   regions   relevant   to   BTPDs   

Culturing   Human   induced   Pluripotent   Stem   cells   

Human  induced  pluripotent  stem  cells  (hiPSc)  were  obtained  from  the  “Human             

Induced  Pluripotent  Stem  Cell  Initiative”  (HipSci,   http://www.hipsci.org/ ),  namely  Qolg           

( HPSI1113i-qolg_1 )  and  Ffdk  ( HPSI0813pf-ffdk ).  In  addition,  megakaryocytes  and          

hepatocytes  were  produced  from  a  third  hiPSC  cell  line,  A1ATD-iPSCs  ( Kosuke  Yusa  et  al,                

Nature  2011),  kindly  provided  by  Professor  Ludovic  Vallier.  hiPScs  were  kept  in  culture  using                

StemFlex  medium  (ThermoFisher  Scientific),  which  was  changed  every  day.  Cells  were             

incubated  at  5%  CO 2 ,  37℃.  hiPSC  pluripotency  was  routinely  checked  at  the  flow  cytometer                

via   the   expression   of   TRA-1-60   and   SSEA4   surface   markers.     
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For  the  dCasKRAB  experiments,  stable  hiPSCs  that  expressed  the  sgRNAs  and  the              

dCasKRAB  components  were  obtained  via  Lentivirus  infection  (see  below).  For  these  cells,             

blasticidin  (1.5µg/ml),  puromycin  (1µg/ml),  and  hygromycin  (50µg/ml)  supplemented  the           

StemFlex  medium  to  maintain  an  active  expression  of  the  region  containing  the  dCasKRAB               

components.  The  dCasKRAB  protein  was  under  the  control  of  the  Tet-On  system.  Therefore,               

at  the  beginning  of  the  differentiation  medium,  the  hiPSC  were  supplemented  with              

doxycycline   (1µg/ml)   to   express   the   dCasKRAB   protein.   

Culturing   the   human   embryonic   kidney   293   T   

Human  Embryonic  Kidney  293  T  (HEK-293T)  is  a  common  immortalised  cell  type              

derived  from  the  human  embryonic  kidney.  I  used  it  to  screen  the  quality  of  all  the  plasmids                   

used  in  this  thesis.  HEK-293T  was  cultured  in  high-glucose  DMEM  supplemented  with  10%               

fetal  bovine  serum  (FBS,  SigmaAldrich),  5.5  ml  of  non-essential  amino  acids  (SigmaAldrich),              

5.5  ml  penicillin/streptomycin  (SigmaAldrich)  and  tylosin  (ChemCruz).  Incubator  settings           

were:   5%   CO 2 ,   37℃.     

Culturing   the   imMKCL   

imMKCL  is  an  immortalised  cell  line  that  resembles  MK  biology   (S.  Nakamura  et  al.                

2014) ,  and  it  was  used  for  the  reporter  assay  experiments.  These  cells  were  cultured  in                 

IMDM  (SigmaAldrich),  supplemented  with  15%  FBS,  5ml  of  insulin-transferrin-selenium           

100x,  0.5  ml  ascorbic  acids,  0.5  ml  ɑ-monothioglycerol,  1µl  of  doxycycline  [20µg/µl],  100µl               

stem  cell  factor  (SCF)  [10µg/µl],  100µl  thrombopoietin  (TPO)  [10µg/µl],  5ml  of  L-glutamine              

[200mM].  Incubator  settings  were:  5%  CO 2 ,  37℃.  The  medium  was  rejuvenated  every  two               

days,   and   cells   were   split   to   keep   a   constant   exponential   growth   phase.     

Megakaryocyte   differentiation   from   hiPSc   

hiPS  cells  were  reprogrammed  into  megakaryocytes  using  an  adaptation  of  the             

forward  programming  (FOP)  differentiation  established  in  Dr  Cedric  Ghevaert  laboratory            

(Moreau  et  al.  2016) .  Briefly,  hiPSC  were  seeded  at  a  density  of  50,000  cells/well  in  a  6-well                   

plate  and  cultured  with  StemFlex  medium  (FOP  Day-1).  The  following  day  (Day0  of               

differentiation),  lentiviruses  (LV)  were  used  to  infect  the  cells.  LVs  transduced  the  three  key                

transcription  factors  used  in  the  MK  differentiation,  namely  GATA1,  TAL1  and  FLI1  (FOP               

Day0).  LV  concentration  was  40  multiplicity  of  infection  per  virus,  and  protamine  sulphate               

was  used  to  increase  the  transfection  efficiency.  On  FOP  Day0  and  Day1,  differentiating               

cells  were  cultured  in  AE6  medium  supplemented  with  FGF2  [20  ng/ml]  and  BMP4  [10                
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ng/ml].  From  FOP  Day5  to  FOP  Day20,  a  chemically  defined  medium  induced  MK               

differentiation  and  maturation.  Fresh  medium  was  added  every  other  day.  The  iMK              

chemically  defined  medium  composition  was:  CellGro,  TPO  [160  ng/ml]  and  SCF  [50ng/ml].              

At  FOP  Day10,  cells  were  detached  from  the  wells  using  TrypLE  and  transferred  to  plates                 

suitable  for  suspension  cells.  At  the  end  of  the  differentiation  protocol  (i.e.  FOP  Day20),  the                 

quality  of  the  differentiated  iMK  was  tested  by  flow  cytometry  via  the  expression  of  MK                 

specific   surface   markers,   namely   CD41a   and   CD42b   (Fig   2.2).     

  

Fig  2.2  |  Gating  strategy  adopted  to  test  the  differentiation  of  iMK.   Flow  cytometry  was  performed                  
at  the  end  of  the  differentiation  to  test  the  amount  of  CD42  positive  iMK,  a  proxy  for  the  iMK                     
maturation.  a)  gating  strategy  and  flow  cytometry  for  the  negative  control.  b)  example  of  a                 
differentiated   cell   line.   

Endothelial   cells   differentiation   from   hiPSc   

T225  flasks  were  coated  with  Matrigel.  The  coating  step  requires  60-minute             

incubation  at  room  temperature  (RT)  with  0.33  mg/ml  Matrigel  solution.  All  the  reagents  used                
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for  this  protocol  were  filtered  through  a  0.22  µm  PES  filter.  The  Matrigel  solution  volume                 

required  for  a  T225  flask  is  24ml.  hiPSC  were  trypsinised  to  obtain  a  single-cell  suspension                 

used  to  seed  cells  at  a  density  of  9.2x10 5  per  T225  flask.  On  the  seeding  day  (Day-1),  cells                    

were  cultured  in  the  StemFlex  medium.  The  differentiation  protocol  (Day  0)  started  with  the                

replacement  of  the  StemFlex  medium  with  the  custom  made  mesoderm  induction  medium              

(for  a  T225  flask:  18  ml  F12,  18  ml  IMDM,  363.3  µl  lipid,  18  µl  transferrin,  363.6  µl                    

penicillin-streptomycin,  145.44  µl  FGF2  [50  µg/ml],  Chiron  [10mM]  28.8  µl,  ly294002  [20mM]              

18µl).  On  Day2,  the  mesoderm  induction  medium  was  replaced  with  the  iEC  induction               

medium  (for  a  T225:  StemPro  60.646  ml,  L-glutamine  [200mM]  0.59  ml,  VEGF-A  [11.1               

µg/ml]  1.134  ml,  forskolin  [10mM]  12.4  ul,  L-ascorbic  acid  [250mM]  0.252  ml).  On  Day3,                

fresh  iEC  induction  medium  replaced  the  exhausted  one.  On  Day5,  the  differentiating  cells               

were  resuspended  and  seeded  in  fibronectin-coated  plates,  4.6x10 6  cells  in  a  T225  flask.               

From  Day5  to  Day9,  there  was  a  daily  replacement  of  the  iEC  medium  (for  a  T225  flask:  73.2                    

ml  StemPro,  L-glutamine  0.714  ml,  1.36  ml  VEGF,  14.4  ml  Forskolin,  0.29  ml  Ascorbic  acid).                 

At  the  end  of  the  differentiation  protocol  (Day9),  cells  were  enriched  for  mature  iEC  using                 

MACS  beads  (Miltenyi  Biotec)  for  the  VE-Cadherin  (CD144)  surface  marker.  After            

enrichment,  mature  iECs  were  tested  for  the  expression  of  common  EC  surface  markers,               

VECAD,   CD34,   PECAM-1,   VEGFR2   and   CD45   (Fig.   2.3).  
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Fig.  2.3  |  Surface  marker  expression  on  the  differentiated  iECs.  At  the  end  of  the  differentiation,                  
enriched  iEC  showed  a  homogeneous  population  of  mature  iEC.  These  cells  expressed  all  the                
markers   that   have   been   used   to   test   the   quality   of   the   iEC.   

Hepatocyte   differentiation   from   hiPSc     

The  HEP  differentiation  protocol  was  described  elsewhere  in  detail   (Touboul  et  al.              

2010) .  Briefly,  hiPS  cells  were  grown  in  fibronectin-coated  plates  for  the  length  of  the  whole                 

differentiation  protocol  (i.e.  30  days).  hiPSC  were  cultured  in  Essential8  (ThermoFisher)             

medium  on  the  days  preceding  the  differentiation  protocol.  On  Day-1  of  the  differentiation,               

cells  were  trypsinised  and  seeded  at  20x10 4  cells/cm 2 .  The  differentiation  protocol  requires              

hypoxia  incubators  and  daily  change  of  the  medium  from  Day0  to  Day11,  then  every  other                 

day  up  to  Day30.  Day1-3  were  used  to  induce  the  endoderm  differentiation.  The  medium  for                 

these  three  days  was  RPMI  supplemented  with  activin  [10µl/ml],  FGF2  [20µl/ml],  BMP4              

[1µl/ml],  ly294002  [0.2µl/ml]  and  chiron  [1µl/ml].  From  Day4  to  Day8,  the  RPMI  medium               

required  only  activin  5µl/ml  supplement.  In  the  last  days  of  the  differentiation,  cells  were                

cultured  with  Hepatozyme  medium  supplemented  with  human  oncostatin  [1ul/ml]  and            

hepatocyte  growth  factor  [1ul/ml].  At  the  end  of  the  differentiation,  hepatocytes  identity  was               

assessed  via  quantifying  relevant  transcripts  using  qPCR,  namely   NANOG ,   AFP ,   A1AT ,             

ALB ,   HNF4a  (Fig.  2.4).  Also,  the  activity  of  CYP3A4  was  controlled  to  verify  the  success  of                  

the   differentiation.   
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Fig  2.4  |  QC  plots  of  the  HEP  differentiation.  At  the  end  of  the  differentiation,  HEPs  were  a                    
homogeneous   population   that   expressed   the   correct   molecular   markers   of   mature   HEP.   

2.3   TG   Hi-C   relevant   protocols   and   analysis   

DNA   purification   

One  volume  of  phenol:chloroform:isoamyl  alcohol  (25:24:1)  was  added  to  the  cell             

lysate  containing  the  DNA.  The  phenol:chloroform  mix  allows  the  removal  of  the  organic               

component  from  the  solution.  The  organic  component  phase  separation  was  obtained  via  a               

centrifugation  step  at  2,430xg  for  10  minutes.  Next,  the  upper/aqueous  phase  was              

transferred  in  a  new  tube  and  supplemented  with  1  volume  of  chloroform.  A  second                

centrifugation  step,  again  2,430xg  10  minutes,  created  another  phase  separation.  Finally,  the              

upper/aqueous  layer  containing  the  DNA  was  transferred  in  a  clean  tube.  This  mix  was                

diluted  in  tris-HCl  and  complemented  with  100  μg/ml  of  glycogen  and  0.1  volumes  of  sodium                 

acetate  3M  pH  5.2.  DNA  precipitation  was  triggered  with  20.6  volumes  of  ice-cold  100%                

ethanol  and  incubated  for  16  hours  at  -20°C.  DNA  was  precipitated  with  a  centrifuge  of                 

2,430xg  for  1  hour  at  4°C  and  washed  with  70%  ethanol.  The  DNA  pellet  was  resuspended                  

in   150   μl   of   10   mM   Tris-HCl,   pH   8.   
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Libraries   production   

The  libraries  have  been  created  following  and  adapting  three  protocols:  Dekker             

laboratory  Hi-C  protocol   (Belaghzal,  Dekker,  and  Gibcus  2017) ,  KAPA  Library  Preparation             

Kit  protocol  (KK8230)  and  Thrombogenomic  protocol   (Ilenia  Simeoni  et  al.  2016) .  The  cells               

used  for  the  libraries  production  were  selected  to  be  at  least  80%  positive  for  lineage                 

markers,  according  to  the  characteristics  described  in  chapter  2.2.  5  Mln  cells  per  condition                

were  fixed  in  1%  formaldehyde  for  10  minutes.  The  formaldehyde  effect  was  quenched  with                

125  mM  of  glycine,  incubating  the  solution  for  5  minutes  at  room  temperature  and  then  for                  

further  15  minutes  on  ice.  Next,  cells  were  resuspended  in  Hi-C  lysis  buffer  (10  mM  Tris-HCl                  

pH=8.0,  1  M  pH=8.0,  10  mM  NaCl,  0.2%  NP40)  for  15  minutes  on  ice  and  cell  membranes                   

were  mechanically  broken  with  insulin  syringes  and  needles.  To  pellet  the  nuclei,  and               

remove  the  debris,  I  used  a  series  of  3  centrifugation  (3000xg  for  5  minutes)  and  washed  the                   

pellet  (NEBuffer  3.1  1X)  after  each  centrifugation.  After  the  last  centrifugation,  nuclei  were               

resuspended  in  360  μl  of  NEB  3.1  Buffer  1X,  supplemented  with  SDS  0.1%  (final                

concentration),  and  incubated  at  65°C  for  10  minutes.  Afterwards,  SDS  activity  was              

quenched  with  triton-X  at  a  final  concentration  of  1%  v/v.  iECs  and  iMKs  were  digested  using                  

DpnII  as  a  restriction  enzyme,  while  HindIII  was  used  for  iHEP.  The  digestion  was  performed                 

overnight  (i.e.  16  hours)  at  37°C  and  restriction  enzymes  were  inactivated  at  65°C  for  25                 

minutes.  The  digested  fragments  ends  were  filled  with  a  four-hour  reaction  at  23°C  with  the                 

following   mix   (per   sample):   

The  use  of  biotinylated  nucleotides  is  crucial,  during  the  fill-in,  for  the  following               

pulldown  procedures.  Biotinylated  adenine  was  chosen  because  of  its  central  position  in  the               

overhangs  created  by  DpnII  digestion,  increasing  the  incorporation  efficiency   (Belaghzal,            

Dekker,  and  Gibcus  2017) .  The  resulting  blunt  ends  were  ligated  with  a  20-hour  incubation  at                 

+4°C   with   (per   sample):   

108   

Milli-Q   2   μl   

10x   NEB   3.1   (NEB)   6   μl   

dCTP   (Invitrogen)   1.5μl   

dGTP    (Invitrogen)   1.5   μl   

dTTP    (Invitrogen)   1.5   μl   

Biotin   dATP    (Invitrogen)   37.5   μl   

Klenow   polymerase   (NEB)   10   μl   
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After  the  ligation,  fragments  were  de-cross-linked  from  proteins  and  purified.  The             

RNA  was  removed  with  30  μl  of  RNase  and  a  30-minute  incubation  at  65°C.  50  μl  of                   

Proteinase  K  (≥30  units/mg)  and  overnight  incubation  at  65°C  removed  the  proteins  linked  to                

the  DNA.  DNA  purification  was  performed  with  phenol:chloroform  protocol  (see  “DNA             

purification”  paragraph  above).  I  performed  a  “dangling  ends”  removal  step  to  reduce  the               

unspecific  pull-down  due  to  nucleotides  linked  to  the  edges  of  the  DNA  fragments.  This                

reaction  was  performed  with  the  following  mix  (every  5  μg  of  DNA)  incubated  for  4  hours  at                   

20°C:   

Ultimately,  the  circular  fragments  resulting  from  ligation  were  linearised  using  a             

sonication  step.  I  used  the  Sonicator  Diagenode  Minichiller  300,  with  ten  intermittent  cycles               

of  30  seconds.  According  to  the  manufacturer  instructions,  fragment  ends  were  repaired  with               

the  KAPA  library  preparation  kit  for  Illumina  platforms  (KAPA  Biosystems)  using  the  following               

reaction   mix:   

At  this  point,  samples  were  ready  for  the  biotin  pool-down.  I  used  two  μl  of                 

Dynabeads  MyOne  Streptavidin  C1  (Thermo  Fisher)  every  μg  of  DNA.  I  washed  the               

dynabeads  with  a  tween  buffer  (5  mM  Tris-HCl  pH=8.0,  0.5  mM  EDTA,  1  M  NaCl,  0.05%                  

Tween,  Milli-Q  dH2O)  2  times.  After  the  washing  steps,  samples  and  beads  were               

resuspended  together  in  a  beads  buffer  (10  mM  Tris-HCl  pH=8.0,  1  mM  EDTA,  2M  NaCl,                 
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Milli-Q   282   μll   

NEB   T4   ligase   buffer   +   25%   PEG   (5X)   240   μl   

Triton   X   10%   120   μl   

BSA   10   mg/ml   12   μl   

T4   ligase   enzyme   (NEB)   3   μl   

10X   NEBuffer   2.1   5   μl   

10   mM   dATP   0.125   μl   

10   mM   dGTP   0.125   μl   

3000   U/ml   T4   DNA   POL   (NEB)   5   μl   

Milli-Q   up   to   5   μl   

DNA     up   to   5   μl   

2X   KAPA   HiFi   HotStart   ReadyMix   25   μl   

Adapter-ligated   HiC   library   20   μl   

PCR   Oligos   (5uM)   5   μl   
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Milli-Q  dH2O)  and  incubate  for  15  minutes  at  room  temperature.  Then,  beads-DNA  complex               

was  purified,  and  fragments  were  resuspended  in  TLE  pH  8.0  buffer  (10  mM  Tris-HCl,  0.1                 

mM  EDTA,  Milli-Q  dH2O).  Next,  this  mix  was  used  for  the  A-Tailing  reaction.  A-Tailing  was                 

performed  with  a  KAPA  library  preparation  kit  for  Illumina  platforms  following  manufacturer              

protocol.  The  first  amplification  PCR  was  performed  with  the  following  parameters  and              

cleaned   up   with   Ampure   XP   beads   (Agencourt)   following   the   producer   protocol.     

After  the  1st  PCR  amplification,  the  hybridisation  of  the  probes  was  performed              

following  Thrombogenomics  guideline:  1.25  μg  of  DNA  was  supplemented  with  five  μl  of               

COT  human  DNA  and  two  μl  of  IDT  Blockers.  The  mix  was  lyophilised  with  a  DNA  vacuum                   

concentrator  (Eppendorf)  for  1  hour  at  65°C.  Then,  the  pellet  was  resuspended  in  7.5  μl  of                  

the  hybridisation  buffer  and  3μl  of  the  Hybridization  Component.  Ultimately,  before  adding              

the  capture  probes,  DNA  was  denatured  at  95°C  for  10  minutes  to  facilitate  probes                

annealing.  Next,  4.5  μl  of  biotinylated  probes  SeqCAP  EZ  probes  (TG  v3.0)  were  added  to                 

each  sample  and  incubated  for  60  hours  at  47°C.  Afterwards,  hybridised  probes  were               

rescued  using  avidin  coated  beads  (SeqCap  Pure  Capture  beads  Kit,  Roche),  following  the               

manufacturer  instructions.  Finally,  the  capture  mix  was  cleaned  using  Ampure  XP  beads              

(Agencourt)   and   a   second   PCR   was   performed   with   the   following   parameters:     
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98   C   45   seconds     

98   C     15   seconds     

12   cycles   60   C   30   seconds   

72   C     30   seconds   

72   C     1   minute       

Kapa   HiFi   HotStart   Ready   Mix   25   μl   

Retrieved   DNA   25   μl   

Primer   Forward   (5   uM)   2.5   μl   

Primer   Reverse   (5   uM)   2.5   μl   

98   C   45   seconds     

98   C     15   seconds   

60   C   30   seconds   

72   C     30   seconds   

72   C   1   minute     
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Lastly,  a  final  Ampure  purification  was  performed  to  remove  any  primer-dimer             

complex  from  the  library.  Libraries  were  quantified  with  the  KAPA  library  quantification  kit               

and  evaluated  for  their  size  distribution  on  the  2100  Bioanalyzer,  with  High  sensitivity  kit                

(Agilent).  Libraries  were  pooled  to  have  14nM  final  concentration  for  each  cell  type  and                

sequenced   using   HiSeq   4000   (paired-end,   75   bp)   or   MiSeq   (paired-end,   150bp).     

Processing   Hi-C   raw   data,   HiCUP   Pipeline   

To  analyse  Illumina  TG  Hi-C  raw  sequences,  I  used  the  HiCUP  pipeline,  developed              

by  Dr  Steven  Wingett  at  the  Babraham  Institute   (Wingett  et  al.  2015) .  The  workflow  of  the                  

pipeline  is  hicup_truncater  >  hicup_mapper  >  hicup_filter  >  hicup_deduplicator.  This  pipeline             

takes  forward  and  reverses  Illumina  reads  and  truncates  them  on  the  restriction  enzyme               

recognition  sites,  eliminating  any  possible  hybrid  reads  coming  from  the  ligation  of  distant               

sequences.  Subsequently,  HiCUP  aligns  the  reads  to  the  NCBI  GRCh38  human  genome              

assembly,  using  the  Bowtie2  algorithm       

( http://bowtie-bio.sourceforge.net/bowtie2/index.shtml ).  After  mapping,  the  pipeline  filters  out         

common  Hi-C  artefacts,  such  as  re-ligation  of  consecutive  fragments  or  di-tags  mapping  in               

the  same  restriction  site.  Lastly,  it  filters  PCR  duplication  and  outputs  a  single  BAM  file  which                  

can  be  used  for  the  following  statistical  analysis.  Reference  digested  genome  (GRCh38)              

used   in   the   alignment   process   was   obtained   from   the   hicup_digester   tool.     

Identify   statistically   significant   interactions,   CHiCAGO   pipeline   

DNA  interactions,  functional  to  gene  expression,  decrease  in  number  with  the             

increasing  genomic  distance  from  the  viewpoint   (Cairns  et  al.  2016b) .  CHiCAGO  adopts  this               

characteristic  and  translates  it  to  the  sequencing  reads.  Indeed,  the  software  models  these               

random  interactions  (i.e.  null-hypothesis)  as  a  function  of  two  variables:  Brownian  movement              

and  technical  noises.  The  interactions  due  to  Brownian  movements  are  modelled  using  a               

negative  binomial  random  variable,  while  technical  noises  are  modelled  with  a  Poisson              

random  variable   (Cairns  et  al.  2016b) .  The  regions  where  the  number  of  mapped  reads                

exceeds  the  null  distribution  are  considered  statistically  significant   (Cairns  et  al.  2016b;              

Freire-Pritchett  et  al.  2021) .  The  CHiCAGO  parameters  to  use  in  the  analysis  change               

according  to  the  restriction  enzymes  used  in  the  library  production  (i.e.  DpnII  or  HindIII;  Code                 

2.4   and   Code   2.5   respectively;    Freire-Pritchett   et   al.   2021) .   
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minFragLen=75L,     

maxFragLen=1200L,   

https://paperpile.com/c/KNctv7/LYd3f
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
https://paperpile.com/c/KNctv7/F0ung
https://paperpile.com/c/KNctv7/F0ung
https://paperpile.com/c/KNctv7/F0ung+sesy3
https://paperpile.com/c/KNctv7/F0ung+sesy3
https://paperpile.com/c/KNctv7/sesy3
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Code   2.4   |   Parameters   used   in   the   CHiCAGO   analysis   for   the   DpnII   digested   libraries.   

Code   2.5   |   Parameters   used   in   the   CHiCAGO   analysis   for   the   HindIII   digested   libraries.   

The  interactions  I  decided  to  keep  as  statistically  significant  after  the  CHiCAGO              

analysis  have  a  less  stringent  CHiCAGO  score  >  4.  The  threshold  was  empirically               

determined   via   the   observation   of   the   number   of   interactions   distribution   (Fig.   2.4)     
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binsize=1500L,   

MaxLBrowndist=75000L,   

weightAlpha=24.5,   

weightBeta=-2.16,   

weightGamma=-21.2,   

weightDelta=-9.2,   

brownianNoise.seed=1989L     

minFragLen=150L,   

maxFragLen=40000L,   

binsize=20000L,   

MaxLBrowndist=1500000L,   

weightAlpha=34.11573,   

weightBeta=-2.586881,   

weightGamma=-17.13478,   

weightDelta=-7.076092,   

brownianNoise.seed=1989L     
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Fig.  2.4  |  Number  of  interactions  per  CHiCAGO  score.   On  the  x-axis,  there  is  the  CHiCAGO  score;                   
on  the  y-axis,  there  is  the  number  of  reads  that  support  that  interaction.  There  is  a  clear  peak  that                     
characterises   the   interactions   with   a   CHiCAGO     score   lower   than   four.     

TG   Hi-C   genomic   features   annotation   

The  definition  of  the  genomic  features,  either  for  baits  or  preys,  was  achieved  via  the                 

annotation  with  data  from  previously  published  studies  (see  below).  If  a  region  identified  via                

the  TG  Hi-C  experiments  overlapped  a  region  defined  in  the  studies  used  as  a  reference,  the                  

label  given  in  the  reference  studies  was  transferred  to  the  TG  Hi-C  regions.  The  regions                 

were  considered  overlapping  even  if  just  1nt  was  shared  between  the  two  regions.  When  the                 

regions  were  not  directly  overlapping,  but  in  the  1  Kb  genomic  space  surrounding  the                

genomic  feature,  they  were  flagged  as  proximal  to  the  genomic  feature.  The  reason  for  this                 

liberal  annotation  comes  from  a  limitation  of  the  Hi-C  technology  and  chromatin  interactions               

in  general:  interactions  can  be  in  a  2Kb  window  from  the  functionally  active  regions   (Peter  H.                  

L.   Krijger   et   al.   2020) .     

The  reference  studies  used  to  define  iMK  genomic  features  were  the  outcome  of  the                

BLUEPRINT  consortium   (Adams  et  al.  2012;  Stunnenberg  et  al.  2016,  and  Hirst  2016b) .  The                

features  assigned  to  iMK  interactions  were  transcription  factor  binding  site  (i.e.  GATA1,  FLI1,               

TAL1,  CTCF)  and  regulatory  regions  (i.e.  H3K27Ac  and  ATAC-Seq).  These  experiments             

have  been  downloaded  from  the  European  Genome-Phenome  Archive  (EGA;           

https://ega-archive.org/ )  under  the  data  set  ID  EGAD00001001871.  iHEP  regulatory  regions            

were  defined  according  to  the  H3K27Ac  ChIP-Seq  unpublished  data  and  experiments  from              

Professor  Ludovic  Vallier  laboratory.  iEC  regulatory  features  were  provided  by  Doctor             

Matthew   Sims.  

The  transcript  levels  specific  to  the  relevant  cell  types  for  iHEP  and  iEC  were                

provided  by  Professor  Ludovic  Vallier  laboratory  and  Doctor  Matthew  Sims.  The  iMK              

transcript  levels  were  obtained  from  RNA-Seq  from  the  BLUEPRINT  consortium   (L.  Chen  et               

al.   2014,   2016) .   

Comparison   with   previously   published   MK   interaction   data   

The  statistics  about  the  iMK  interactions  identified  in  previous  studies  are  coming              

from   (Javierre  et  al.  2016) .  The  authors  of  the  manuscript  made  available  raw  and  analysed                 

data  on  the  osf  platform,  at  the  following  link   https://osf.io/u8tzp/ .  Javierre  and  colleagues               

aligned  their  data  to  the  GRCh37  version  of  the  human  genome,  while  my  data  were  aligned                  
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https://paperpile.com/c/KNctv7/uxgTi
https://paperpile.com/c/KNctv7/uxgTi
https://paperpile.com/c/KNctv7/JBqbx+Jw3IU
https://ega-archive.org/
https://paperpile.com/c/KNctv7/Nnf5x+QxITr
https://paperpile.com/c/KNctv7/Nnf5x+QxITr
https://paperpile.com/c/KNctv7/WbWUw
https://osf.io/u8tzp/
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to  the  version  GRCh38.  To  properly  compare  the  data,  I  lifted  the  genomic  regions  identified                 

in  my  analysis  to  the  previous  assembly  of  the  genome.  I  used  liftOverBedpe               

( https://github.com/dphansti/liftOverBedpe )  to  convert  the  genomic  coordinate  of  the          

identified  regions  from  one  assembly  to  the  other.  Finally,  to  limit  the  pcHi-C  interactions  to                 

the  same  number  of  regions  and  genes,  I  subsetted  the  interaction  file  from  Javierre  et  al.                  

according   to   the   chromosomal   regions   overlapping   the   promoters   of   the   TG   Hi-C   regions.   

Prioritisation   score   calculated   for   the   variants   in   the   TG   Hi-C   regions   

This  score  has  been  used  to  select  the  variants  to  test  in  the  functional  validation                 

experiments.  The  variants  were  ranked  according  to  their  characteristics  and  overlapping             

features.   The   formula   to   calculate   the   score   was:     

   f    log    S i = ∑
n

i=1
g i

1
af  i √3  l i  

Where   is  the  result  of  the  sum  of  all  the  scores  associated  with  each  genomic  feature,  the   fg                  

weight  of  the  genomic  elements  considered  the  possibility  that  a  genomic  feature  is               

pathogenic  (Table  2.3).  The parameter  stands  for  the  allele  frequencies  observed  in  the     fa          

NIHR  cohort.  The  idea  is  that  rarer  variants  have  a  higher  probability  of  having  large  effect                  

sizes.  Ultimately,   is  the  length  of  the  variants;  larger  variants  have  a  higher  chance  to    l               

compromise   the   function   of   a   region.  

Table  2.3  |  Weights  of  the  functional  elements.   The  weights  have  been  adopted  in  the  calculation                  
of   the   prioritisation   score.     

To  further  increase  the  probability  of  selecting  functionally  significant  regions,  I  also              

filtered  the  variants  to  be  in  areas  that  overlapped  with  RedPop  regions   (Turro  et  al.  2020b) .                  

RedPop  is  a  software  that  looks  for  anticorrelation  between  the  histone  acetylation  and  open                

chromatin  sequencing  signals.  The  areas  with  the  highest  anticorrelation  have  a  strong              
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Evidence   Score   Evidence     Score   

ATAC-Seq   2   CTCF   Chip-Seq   2   

H3K27Ac   ChIP-Seq   3   ClinVar   5   

GWAS   5   Splice   site   8   

Exon   10       

https://github.com/dphansti/liftOverBedpe
https://paperpile.com/c/KNctv7/DnvEM
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likelihood  of  being  the  transcription  factor  binding  site  and,  therefore,  relevant  to  the               

regulatory   effect   of   that   region.   

Statistical   association   of   the   non-coding   regions   to   BTPD   phenotypes     

BeviMed  is  an  R  package  that  builds  Bayesian  models  to  associate  rare  variants  to                

the  phenotype  of  interest  (i.e.  Mendelian  disease;   Greene  et  al.  2017) .  I  used  it  to  calculate                  

the  associations  of  variants  in  the  TG  Hi-C  regions  to  the  BTPD  phenotypes.  BeviMed  splits                 

the  cohort  into  case-control  groups  according  to  the  phenotypes,  and  it  can  also  model  the                 

expected  mode  of  inheritance  of  the  diseases   (Greene  et  al.  2017) .  The  cohort  of  cases  and                  

control  has  been  limited  to  the  unrelated  European  cases.  The  prior  utilised  for  the  Bayesian                 

association  have  been  set  to  take  into  account  the  non-coding  space.  The  associations               

presented  in  chapter  5  focused  on  variants  that  have  AF  <  0.002  and  occurred  in  the  TG                   

Hi-C  prey  regions.  To  be  more  inclusive,  500bp  surrounding  the  TG  Hi-C  regions  have  been                 

used  in  the  statistical  associations   (Peter  H.  L.  Krijger  et  al.  2020) .  In  addition,  autosomal                 

dominant  and  autosomal  recessive  modes  of  inheritance  have  been  tested  for  all  the               

phenotypes.  BeviMed  outcome  is  a  posterior  probability  of  association  that  ranges  from  0  to                

1.  The  closer  the  association  is  to  one,  the  higher  is  the  probability  that  the  variants  and                   

region  in  consideration  are  associated  with  the  phenotype.  All  the  BTPD  phenotypes  that               

have  been  tested  in  the  BeviMed  associations  are  listed  in  Table  2.4.  The  statistical                

association  has  been  performed  in  collaboration  with  Professor  Ernest  Turro  and  Dr  Daniel               

Greene.   
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Diseases   and   phenotypes   tested   

Roifman   syndrome   

Hermansy-Pudlak   Syndrome   

Gorham-Stout   disease   

  Pseudohypoparathyroidism   type   1B   

Autistic   behaviour   with   impaired   platelet   aggregation   or   Abnormal   dense   granules   without   Thrombocytopenia   

Thrombocytosis   (i.e.   plt   >   450)   

Impaired  collagen-induced  platelet  aggregation  with  abnormality  of  the  skeletal  physiology  or  reduced  mineral               
density   

Impaired  collagen-induced  platelet  aggregation  and  abnormal  platelet  membrane  protein  expression  with             
abnormality   of   the   nervous   system     

Thrombocytopenia   (plt   <   150)   without   abnormality   of   the   integument   unless   Subcutaneous   haemorrhage   

https://paperpile.com/c/KNctv7/CegYp
https://paperpile.com/c/KNctv7/CegYp
https://paperpile.com/c/KNctv7/uxgTi
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Abnormal  bleeding  with  normal  plt  and  one  of  joint  hypermobility  or  increased  susceptibility  to  fractures  or                  
osteoporosis   or   fragile   skin   

vWF   antigen   <   40   U/dL   or   reduced   vWF   activity   or   quantity   

Normal  platelet  count  but  impaired  arachidonic  acid-induced  platelet  or  thromboxane  A2  agonist-induced              
platelet   aggregation   

Impaired  thrombin-induced  platelet  aggregation  with  normal  platelet  count  and  other  normal  responses  to               
agonists   

Abnormal   platelet   count   and   abnormal   response   to   at   least   four   agonists   

Abnormal   thrombosis   

Abnormality   of   erythrocytes   and   Increased   mpv   

Impaired   ADP-induced   or   epinephrine-induced   platelet   aggregation   with   normal   platelet   granules   

Hearing   impairment   and   thrombocytopenia   

Abnormality   of   limb   bone   morphology   and   thrombocytopenia   

Fibrinogen   <   1   g/L   

Wiskott–Aldrich   like   phenotype   

Nervous   system   abnormality   and   thrombocytopenia   

Impaired   ristocetin-induced   platelet   aggregation   but   other   agonists   responses   are   normal   

Increased   mpv   without   thrombocytopenia   

Abnormal   alpha   granules   and   Abnormal   dense   granules   

Asthma  or  eczema  and  at  least  one  of  abnormal  platelet  count,  abnormal  bleeding  or  impaired  platelet                  
aggregation   

Neutropenia   

Monocytopenia   

Factor   V   <   0.7   IU   and   Factor   VIII   <   0.5   IU   

Fibrinogen   >   6   g/L   

Factor   V   <   0.4   IU     

Factor   VII   <   0.4   IU     

Factor   VIII   <   0.4   IU     

Factor   X   <   0.4   IU   

Factor   XI   <   0.4   IU   
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Table  2.4  |  The  phenotypes,  derived  from  HPO  terms,  that  have  been  used  to  group  people  in                   
the   case-control   during   the   statistical   comparison   in   BeviMed   analyses.   

Analysis   of   the   variant   effects   on   the   CTCF   binding   sites   

This  experiment  used  all  the  variants  that  passed  the  filtering  criteria  described  in  the                

previous  paragraphs  and  overlapped  an  MK  CTCF  ChIP-Seq  region   (L.  Chen  et  al.  2016) .                

The  DNA  sequence  that  flanks  the  variants  was  extracted,  as  a  string  of  nucleotides,  using                 

the  reference  sequence  (GRCh38)  and  the  NIHR-BR  BTPD  cases.  These  regions  were              

screened  for  the  CTCF  Jaspar  motif  ( http://jaspar.genereg.net/ ;  Jaspar  matrix  profile            

MA0139.1;  Fig  2.5),  and  the  maximal  motif  score  was  calculated.  The  motif  score  is  a                 

logarithmic  likelihood  ratio;  higher  scores  indicate  that  the  sequence  is  more  likely  to  be  a                 

CTCF  binding  site  than  a  random  sequence.  Two  maximal  motif  scores  were  calculated  per                

region,  one  for  the  reference  sequence  and  one  for  the  alternative  sequence.  Comparing  the                

two  scores  relative  to  the  same  regions  gives  the  effect  of  the  variants  on  the  CTCF  motif.                   

When  the  reference  and  alternative  score  difference  is  significant  (i.e.>10  units),  the  variant               

has  a  notable  impact  on  the  CTCF  binding  capacity.  Dr  Nick  Owens  performed  the                

calculation   of   the   CTCF   maximal   motif   score   in   reference   and   alternative   regions.     
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Factor   IX   <   0.4   IU   

Factor   XIII   <   0.4   IU   

https://paperpile.com/c/KNctv7/QxITr
http://jaspar.genereg.net/
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Fig   2.5   |   The   CTCF   binding   motif     (“Matrix   Profile:   CTCF   -   MA0139.1   -   from   JASPAR   2018”)   

Bootstrap  experiment  to  estimate  differences  in  the  AF  of  the  variants  in              

TG   Hi-C   regions    

To  check  whether  the  regions  identified  with  the  TG  Hi-C  approach  are  more               

conserved  than  the  rest  of  the  genome,  I  performed  a  bootstrap  experiment  to  compare  TG                 

Hi-C  regions  on  chromosome  11  to  other  randomly  selected  areas  on  the  same               

chromosome.  I  focused  on  chromosome  11  because  it  has  the  greatest  number  of  base                

pairs  captured  by  the  TG  Hi-C  system  (4,000,592  bp)  and  the  largest  diversity  of  TG  genes.                  

Per  each  of  the  25  AF  sampling  iterations,  I  created  a  random  reference  that  had  a  similar                   

size  and  distribution  to  the  genomic  space  identified  by  the  TG  Hi-C  experiments.  Then,  I                 

extracted  the  AF  of  the  variants  present  in  these  regions  and  compared  their  frequency                

distribution  with  the  one  of  the  TG  Hi-C  regions.  The  statistical  test  adopted  for  this                 

comparison   was   the   Kolmogorov–Smirnov   test.     

Promoters   definition   in   the   TG   Hi-C   experiments   

The  iMK  promoter  regions  used  in  the  TG  Hi-C  analysis  have  been  empirically               

determined  using  ChIP-Seq  and  RNA-Seq  experiments   (L.  Chen  et  al.  2016) .  Briefly,  the               

method  adopted  determined  the  transcription  starting  site  based  on  the  transcripts  identified              

in  the  MK  RNA-Seq  data.  The  transcripts  were  used  only  if  the  log 2 (FPKM)  was  larger  than                  

one  log 2 FPKM.  Once  the  transcription  starting  site  was  determined,  the  promoter  regions              
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were  defined  using  the  H3K27Ac  ChIP-Seq  peaks  overlapping  that  nucleotide.  If  no  overlap               

was   identified,   the   canonical   promoter   from   ENSEMBL   was   adopted.   

2.4   Molecular   Biology   methods   

Cloning   experiments   

The  cloning  experiments  were  performed  in  NEB  5-alpha  Competent  E.  coli  (New              

England  Biolabs)  and  transformed  according  to  the  manufacturer  instruction.  Briefly,  bacteria             

were  thawed  on  ice  and  then  incubated  for  30  minutes  with  50ng  of  plasmid  DNA.  Thirty                  

seconds  of  heat  shock  at  42°C  allowed  the  plasmid  DNA  to  enter  bacterial  membranes.  To                 

recover  bacterial  growth,  they  were  incubated  for  one  hour  at  37°C  with  nutrient  rich  medium                 

(SOC  medium),  then  plate  on  agarose  plated  with  the  correct  antibiotic  selection.  Restriction               

enzyme  digestion  and  Sanger  sequencing  were  used  to  assess  the  quality  of  the  plasmid.  In                 

case  of  large  quantity  or  better  quality  of  the  plasmid  DNA  was  required,  the  plasmid  DNA                  

was   extracted   with   QIAGEN   MaxiPrep   Kit   according   to   the   manufacturer   protocol.     

The   reporter    assay   used   two   plasmids:   

pGL4.54[luc2/TK]  was  digested  using  KpnI  (New  England  Biolabs)  according  to  the             

manufacturer  instructions.  After  enzymatic  digestion,  the  linearised  plasmid  was  purified            

using  DNA  Clean  &  Concentrator™ -5.  The  regions  to  test  (Table  2.5)  were  cloned  in  the                 

pGL4.54[luc2/TK]  plasmid  using  the  InFusion®  protocol  (Takara)  kit,  using  as  plasmid             

overhangs  5’-CTCATTTAGACTCAG-3’  for  the  primer  reverse  and         

5’-TGGCCTAACTGGCCG-3’  for  the  primer  forward.  This  approach  allowed  me  to  keep  the             

same  directionality  of  the  reference  human  genome.  The  synthesis  of  the  regions  in  Table                

2.5  was  impossible  due  to  their  complexity  (i.e.  GC  content  or  repetitiveness  of  the  regions).                 

For  this  reason,  I  decided  to  clone  them  using  PCR  amplification.  The  genomic  DNA                

template  was  extracted  from  controls  samples  and  cases  that  carry  the  variant  of  interest                

(Fig.5.2.A   and   Fig.5.2.C)     
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Plasmid   Experiment   

pGL4.54[luc2/TK]   Reporter   assay   -   Reporter   gene   -   Contains   the   regions   to   test   

pGL4.74[hRluc/TK]     Reporter   assay   -   Normalisation   gene   

Region   Assigned   gene   PF   sequence   PR   sequence   

A   VWF   GCAGAACATGGGTGCCGGTGA   CGGGAGGCGGAGGTTACAGTGA   
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Table  2.5  |  Genes  that  have  been  tested  with  the  reported  assay  and  primers  used  to  amplify                   
such   regions.   

The  oligonucleotides  used  to  silence  the  regions  in  the  dCasKRAB  experiments  are              

listed  in  Table  2.6.  These  regions  were  cloned  in  the  LentiguidePuro  plasmid  (Addgene               

52963;   Sanjana,  Shalem,  and  Zhang  2014)  after  linearisation  with  the  BsmBI  restriction              

enzyme.  The  5’-CACCG...C-3’  on  the  sense  strand  and  5’-AAACCC...C-3’  on  the  antisense              

strand  were  used  to  create  overhangs  with  the  restriction-enzyme-created  ends.  Ultimately,             

these  plasmids  were  used  to  produce  lentiviruses  and  infect  hiPSc  to  obtain  a  stable                

expression   of   the   sgRNAs.   

Table  2.6  |  Oligos  for  sgRNAs.  These  have  been  used  to  silence  the  regions  in  the  dCas9KRAB                   
experiments.   

  The  dCasKRAB  system  also  needed  the  expression  of  the  dCasKRAB  and  rtTA              

components  in  the  same  cell  system.  This  co-expression  was  obtained  via  the  cotransfection               
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B   CD9   AACAGGGTGGCTGCGGGGAG   AGGGGAGGTTTGGAGGCTGCC   

C   THBD   AGCGGTGTTATCAGGGGCCCA  TCCATCGTGCGGCCCTGTCC   

D   MPIG6B   GCCCAACCCACCAAGCAGCT   AGCAGACCCCTCACAGACCCCT   

E   ABCC4   GCGGTCTTCTGGCAGCACTGA   GGTCCTCTGTTCTTTGGGCCCATCC   

F   SERPINE1   GCGTGCCCAGCTCTTCACCC   TGCGGCTGTGAGTCACCCTGT   

G   PTGS1   TGGGAGCTGGGCAGTGGGTG   TGACCTGGGCAGCAGAGTCCT   

Region   Oligo   sense   Oligo   antisense   

MCFD2/BC200   CACCGATGCTCAAGGATTACTCCGTAGG   AAACCCTACGGAGTAATCCTTGAGCATC   

MCFD2/BC200   CACCGCACTAGCAGGACTGCAACCGAGG   AAACCCTCGGTTGCAGTCCTGCTAGTGC   

MCFD2/BC200   CACCGCCAGCGTACATTTGCCTCATGGG   AAACCCCATGAGGCAAATGTACGCTGGC   

BLOC1S6_BV   CACCGGTCGCCTAGCAAAGTACAGGAGG   AAACCCTCCTGTACTTTGCTAGGCGACC   

BLOC1S6_BV   CACCGCAGTTGCGCGAGACTCCAACGGG   AAACCCGTTGGAGTCTCGCGCAACTGC   

BLOC1S6_BV   CACCGCGGTTGTTATTTGGAACACCTGG   AAACCCAGGTGTTCCAAATAACAACCGC   

BLOC1S6_SV   CACCGAAGATCTCGCTACCCGACGGCGG   AAACCCGCCGTCGGGTAGCGAGATCTTC  

BLOC1S6_SV   CACCGCTAGGTTGCTATTCCAACGGCGG   AAACCCGCCGTTGGAATAGCAACCTAGC   

BLOC1S6_SV   CACCGCTGGCGGAGCGACCACCACGTGG   AAACCCACGTGGTGGTCGCTCCGCCAGC   

THBD   CACCGAGCTCTAGACGACGTAGCGTGGG   AAACCCCACGCTACGTCGTCTAGAGCTC   

THBD   CACCGGGCCCAACCATTACTTAAGTGGG   AAACCCCACTTAAGTAATGGTTGGGCCC   

THBD   CACCGACATCTGTTAAACTCTCGATAGG   AAACCCTATCGAGAGTTTAACAGATGTC   

https://paperpile.com/c/KNctv7/qrZDm
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of  lentiviruses  containing  the  rtTA  and  the  dCasKRAB  viruses.  The  2  plasmids  required  for                

the   LV   production   were   obtained   from   Addgene:   

  

Sanger   sequencing   

Plasmids  and  PCRs  were  routinely  sequenced  to  check  the  quality  of  the              

amplification  or  cloning.  The  sequencing  was  performed  by  Source  Bioscience  company.             

The  plasmids  were  shipped  at  100ng/ul  concentration  and  PCR  amplicons  at  10ng/ul.              

Custom   designed   primers   were   provided   at   a   concentration   of   3.2pmol   

Nucleofection   experiments   

Nucleofection™  was  used  to  express  the  reporter  plasmids  in  the  imMKCLs.  The              

nucleofection  experiments  were  performed  following  the  manufacturer  guidelines.  imMKCLs           

were  nucleofected  using  the  nucleofector  machine  program  “Y1”.  The  Nucleofection  reaction             

was  set  to  have  8x10 5  cells  per  cuvette,  and  in  each  cuvette,  cells  were  resuspended  in                  

100µl  of  nucleofector  solution  (82%  P2  and  18%  P1).  The  amount  of  DNA  that  was  used  per                   

nucleofection  was  about  three  micrograms  per  condition.  If  multiple  plasmids  were  used             

simultaneously,  then  the  amount  of  each  plasmid  was  scaled  down  to  have  three               

micrograms   of   DNA   total.   

Lentivirus   production   

To  produce  the  lentiviruses  (LV)  used  in  the  dCasKRAB  experiments,  I  used              

HEK293T  cells.  One  almost-confluent  petri  dish  (~6  Mln  cells)  was  used  for  the  production  of                 

each  virus.  The  vector  plasmid  was  co-transfected  with  Pax2  and  VSV-G  packaging  vectors.               

The  amount  of  DNA  used  in  the  production  of  LV  was  as  follows:  8µg  of  PAX2,  2.8µg  of                    

VSV-G  and  20µg  of  insert  vector.  To  transfect  the  DNA  into  the  cells,  I  used  75µl  of                   

Polyethylenimine  [1mg/ml]  (PEI)  and  resuspended  the  DNA-PEI  mix  in  1  ml  of  DMEM  basal                

medium.  Then,  the  mix  was  vortexed  for  15  seconds  and  incubated  at  room  temperature  for                 

20  minutes.  After  this  incubation  time,  the  DNA-PEI  complex  was  added  onto  the  cells  and                 

set  for  6-16  hours.  The  medium  was  replaced  with  a  fresh  one  at  the  end  of  the  transfection,                    

121   

Plasmid   Experiment   

pCSIIhyg-rtTA   (Addgene   139480)   Expresses   rtTA   for   TET-ON   system   

TRE-KRAB-dCas9-IRES-GFP  (Addgene  85556;   Fulco  et  al.        
2016)   

KRAB-dCas9   expression   TET   regulated   

https://paperpile.com/c/KNctv7/teUGV
https://paperpile.com/c/KNctv7/teUGV
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and  cells  were  incubated  for  two  days  (5%  CO2,  37℃)  to  allow  the  production  of  LVs.  LVs                   

were   concentrated   using   the   Lenti-X   reagent   following   the   manufacturer   instructions.     

Reporter   assay   experiments   

The  dual-luciferase  reporter  assay  allowed  me  to  study  the  role  of  a  regulatory  region                

thanks  to  the  expression  of  a  reporter  gene  (i.e.  firefly  luciferase;   McNabb,  Reed,  and                

Marciniak  2005) .  The  expression  of  the  reporter  gene  is  under  the  control  of  the  cloned  DNA                  

region.  The  dual-reporter  genes  used  in  this  study  also  utilise  a  secondary  control  gene  (i.e.                 

renilla  luciferase)  used  to  set  the  baseline  expression  and  controls  for  transfection  efficiency               

( Matthews,  Hori,  and  Cormier  1977;  Wood  et  al.  1984) .  The  plasmids  pGL4.54[luc2/TK]  and               

pGL4.74[hRluc/TK]  were  co-nucleofector  into  imMKCLs.  The  pGL4.54[luc2/TK]  contained          

the  different  regions  I  wanted  to  test,  while  pGL4.74[hRluc/TK]  stayed  the  same  in  all  the                 

experiments.  After  nucleofection,  cells  were  incubated  for  two  days  (5%  CO 2 ,  37℃)  to  allow                

enough  time  for  the  cells  to  express  the  plasmid  genes.  After  this  two-day  period,  cells  were                  

washed  two  times  in  a  fresh  medium  and  then  lysed  with  100µl  of  lysis  buffer.  The  lysis  step                    

occurred  for  20  minutes  at  room  temperature  on  a  rocking  platform.  To  increase  the  lysis,                 

cells  underwent  two  freeze  and  thaw  cycles.  All  the  luciferase  absorbance  steps  were               

performed  in  96-well  polystyrene  plates  with  solid  white  bottoms.  The  recording  machine              

was  the  SpectraMax  M5.  Each  well  had  a  100µl  LARII  reagent,  to  which  I  added  20µl  of                   

lysate.  After  this  step,  the  firefly  emission  (560nm)  was  recorded  and  quenched  with  the                

“Stop&Glo”  reagent.  After  this  last  reagent  was  added,  the  renilla  emission  (480nm)  was               

measured.  The  regulatory  effect  of  the  tested  regions  was  reported  as  relative  fluorescence               

units,  and  it  was  calculated  as  the  average  of  reporter  gene  expression  (i.e.  Luciferase)                

normalised   by   the   average   expression   of   the   renilla   luciferase.   

dCasKRAB   experiments,   RNA   extraction   and   qPCRs   

The  CRISPR  interference  method  is  derived  from  the  CRISPR/Cas9  technology            

(Fig.5.1;  see  also  chapter1.4.4  for  an  accurate  description  of  the  CRISPR  interference;   Jinek               

et  al.  2012;  Fulco  et  al.  2016) .  The  catalytic  activity  of  the  Cas9  enzyme  was  inactivated  with                   

two  point  mutations.  Moreover,  the  Cas9  protein  was  fused  to  a  Krüppel  associated  box                

(KRAB)  domain.  The  KRAB  effector  domain  binds  co-repressor  proteins  and  induces  the              

heterochromatin  state  and  transcriptional  repression  in  the  region  of  interest   (Margolin  et  al.               

1994;  Urrutia  2003;  Huntley  et  al.  2006) .  hiPSC,  which  stably  expressed  rtTA,  dCasKRAB               

and  sgRNAs,  were  differentiated  in  iMK  using  the  protocol  described  before   (Moreau  et  al.                

2016) .  The  differentiation  medium  has  always  been  supplemented  with  antibiotics  (see             
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hiPSc  section  chapter  2.2)  and  doxycycline  to  express  all  the  required  components.  The               

mature  iMK  differentiated  cells,  which  had  regions  that  have  been  silenced  with  the               

dCas9KRAB   system,   had   their   RNA   extracted   and   transcript   checked   with   qPCR.     

The  RNA  was  extracted  using  the  Monarch®  Total  RNA  Miniprep  Kit  (New  England              

Bioscience).  One  million  differentiated  cells  (per  condition)  were  pelleted,  washed  and             

resuspended  in  300µl  of  lysis  buffer.  The  lysed  cells  were  aliquoted  in  a  “light-blue”  column                 

and  spinned  for  30  seconds  to  remove  the  gDNA.  Then,  I  added  one  volume  of  ethanol  and                   

transferred  the  mix  to  the  “dark-blue”  columns.  I  spun  for  30  seconds  and  washed  with  the                  

washing  buffer  three  times.  Ultimately,  RNA  was  diluted  in  50µl  of  nuclease-free  water  and                

snap-frozen.  Retro-transcribed  to  cDNA  was  performed  using  40µl  of  RNA  and  the  “High               

capacity  cDNA  reverse  transcription”  kit  following  the  manufacturer  instructions.  The  qPCR             

was  performed  using  a  Stratagene  Mx3000P  qPCR  machine  and  “Luna  Universal  qPCR              

Master  Mix”  (New  England  Biolabs).  The  primer  used  to  quantify  the  transcripts  are  in  Table                 

2.7.     

Table  2.7  |  Primers  for  the  qPCRs  amplify  the  cDNA  of  the  genes  silenced  with  the                  
dCasKRAB  system.   GUSB  is  the  reference  gene  that  was  used  to  normalise  the  transcript                
expression.   

The  differences  in  the  gene  expression  were  calculated  with  the  formula  ,             2 ΔΔCt  

where  Ct  is  the  qPCR  cycle  threshold.  The  ∆∆  symbols  refer  to  the  Ct  differences  between                  

the  silenced  sample  (i.e.  the  one  expressing  the  gRNA  and  dCasKRAB)  and  the  Ct  of  the                  

not-treated  sample  (i.e.  the  wild-type  cell  line).  The  ∆Ct  is  given  by  the  Ct  differences                 

between  the  average  Ct  of  the  gene  of  interest  (e.g.   MCFD2 )  and  the  reference  gene  (i.e.                  

GUSB ).     

Softwares   

The  statistical  tests  performed  in  this  thesis  have  all  been  executed  using  the  R                

software  environment  (https://www.r-project.org/).  The  version  used  for  this  thesis  was  3.6.3            
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Region   Primer   forward   (PF)   sequence   Primer   reverse   (PR)   sequence   

MCFD2   CCTGTTACCCAGTTCCAAAGT   GATAAAGACATACCCGAGACTGG   

THBD   GGGTGATTAGAGGGAGGAGAA   TGTAACGAAGACACAGACTGC   

BLOC1S6   GGTGAGCAAGATGCCAGATAG   CTAAAGCTTGGTGGAGGTAGTG   

GUSB   ACGTGGTTGGAGAGCTCATT     CTCTGCCGAGTGAAGATCCC   
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and  it  was  run  under  the  Scientific  Linux  (v7.9)  installed  onto  the  University  of  Cambridge                 

High-Performance   Computing   Service.     

2.5   Materials   
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Reagent   Supplier   ID   

T4   DNA   ligase   NEB   M0202   

T4   DNA   ligase   buffer   NEB   M0202   

Phusion®   HF   DNA   Polymerase   NEB   M0530L   

Kapa   library   quantification   kit   Illumina   Roche   KK4824   

Glucogen     Thermo   fisher   R0561   

Dual-Luciferase®   reporter   assay   system   Promega   E1910   

Luna®   Universal   qPCR   master   mix   NEB   M3003X   

High   capacity   cDNA   Reverse   transcription   kit     Applied   biosystems   4368814   

DpnII   NEB   R0543M   

NlaIII   NEB   R0125L   

Proteinase   K   from   Tritirachium   album   Sigma-Aldrich   P8044-250MG   

NimbleGen   SeqCap   hybridization   and   Wash   Kit   Roche   05634253001   

Klenow   Fragment   (3’   ->   5’)   NEB   M0212L   

DNA   Polymerase   I,   Large   (Klenow)   Fragmen t   NEB   M0210L   

Biotin-14-dATP   Invitrogen   19524-016   

100   mM   dTTP   Invitrogen   55085   

100   mM   dCTP   Invitrogen   55083   

100   mM   dGTP   Invitrogen   55084   

xGen®   Universal   blockers-TS   Mix   IDT   1075476   

Protease   inhibitor   cocktail     Thermo   78429   

T4   DNA   polymerase   NEB   M0203L   

Dynabeads®   MyOne™   Streptavidin   C1   Invitrogen   650.01   

37%   formaldehyde   Sigma-Aldrich   25259   

LentiGuide-Puro   Addgene   52963   

pCSIIhyg-rtTA   Addgene   139480   

TRE-KRAB-dCas9-IRES-GFP   Addgene   85556   

https://international.neb.com/products/m0210-dna-polymerase-i-large-klenow-fragment
https://www.addgene.org/85556/
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pGL4.54[hLuc]   Promega   E506A   

pGL4.74[hRluc/TK]     Promega   E692A   

rhVTN-N   ThermoFisher   A14700   

SOC   Outgrowth   Medium   NEB   B9020S   

Blasticidin   S   hydrochloride   AlfaAesar   J67216   

Amaxa™    Human   Stem   Cell   Nucleofector™    Kit2     Lonza   VPH-5022   

DMEM/F12   ThermoFisher   11330-032   

L-Ascorbic   Acid   2-phosphate   Sigma-Aldrich   D1159-100MG   

Insulin-Transferrin-Selenium   (ITS   -G)   ThermoFisher   41400045   

FGF2   Cambridge  Stem    
Cell   Institute   

N.A.   

BMP4   R&D   314-BP-010   

Rock   inhibitor   Y-27632   Sigma-Aldrich   Y0503   

rhTPO   bio-techne   Bulk   288-TP     

Protamine   Sulphate   Sigma-Aldrich   P4505   

TrypLE   Life   Technologies   12563029   

CellGro   CellGenix   0020902-0500   

rLV-WPT-GATA1   Vectalys   N.A.   

rLV-WPT-FLI1   Vectalys   N.A.   

rLV-TRIPU3-TAL1   Vectalys   N.A.   

EasySep™   Release   Human   PE   Positive   Selection   Kit   StemCell   
Technologies   

17654   

rhSCF   Gibco   PHC2116   

CD235a   FITC   Mouse   Anti-Human     BD   Pharmingen   559943   

CD42b   PE   Mouse   Anti-Human     BD   Pharmingen   555473   

CD41a   APC   Mouse   Anti-Human     BD   Pharmingen   559777   

CD324    PerCP-Cy™5.5   Mouse   Anti-Human   BD   Pharmingen   563573   

CD326    PE-CF594,Mouse,Anti-Human   BD   Pharmingen   565399   

Tylosin   ChemCruz   sc-253815   

Penicillin/Streptomycin   Gibco   15140-122   

MEM   NEAA   Gibco   11140-035   

Puromycin   Gibco   A11138-031   

Hygromycin   B   Invitrogen   10687010   

https://www.bdbiosciences.com/us/p/563573
https://www.bdbiosciences.com/us/p/565399


126   

126   

StemFlex™    Medium   Gibco   2279513   

DMEM   -   High   Glucose   Sigma   RNBJ6691   

DMEM/F-12(Ham)   Gibco   11330-032   

Sodium   Bicarbonate   (7.5%)   Gibco   25080-094   

Agarose   Sigma   A9539-500G   

Dimethyl   sulfoxide   Sigma   RNBH9956   

Sodium   Acetate   solution   Sigma   71196-100   

Nuclease   Free   Water   Qiagen   1039498   

GeneRuler   1Kb,   DNA   Ladder   Thermo   Scientific   SM0313   

DNA   Clean   &   Concentrator™ -5   ZYMO   RESEARCH   D4014   

QIAquick®   Gel   extraction   kit   QIAGEN   278706   

QIAquick®   PCR   Purification   KIT   QIAGEN   28104   

DNeasy®   Blood   &   Tissue   Kit   QIAGEN   69506   

QIAprep®   Spin   Miniprep   Kit   QIAGEN   27106   

HiSpeed®   Plasmid   Maxi   Kit   QIAGEN   12663   

Matrigel®   Corning   354230   

Fibronectin   Corning   356008   

Y-27632   Rock   inhibitor   Millipore   SCM075   

T225   Flasks   Corning   3293   

F-12   Thermofisher   31765027   

IMDM   Thermofisher   21980032   

Lipid   concentrate   Thermofisher   11905031   

Transferrin   Sigma   T1147   

Chiron   (8µM)   Cambridge  Stem    
Cell   Institute   

CHIR-99021   

Ly294002   (20mM)   Adooq   Bioscience   A01547   

StemPro-34   Thermofisher   10639011   

Forskolin   Sigma   F6886   

VEGF-A   Gibco   9393   

L-Ascorbic   acid   Cambridge  Stem    
Cell   Institute   

N.A.   

CD144   BD   Pharmigen   560411   

TRA-1-60   Merck   Millipore   FCMAB115F   
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SSEA-4   BD   Pharmigen   560128   

Human   oncostatin   BioTechne   295-OM   

Hepatocyte   growth   factor   Peprotech   100-39H   

Lenti-X   concentrator   Takara   PT4421-2   

IGV   N.A.   N.A.   

Benchling   N.A.   N.A   

FlowJo   BD   Bioscience   N.A.   

raremetal   N.A.   N.A.   

bwa   N.A.   N.A.   

plink2   N.A.   N.A.   

somalier   N.A.   N.A.   
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3.1   Introduction   and   aims   of   the   chapter   

Genotyping  of  the  DNA  samples  from  large  cohorts,  such  as  UKB,  has  begun  to                

better  define  the  relation  between  common  disease  pathophysiology  (i.e.  phenotype)  and             

genotype.  In  parallel,  studies  that  aim  to  better  understand  the  aetiology  of  rare  diseases,  for                 

instance  the  100,000  Genomes  Project,  have  incrementally  increased  the  number  of             

identified  P/LP  variants   (Downes  et  al.  2019;  Karczewski  et  al.  2020;  Turro  et  al.  2020b;                 

Thaventhiran  et  al.  2020;  Taliun  et  al.  2021) .   However,  the  role  of  these  variants  in  a  healthy                   

population  cohort,  like  UKB,  has  yet  to  be  determined   (MacArthur  and  Tyler-Smith  2010;               

Karczewski  et  al.  2020) .  Moreover,  these  large  cohort  studies  allow  for  the  first  time  to                 

explore  the  interplay  between  common  and  rare  variants  of  the  P/LP  categories   (Vuckovic  et                

al.   2020;   Thaventhiran   et   al.   2020;   Goodrich   et   al.   2021) .   

The  American  College  of  Medical  Genetics  and  Genomics  (ACMG)  recommends            

reporting  secondary  genetic  findings  (i.e.  spurious  discoveries  of  pathogenic  variants),  in             

high-throughput  sequencing  studies,  for  only  59  genes   (ACMG  Board  of  Directors  2015;              

Kalia  et  al.  2017) ,  and  the  100,000  Genomes  Project  has  been  even  more  restrictive  on                 

reporting  the  variants.  The  main  reason  to  curtail  the  reporting  of  secondary  findings  is  that                 

the  effect  sizes  and  penetrance  of  rare  variants  in  genes  implicated  in  rare  diseases  have                 

not   yet   been   defined.   

Some  studies  shifted  the  genetic  aetiology  of  rare  conditions  from  variants  with  large               

effect  size,  affecting  the  function  of  a  single  gene,  to  the  aggregated  effect  of  many  variants                  

with  minor  effects  in  a  large  number  of  genes   (Khera  et  al.  2018;  Oetjens  et  al.  2019) .  These                    

studies  built  their  hypothesis  on  the  idea  of  Fisher's  infinitesimal  model,  which  states  that                

every  variant  and  gene  contributes  minimally  to  a  phenotype   (Fisher  1919;  Barton,              

Etheridge,  and  Véber  2016) .  Boyle  and  colleagues  recently  revised  Fisher's  infinitesimal             

model  based  on  the  observations  made  by  GWAS   (Boyle,  Li,  and  Pritchard  2017) .  In  their                 

2017  manuscript,  the  authors  presented  the  omnigenic  model.  They  propose  that  a  small               

number  of  common  variants  in  a  cluster  of  disease-relevant  highly  connected  genes  have               

relatively  large  effect  sizes  on  the  phenotype,  whilst  other  phenotype-associated  variants             

that  map  on  genes  in  the  periphery  of  this  gene  network  have  a  far  smaller  effect   (Boyle,  Li,                    

and   Pritchard   2017) .     
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In  2016,  UKB  released  the  genotype  data  generated  with  a  genome-wide  array  for               

half  a  million  participants  ( Cortes  et  al.  2017;  Bycroft  et  al.  2018) .  These  results  have  been                  

used  to  define  PRS  for  many  common  diseases  for  medically  relevant  traits,  like  the  FBC                 

parameters   (Vuckovic  et  al.  2020) .  However,  the  effect  of  rare  variants  (AF  <  1/1,000)  could                 

not  be  studied  because  the  accuracy  of  rare  variant  imputation  from  the  array  genotyping                

technology  is  limited   (Van  Hout  et  al.  2020) .  Recently,  UKB  released  the  WES  data  for                 

200,624  participants,  offering  the  most  extensive  resource  that  links  genotype  to  phenotype              

at  the  level  of  the  individual  participants.   Despite  a  few  known  existing  biases  in  the                 

sampling  strategy   (Fry  et  al.  2017;  Munafò  et  al.  2018;  Haworth  et  al.  2019) ,  this  new                  

resource  offers  for  the  first  time  an  opportunity  to  define  the  association  between  rare                

variants   (MAF   <   0.001)   and   phenotypes   in   a   prospectively   defined   population   cohort.   

In  this  chapter,  I  describe  how  I  made  use  of  the  UKB  cohort  to  study  the  phenotype                   

of  individuals  who  are  carriers  of  P/LP  variants  in  one  of  the  93  BPTD  genes  (Fig.  3.1).                   

Amongst  the  different  physiological  processes  and  phenotypes  that  can  be  utilised  as  a               

model,  haemostasis  has  several  advantages:  (i)  protein  functions  for  many  of  the  BPTD               

genes  are  exceptionally  well  characterised,  (ii)  the  phenotypes  of  DVT  and  PE  are  relatively                

well  captured  in  the  UKB  HES  records,  (iii)  the  FBC  measurements  of  UKB  participants  have                 

been  extensively  quality  controlled  and  corrected  for  batch  effects   (William  J.  Astle  et  al.                

2016) ,  (iv)  the  genetic  architecture  of  haematopoiesis  has  been  thoroughly  explored  by              

GWAS   (Soranzo,  Rendon,  et  al.  2009;  Soranzo,  Spector,  et  al.  2009;  Gieger  et  al.  2011;  van                  

der  Harst  et  al.  2012;  William  J.  Astle  et  al.  2016;  Vuckovic  et  al.  2020) ,  and  (v)  BPTDs  was                     

one  of  the  rare  disease  domains  included  in  the  rare  diseases  pilot  study  for  the  100,000                  

Genomes  Project   (Turro  et  al.  2020b) .  Human  genetics  widely  assume  that  individuals  who               

are  carriers  of  autosomal  recessive  (AR)  P/LP  variants  have  no  discernible  phenotypic              

consequences.  I  collected  P/LP  variants  from  available  databases  (see  below),  determined             

their  prevalence  in  UKB  and,  if  present  in  an  adequate  number  of  participants,  calculated                

their  effect  sizes  for  the  four  FBC  platelet  traits  (plt,  mpv,  pct,  pdw)  and  DVT/PE  (VTE                  

together).  This  allowed  me  to  determine,  for  the  first  time,  the  effect  sizes  of  a  subset  of  the                    

P/LP  variants  in  BPTD  genes  and  to  identify  a  novel  phenotype  for  carriers  of  LoF  variants  in                   

the   MPL  gene,  which  encodes  the  receptor  for  thrombopoietin.  Subsequently,  I  studied  the               

contribution  of  PRS  to  VTE  manifestation  and  platelet  traits,  using  previously  published  PRS               

(Klarin  et  al.  2019;  Vuckovic  et  al.  2020) .  Then,  building  on  these  analyses,  I  explored  the                  

omnigenic  model  proposed  by  Boyle  and  colleagues  in  a  newly  developed  protein-protein              

interaction  (PPI)  network   (Barrio-Hernandez  et  al.  2021;  Schwartzentruber  et  al.  2021)  and              

concluded  in  favour  of  this  theory.  I  also  computationally  determined  the  deleteriousness  of               
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missense  P/LP  variants,  in  a  subset  of  the  BPTD  genes,  based  on  the  aminoacid  change                 

and  protein  structure  information.  Finally,  I  correlated  the  deleteriousness  inferred  from             

protein   information   to   the   effect   sizes   calculated   in   the   UKB   cohort.     

The  VarioPath  work  described  in  this  chapter  is  a  collaborative  effort.  Dr  Elspeth               

Bruford  (EMBL-European  Bioinformatics  Institute,  EBI)  and  Dr  Karyn  Megy  (NIHR            

BioResource  at  the  University  of  Cambridge)  led  the  gene  selection  and  curation  process.               

The  extraction  of  phenotype  data  from  UKB  resulted  from  a  collaboration  with  the               

Department  of  Public  Health  and  Primary  Care  at  the  University  of  Cambridge,  with  help  and                 

suggestions  from  Dr  Luanluan  Sun  and  Prof.  Emanuele  di  Angelantonio.  Dr  Dragana              

Vuckovic  from  Imperial  College  London  has  supervised  the  statistical  analysis.  The  mapping              

of  the  variant  on  their  protein  crystal  structure  and  the  estimation  of  their  deleteriousness                

have  been  performed  by  the  collaboration  with  Professor  Dame  Janet  Thornton  and  Dr               

Roman   Laskowski.     
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Fig.  3.1  |  Workflow  adopted  in  the  VarioPath  project.  The  pathogenic  and  likely  pathogenic                
variants  have  been  collected  from  HGMD,  ClinVar,  and  NBR.  UK  Biobank  WES  data  has  been  used                  
to  calculate  AF  in  the  UK  population  and  define  the  phenotype  of  the  disease  domain  selected.  Gene                   
and  variants  information  has  been  used  to  create  PPI  networks.  HS:  hereditary  spherocytosis;  OR:                
Odds   Ratio;   PRS:   polygenic   risk   score.   
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3.2   Genes   and   inherited   diseases     

Literature  review  and  query  of  the  major  gene-relevant  disease  databases  (see             

chapter  2.1)  returned  4,851  genes  associated  with  human  phenotypes  and  rare  diseases              

(see  chapter  2.1).  The  recorded  mode  of  inheritance  for  these  genes  is  mainly  autosomal                

recessive  (AR;  2,123  genes),  followed  by  autosomal  dominant  (AD;  1,118  genes;  Fig.  3.2).               

Strikingly,  the  third-largest  group  by  number  of  genes  is  "not  known"  (951  genes),  meaning                

that  for  almost  20%  of  the  inherited  disorders,  the  mode  of  inheritance  is  unknown  or  not  yet                   

recorded  in  the  databases  used  for  the  project.  In  total,  198  genes  on  chromosome  X  are                  

implicated  with  rare  diseases,  with  125  genes  being  associated  with  disease  phenotypes              

mainly  in  males  (e.g.  F8,  F9)  and  47  genes  being  causal  of  dominantly  inherited  disorders                 

with   disease   phenotypes   in   both   males   and   females.   
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Fig.  3.2  |  Distribution  of  the  mode  of  inheritance  for  genes  linked  to  human  disease.  The                  
difference  between  "Autosomal  dominant|Autosomal  recessive  "and  "Autosomal  recessive|Autosomal          
dominant"   is   that   the   mode   of   inheritance   listed   first   is   the   most   common   associated   with   that   gene.   

The  4,851  genes  can  be  grouped  in  34  rare  disease  domains,  involving  several               

tissues  and  organs  (Fig.  3.3).  The  number  of  genes  per  domain  varies,  with  significant                

differences,  as  a  function  of  (i)  the  dimension  and  complexities  of  biological  pathways               

involved  in  a  particular  disease,  (ii)  how  well  characterised  the  domain  is  and  (iii)  how                 

general  the  domain  description  is.  The  two  extremes  are  intrahepatic  cholestasis  of              

pregnancy,  with  only  two  genes,  and  neurology  and  neurodevelopmental  disorders,  a  broad              

category   including   many   pathologies   and   2,021   genes.   
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Fig.  3.3  |  Number  of  genes  per  rare  disease  domain.   Classification  of  the  domain  according  to  the                   
sources.  B.  Comparison  of  the  genes  per  domain  defined  in  VarioPath  (blue)  to  the  Open  Targets                  
(OTAR)   definition   used   in   the   L2G   algorithm   (red).   

Interestingly,  several  genes  belong  to  multiple  rare  disease  domains,  suggesting  that             

a  gene  and  its  associated  molecular  pathway  are  involved  in  the  aetiology  of  several                

pathologies  (Fig  3.4).  The  largest  intersection  of  genes  is  between  "paediatric"  and              

"neurology  and  neurodevelopmental"  disorders,  possibly  because  of  the  large  number  of             

genes  that  are  within  these  two  domains  (973  and  2,021  genes  respectively),  and  because                

most  neurodevelopmental  disorders  tend  to  manifest  at  a  young  age  (Fig  3.3;   Scandurra  et                

al.  2019;  Morris-Rosendahl  and  Crocq  2020) .  Another  interesting  group  is  composed  of              

"cancer  programme","  haematological",  "bone  marrow  failure",  "stem  cell  myeloid",           

"dermatological"  and  "primary  immune"  (Fig.  3.4).  Except  for  dermatological  conditions,            

these  domains  have  their  common  root  in  haematopoiesis.  The  dermatological  disease             

domain  may  be  linked  to  these  haematological  conditions  because  of  the  overlap  between               

the  skin  and  infections  or  immune  system  disorders,  i.e.  primary  immune  disorders  and               

autoimmune   diseases    (Richmond   and   Harris   2014) .     
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Fig.  3.4  |  Heatmap  showing  the  log  number  of  genes  overlapping  between  different  disease                
domains.   

An  attempt  to  cluster  the  rare  disease  domain  genes  based  on  the  number  of                

overlapping  genes  is  less  informative  because  it  is  impossible  to  estimate  the  relationship  or                

distance  between  two  domains  that  lack  any  overlapping  gene  (Fig.  3.5).  For  example,  it  is                 

impossible  to  evaluate  the  relation  between  "rheumatological"  and  "neuropathic  pain"            

because  there  are  no  shared  genes  (Fig.  3.5,B).  To  overcome  this  analytical  limitation,  it  is                 

possible  to  apply  a  diffusion  approach  to  a  PPI  network,  which  measures  the  distance                

between  two  networks  even  if  they  do  not  share  any  genetic  component   (Choobdar  et  al.                 

2019;  Schwartzentruber  et  al.  2021) .  This  method  calculates  the  distance  between  two              

pathways  based  on  the  number  of  edges  and  nodes  that  link  their  proteins.  Indeed,  using  the                  

diffusion  approach,  I  estimated  disease  domain  distances  (inferred  from  the  protein  network             

distances;  Fig.  3.5).  For  example,  the  domains  "rheumatological",  which  remained            

unclustered  using  the  gene  overlapping  hierarchical  approach  (Fig.  3.5,B),  can  be  positioned              

in   proximity   to   the   closest   disease   domains   (Fig.   3.5,A).     
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Fig.  3.5  |  Hierarchical  clustering  of  the  rare  disease  domains  using  Manhattan  distance  (A)  and                 
Jaccard   distance   (B;    Barrio-Hernandez   et   al.   2021)   
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3.3   Pathogenic   variants   

All  the  P/LP  variants  have  been  collected  with  an  approach  similar  to  the  one                

employed  for  genes  (see  chapter  2.1).  The  resources  used  in  this  thesis  are  mainly  HGMD,                 

ClinVar  and  NIHR  BioResource  (NBR;  see  chapter  2.1  for  more  details).  These  three               

resources  combined  produced  a  list  of  299,632  unique  P/LP  variants.  The  overlap  of  variants                

between  the  different  resources  is  presented  in  Fig.  3.6.  The  most  considerable  overlap               

(65,503   variants)   is   between   HGMD   and   ClinVar,   the   two   most   comprehensive   resources.    

  
Fig.  3.6  |  Number  of  pathogenic  (P)  and  likely  pathogenic  (LP)  variants  and  their  intersection                 
across   the   resource   used   in   the   VarioPath   project.   

The  catalogued  P/LP  variants  mainly  consist  of  SNVs  and  small  INDELs,  210,466              

(70.2%)  and  82,204  (27.4%)  respectively,  which  cumulatively  are  ~98%  of  the  entire              

collection  of  variants  (Table  3.1).  The  retrieval  of  P/LP  variants  from  the  databases  confirmed                

the  relatively  under-representation  of  disease-causing  structural  variants  (SVs).  The  main            

explanation  is  that  SVs  are  not  reported  systematically  in  HGMD  and  ClinVar.  The  major                

contributor  to  the  rare-disease-causing  SVs  is  the  Deciphering  of  Developmental  Disorders             

project  (DDD;   Firth,  Wright,  and  DDD  Study  2011;  Wright  et  al.  2015) ,  but  their  efforts  are                  

mainly  limited  to  the  neurology  and  neurodevelopmental  disorders  domain   (Firth,  Wright,  and              

DDD  Study  2011) .  For  this  reason,  it  was  decided  to  exclude  SVs  from  further  analysis  in  the                   

VarioPath  project.  A  better  assessment  of  their  clinical  role  can  be  performed  once  the  whole                 

genome   sequencing   data   of   UKB   will   be   released.     
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Table  3.1  |  The  number  of  variants  in  the  VarioPath  project  split  by  variant  type.  MNV:                  
multi-nucleotide  variants;  DEL:  deletion,  INDEL:  insertion  and  deletion;  SNV:  single  nucleotide             
variants.     

After  variant  effect  predictor  (VEP)  annotation  of  the  P/LP  variants,  the  vast  majority               

of  the  variants  showed  "HIGH"  (133,731;  ~44%)  or  "MODERATE"  (129,942;  ~43%)             

deleterious  consequences  on  their  transcripts  (e.g.  premature  stop  codon  or  missense             

variants;  see  chapter  2  Table  2.1  for  the  complete  list;  Fig.  3.7).  Considering  the  source  and                  

the  selection  process  of  the  P/LP  variants,  the  observed  distribution  of  the  variants  in  the                 

deleteriousness  categories  is  expected.  However,  there  are  ~10,000  P/LP  variants  where             

VEP  predicts  a  minimal  detrimental  effect  on  the  transcript  (i.e.  "MODIFIER"  or  "LOW";  Fig.                

3.7).  This  observation  is  either  because  the  presence  of  the  variant  in  the  databases  is  not                  

correct   or   the   VEP   prediction   is   not   accurate.   

  
Fig.  3.7  |  Predicted  pathogenicity  of  the  variants  calculated  using  the  VEP  algorithm.  The                
definition   of   variants   within   each   effect   group   are   listed   in   chapter   2.   
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Total   number   of   
variants   

Number   of   
MNV   

Number   of   
large   DEL   

Number   of   
INDEL/frameshifts   

Number   of   SNV   

299,632   5,113   1,849   82,204   210,466   
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3.4   Pathogenic   variants   in   UKB   

Out  of  the  299,632  P/LP  variants  (hereafter  300K)  considered,  52,735  were  observed              

in  at  least  one  participant  of  the  unrelated  European  UKB  cohort.  When  considering  the                

entire  list  of  variants,  without  any  AF  filter,  the  number  of  P/LP  variants  per  individual  is,  on                   

average,  147  (range:  107-191;  sd:  9.8).   When  constraining  the  query  on  lower  AF,  the  average                 

number  of  pathogenic  variants  per  individual  is  26.8  (range:  5-59;  sd:  5.36)  for  P/LP  with  an                  

AF  ≦  0.01  and  5.9  (range:  1-26;  sd:  2.68)  variants  per  individual  if  AF  ≦  0.001  (Fig.  3.8).  A                     

small  number  of  P/LP  variants  (19)  have  an  AF  >  0.9.  This  is  a  typical  database  error,  where                    

the  reported  effect  allele  for  the  P/LP  variants  is  the  reference  (major)  allele  instead  of  the                  

minor  allele.  This  aberration  in  variant  annotation  is  well  known  to  the  clinical  genomics                

community   and   corrected   when   such   variants   are   clinically   reported.   

The  order  of  magnitude  of  the  P/LP  rare  variants  per  individual  is  similar  to  the  one                  

previously  predicted  in  another  UKB  study  using  the  WES  results  on  the  first  50,000  individuals                 

(Van  Hout  et  al.  2020) .  Indeed,  they  estimated  that  in  a  group  of  200,000  individuals,  the  number                   

of  observable  P/LP  variants  genome-wide  should  be  around  five;  therefore,  the  prediction  made               

by  Van  Hout  and  colleagues  is  corroborated  by  my  analysis.  Because  of  the  300K  AFs  observed                  

in  the  UKB  WES  cohort  (Fig.  3.8)  and  the  current  AF  filter  used  in  clinical  genomics  projects                   

(Turro   et   al.   2020b) ,   I   decided   to   focus   the   analysis   on   the   P/LP   variants   with   AF   ≦   0.001.     
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Fig.  3.8  |  Number  of  P/LP  variants  co-occurring  in  UKB  carriers  grouped  according  to  their  AF .                  
No  AF  threshold  applied  (green),  ~50,000  individuals  carry  P/LP  variants.  AF  thresholds  at  ≦  0.01                 
(blue)  and  ≦  0.001  (red).  Variants  are  considered  P/LP  if  one  of  these  labels  is  present  in  any  of  the                      
variant   resources.   

To  investigate  the  number  of  P/LP  variants  and  their  distribution  in  the  UKB  WES                

cohort  in  greater  detail,  I  focused  on  the  93  BTPD  genes  (Table  1.4).  The  number  of  P/LP                   

variants  per  gene  follows  a  negative  binomial  distribution,  with  a  few  genes  carrying  most  of                 

the  variants  (Fig.  3.9).  Reassuringly,  the  phenomenon  that  most  rare  disease  cases  are               

explained  by  P/LP  in  a  few  genes  is  well  documented  in  the  clinical  genomics  community.                 

Moreover,  it  has  been  recently  confirmed  for  BTPD  and  other  blood-related  conditions              

(Downes  et  al.  2019;  Thaventhiran  et  al.  2020;  Turro  et  al.  2020b) .  It  is  interesting  to  note                   

that  the  genes  that  carry  the  largest  number  of  variants  tend  to  have  a  dual  mode  of                   

inheritance   in   which   both,   dominant   and   recessive,   have   been   observed   (Fig,3.9).   

141   

https://paperpile.com/c/KNctv7/xdwEx+2yeJE+DnvEM


142   

  
Fig.  3.9  |  Number  of  P/LP  variants  per  gene  split  by  BTPD  sub-domain.  A)  platelet  disorder  genes                   
B)  thrombosis  disorder  genes  C)  bleeding  disorder  genes.  Genes  are  colour  coded  according  to  their                 
mode  of  inheritance.  Only  variants  with  AF  <  0.001  are  represented  in  this  figure.  MOI:  mode  of                   
inheritance;  AD:  autosomal  dominant;  AR:  autosomal  recessive;  XLR:  x-linked  recessive;  XLD:             
x-linked   dominant;   VWD:   von   Willebrand   disease.   

Ultimately,  I  counted  the  number  of  individuals  carrying  a  P/LP  variant  in  the  UKB                

cohort  at  the  level  of  the  single  variants  (Fig.  3.10).  The  variant  burden  per  gene  follows  the                   

same  distribution  of  Fig.  3.9,  where  a  small  group  of  variants  account  for  the  majority  of                  

variants  observed  in  that  gene.  The  consensus  of  the  P/LP  label  across  the  different                

resources  shows  that  the  variants  with  the  highest  number  of  cases  tend  to  have  conflicting                 

information  about  their  pathogenicity  levels  between  different  databases  (Fig.  3.10);  for             

instance,  the  same  variant  is  reported  as  pathogenic  in  one  database  and  either  variant  of                 

uncertain  significance  (VUS)  or  benign  in  another.  The  results  depicted  in  Fig.  3.10  shows                

that  for  a  considerable  portion  of  the  P/LP  variants  there  were  an  adequate  number  of                 

individuals  with  a  particular  single  variant  to  explore  effect  sizes  on  a  variant-by-variant               

basis.   
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Fig.  3.10  |  Number  of  individuals  in  UKB  that  carry  pathogenic  variants  (AF  <  0.001).  X-axis  has                   
all  the  pathogenic  variants  present  for  that  gene  in  the  databases  interrogated.  db:  database  (one                 
amongst  HGMD,  ClinVar  or  Curated  variants);  DM:  disease-modifying;  DM?:  questionable  disease             
modifying;   VUS:   variant   of   uncertain   significance.   
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3.5  Effect  sizes  of  rare  variants  in  platelet  disorder           

genes     

BTPD  relevant  phenotypes  were  used  to  calculate  the  effect  sizes  of  P/LP  variants.               

Reassuringly,  these  variants,  aggregated  by  genes  in  a  burden  association  analysis  or  in               

single  variant  associations,  confirmed  the  expected  link  between  BTPD  genes,  the  platelet              

phenotypes   (Table   3.2)   and   thrombosis   conditions   (Fig.   3.14).     

GP1BA  encodes  the  ⍺  chain  of  the  platelet  Glycoprotein  (GP)  Ib/IX/V  complex.  The  ⍺                

and  β  chains  (encoded  in  the   GP1BB  gene)  in  complex  with  GPIX  and  GPV  form  the                  

receptor  for  the  plasma  protein  VWF  (see  chapter  1.1.2.4).  P/LP  variants  in  GP1BA,  GP1BB,                

GPIX  (but  not  GP5)  are  causal  of  BSS  (mode  of  inheritance  recessive)  when  present  on                 

both  alleles.  However,  recently,  it  has  become  apparent  that  rare  variants  in  GP1BB  are                

causal  of  an  autosomal  dominant  but  milder  form  of  thrombocytopenia,  which  is  only               

occasionally  accompanied  by  bleeding   (Sivapalaratnam  et  al.  2017) .  Evidence  for  the             

presence  of  a  similar  class  of  P/LP  variants  in  GP1BA  and  the  cause  of  mild                 

thrombocytopenia  has  been  reported   (Downes  et  al.  2019) .  These  two  recent  studies              

confirm  earlier  observations  from  single  case/pedigree  studies  suggesting  that  variants  in             

GP1BA  and  GP1BB  might  be  associated  with  mild  forms  of  thrombocytopenia   (Andrews  and               

Berndt  2013;  Smolkin  and  Perrotta  2017) .  Common-  and  low-frequency  variants  in  the              

GP1BA  and  GP1BB  genes  have  also  been  associated  with  the  platelet  count  and  volume                

(Gieger  et  al.  2011;  William  J.  Astle  et  al.  2016;  Vuckovic  et  al.  2020) .  However,  the                  

difference  in  the  effect  sizes  between  the  GWAS-identified  variants  and  the  P/LP  variants               

has  not  been  fully  investigated  yet.  The  effect  size  for  all  P/LP  variants  in  GP1BA  is  +0.77  sd                    

for  mpv  and  -0.35  sd  for  plt  (Table  3.2).  In  the  most  recent  and  comprehensive  platelet  traits                   

GWAS   (Vuckovic  et  al.  2020) ,  variants  in   GP1BA  have  been  reported  to  have,  on  average,                 

an  effect  size  of  <  0.05  sd  (highest  observed  0.21  sd)  and  ≦  -0.07  sd  for  plt  (highest                    

observed  -0.15  sd).  The  association  analysis  for  P/LP  variants  at  the  single  variant  level  for                 

GP1BA  produced  similar  results  (Fig.  3.11).  For  example,  the  chr17:4933190:C:T  variant             

(rs371226354;  p.Gln196Ter),  which  is  localised  in  one  of  the  leucine-rich  repeat  domains  of               

GP1BA,  has  an  effect  of  -1.39  sd.  This  effect  translates  to  a  platelet  count  of,  on  average,                   

70⨉10 9    plt/L   (p-value=8.62e-05)   lower   than   individuals   lacking   this   variant.   

Similarly,  P/LP  variants  in   GP9  are  causal  of  BSS  if  inherited  in  homozygosity.  The                

current  assumption  is  that  there  are  no  consequences  for  the  number  and  volume  of                
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platelets  in  carriers  of  BSS-causing  variants  in  GP9.  However,   (Vuckovic  et  al.  2020)               

showed,  in  GWAS  analysis,  that  UKB  participants  who  carry  the  GP9  P/LP  variant               

chr3:129061921:A:G  (rs5030764;  p.Asn61Ser)  have  statistically  significant  differences  on  all           

four  platelet  traits.  It  is  reassuring  that  the  association  analysis  using  the  WES-genotyping               

results  for  this  variant  results  in  an  effect  of  -0.62  sd  (p-value=2.76e-16)  for  platelet  count,                 

similar  to  what  Vuckovic  and  colleagues  reported  in  their  manuscript.  Same  effect  and               

directionality  is  also  confirmed  by  the  analysis  at  the  gene  level  (Table  3.2),  with  a  general                  

effect   size   of   -0.69   sd   for   platelet   count.     

Since  the  initial  report  from  a  single  pedigree  that  a  variant  in  TUBB1  was  causally                 

associated  with  autosomal  dominant  form  of  macrothrombocytopaenia   (Kathleen  Freson  et            

al.  2005) ,  a  large  number  of  additional  P/LP  variants  in   TUBB1  have  been  included  in  the                  

P/LP  databases  used  in  this  study  (Fig.  3.10;  Downes  et  al,  Blood  2019;  Turro  et  al,  Nature                   

2020).  The  burden  association  test  in  the  UKB-WES  data  confirmed  that  P/LP  variants  in                

TUBB1  are  associated  with  all  four  platelet  traits  (Table  3.2).  The  aggregated  effect  size  for                 

plt  is  -0.69  sd.  This  has  large  differences,  but  same  directionality,  with  the  more  modest                 

effect  sizes  (i.e.  ≤  -0.1  sd)  observed  for  the  common  and  low  frequency  variants  in  TUBB1                  

associated  with  GWAS.  The  reported  effect  sizes  of  +0.66  sd  for  mpv;  +1.29  sd  for  pdw;                  

-0.33  sd  for  pct;  -0.59  sd  for  plt  are  very  similar  to  the  effect  sizes  observed  if  the                    

WES-determined  results  for  this  variant  were  associated  with  the  four  platelet  traits  (Fig.               

3.11).     

Another  novel  finding  of  my  analyses  is  about  P/LP  variants  in   MPL .  This  gene                

encodes  for  the  TPO  receptor,  the  key  growth  factor  for  megakaryopoiesis  and  HSC               

differentiation  in  general   (Hitchcock  and  Kaushansky  2014;  Hitchcock  et  al.  2021) .             

Homozygous  and  compound  heterozygous  LoF  variants  in MPL  cause  congenital            

amegakaryocytic  thrombocytopenia  (or  CAMT).  This  extremely  rare  condition  is  diagnosed            

shortly  after  birth  because  of  the  very  low  platelet  counts  that  characterise  CAMT-affected               

children   (van  den  Oudenrijn  et  al.  2000) .  Moreover,  CAMT  is  a  pre-leukemic  condition               

warranting  curative  treatment  by  allogeneic  stem  cell  transplantation   (van  den  Oudenrijn  et              

al.  2000;  Germeshausen  and  Ballmaier  2021) .  A  small  number  of  CAMT-causing  LoF  variant               

carriers  (n=27)  were  identified  in  the  UKB.  Under  the  current  assumptions,  these  participants               

should  have  a  phenotype  consistent  with  the  UKB  average  values.  However,  the  burden  test                

results  show  that  people  carrying  P/LP  variants  in  MPL  have  an  increased  platelet  count  if                 

compared  with  the  UKB  participants  who  lack  this  type  of  variants  in  the  gene  (Fig.  3.12).                  
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Furthermore,  the  observed  directionality  of  these  LoF  variants  is  opposite  to  the  expected,               

and   not   only   results   in   an   increased   platelet   count,   but   also   a   higher   plateletcrit   (Table   3.2).   

  

Table  3.2  |  Burden  association  test  between  platelet  disorder  relevant  genes  and  platelet  traits.                
mpv  =  mean  platelet  volume;  pdw  =  platelet  distribution  width;  pct  =  plateletcrit;  plt  =  platelet  count.                   
Effect   sizes   (β)   are   reported   as   differences   in   standard   deviation   from   the   mean.     
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Fig.  3.11  |  Forest  plot  for  variant  associations  to  platelet  count.  Horizontal  red  lines  indicate  the                  
95%   confidence   interval.     

  
Single  variant  analysis  for   MPL   tested  for  AD  mode  of  inheritance,   not  only  confirmed                

the  effect  directionality  of  the  burden  test  (i.e.  increased  number  of  platelets),  but  also                

showed  large  effect  sizes  for  these  CAMT-causing  LoF  variants  (Fig  3.11).  Indeed,  carriers               

of   MPL  LoF  variants  chr1:43338705:T:-,  chr1:43348956:G:A  and  chr1:43338634:G:C          

(rs587778515,  rs754859909  and  rs28928907  respectively)  have  a  platelet  count  between            

0.5  and  1  sd  higher  (i.e.  25-50⨉10 9  plt/L)  than  the  rest  of  the  UKB  population.  The  first  two,                    

with  respective  beta  coefficients  of  0.56  sd  (p-value=4.1e-05)  and  0.88  sd  (p-value=9.8e-04),              

encode  for  premature  stop  codons.  These  premature  stops  reside  at  amino  acids  126  and                

474,  which  are  both  localised  in  the  extracellular  domain  of  the  receptor   (Plo  et  al.  2017) .                  

Fig.  3.12  shows  the  platelet  counts  for  the  carriers  of  the  premature  stop  at  residue  474                  

compared  to  the  remaining  UKB  cohort.  From  this  analysis,  it  could  be  concluded  that,  on                 

average,  the  platelet  count  is  1  sd  higher  in  individuals  with  this  premature  stop  codon.  (Fig.                  

3.11).   
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Fig.  3.12  |   Platelet  count  for  variant  chr1:43348956:G:A  in  UKB.  The  vertical  solid  lines  point  to                  
the  individual  platelet  count  for  the  carriers  of  the  chr1:43348956:G:A  variant.  The  density  distribution                
shows  the  reference  platelet  count  in  the  UKB  WES  population.  The  vertical  dotted  lines  track  the                  
median  value  of  the  platelet  count.  The  data  are  sex-stratified,  with  males  and  females,  reported  in                  
blue   and   red,   respectively.     

Chr1:43338634:G:C  (rs28928907)  is  localised  in  the  TPO  cytokine  receptor  domain            

of  the  MPL  protein   (Plo  et  al.  2017) .  This  nucleotide  transversion  converts  an  arginine  at                 

residue  102  to  a  proline  (arginine  conservation  score  0.94).  The  amino  acid  change  removes                

a  positive  charge  in  the  TPO  binding  site  and  inserts  some  physical  constraints  in  the  protein                  

structure  because  of  the  proline  side  chain  (Fig.  3.13;   Butterworth  2005) .  It  has  previously                

been  demonstrated  that  chr1:43338634:G:C  causes  the  MPL  protein  to  be  retained  in  the               

ER  and  therefore  leads  to  a  reduction  of  the  MPL  protein  on  the  membrane   (van  den                  

Oudenrijn   et   al.   2000;   Tijssen   et   al.   2008;   N.   E.   Fox   et   al.   2009;   Stockklausner   et   al.   2015) .   
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Fig.  3.13  |  MPL  receptor  3D  structure  and  chr1:43338634:G:C  variants  (MPL:R102P).   In  purple,               
there  is  the  structure  used  to  model  the  MPL  receptor  (4y5v).  The  red  residue  shows  the  position  of                    
the  residue  102.  The  white  molecule  component  is  a  diabody  used  in  the  crystallography  process.                 
Source   EBI   website:   
https://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/DisaStr/GetPage.pl?uniprot_acc=n/a&template= 
VPlist.html     
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3.6   Effect   sizes   of   VTE   genes   rare   variants   
Similarly  to  the  platelet  traits,  gene  aggregated  statistical  tests  (i.e.  burden             

aggregated  test)  for  rare  P/LP  variants  in  genes  known  to  be  implicated  in  VTE  confirmed                 

their  role  in  disease  onset  (Fig.  3.14).  Moreover,  for  a  small  number  of  rare  P/LP  variants                  

(n=7;  3  in  PROC;  3  in  PROS1;  1  in  SERPINC1),  which  had  enough  carriers,  it  was  possible                   

to  estimate  the  OR  (Table  3.3).  It  is  worth  noting  that,  in  these  experiments,  the  ORs                  

observed  for  PROC,  PROS  and  SERPINC1  are  lower  than  previous  estimates.   PROC   is  a                

glycoprotein  that  cleaves  the  thrombin-thrombomodulin  complex  and  P/LP  LoF  variants  in             

this  gene  are  associated  with  AD  thrombophilia   (Davie,  Fujikawa,  and  Kisiel  1991;  Gandrille               

et  al.  1993;  Sakata  et  al.  2000;  Bulato  et  al.  2018) .  The  burden  test  analysis  suggests  that                   

P/LP  variants  in  PROC  increase  the  risk  for  a  VTE  event  by  2.76  (p-value  =  9.91e-08;  Fig.                   

3.14).  Interestingly,  the  OR  for  DVT  and  PE  are  not  the  same  (OR  DVT:  4.24,  p-value  =                   

9e-12:  OR  PE:  2.17,  p-value  =  4.47e-03;  Fig.  3.14),  suggesting  that  the  contribution  of  the                 

gene  to  the  two  different  types  of  VTE  is  uneven.  The  single-variants  association  showed                

strikingly  high  OR  of  15.91  (p-value  =  4.16e-04),  14.44  (p-value  =  2.59e-05)  and  13.03                

(p-value  =  7.75e-04)  for  the  variants  chr2:127423378:G:T  (rs989908811,  p.Gly231Arg),           

chr2:127421339:G:A  (rs767626189,  p.Ala71Thr)  and  chr2:127426090:T:C  (rs199469470,        

p.Phe243Leu;   Table   3.3).     

  
Fig.  3.14  |  Forest  plot  reporting  the  OR  and  95%  confidence  intervals  (CI)  for  P/LP  variants  in                   
genes   implicated   in   VTE.   

PROS1  has  been  associated  with  both  AR  and  AD  thrombophilia   (Poort  et  al.  1999;                

Fischer  et  al.  2010)  and  its  role  in  coagulation  is  to  increase  the  inhibitory  activity  of   PROC                   

(Gierula  et  al.  2019) .  The  burden  test  for   PROS1   shows  that  P/LP  variants  in  this  gene  are                   

associated  with  an  increased  number  of  VTE  phenotypes  (OR=  1.84;  p-value  =  8.2e-04),  as                

well  as  for  DVT  (OR=  2.07;  p-value  =  2e-03)  and  PE  (OR=  1.68;  p-value  =  3.6e-02;  Fig.                   
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3.14)  independently.  It  was  interesting  to  note  that  the  single  variant  analysis,  which  could  be                 

applied  for  three  PROS1  P/LP  variants,  confirmed  the  increased  risk  for  VTE  events,  albeit                

the   OR   were   significantly   higher   than   the   one   observed   for   the   burden   test   (Table   3.3).   

Finally,  variants  in  SERPINC1,  which  encodes  for  the  primary  thrombin  inhibitor ,   are              

a  well-characterised  cause  of  thrombophilia  (see  chapter  1.1.2.3.4;   Davie,  Fujikawa,  and             

Kisiel  1991) .  The  primary  mode  of  inheritance  is  AD  but  cases  of  juvenile  VTE  may  also  be                   

caused  by  P/LP  variants  in  SERPINC1  on  both  alleles.  The  number  of  VTE  events  in  UKB                  

participants  carrying  a  single  P  or  LP  variant  in  SERPINC1  was  low  (VTE,  n=9,  DVT,  n=2                  

and  PE,  n=7).  Therefore,  the  statistical  analysis  was  not  robust  and  powered  enough  to                

calculate  reliable  OR,  even  for  the  burden  association  test.  The  OR  for  VTE,  calculated  with                 

the  burden  test  and  P/LP  variants  in  SERPINC1,  seems  to  be  in  the  range  of  1.65,  although                   

the  confidence  interval  straddles  the  value  of  1  (which  means  the  absence  of  effect).                

Comparably,  the  estimated  OR  for  PE  (i.e.  2.24)  and  DVT  (i.e.  0.68;  Fig.  3.14)  are  not  a                   

robust  approximation  of  the  actual  effect  sizes  because  of  the  small  number  of  P/LP  variant                 

carriers.  At  the  single  variant  associations,  the  PE  event  occurred  in  two  UKB  participants                

out  of  the  38  carriers  of  the  chr1:173909819:C:G  variant  (rs372820797;  p.Ala296Pro).             

Although  the  number  of  cases  with  this  variant  is  only  two,  the  estimated  OR  for  this  variant                   

is  4.22,  but  a  p-value  of  4.83e-02  must  be  considered  as  nominally  significant  considering                

the   extensive   use   of   multiple   testing   in   this   study.   

Table  3.3  |  Association  of  genetic  P/LP  variants  in  genes  known  to  be  implicated  in  thrombotic                  
events   in   the   venous   circulation.    LCI:   lower   confidence   interval;   UCI:   upper   confidence   interval.   
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Single   variant   analysis   

Gene   Trait   Genetic   variant   Carriers   OR   LCI   UCI   p-value   

PROS1   DVT   3_93877159_T_C   14   17.42   3.88   78.26   1.94e-04   

PROS1   DVT   3_93927336_T_C   36   4.43   1.06   18.6   4.1e-02   

PROS1   VTE   3_93877159_T_C   14   9.09   2.02   40.88   4.03e-03   

PROC   DVT   2_127423378_G_T   12   15.91   3.42   73.97   4.16e-04   

PROC   DVT   2_127421339_G_A   20   14.44   4.16   50.1   2.59e-05   

PROC   DVT   2_127426090_T_C   15   13.03   2.92   58.25   7.75e-04   

SERPINC1   PE   1_173909819_C_G   38   4.22   1.01   17.64   4.83e-02   
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3.7   Common   and   rare   variants   interplay   

The  majority  of  the  UKB  participants  with  a  VTE  event  are  not  carriers  of  one  of  the                   

known  rare  P/LP  variants  in  the  main  VTE  aetiological  genes:  PROC,  PROS1  and               

SERPINC1.  Recently  Klarin  et  al.  have  reported  a  PRS  for  VTE   (Klarin  et  al.  2019)                 

leveraging  the  data  of  the  entire  UKB  cohort  of  0.5  million  participants  (genotyped  with  SNP                 

array)  and  the  MVP  cohort  of  0.8  M  participants.  The  GWAS  data  based  on  array  genotyping                  

were  used  to  calculate  the  PRS.  The  score  was  calculated  using  297  variants  in  100  genes,                  

with   the   utilised   variants   having   a   AF   >   0.001   (mean   AF:   0.2;   sd:   0.19).     

In  this  study,  I  adopted  the  pre-calculated  PRS  from  Klarin  et  al.  in  the  WES                 

genotyped  data.  As  expected,  this  analysis  showed  that  VTE  events  are  enriched  in  UKB                

participants  with  a  VTE-PRS  score  in  the  upper  quantile  ( 2,  p-value=4.998e-04;  Fig.  3.15,               

top-right  panel).  This  observation  is  also  confirmed  by  the  visualisation  in  Fig.  3.16.  The                

distribution  of  the  PRS  of  the  individuals  who  had  a  VTE  event  is  higher  than  the  UKB                   

participants  who  didn’t  have  a  VTE  event.  The  163  UKB  participants  with  a  VTE  event  who                  

are  carriers  of  a  single  P/LP  variant  in  any  of  the  VTE  relevant  genes  had  a  similar                   

distribution  across  the  PRS  quantile,  showing  again  an  enrichment  of  cases  in  the  upper                

PRS  score  quantile  group  ( 2,  p-value=3.648e-02;  Fig.  3.15,  bottom-right  panel).  The  UKB              

participants  without  a  VTE  event,  regardless  of  their  rare  variant  status,  tend  to  be  equally                 

distributed  across  the  three  lower  quantiles  of  the  PRS  score  and  there  is  a  minor  depletion                  

of  cases  grouped  in  the  upper-quantile  of  the  VTE  PRS  score  ( 2,  p-value=1.499e-03;  Fig                

3.15).  There  are  no  statistically  significant  differences  in  the  number  of  UKB  participants  who                

had  VTE  grouped  according  to  their  PRS  quantiles,  when  comparing  the  rare  variant  carriers                

to  non-carriers  ( 2,  p-value=0.327).  Ultimately,  it  could  be  reasoned  that  the  increased  risk               

of  VTE  in  UKB  participants  conferred  by  being  in  the  upper-quantile  PRS  group  is  additive  to                  

the  increased  risk  conferred  by  a  single  P/LP  variant  in  PROC,  PROS  or  SERPINC1.                

However,   the   number   of   these   cases   was   too   small   to   test   this   assumption.     
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Fig.  3.15  |  Number  of  UKB  participants  with  or  without  recorded  VTE  events.  Participants  are                 
categorised  in  groups  according  to  their  genetic  characteristics  of  rare  P/LP  variants  in               
thrombosis-implicated  genes  and  the  PRS  for  VTE.  Q  is  quantile  (25%  intervals).  Q1-Q4  =  First,                
second,   third   and   fourth   quantile,   respectively     

  
Fig.  3.16  |  PRS  score  distribution  according  to  P/LP  variant  carriers.  PRS  score  distribution  for                 
the  163  UKB  participants  who  carry  a  single  P/LP  variant  in  PROC,  PROS  or  SERPINC1  and  had  at                    
least  one  VTE  event  (red  line;  the  red  vertical  lines  are  the  PRS  scores  of  individuals  who  had  VTE                     
and  carry  rare  variants).  Participants  without  a  VTE  who  carry  a  rare  variant  are  depicted  by  the  blue                    
line.   The   black   line   represents   the   background   PRS   distribution   in   UKB.     
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Using  a  generalised  linear  model,  I  was  able  to  estimate  the  independent  effect  of                

rare  variants  and  PRS  on  the  VTE  phenotypes  (Table  3.4).  The  VTE  phenotypes  considered                

are:  (i)  a  binary  category  that  describes  if  a  UKB  participant  had  or  not  at  least  one  VTE                    

event  (i.e  event  in  Table  3.4);  (ii)  the  number  of  VTE  events  that  are  recorded  per  UKB                   

participant;  and  (iii)  the  age  at  the  presentation  of  the  first  event  (i.e.  onset  in  Table  3.4).  The                    

outcome  of  this  analysis  shows  that  rare  variants  almost  double  the  probability  of  having  a                 

VTE  event  (OR:  1.70;  p-value:  6.18e-10),  recapitulating  the  findings  in  Fig.  3.14.  The               

contribution  of  the  common  variants,  calculated  as  PRS,  has  instead  a  lower  effect  (OR:                

1.30;  p-value:  2e-16).  The  effect  of  rare  variants  is  also  evident  in  the  number  of  events  and                   

age  of  manifestation  (Table  3.4).  PRS  and  rare  variants  both  contribute  to  the  number  of                 

VTE  events,  with  OR  of  1.05  (p-value:  6.00e-03)  and  1.26  (p-value:  2.60e-02)  respectively.               

Ultimately,  there  is  a  negative  effect  of  PRS  (albeit  not  statistically  significant)  and  rare                

variants  (OR:  0.63;  p-value  3.50e-02)  on  age  of  the  first  VTE  event  manifestation,  meaning                

that  carriers  of  rare  variants  in  VTE  genes  and  higher  PRS  scores  tend  to  have  events                  

earlier   in   life   (Table   3.4).   

Table  3.4  |  OR  of  having  a  VTE  event,  number  of  events  and  onset  based  on  PRS  and  rare                     
diseases.     
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Predictor   term   effect   OR   p-value   

VTE   event   

PRS   1.30   2.00e-16   

Rare   variant   1.70   6.18e-10   

Number   of   events   

PRS   1.05   6.00e-03   

Rare   variant   1.26   2.60e-02   

Onset   

PRS   0.99   7.94e-01   

Rare   variant   0.63   3.50e-02   
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3.8   Placing   the   PRS   into   a   biological   context   

GWAS  studies  have  identified  thousands  of  variants  associated  with  quantitative            

traits   (Claussnitzer  et  al.  2020) ,  the  risk  of  many  common  diseases   (Lambert  et  al.  2021)  and                  

a  few  rare  diseases   (Lyons  et  al.  2012;  Rhodes  et  al.  2019) .  Mapping  associated  variants  to                  

genes,  proteins  and  molecular  pathways  is  the  key  challenge  for  the  post-GWAS  era.  A               

generic  approach  is  to  apply  simple  algorithms  like  VEP  to  gain  a  broad  insight  in  the  genes,                   

transcripts  and  proteins  implicated  in  a  certain  trait  or  disease.  Transcripts  and  proteins  can                

be  organised  in  networks  of  nodes  and  edges,  either  based  on  analysis  of  transcript                

co-expression   (Vuckovic  et  al.  2020)  or  experimentally  inferred  PPIs  respectively.  With  an              

increase  in  the  number  of  participants  in  GWAS  the  observed  effect  sizes  of  newly  identified                 

common  variants  becomes  infinitely  small.  For  example,  the  effect  sizes  of  the  first  four                

variants  found  to  be  associated  with  the  count  and  volume  of  platelets  in  GWAS  with  a  few                   

thousand  participants  ranged  between  1.02  and  1.03  units   (Soranzo,  Rendon,  et  al.  2009;               

Meisinger  et  al.  2009) ,  whilst  in  the  most  recent  GWAS  with  408,112  participants  of                

European   ancestry   effect   sizes   as   small   as   0.0113   units   were   observed   for   these   traits.   

In  2017,  Boyle  et  al  proposed  the  omnigenic  model  as  an  alternative  to  the                

infinitesimal  one,  which  was  the  widely  accepted  model  for  explaining  the  many  common               

variant  associations  observed  for  common  diseases.  In  their  model  most  phenotypes,             

diseases  or  quantitative  traits  are  directly  explained  by  a  limited  number  of  genes,  encoding                

proteins  which  play  pivotal  roles  in  the  trait  of  interest.  First,  they  named  these  genes  "core"                  

genes.  Second,  they  reasoned  that  function-altering  mutations  in  these  genes,  like  the  P/LP               

variants  in  genes  implicated  in  rare  diseases,  would  have  large  effects  on  the  relevant  trait.                 

Third,  other  non-core  genes  harbouring  GWAS-associated  variants  were  grouped  as            

"peripheral"  genes.  Fourth  it  was  argued  that  the  separation  between  core  and  peripheral               

genes  was  not  a  binary  choice  but  on  a  more  gradual  scale.  Finally  it  was  postulated  that  the                    

majority  of  peripheral  genes  were  on  average  only  a  small  number  of  edges  and  nodes                 

removed  from  a  core  gene,  providing  a  connectivity  through  which  the  small  effects  from  the                 

peripheral  genes  could  flow  to  the  core  network  of  proteins   (Boyle,  Li,  and  Pritchard  2017 ;                 

Fig   3.17).   
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Fig.  3.17  |  Visual  representation  of  the  omnigenic  model.  Purple  and  grey  nodes  represent  the                 
core  and  peripheral  genes  of  the  network  relevant  for  a  biological  trait.  The  surface  area  of  the  node  is                     
proportional  to  the  effect  sizes  of  GWAS-identified  variants  in  these  genes.  The  overall  trend  is  that                  
effect  sizes  are  larger  at  the  core  of  the  network  versus  the  periphery.  The  concentric  disks  are                   
marking  the  relative  distances  of  nodes  from  the  core  set  of  nodes  in  the  network.  In  this  chapter,  the                     
core   of   genes   would   be   the   93   BTPD   genes.   

As  discussed,  the  PRS  for  a  trait  is  calculated  by  summarising  the  effect  sizes  of                 

genetically  independent  variants  found  to  be  associated  with  that  trait  by  GWAS   (Läll  et  al.                 

2017;  Khera  et  al.  2018) .  However,  so  far,  our  understanding  and  biological  interpretation  of                

the  PRS  is  limited   (Hari  Dass  et  al.  2019) .  To  explore  the  omnigenic  model,  I  used  the  PRS                    

for  VTE  and  platelet  traits  and  interpreted  these  in  the  context  of  the  PPI  network  of  18,410                   

nodes  and  571,917  edges,  which  is  the  PPI  network  that  most  resemble  the  human  cell                 

"interactome"   to   date   (see   chapter   2.1;    Barrio-Hernandez   et   al.   2021) .     

The  likelihood  of  a  PRS-variant  for  VTE  being  localised  in  one  of  the  93  BTPD  genes                  

is  increased  by  1.85  OR  if  compared  with  remaining  genes  of  the  protein  network  (Fig.  3.18;                  

156   

https://paperpile.com/c/KNctv7/pLHKJ+JNCQG
https://paperpile.com/c/KNctv7/pLHKJ+JNCQG
https://paperpile.com/c/KNctv7/NrQW1
https://paperpile.com/c/KNctv7/DaGFu


157   

Group  [90,100]  is  the  group  of  "core"  genes;  Groups  [50,0)  is  the  group  containing  the                 

"periphery"  genes).  Therefore,  these  data  show  an  enrichment  of  the  PRS-variants  in  the               

"core"  genes.  However,  according  to  the  omnigenic  model  it  could  be  reasoned  that  the                

PRS-variants  localised  in  the  BTPD  genes  should  be  characterised  by  higher  effect  sizes.               

Interestingly,  this  is  not  the  case  for  PRS-variants  in  VTE.  Indeed,  the  PRS-variants  in  BTPD                 

genes  (i.e.  “core”  genes;  Fig  3.18;  group  [90,100])  have  comparable  effect  sizes  that  span                

across  the  whole  spectrum  (grouped  by  quantile;  Fig  3.18;  “Q’s”).  This  observation,  which               

seems  in  contrast  to  the  omnigenic  model,  may  be  an  artefact  of  the  VTE  PRS  calculation                  

(Klarin  et  al.  2019) .  The  VTE  PRS  is  based  on  a  relatively  small  number  of  variants  (n=297)                  

that  map  to  less  than  100  genes  (Fig;  3.18;  left).  This  limited  genetic  resolution  may  be  due                   

to  the  number  of  cases  (~14,000  in  UKB)  which  were  included  in  the  GWAS   (Klarin  et  al.                   

2017) .  As  a  consequence  of  this  under-powered  GWAS  the  genetic  architecture  for  VTE  is                

only  partially  resolved  and  a  large  number  of  associated  variants  remain  to  be  identified.  For                 

these  reasons,  the  PRS  for  VTE  might  not  be  the  ideal  archetype  to  explore  the  omnigenic                  

model.   

Fig.  3.18  |  Number  of  genes  that  overlap  variants  used  in  PRS  calculation .  Left)  the  number  of                   
variants  used  in  the  PRS  calculation  that  map  to  a  gene  (or  the  10  Kb  surrounding  the  gene).  Right)                     
Distribution  of  the  effect  sizes  of  variants  in  the  surrounding  of  the  BTPD  core  gene  pathway  (group                   
[90,100])   and   the   effect   sizes   grouped   by   quantiles.   Q   is   quantile   (25%   intervals).   

In  contrast  to  VTE,  the  GWAS  for  platelet  traits  is  well  powered  and  offers  almost  10                  

times  the  variants  (Fig  3.18;   Klarin  et  al.  2019;  Vuckovic  et  al.  2020) .  In  fact,  the  most  recent                    

GWAS  by  Vuckovic  and  collaborators  has  identified  more  than  10,000  variants  associated              

with  blood  cell  traits   (Vuckovic  et  al.  2020) .  Based  on  these  results,  PRS  variants  for  the  four                   
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platelet  traits  (i.e.  mpv,  plt,  pdw  and  pct)  can  be  used  to  test  their  distribution  in  the                   

interactome.  The  PRS  variants  used  to  predict  the  mpv,  plt,  pdw  and  pct  traits  map  to  654,                   

739,   555,   and   700   genes,   respectively   (Fig.   3.18).     

The  PRS  for  platelet  count,  indeed,  shows  an  enrichment  (Wilcoxon  test;             

p-value=10e-05)  for  the  largest  effect  sizes  (i.e.  quantile  [Q3,  max)  in  Fig  3.19)  in  the  BTPD                  

gene   network   when   compared   to   the   whole   human   interactome   (Fig.   3.19).   

  
Fig.  3.19  |  Distribution  of  the  effect  sizes  in  the  core  BTPD  interactions.  The  red  violin  plot  shows                    
the  distribution  of  the  plt  PRS  with  respect  to  the  entire  protein  network.  Blue  violin  with  the  dark                    
shade  shows  the  distribution  of  PRS  variants  with  respect  to  the  PPI  network  of  the  93  BTPD  genes.                    
Violin  plots  with  the  light  blue  shade  show  the  distribution  of  the  effect  sizes  for  plt  PRS  variants                    
categorised   according   to   their   effect   sizes.   Q   is   quantile   (25%   intervals).   

Similar  levels  of  enrichment  for  the  largest  effect  sizes  of  the  PRS  variants  are                

identifiable  also  in  all  the  other  platelet  traits  (Fig.  3.20).  As  hypothesised  at  the  beginning  of                  

this  analysis,  the  PRS  variants  with  the  largest  effect  sizes  (group  "[Q3,  max)"  are  enriched                 

in  the  centre  of  the  PPI  network,  which  in  these  experiments  correspond  to  the  93  BTPD                  

genes   (Fig.   3.20).   
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Fig.  3.20  |  Distribution  of  the  PRS  variant  effect  sizes  in  the  proximity  of  the  BTPD  genes  PPI                    
network  for  the  four  platelet  traits .  Colours  are  referring  to  the  percentile  distribution  from  the                 
pathway  (i.e.  distance  from  the  pathway)  and  colour  coded  as  in  Fig.  3.17.  The  yellow  bar  is  the                    
closest   to   the   BTPD   core   network.   Q   is   quantile   (25%)   intervals.   
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3.9  Comparison  of  the  results  obtained  by         
statistical  approaches  and  by  protein       
structure-function   analysis.   

 Inferring  the  functional  consequences  of  missense  variants  by  exploring  information             

gleaned  from  protein  structure  has  been  one  of  the  foundations  of  informing  decisions  about                

their  level  of  pathogenicity.  To  compare  the  predicted  pathogenicity  of  the  two  independent               

approaches,  namely  protein-structure  and  statistics  based,  I  scored  the  functional            

consequences  of  P/LP  missense  variants  modelling  their  effect  on  the  protein  structure              

consequences.  Then,  I  classified  the  variants  in  two  categories  (i.e.  “Disease”  if  pathogenic               

and  “Natural”  if  benign)  using  a  support  vector  machine  (SVM)  model.  This  method  allowed                

me  to  quantify  the  deleteriousness  of  a  single  amino  acid  polymorphism  in  a  protein  domain                 

for  which  structural  information  is  available  (Fig.  3.21).  The  SVM  outcome  is  a               

deleteriousness  score  that  can  be  compared  to  the  OR  estimated  with  the  statistical               

approach.  This  model  can  discriminate,  even  if  not  perfectly,  between  pathogenic  variants,              

functional-neutral  and  benign  variants  (see  chapter  2.1  for  more  details  on  the  method).  A                

total  of  23,321  P/LP  variants  and  2,296,890  benign  variants  have  been  used  to  train  the                 

SVM  model,  which  is  then  be  used  to  score  the  P/LP  missense  variants  that  have  been                  

identified  in  UKB.  The  SVM  score  ranges  from  -10  to  +10,  to  reflect  the  spectrum                 

'deleterious-neutral-benign'   respectively   (Fig   3.21).     
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Fig.  3.21  |  Support  vector  machine  classification  of  the  P/LP  variants  according  to  their                
deleteriousness  effect  on  the  protein  structure  and  function.  Disease  variants:  the  variants  that               
have  been  reported  in  ClinVar  as  P/LP  and  have  been  used  as  disease  reference  to  train  the  SVM                    
model.  Natural  variants:  the  missense  variants,  identified  in  gnomAD,  that  have  been  used  as  benign                 
reference  in  the  training  of  the  SVM  model.  VarioPath  variants:  the  P/LP  missense  variants  with                 
carriers  identified  in  the  UKB  cohort.  BTPD  variants:  the  P/LP  missense  variants  that  map  to  any  of                   
the   BTPD   genes   and   with   carriers   identified   in   the   UKB   cohort.     

In  the  following  step,  I  determined  the  correlation  between  the  variant  effect  sizes               

obtained  from  the  single-variant  association  test  (Fig.  3.11  and  Table  3.2)  with  the  score                

assigned  by  the  SVM  analysis.  This  comparison  shows  a  small  but  significant  correlation               

between  the  two  approaches  (r 2 =0.095;  p-value=1.20e-03;  Fig.  3.22),  which  seems  not  to  be               

influenced  by  gene-pLI  score  or  mode  of  inheritance  (Fig  3.22).  This  lack  of  a  strong                 

correlation  suggests  that  the  prediction  of  the  pathogenicity  of  variants  could  benefit  by               

integrating   the   results   from   both   methods.   

There  are  several  possible  explanations  for  these  findings.  First,  a  considerable             

portion  of  missense  variants  may  impact  the  protein  trafficking  or  the  post-translational              

modifications,  leading  to  absence  or  not-functional  proteins.  The  SVM  analysis  method,  and              

crystal  structure  approaches  in  general,  disregard  these  two  molecular  mechanisms,            

therefore  assigning  a  nominal  and  erroneous  deleteriousness  score.  Second,  it  is  well              

established  that  P/LP  variants  in  ClinVar  may  have  an  incorrect  pathogenicity  label,  hence               

the  SVM  classification  model  may  be  biased  from  these  misclassifications.  Ultimately,  the              

parameters  used  to  train  the  SVM  model  that  relies  on  crystal  information  make  extensive                

use  of  protein  homology  between  different  domains.  There  are  ample  examples  where  the               

use  of  homology  modelling  leads  to  incorrect  assumptions  of  the  functional  consequences  of              
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an  amino  acid  polymorphism   (L.  R.  Forrest,  Tang,  and  Honig  2006;  Haddad,  Adam,  and                

Heger   2020) .     
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Fig.  3.22  |  Correlation  between  effect  size  and  the  deleteriousness  on  the  protein  structure.   R:                 
Pearson  correlation  coefficient;  p:  p-value;  pLI:  probability  of  LoF  intolerant;  moi:  mode  of  inheritance;                
AD:   autosomal   dominant;   AR:   autosomal   recessive;   XLD:   X-linked   dominant;   XLR:   X-linked   recessive.   
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3.10   Discussion   

The  knowledge  that  healthy  individuals  carry  pathogenic  variants  has  been  reported             

from  the  early  days  of  WES  and  WGS  analysis,  which  commenced  a  decade  ago                

(MacArthur  and  Tyler-Smith  2010;  Van  Hout  et  al.  2020) .  However,  to  what  extent  carrying                

such  variants  has  consequences  for  wellbeing  and  health  has  not  been  thoroughly              

investigated  until  the  first  release  of  UKB  WES  data  became  available   (Goodrich  et  al.  2021;                 

I.  S.  Forrest  et  al.  2021) .  To  address  this  important  question  in  a  robust  manner  the                  

pathogenic  variants  must  be  measured  by  direct  genotyping,  because  inferring  the  frequency              

of  this  class  of  rare  variants  (AF  <  0.001)  by  imputation  of  array  genotyping  data  has  been                   

proven   not   reliable    (Bycroft   et   al.   2018) .   

The  intersection  of  the  P/LP  list  of  variants  with  UKB  WES  data  confirms  the               

observation  that  a  portion  of  the  P/LP  variants  have  far  too  high  AF  to  be  considered  as                   

genuine  pathogenic  variants  (Fig.  3.8;   Shah  et  al.  2018;  Xiang  et  al.  2020) .  There  are                 

several  plausible  explanations  for  the  presence  of  P/LP  variants  with  incorrect  pathogenicity              

labels  in  the  ClinVar  and  HGMD  databases.  Entry  variants  in  these  databases  reflect  several                

decades  of  clinical  genetics  research  and  practice  that  has  its  origins  previous  to  the  onset                 

of  large  genomics  cohorts.  In  the  seventies  and  early  eighties,  it  was  acceptable  scientific                

practice  to  report  a  coding  variant  in  a  disease-implicated  gene  as  pathogenic,  if  such  allele                 

differed  from  the  published  open-reading  frame  sequence.  Especially  if  the  variant  was              

co-segregating  with  a  constrained  number  of  pedigrees.  Furthermore,  it  could  be  argued  that               

too  much  weight  may  have  been  given  to  the in  vitro  functional  experiments  (e.g.                

over-expression  of  the  mutant  open  reading  frames  or  inference  of  functional  consequences              

from  protein  structure  data).  These  practices  were  buffered  with  the  establishment  of  the               

ExAc  project  (now  subsumed  in  the  gnomAD)  which  provided  a  reference  for  the  MAF  of                 

variants   in   the   healthy   population.   

The  analysis  performed  with  the  WES  genotyping  results  from  the  UKB  participants,              

at  the  gene  level  (i.e  burden  test)  and  at  the  single  variant  level  has  revealed  some                  

interesting  findings.  Using  the  UKB  WES  data,  I  was  able  to  calculate  the  effect  sizes  of                  

P/LP  variants,  which  to  some  extent  recapitulate  some  previous  GWAS  findings  of              

platelet-trait  variants  (e.g.  chr3:129061921:A:G;  chr20:59023753:G:A;  Fig.  3.11;  Fig.  3.14)           

and  VTE  genes  ( PROC  and   PROS1 ;   William  J.  Astle  et  al.  2016;  Klarin  et  al.  2017,  2019;                   

Vuckovic  et  al.  2020) .  For  example,  BSS  causing  P/LP  variants  in  GP1BA  and  GP9,  in                 
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heterozygosity,  exert  a  significant  effect  on  platelet  count  and  the  other  platelet  parameters,               

confirming  earlier  observations  (Sivapalaratnam  et  al,  Downes  et  al  and  Turro  et  al).  In  this                 

chapter,  I  was  able  to  estimate  the  effect  size  of  these  P/LP  variants.  Moreover,  this                 

observation  refutes  the  assumption  that  there  are  no  phenotypic  consequences  of  being              

carrier  of  a  P/LP  variant  in  the  genes  implicated  with  BSS,  an  autosomal  recessive  disease.                 

In  fact,  the  burden  test  for  G1BA,  GP9  and  TUBB1  shows  that  P/LP  variant  carriers  may                  

have  a  reduced  count  of  about  -0.7  sd  (-70⨉10 9  plt/L).  This  reduction  is  a  clinically  relevant                  

observation  that  can  have  direct  application.  For  instance,  in  pregnancy  or  during              

myeloablative  treatment,  it  might  push  the  platelet  count  below  the  therapeutically  actionable              

threshold.  Furthermore,  the  cumulative  effect  of  common  variants  (tested  as  PRS)  could              

aggravate   the   phenotype   that   is   caused   by   P/LP   variants   (Collins   et   al,   BJH   2021).   

Interestingly,  some  AR  genes  may  have  a  different  effect  if  carrying  P/LP  variants  in                

heterozygosity,  such  as  in  the  case  of   MPL  (Fig.  3.11).  According  to  the  literature,  It  could                  

have  been  reasoned  that  carriers  of  CAMT-causing  LoF  variants  in   MPL  would  have  a                

reduced  platelet  count,  similarly  to  what  was  seen  for  carriers  of  BSS-causing  variants  in                

GP1BA,  GP1BB  and  GP9   (Plo  et  al.  2017;  van  den  Oudenrijn  et  al.  2000;  Tijssen  et  al.                   

2008;  N.  E.  Fox  et  al.  2009) .  However,  the  results  presented  in  this  chapter  (Fig.  3.11;  Fig.                   

3.12)  introduced  a  completely  new  scenario,  which  associates  the  heterozygous  state  of              

MPL  LoF  variants  to  an  increased  platelet  count.  This  peculiarity  has  been  already  observed                

once,  for  the  variant  chr1:43338634:G:C,  in  a  single  pedigree   (Bellanné-Chantelot  et  al.              

2017)  and  my  results  provide  a  much-needed  confirmation  of  these  previous  findings.              

Indeed,  I  expand  this  association  from  one  isolated  case  to  multiple,  and  not  limited  to  a                  

single  variant,  but  to  all  the  LoF  variants  in   MPL .  The  possible  mechanisms  of  this                 

counterintuitive  effect  have  been  thought  to  be  related  to  TPO  residence  time  in  the                

bloodstream   (Bellanné-Chantelot  et  al.  2017) .   MPL   protein  product  is  responsible  for  the              

clearance  of  TPO  from  the  bloodstream.  A  reduced  amount  of   MPL   on  the  membrane  has  a                  

lower  capacity  to  remove  TPO,  increasing  the  circulating  concentration,  which,  as  a              

reflection,  increases  the  production  of  MKs  and  platelets .   Whether  this  is  the  underlying               

explanation  for  the  increased  platelet  count  remains  to  be  investigated.  Another  relevant              

question  that  has  to  be  answered  is  whether  this  possible  compensatory  mechanism  causes               

an  increased  risk  for  haematological  malignancies,  as  these  are  observed  in  the  CAMT               

cases   themselves    (Germeshausen   and   Ballmaier   2021) .   

VTE  analysis  confirmed  the  pathogenic  role  of  known  genes  and  rare  variants  (Fig.               

3.14;  Table  3.3),  with  OR  of  up  to  17.42  for  chr3:93877159:T:C.  Indeed,  both  burden                

association  test  and  single  variant  analyses  identified  OR  similar  to  the  ones  previously               
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reported.  For  instance,  F5  Leiden  variant  (chr1:169549811:C:A;  rs6025;  p.R506Q)  and  F2             

variant  rs1799963  (chr11:46739505:G:A;  3’UTR  variant)  have  previously  reported  ORs  for            

VTE  that  are  comparable  (or  lower)  to  the  VTE  ORs  for  the  other  genes  considered  in  this                  

chapter,  2.97  and  2.61  respectively  (Fig.  3.14;  Table  3.3;   Germain  et  al.  2015;  Klarin  et  al.                  

2019;  Lindström  et  al.  2019;  Herrera-Rivero  et  al.  2021) .  However,  these  results  have  to  be                 

contextualised  with  the  possibility  that  VTE  phenotypes  in  UKB  may  be  underestimated  or               

epidemiologically  underpowered.  In  fact,  the  number  of  total  VTE  cases  in  UKB  is  14,222                

(Klarin  et  al.  2019) .  One  interesting  consideration  that  emerged  from  the  VTE  analysis  is  in                 

the  role  of  PRS  in  trait  manifestation  (Fig.  3.15;  Table  3.4),  how  important  it  is  to  consider  all                    

the   variants   (rare   and   common)   in   trait   assessment   (Table   3.4).   

PRS  aim  to  improve  the  diagnosis  and  prognosis  of  complex  diseases   (Mega  et  al.                

2015;  Khera  et  al.  2018;  Green  et  al.  2020) ,  however  part  of  the  scientific  community  is  still                   

reluctant  on  their  application  in  the  clinical  practice  because  of  limited  accuracy   (De  La  Vega                 

and  Bustamante  2018;  Torkamani,  Wineinger,  and  Topol  2018) .  Understanding  the  biology  of              

diseases  can  be  used  to  generate  better  PRS.  Indeed,  I  combined  PRS  and  protein                

interaction  networks  to  show  (Fig.  3.18;  Fig.  3.20)  that  PRS  are  implicitly  selecting  for                

variants  occurring  in  the  networks  that  are  crucial  for  the  phenotypic  manifestation,  in  line                

with  the  omnigenic  model   (Boyle,  Li,  and  Pritchard  2017) .  However,  some  of  the  variants                

map  to  genes  that  seem  not  directly  linked  to  any  disease-relevant  gene.  This  may  be                 

because  the  literature  on  diagnostic-grade  genes  and  protein  pathways  is  still  not  complete               

or  because  SNPs  are  associated  with  the  incorrect  genes.  Non-coding  and  regulatory  SNPs               

can  exert  their  role  on  distant  genes  (see  chapter  4.10),  therefore  a  better  mapping  for  these                  

SNPs  can  improve  the  biological  interpretation  of  the  GWAS  and  PRS  variants              

(Cano-Gamez  and  Trynka  2020) .  These  PRS-protein-network  links  could  be  used  to             

generate   PRS   that   have   less   noise   and   possibly   more   accurate   trait   prediction.   

Ultimately,  further  work  is  needed  to  understand  the  biochemistry  of  the  association              

of  the  pathogenic  variants.  Indeed,  the  comparison  between  effect  sizes  and  amino  acid               

substitution  showed  a  limited  correlation  (Fig.  3.21).  There  are  a  series  of  factors  that  can                 

contribute  to  these  differences.  For  instance,  post-translational  modifications  cannot  be            

easily  predicted  by  the  amino  acid  changes,  therefore  the  lack  of  this  information  can                

contribute  to  the  limited  correlation.  Moreover,  the  variant  effect  modelled  on  the  deleterious               

effect  on  the  protein  is  limited  to  protein-coding  variants,  while  effect  sizes  of  WGS  and  large                  

cohorts  can  be  utilised  also  to  address  the  role  of  non-coding  ones  (discussed  further  in                 

chapter  5).  However,  the  fact  that  these  two  data  do  not  correlate  can  also  mean  that  they                   
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describe  different  pieces  of  information  that  do  not  overlap,  therefore,  a  third  score  that  takes                 

into   consideration   both   of   them   may   be   a   better   predictor   for   the   variant   effect.     

To  conclude,  in  this  chapter  I  confidently  estimated  the  effect  sizes  of  rare  variants                

and  investigated  the  consequences  of  being  a  carrier  of  one  of  these  nucleotide  changes  in                 

a  healthy  cohort.  This  analysis  associated  the  status  of  the  carrier  of  AR  variants  with                 

discrete  phenotypes,  even  opposite  to  the  one  expected.  Moreover,  this  chapter  emphasised              

the  importance  of  integrating  rare  and  common  variants  in  the  understanding  of  the               

phenotypes,  adding  more  evidence  to  a  growing  literature   (Kuchenbaecker  et  al.  2017;              

Fahed  et  al.  2020;  I.  S.  Forrest  et  al.  2021;  Goodrich  et  al.  2021) .  Possibly,  in  the  future,                    

genomic  medicine  diagnostics  will  use  effect-sizes,  or  a  derived  score,  as  the  central               

definition  of  diseases.  It  will  not  matter  whether  the  contribution  to  the  phenotype  is  coming                 

from  one  rare  variant  with  a  large  effect  size  or  multiple  commons  with  a  smaller  one,                  

reducing   the   gap   between   rare   Mendelian   disorders   and   common   complex   ones.   
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4.1   Introduction   and   aims   of   the   chapter   

GWAS  are  a  powerful  tool  to  determine  the  associations  between  common  genetic              

variants  and  phenotypes/traits.  They  have  been  widely  adopted  in  the  haematological             

domain  to  associate  thousands  of  genetic  variants  with  phenotypes  relevant  for  BTPD.  This               

approach  allowed  the  identification  of  biological  pathways  implicated  in  disease  aetiology  or              

in  the  regulation  of  quantitative  traits  and  highlighted  the  major  role  of  non-coding  genetic                

variants  in  controlling  quantitative  traits  and  the  risk  of  disease   (Maurano  et  al.  2012;  Astle  et                  

al.  2016b;  Sabater-Lleal  et  al.  2019;  Vuckovic  et  al.  2020;  Nasser  et  al.  2021) .  Unfortunately,                 

GWAS  do  not  provide  any  mechanistic  insights  on  the  mode  of  actions  of  the  variants.  For                  

coding  non-synonymous  (ns)  variants,  one  can  speculate  that  associated  variants  affect             

protein  function,  however,  the  approach  of  linking  coding  variants  to  protein  function  is  not                

always  accurate   (Smemo  et  al.  2014) .  For  non-coding  variants,  representing  approximately             

98%  of  GWAS  variants,  it  is  challenging  to  assign  the  mechanism  because  there  is  no                 

obvious  association  to  any  cognate  gene   (Astle  et  al.  2016b) .  Furthermore,  simple  and               

widely  used  algorithmic  approaches  like  variant  effect  predictor  suggest  erroneous  candidate             

genes  because  the  long-range  interactions  between  regulatory  elements  and  promoters  is             

not  being  considered   (Petersen  et  al.  2017) .  Therefore,  alternative  methods  are  needed  to               

infer  the  most  likely  mode  of  action,  for  instance,  to  identify  enhancer-promoter  loops               

(Schoenfelder  and  Fraser  2019) .  In  fact,  given  the  variant  enrichment  in  regulatory  regions               

(Astle  et  al.  2016b) ,  it  is  fair  to  assume  that  these  SNPs  alter  the  binding  site  of  transcription                    

factors  and  other  DNA  binding  proteins,  therefore  influencing  phenotypes  via  the  regulation              

of  the  expression  of  the  cognate  genes.  The  systematic  study  of  regulatory  region  targets  is                 

complex  and  a  comprehensive  interpretation  has  not  been  achieved  yet.  The  complexity  is               

due,  at  least,  to  two  main  reasons:  (i)  regulatory  regions  do  not  have  a  clear  position  in                   

respect  to  the  cognate  gene  and  (ii)  they  are  cell  type-specific   (Ong  and  Corces  2011;                 

ENCODE  Project  Consortium  2012;  Alberts  2014;  Javierre  et  al.  2016;  Lichou  and  Trynka               

2020) .     

In  most  cases,  regulatory  regions  control  the  expression  of  the  nearest  genes,              

however,  several  exceptions  have  been  reported.  Indeed,  enhancers  can  regulate  distal             

genes,  even  a  megabase  apart,  and  be  inert  towards  the  closest  ones  (see  also  chapter                 

1.3.5;   Smemo  et  al.  2014;  McGovern  et  al.  2016;  Schoenfelder  and  Fraser  2019;  Bick  et  al.                  

2020;  Nasser  et  al.  2021;  Bevacqua  et  al.  2021) .   Moreover,  one  enhancer  can  control                

multiple  genes,  therefore  the  regulatory  effect  on  the  closest  gene  does  not  exclude  that  the                 

169   

https://paperpile.com/c/KNctv7/ixHvL+Ujlls+CbEpw+N6tXO+eoDxb
https://paperpile.com/c/KNctv7/ixHvL+Ujlls+CbEpw+N6tXO+eoDxb
https://paperpile.com/c/KNctv7/tG6sz
https://paperpile.com/c/KNctv7/Ujlls
https://paperpile.com/c/KNctv7/6LyBj
https://paperpile.com/c/KNctv7/h49Vv
https://paperpile.com/c/KNctv7/Ujlls
https://paperpile.com/c/KNctv7/3oEYq+WmJQx+DrOw1+WbWUw+i94Kr
https://paperpile.com/c/KNctv7/3oEYq+WmJQx+DrOw1+WbWUw+i94Kr
https://paperpile.com/c/KNctv7/3oEYq+WmJQx+DrOw1+WbWUw+i94Kr
https://paperpile.com/c/KNctv7/tG6sz+sj21Q+h49Vv+5kqhj+eoDxb+QcEe0
https://paperpile.com/c/KNctv7/tG6sz+sj21Q+h49Vv+5kqhj+eoDxb+QcEe0


170   

same  enhancer  can  also  regulate  other  distal  genes   (Peter  Hugo  Lodewijk  Krijger  and  de                

Laat  2016;  Viñuela  et  al.  2021) .  Also,  different  cell  types  use  different  regulatory  regions                

(Hnisz  et  al.  2013;  Peter  Hugo  Lodewijk  Krijger  et  al.  2016;  Javierre  et  al.  2016) .                 

Furthermore,  the  cell-type  specificity  of  regulatory  regions  can  also  be  extended  to  cell  state                

and  age,  therefore  even  the  same  biological  cell  type  exposed  to  different  stimuli  or  at                 

different  phases  of  its  life  can  use  a  different  set  of  regulatory  regions   (Petersen  et  al.  2017;                   

Soskic   et   al.   2019;   Guan   et   al.   2020) .   

For  these  reasons,  the  identification  of  loops  between  regulatory  elements  and             

cognate  genes,  in  a  cell  type-specific  manner,  can  only  be  obtained  by  extensive               

experimental  work  and  functional  validation.  Every  approach  has  its  strengths  and             

weaknesses  and  can  successfully  identify  some  regulatory  regions  while  missing  others            

(Kwasnieski  et  al.  2014;  Bevacqua  et  al.  2021) ,  possibly  because  several  mechanisms  of               

regulation  co-exist  at  the  same  time  (e.g.;  promoter-enhancer  loops  or  lncRNA;  see  chapter               

1.3.5).  In  addition,  not  all  the   bona  fide  regulatory  elements  identified  have  a  regulatory                

effect,  meaning  that  there  is  still  much  to  understand  on  the  epigenetics  modifications  and                

motifs  that  make  a  DNA  sequence  a  regulatory  element   (Kwasnieski  et  al.  2014) .  Indeed,  the                 

number  of  GWAS  variants  that  are  functionally  validated  is  magnitudes  lower  than  those               

identified  (i.e.  1:46  validated  SNPs  to  GWAS  identified  regions;   Gallagher  and  Chen-Plotkin              

2018) .   

Several   in  silico  and  high-throughput  methods  have  been  developed  to  define  the              

relevant  cell  types  and  to  assign  non-coding  variants  to  the  cognate  genes.   In  silico  methods                 

use  genomic  features  (e.g.  enhancers  or  insulators)  and  GWAS  variants  to  identify  the  cell                

type,  or  types,  responsible  for  the  phenotype  of  interest   (Xuanyao  Liu  et  al.  2017;  Soskic  et                  

al.  2019;  Cano-Gamez  and  Trynka  2020) .  Other   methods  have  been  developed  to  predict               

interactions  and  assign  regulatory  regions  to  genes.  For  instance,  DeepC   (Schwessinger  et              

al.  2020)  and  Akita   (Fudenberg,  Kelley,  and  Pollard  2020)  are  able  to  accurately  predict  the                 

chromatin  structure  across  several  cell  types  and  also  foresee  the  effect  of  structural               

variants   on   the   3D   structure   of   the   chromatin.   

Similarly,  experimental  approaches  can  be  used  to  determine  the  chromatin  structure             

in  different  cell  types,  and  several  studies  used  genome-wide  chromosome  conformation             

capture  techniques  (i.e.  Hi-C;  see  chapter  1.3.5  and  1.4.3;   Rao  et  al.  2014;  Yardımcı  et  al.                  

2019) .  A  more  tailored  approach  focuses  only  on  promoter  interactions  to  maximize  the               

number  of  regulatory  loops  identified  in  each  experiment  (i.e.  pcHi-C;   Mifsud  et  al.  2015;                

Javierre  et  al.  2016;  Schoenfelder  et  al.  2018) .  However,  both  approaches  have  not  been                
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applied  to  all  BTPD-relevant  cell  types  or  have  not  been  able  to  retrieve  all  the  regulatory                  

loops  relevant  to  the  BTPD  genes.  pcHi-C  is  a  valid  method  to  obtain  information  on  the                 

regulatory  loops  of  the  promoters,  however,  given  the  high  complexity  that  still  characterises               

these  libraries,  sequencing  results  may  have  reduced  representation  when  it  comes  to              

gene-specific  interactions  (Fig.  4.4;  see  also  chapter  1.3.5  and  chapter  2.3;   Mifsud  et  al.                

2015;   Javierre   et   al.   2016;   Schoenfelder   et   al.   2018) .   

In  this  chapter,  I  describe  my  efforts  to  define  more  comprehensively  the  regulatory               

regions  of  BTPD  genes  in  MK,  EC  and  HEP  (Fig.  4.1).  This  information  can  be  used  to                   

improve  our  understanding  of  the  role  of  common  and  rare  variants  in  non-coding  elements                

of  the  93  BTPD  genes  in  biology  and  disease  aetiology.  I  first  differentiated  human  induced                 

pluripotent  stem  cells  (hiPSCs)  towards  the  principal  cell  types  responsible  for  the              

coagulation  process  using  previously  published  protocols   (Cheung  et  al.  2012;  Hannan  et  al.               

2013;  Moreau  et  al.  2016) .  I  focused  on  these  cell  types  because  of  the  role  they  play  in                    

haemostasis,  either  because  directly  involved  in  it,  i.e.  platelets  and  endothelial  cells,  or               

because  they  produce  the  haemostasis  proteins  circulating  in  the  bloodstream,  i.e.             

hepatocytes  (see  chapter  1.1.2).  Then,  I  generated  high  coverage  cell  type-specific             

chromatin  conformation  capture  maps  for  the  131  diagnostic-grade  genes  assessed  in  the              

ThromboGenomics  (TG)  diagnostic  panel  (Simeoni  et  al.  2016,  Downes  et  al.  2019,  Megy  et                

al.  2019).  The  chromatin  conformation  maps  allowed  the  identification  of  thousands  of   bona               

fide   regulatory  loops  relevant  for  the  BTPD  genes  in  MK,  EC  and  HEP.  These  experiments                 

confirmed  previous  descriptions  of  the  length  of  the  regulatory  loops  and  highlighted  the               

differential  use  of  regulatory  regions  in  different  cell  types   (McCord,  Kaplan,  and  Giorgetti               

2020;  Javierre  et  al.  2016;  Petersen  et  al.  2017) .  I  annotated  the  functions  of  the  captured                  

sequences  with  cell  type-specific  genomic  features,  such  as  enhancers  or  transcription             

factor  binding  sites,  either  obtained  from  the  BLUEPRINT  consortium   (Stunnenberg  et  al.              

2016,   and   Hirst   2016a)    or   from   collaborators   (see   chapter   4.2).     

Finally,  I  investigated  the  biological  insights  that  can  be  derived  from  the  regulatory               

loops.  I  examined  the  use  of  the  regulatory  space  in  the  different  cell  types  and  correlated                  

the  type,  number  and  length  of  interactions  to  transcription  of  BTPD  genes.  In  the  last  part  of                   

this  chapter,  I  explored  the  advantages  that  the  integration  of  my  data  can  bring  to  other                  

high-throughput  studies,  such  as  GWAS  and  PRS.  I  was  able  to  reassign  9.5%  of  the  SNPs                  

from  a  previous  GWAS   (Astle  et  al.  2016b)  to  what  may  be  a  more  appropriate  set  of                   

cognate   genes.   
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To  conclude,  this  approach  generated,  to  the  best  of  my  knowledge,  the  most               

detailed  cell  type-specific  interaction  maps  connecting  the  non-coding  regions,  with  potential             

regulatory  roles,  to  a  set  of  genes  with  critical  roles  in  haemostasis.  Because  of  my  interest                  

and  the  expertise  of  the  laboratory,  most  of  the  biological  investigation  in  this  and  in  the                  

following  chapter  will  be  relevant  for  megakaryocyte  biology,  however,  this  strategy  can  be               

translated  to  other  biological  systems.  Ultimately,  these  findings  can  be  implemented  in  the               

analysis  of  whole-genome  sequencing-based  data  from  patients  with  unexplained  inherited            

BTPDs,  with  the  aim  to  improve  the  diagnostic  yield  and  potentially  accelerate  access  to                

effective   treatments    (Turro   et   al.   2020b) .   

Part  of  the  work  presented  in  this  chapter  has  been  a  collaborative  effort  with                

colleagues  in  our  group  and  colleagues  from  Prof.  Ludovic  Vallier  laboratory  (University  of               

Cambridge).  In  particular,  the  EC  cell  generation  has  been  performed  by  Dr.  Matt  Sims;  HEP                 

Hi-C  and  H3K27Ac  ChIP-Seq  libraries  have  been  generated  by  Dr.  Rute  Tomaz  and  Dr.  Jose                 

Garcia-Bernardo  both  from  Prof.  Ludovic  Vallier  group.  Also,  the  information  on  transcription              

levels  and  H3K27Ac  for  MKs  derive  from  the  BLUEPRINT  consortium  experiments   (L.  Chen               

et   al.   2014;   Grassi   et   al.   2020) .   
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Fig.  4.1  |  Schematic  representation  of  the  workflow  adopted  in  the  TG  Hi-C  experiments  and                 
analyses  described  in  this  chapter.   For  simplicity,  the  workflow  can  be  divided  into  three                
consecutive  steps.  Firstly,  the  iPSC  are  differentiated  in  the  three  cell  types  of  interest.  Secondly,  the                  
nuclei  of  these  cells  are  used  to  produce  TG  Hi-C  libraries.  Lastly,  the  sequencing  results  are                  
analysed.     
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4.2  hiPSC  as  a  biological  source  of  BTPD  relevant           

tissues   

Since  2015,  Hi-C  protocols  have  been  able  to  deal  with  small  biological  inputs,  up  to                 

single-cell  technologies   (Rao  et  al.  2014;  Furlan-Magaril  et  al.  2015;  Nagano  et  al.  2015;                

Belaghzal,  Dekker,  and  Gibcus  2017) .  However,  I  decided  to  start  from  a  large  number  of                 

cells  (i.e.  10  Mln)  in  order  to  increase  the  complexity  of  the  Hi-C  libraries  with  the  aim  to                    

obtain  an  interaction  map  at  a  higher  resolution.  Hi-C  library  complexity  is  a  function  of  the                  

initial  number  of  cells  that  are  used,  as  each  cell  contributes  to  a  library  with  two  alleles  for                    

each  locus.  Increasing  the  number  of  cells  scales  up  linearly  the  amount  of  information  for  a                  

specific  locus.  Moreover,  the  TG  capture  step  requires  micrograms  of  chromatin,  therefore  it               

was  not  feasible  to  reduce  the  number  of  cells  in  these  experiments   (Ilenia  Simeoni  et  al.                  

2016) .     

BTPD  relevant  cell  types  cannot  be  obtained  from  primary  tissues  in  the  number               

needed  for  these  experiments.  There  are  protocols  to  differentiate  MK  and  EC  from               

circulating  blood  stem  cells,  however,  these  derived  cells  also  have  a  limited  expansion               

capacity   (Zeigler  et  al.  1994;  Martin-Ramirez  et  al.  2012;  Perdomo  et  al.  2017) .  To  overcome                 

this  limitation,  I  decided  to   in  vitro  differentiate  hiPSC  into  the  cell  types  of  interest  and  to                   

expand  them  to  a  number  sufficient  for  the  experiments.  At  the  end  of  the  differentiation                 

protocol,   I   obtained   homogeneous   populations   of   MK,   EC,   and   HEP   (Fig.   4.2).     

The  differentiation  stage  of  the  cells  was  determined  by  flow  cytometry,  qPCR  or               

enzymatic  activity  experiments  (see  chapter  2.2  for  a  detailed  description).  Briefly,  after  the               

twenty-day  long  differentiation  protocol,  MK  maturity  was  assessed  by  flow  cytometry  using              

the  cell  surface  markers  CD41  and  CD42b.  CD41  is  integrin-alpha-IIb  that  together  with               

integrin-beta-3  forms  the  receptor  for  fibrinogen,  and  CD42b  is  glycoprotein  (GP)  Ib-alpha              

which  with  GPIb-beta,  GPIX  and  GPV  form  the  receptor  for  VWF.  Both  protein  complexes                

are  highly  specific  for  the  megakaryocyte-platelet  lineage  and  essential  for  platelet  function.              

CD42b,  in  particular,  is  considered  to  be  a  reliable  late  differentiation  antigen  that  only                

appears  on  mature  MK  (Fig.  4.2.B).  Brightfield  images  also  show  the  floating  MK  that  form                 

clumps,  as  previously  described  in  Moreau  et.  al  2016  (Fig.  4.2.A).  HEPs  were  obtained                

following  a  thirty-day  long  cytokine  differentiation  protocol   (Hannan  et  al.  2013) .  Brightfield              

images  show  a  dense  and  tight  monolayer  of  cells  with  the  characteristics  glycogen  and               

cholesterol  storage  bodies  (Fig.  4.2.C (Hannan  et  al.  2013) .  HEP  maturity  was  also  tested  by                
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monitoring  the  enzymatic  activity  of  CYP3A4  and  the  expression  of  key  marker  genes               

NANOG,  HNF4a  and  ALB  by  qPCR  (Fig.  4.2.D).  These  parameters  indicate  that  the               

differentiated-hepatocytes  have  oxidase  metabolic  capacity  and  have  lost  pluripotency           

markers  in  favour  of  hepatocyte-specific  ones  (see  chapter  2.2).  ECs  were  generated              

following  a  nine-day  long  differentiation  protocol.  Brightfield  microscopy  images  show  a             

monolayer  of  cobble-stone  shape   in  vitro   differentiated  endothelial  cells  (Fig.  4.2.E).  The             

quality  of  the  differentiated  EC  was  checked,  at  the  protein  level,  by  measuring  the                

expression  of  VE-Cadherin  (VECAD;  Fig.  4.2.F),  which  is  a  fundamental  EC  protein  involved               

in  cell  adhesion  and  function   (Crosby  et  al.  2005) .  The  iPSC  differentiation  experiments               

produced  the  cell  types  (i.e.  MK,  EC  and  HEP)  and  number  (i.e.  10 6  per  library)  required  for                   

the   following   capture   TG   Hi-C   experiments.   
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Fig.  4.2  |  Cartoon  of  the  differentiated  cells  using  bright-field  microscopy  and  other               
experiments  to  assess  the  effectiveness  of  the  differentiation  protocol .  A)  A  brightfield  image  of                
the  differentiated  MKs.  B)  An  example  of  a  flow  cytometer  experiment  showing  the  percentage  of                 
CD41+  (y-axis)  and  CD42b+  (x-axis)  for  the  megakaryocyte  differentiation  experiments.  C)  A              
brightfield  image  of  the  differentiated  hepatocytes.  D)  level  of  CYP3A4  activity  measured  to  assess                
the  efficacy  of  the  protocol  for  HEP  differentiation.  E)  A  brightfield  image  of  the  differentiated  ECs.  F)                   
VECAD  expression  in  the  EC  differentiated  cells  was  measured  via  flow  cytometry.  See  also  chapter                 
2.2   for   more   details.   
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4.3  TG  Hi-C  experiments  produced  a  dense         

network   of   interactions   

Fig.  4.3  shows  an  example  of  interactions  identified  with  the  TG  Hi-C  approach.  In                

particular,  the  regulatory  loops  for  the   GP1BA  gene.   GP1BA  gene  encodes  for  one  of  the                 

four  proteins  of  the  CD42  receptor  complex  for  VWF  and  stimulates  platelet  adhesion  at                

sites  of  vascular  damage  with  disrupted  EC  architecture  (see  chapters  1.1.2  and  1.2.3;   A.  D.                 

Michelson   et   al.   1986) .     

These  chromatin  interactions,  which  may  be  considered   bona  fide  regulatory  loops,             

are  represented  as  green  arches  (Fig.  4.3).  Interestingly,  they  colocalise  with  open  chromatin               

regions  (i.e.  ATAC-Seq  peaks),  regulatory  regions  (i.e.  H3K27Ac  ChIP-Seq  peaks)  and             

binding  sites  for  several  of  the  key  MK-specific  transcription  factors  (Fig.  4.3).  As  discussed                

in  the  introduction,  the  regulatory  elements  may  be  far  apart  from  the  cognate  gene.  This  is                  

the  case  for  the  longest  interaction  reported  for GP1BA  (~280Kb  on  the  5’  of  the  gene  body)                   

that  binds  to  a  regulatory  region  located  within   NR_103482 ,   a  lncRNA.  This  interaction               

bypasses  5  other  genes  and  it  would  have  been  virtually  impossible  to  predict  its  role  in  the                   

regulation  of   GP1BA   without  the  information  coming  from  these  kinds  of  experimental              

studies.     
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Fig.  4.3  |  TG  Hi-C  MK  interactions  for  GP1BA.  Bright  green  arches  represent  the  interactions                 
identified  with  the  TG  Hi-C  experiments  in  MK.  Black  bars  are  the  genes  bodies.  H3K27Ac  and  ATAC                   
are  the  results  of  MK  ChIP-Seq  and  ATAC-Seq,  respectively.  Platelet  trait  GWAS  refers  to  the  regions                  
surrounding  the  SNPs  identified  in  Astle  et  al.  2016.  Vertical  green  bars  highlight  the  regions  of                  
interest   where   arches   overlap   with   MK   regulatory   regions.   
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4.4   Comparison   of   the   TG   Hi-C   results   with   pcHi-C     

In  order  to  test  the  improvement  in  resolution  and  depth  of  interactions,  I  compared                

my  results  with  the  data  obtained  with  a  similar  workflow  and  cell  type  (i.e.  MK,  Fig.  4.4;                   

Javierre  et  al.  2016) .  Even  though  the  total  number  of  interactions  genome-wide  is  lower  in                 

my  experiments,  Fig.  4.4  indicates  that  the  TG  Hi-C  increased  the  resolution  of  interactions                

for  the  93  genes  of  interest.  The  number  of  statistically  significant  regions  associated  with  a                 

gene   on   average   increased   from   7   in   Javierre   et   al.   to   239   in   my   experiments   (Fig   4.4.B).     

Two  examples  of  these  differences  are  shown  in  Fig.  4.4.   MYH9  is  a  gene  involved  in                  

macrothrombocytopenia,  deafness  and  kidney  failure.  In  the  TG  screening,  only  21  out  of  50                

cases  of  suspected   MYH9  disorder  have  been  fully  explained   (Downes  et  al.  2019) .  The  TG                 

platform  mainly  focused  on  the  coding  regions  of  the  diagnostic  grade  genes,  therefore  it                

may  be  possible  that  a  fraction  of  these  unexplained  cases  is  due  to  the  presence  of  rare                   

variants  in  non-coding  regulatory  regions.  pcHi-C  interactions  from  Javierre  et  al.  have              

limited  resolution  for  this  gene  and  the  previously  published  results  were  not  sufficient  to                

explore  the  MK  regulatory  landscape  of   MYH9 .  Instead,  the  TG  Hi-C  approach,  focusing  on                

a  modest  number  of  genes,  expanded  the  number  of  cognate  regulatory  regions  by  several                

folds.  Moreover,  the  TG  Hi-C  approach  returns  information  on  the  structure  of  the  gene  body                 

(Fig.  4.4,  the  dense  network  of  interactions  in  the   MYH9  gene  body).  Exons  and  introns                 

chromatin  structure  has  been  recently  associated  with  an  alternative  transcription  and             

therefore  affecting  translation,  protein  structure  and  function   (Ruiz-Velasco  et  al.  2017) .  The              

second  example  concerns  the   VWF   locus  (Fig.  4.4.C).  The  plasma  protein  VWF,  which  is                

mainly  synthesised  by  EC  (but  to  a  lesser  extent  also  by  MK)  is  a  key  protein  in                   

haemostasis,  it  is  a  chaperon  for  F8  and  as  mentioned  is  essential  in  platelet  adhesion  to  the                   

damaged  vessel  wall  (see  chapter  1.1.2;   Sadler  1998) .  The   VWF  locus  showed  in  the                

pcHi-C  experiment   (Javierre  et  al.  2016)  good  resolution,  but  the  TG  Hi-C  experiment               

identified  additional  interactions  (Fig.  4.4).  The  intricate  network  of  interactions  is  a  reflection               

of  the  genetic  features  that  characterise  the  entire  region.  Indeed,  this  chromosomal  area               

contains   4   strong   enhancers   that   define   a   super-enhancer   region    (Petersen   et   al.   2017) .   

179   

https://paperpile.com/c/KNctv7/WbWUw
https://paperpile.com/c/KNctv7/xdwEx
https://paperpile.com/c/KNctv7/S57KC
https://paperpile.com/c/KNctv7/VD3rM
https://paperpile.com/c/KNctv7/WbWUw
https://paperpile.com/c/KNctv7/6LyBj


180   

  
Fig.  4.4  |  Comparison  of  the  MK  TG  Hi-C  data  with  the  pcHi-C  ones  from  Javierre  et  al.  2016.  A)                      
Example  of  MYH9  interactions  and  comparison  between  pcHi-C  and  TG  Hi-C.  B)  bar  plots  for  the                  
number  of  interactions  identified  genomewide  and  for  the  BTPD  genes.  C)  VWF  region  chromatin                
interactions.  Orange,  red  and  brown  lines  refer  to  the  interaction  data  identified  in  MK,  EC  and  HEP,                   
respectively.  Light  orange,  the  top  track  of  the  orange  interactions,  reports  the  interactions  identified                
with  the  TG  Hi-C  approach.  Dark  orange,  the  bottom  track  of  the  MK  interactions,  reports  the                  
interactions   identified   in   pcHi-C    (Javierre   et   al.   2016) .     
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4.5  Description  of  the  TG  Hi-C  interactions:         

regulatory  space,  length  of  the  interactions  and         

captured   genomic   features   

After  sequencing,  analysis  and  quality  controls  (see  chapter  2.3),  the  TG  Hi-C              

experiments  produced  62,027  different  interactions  for  the  three  BTPD  cell  types,  directed              

towards  17,228  regions  (Table  4.1).  The  number  of  unique  regions  is  lower  than  the  number                 

of  unique  interactions  because  these  are  redundant,  indeed  multiple  viewpoints  (i.e.  baits)              

interact  with  the  same  region.  These  TG  Hi-C  interactions  expanded  the  genomic  regions               

defined  in  the  TG  bait  set  (i.e  3,092,645  bp)  to  about  19.5  Mb  of  regions  with  potential                   

regulatory   function,   roughly   a   third   of   the   size   of   the   human   exome    (Clark   et   al.   2011) .     

Table  4.1  |  Summary  statistics  of  the  TG  Hi-C  interactions.  The  differences  in  the  number  of                  
interactions   reported   in   Table   4.1   are   due   to   overlapping   regions   having   been   counted   only   once.   

Fig.  4.5  shows  the  summary  statistics  describing  the  width  of  the  interactions              

(distance  from  the  viewpoint)  and  the  ratio  of  cis-to-trans  interactions.  When  centred  on  the                

viewpoint,  it  is  quite  clear  that  the  number  of  interactions  is  a  function  of  the  distance  from                   

the  bait  that  decay  exponentially  (Fig.  4.5  A,  D  and  G),  the  further  away  from  the  bait  the                    

lesser  interactions  are  captured.  The  gap  that  surrounds  the  regions  immediately  after  the               

baits  is  the  result  of  the  statistical  processing  used  in  the  CHiCAGO  algorithm,  which                

removes  the  regions  immediately  flanking  the  viewpoint  (evident  in  Fig.  4.3.G;  see  chapter               

2.3).  The  plots  in  Fig.  4.5  also  show  that  there  is  no  directionality  of  interaction  relative  to  the                    

viewpoint  position,  as  one  would  expect  from  the  enhancer-promoter  interactions.  Indeed,             

enhancers   can   have   any   position   with   respect   to   the   cognate   genes    (Alberts   2014) .   

Panel  B,  E,  H  of  Fig.  4.5  and  Table  4.2  show  that  the  majority  of  interactions  have                   

distances  in  the  order  of  tens  to  hundreds  of  thousands  of  bp.  These  are  the  lengths  of  the                    

interactions  that  are  most  enriched  for  regulatory  loops  and  consequently  could  be  involved               
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  Unique   
interactions   

Unique   
regions   

Prey-defined   
genomic   space   (bp)   

Increase   on   TG   bait   space   (bp)   
Overlap   with   bait   removed   

MK   37,176   15,856   4,000,592   2,606,789   

EC   18,429   13,874   5,153,562   3,249,987   

HEP   9,809   4,983   17,669,470   16,485,090   

Cumulative   62,027   17,228   24,277,022   19,653,540   

https://paperpile.com/c/KNctv7/15XJt
https://paperpile.com/c/KNctv7/DrOw1
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in  enhanceropathies  (i.e.  diseases  caused  by  an  altered  function  of  a  regulatory  region;               

Sanyal  et  al.  2012;  Jin  et  al.  2013;  van  Arensbergen,  van  Steensel,  and  Bussemaker  2014;                 

Laugsch  et  al.  2019;  McCord,  Kaplan,  and  Giorgetti  2020;  Turro  et  al.  2020b;  Thaventhiran                

et   al.   2020) .     

The  ratio  cis-to-trans  interactions  is  a  good  proxy  for  the  library  quality,  with  the  idea                 

that  the  majority  of  interactions  reside  on  the  same  chromosome,  in  cis.  Indeed  the                

CHiCAGO  algorithm  uses  this  ratio  to  normalise  the  Hi-C  signal   (Javierre  et  al.  2016;  Cairns                 

et  al.  2016a) .  The  majority  of  the  statistically  significant  interactions  in  the  TG  Hi-C                

experiments  are  in  cis  (Fig4.5.C-F-I).  Although  some  of  the   trans  interactions  are  potentially               

interesting  for  their  biological  role,  I  did  not  consider  them  for  the  following  experiments,                

analysis  and  discussions  due  to  the  difficulties  in  their  interpretation   (Noordermeer  et  al.               

2011;   Schoenfelder,   Sugar,   et   al.   2015) .   

Table   4.2   |   Summary   statistics   of   the   length   of   the   TG   Hi-C   interactions   
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  Mean   (bp)   Standard   
deviation   (bp)   

Median   (bp)   Max  distance    
(bp)   

MK   81,947   350,753     6,387     45,572,825   

EC   156,547   2,078,217     38,592     190,120,227   

HEP   100,053   1,399,014   29,542   87,796,604   

https://paperpile.com/c/KNctv7/fvLcI+WEzD1+WBUnN+omfKl+lM2sz+DnvEM+2yeJE
https://paperpile.com/c/KNctv7/fvLcI+WEzD1+WBUnN+omfKl+lM2sz+DnvEM+2yeJE
https://paperpile.com/c/KNctv7/fvLcI+WEzD1+WBUnN+omfKl+lM2sz+DnvEM+2yeJE
https://paperpile.com/c/KNctv7/WbWUw+7uVG3
https://paperpile.com/c/KNctv7/WbWUw+7uVG3
https://paperpile.com/c/KNctv7/EfLBj+L6c2Z
https://paperpile.com/c/KNctv7/EfLBj+L6c2Z
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Fig.  4.5  |  Summary  description  of  the  interactions  in  the  three  different  cell  types.  First,  second                  
and  third  row  (i.e.  A,  D  and  G)  refer  to  the  results  obtained  with  MK,  EC  and  HEP,  respectively  A,  D                       
and  G  are  density  plots  for  the  distribution  of  the  length  of  TG  Hi-C  interactions  centred  on  the                    
viewpoints,  distances  are  expressed  in  bp.  B,  E  and  H  are  barplot  still  describing  the  distances  of                   
interaction,  distances  are  binned  in  9  groups.  C,  F  and  I  show  the  percentage  of  cis  (red)  versis  trans                     
(green)   TG   Hi-C   interactions.   
  

Lastly,  I  annotated  the  interactions  with  the  overlapping  genomic  features  using             

ENSEMBL  (v99)  and  BLUEPRINT  data  (Fig.  4.6; Adams  et  al.  2012;  Aken  et  al.  2016;                 

Stunnenberg  et  al.  2016,  and  Hirst  2016b) .  Theoretically,  a  genomic  region  could  contain  two                

or  more  genomic  features,  for  instance,  intron  and  enhancer.  In  order  to  assign  only  one                 
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feature  to  each  interacting  region,  I  adopted  prioritisation  criteria.  As  a  result,  the  regions                

overlapping  with  two  or  more  features  would  be  reported  only  for  the  highest-ranking  one.                

The  assigned  features,  ranked  from  the  highest  to  the  lowest,  are:  exons;  introns;  promoter;                

promoter   flanking   region;   enhancer;   enhancer   flanking   region   and   intergenic   region.     

The  three  cell  types  are  quite  heterogeneous  in  the  features  interacting  with  the  baits                

(Fig.  4.6),  indeed  the  profile  of  the  interactions  across  the  different  genomic  features  (i.e.                

enhancers,  exons,  introns,  intergenic  regions  and  promoters)  is  not  constant.  This  could  be  a                

reflection  of  the  capture  probe  design,  the  differential  transcription  of  the  BTPD  genes  in                

three  cell  types  and  also  of  the  endogenous  biological  differences  between  the  three  types  of                 

cells.  For  instance,  EC  has  the  least  number  of  expressed  genes  in  the  TG  panel  and  these                   

genes  will  be  silenced  in  endothelial  cells.  It  is  unlikely  that  these  inactive  genes  interact  with                  

enhancers  and  therefore  these  interactions  will  be  enriched  for  non-enhancers  regions  (i.e.              

intergenic  regions;  according  to  the  definition  I  adopted  in  this  analysis).  Notably,  the  profile                

of  the  total  interactions  resemble  the  MK  one  (Fig.  4.6.A  and  D),  this  is  possibly  because  of                   

the  high  contribution  of  interactions  coming  from  the  MK  compared  to  the  whole  number  of                 

interactions   (Table   4.1).     

  
Fig.  4.6  |  Number  of  interactions  with  preys  overlapping  the  different  genomic  features  in  MK                 
(A),   EC   (B),   HEP   (C)   and   cumulative   (D)   
  

This  data  demonstrated  a  good  enrichment  for  prey  regions  containing  enhancers             

(Fig.  4.6.D).  The  TG  Hi-C  approach  identified  6,187  interactions  of  prey  with  enhancers,               

showing  an  enrichment  for  this  regulatory  feature  (z-score=1087.098;  p-value=0.009,           

permutation  analysis,  100  permutations).  Similar  permutation  analysis  showed  that  MK            
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interaction  data  are  also  enriched  for  CTCF  binding  regions  (z-score=77.443;  p-value             

0.0099,   permutation   analysis,   100   permutations).   

Interestingly,  the  ranked  score  distribution  for  H3K27Ac,  which  is  a  proxy  for              

enhancer,  and  CTCF  signals  is  different  between  the  captured  regions  and  the  genome-wide               

ones  (Fig.  4.7).  The  interactions  captured  the  entire  spectrum  of  enhancers,  from  the               

weakest  to  the  strongest.  On  the  other  hand,  CTCF  regions  were  captured  only  in  the                 

mid-to-low  signal  intensity,  with  a  difference  between  the  distribution  of  the  whole  genome               

and   captured   signals   (p-value=2.2e-16,   Kolmogorov-Smirnov   test).     

A  possible  interpretation  for  this  difference  is  that  CTCF  has  more  dynamic  and  less                

stable  interactions  with  the  DNA  when  regulating  gene  expression  and  longer  residence  time               

when  engaged  with  cohesin  and  involved  in  the  definition  of  the  chromatin  structure.  A                

shorter  residence  time  on  the  DNA  results  in  a  weaker  ChIP-Seq  signal  at  the  population                 

level  when  CTCF  works  as  a  transcription  factor.  In  fact,  studies  of  the  kinetics  of  CTCF                  

residence  time  reported  different  behaviours  of  this  protein,  suggesting  the  existence  of              

different   functions   of   this   molecule    (Hansen   et   al.   2017;   Agarwal   et   al.   2017) .     

  
Fig.  4.7  |  H3K27Ac  and  CTCF  ranked  signal  for  MK  genomic  features.  Red  dots  are  the                  
enhancers  captured  in  the  TG  Hi-C  experiments.  Blue  dots  are  the  CTCF  peaks  overlapping  with  the                  
regions   captured   by   the   TG   Hi-C.   Black   dots   are   the   genome-wide   background.       
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4.6   Promoter   interactions   

Non-coding  regulatory  regions  (i.e.  enhancers)  exert  their  regulatory  effect  mainly  via             

direct  interaction  with  promoters   (Javierre  et  al.  2016) .  Different  cells  make  different  use  of                

regulatory  regions   (Bulger  and  Groudine  2011;  Ong  and  Corces  2011;  Spitz  and  Furlong               

2012;  Lelli,  Slattery,  and  Mann  2012;  Calo  and  Wysocka  2013;  Hnisz  et  al.  2013;  Petersen  et                  

al.  2017)  and  they  also  use  alternative  promoters,  which  allow  for  different  transcripts  to  be                 

expressed   (Kimura  et  al.  2006;  Xin,  Hu,  and  Kong  2008) .  Indeed,  resources  such  as                

ENSEMBL  report  lists  of  cell-type  specific  promoter  regions,  generally  relying  on  the  regions               

surrounding  the  transcription  starting  sites  (TSS)  for  cell-specific  transcripts   (Zerbino  et  al.              

2015,   2016) .     

H3K27Ac  is  an  epigenetic  modification  that  marks  not  only  active  enhancers  but  also               

promoters   (Creyghton  et  al.  2010) .  Therefore,  the  acetylation  chromatin  state  is  a  layer  of                

information  that  can  be  used  to  better  define  cell-specific  promoters.  While  RNA-Seq              

experiments  can  be  used  to  position  the  TSS.  Combining  the  information  coming  from  these                

two  high-throughput  experiments  allowed  me  to  determine  the  promoters  locations  specific             

for  the  cell  types  used  in  the  TG  Hi-C  experiments  (Fig.  4.8).  Results  presented  in  Fig.  4.8                   

show  the  acetylation  levels  surrounding  the  TSS  using  experimental  data  and  compare  them              

with  the  acetylation  on  the  standard  promoter  regions  defined  in  ENSEMBL   (Zerbino  et  al.                

2015,  2016) .  This  analysis  gave  better  positioning  of  the  promoters  for  the  BTPD  genes  to                 

use   in   mapping   the   promoter   interactions.   
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Fig.  4.8  |  H3K27Ac  peaks  on  the  BTPD  promoters,  defined  by  ENSEMBL  and  in  the  promoters                  
derived  by  experimental  evidence.  The  heatmap  colour  coded  the  normalised  level  of  H3K27Ac               
surrounding   the   BTPD   TSS.   
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Fig.  4.9  shows  promoter-specific  MK  interactions  with  other  genomic  features.  The             

interaction  length  distribution  is  similar  for  almost  all  the  features  taken  into  account,  namely                

exons,  introns,  CTCF  regions  and  enhancers.  Overall,  the  distances  observed  for  these              

interactions  confirm  the  lengths  observed  in  Fig.  4.6.  The  majority  of  interactions  occur  in  the                 

order  of  tens  to  hundreds  of  Kb,  meaning  that  we  are  selecting  loops  that  are  involved  in                   

gene  regulation   (McCord,  Kaplan,  and  Giorgetti  2020) .  Their  lengths  relate  to  the  ones               

observed  in  other  studies  that  look  at  sub-TADs  regulatory  interactions   (Sanyal  et  al.  2012;                

Jin  et  al.  2013;  van  Arensbergen,  van  Steensel,  and  Bussemaker  2014;  McCord,  Kaplan,               

and   Giorgetti   2020) .     

Promoter-promoter  interactions,  which  go  from  the  promoter  of  one  gene  to  the              

promoter  of  another  gene,  act  differently.  The  majority  of  these  interactions  are  in  the  order                 

of  tens  of  Kb,  with  a  long  tail  in  the  distribution,  in  the  order  of  hundreds  of  Kb.                    

Promoter-promoter  interactions  have  been  observed  in  several  other  studies,  however,  their             

role  still  requires  better  characterisation   (G.  Li  et  al.  2012;  Javierre  et  al.  2016;  Dao  et  al.                   

2017;  Jung  et  al.  2019;  Qin  et  al.  2020) .  It  is  still  debated  if  these  interactions  are  genuine  or                     

biological  artefacts.  Co-expressed  genes  colocalise  at  transcription  factories  (i.e.  speckles;            

Spector  and  Lamond  2011;  Ha  2020)  and  the  Hi-C  may  reflect  their  proximity.  More                

interestingly,  some  promoters  could  have  a  function  similar  to  the  enhancers,  promoting  the               

expression  of  the  genes  that  they  are  interacting  with   (G.  Li  et  al.  2012;  Schoenfelder,                 

Furlan-Magaril,  et  al.  2015;  Javierre  et  al.  2016;  Dao  et  al.  2017;  Jung  et  al.  2019;  Qin  et  al.                     

2020) .     
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Fig.  4.9  |  Distribution  of  the  length  of  the  promoter  interactions  identified  in  the  TG  Hi-C                  
experiments  for  MK.  The  x-axes  are  shared  between  the  cumulative  distribution  and  the  detailed                
one.   The   flanking   regions   refer   to   a   one-Kb   region   surrounding   the   relative   genomic   feature.   
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4.7  Different  cell  types  make  different  use  of  their           

regulatory   space     

The  differential  use  of  regulatory  elements  located  mainly  in  the  non-coding  DNA              

(Fig.  4.6  and  Fig.  4.9)  drives  development,  cell  differentiation  and  defines  the  identity  of                

mature  cells   (Bulger  and  Groudine  2011;  Ong  and  Corces  2011;  Spitz  and  Furlong  2012;                

Lelli,  Slattery,  and  Mann  2012;  Calo  and  Wysocka  2013;  Hnisz  et  al.  2013;  Petersen  et  al.                  

2017) .  Furthermore,  the  epigenetic  landscape  allows  cells  to  respond  to  different  stimuli              

(Allis  and  Jenuwein  2016;  Klemm,  Shipony,  and  Greenleaf  2019;  Soskic  et  al.  2019) .  These                

distinct  biological  characteristics  are  a  reflection  of  the  differential  gene  expression  that  is               

driven  by  the  different  use  of  regulatory  space   (Sanyal  et  al.  2012;  ENCODE  Project                

Consortium  2012) .  This  differential  use  of  the  regulatory  space,  amongst  different  cell  types,               

can  be  appreciated  also  in  the  patterns  of  interactions,  as  previously  reported   (Javierre  et  al.                 

2016) .   

The  TG  Hi-C  interactions  observed  in  the  three  different  cell  types  corroborate  these               

observations  (Fig.  4.10).  Indeed,  using  the  regions  captured  with  the  TG  Hi-C  it  is  possible  to                  

separate  the  three  cell  types  using  the  principal  component  analysis  (PCA)  and  the  Jaccard                

distance  (Fig.  4.10,  A  and  B).  Interestingly,  the  dendrogram  built  on  the  Jaccard  distance  of                 

the  prey  regions  places  MK  and  EC  closer  to  each  other  in  respect  of  the  HEP.  This  similarity                    

between  EC  and  MK  was  suggested  before,  possibly  because  of  their  shared  ontogenetic               

origin  and  both  being  mesoderm  derived  versus  HEP  being  endoderm-derived.  (see  chapter              

1.1.2;   Choi  et  al.  1998;  Rafii  and  Lyden  2003;  Thiele  et  al.  2012;  Malara  et  al.  2015)  The                    

similarities  in  the  patterns  of  interaction  in  the  BTPD  genes  confirmed  the  similitude  between                

the  cells.  Zooming  into  the  data  and  looking  at  the  single  promoters  (Fig.  4.10.C),  PCA  again                  

shows  a  separation  between  the  three  cell  types,  with  EC  and  MK  promoters  closer  to  each                  

other  (physical  proximity  in  PCA  can  be  considered  similarity).  However,  it  is  worth  noting                

that,  at  least  in  part,  these  differences  may  be  driven  by  the  use  of  different  restriction                  

enzymes   used   in   the   production   of   the   TG   Hi-C   libraries   for   HEP   (see   chapter   2.3).     

Differences  in  the  interaction  amongst  the  cell  type  are  visible  in  the   RUNX1  gene                

(Fig.  4.11).   RUNX1  is  a  transcription  factor  that  is  a  master  regulator  of  haematopoiesis                

(Sood,  Kamikubo,  and  Liu  2017) .  Rare  pathogenic  and  likely-pathogenic  variants  in  this              

gene  are  causing  familial  thrombocytopenia  accompanied  by  myeloid  leukaemia   (Sood,            

Kamikubo,  and  Liu  2017) .   RUNX1  is  highly  transcribed  in  MK  and  to  some  extent  in  EC                  
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(Grassi  et  al.  2020) ,  while  completely  silenced  in  HEP   (Blood  Atlas  and  GTEx  data  accessed                 

in  September  2021) .  The  chromatin  interactions  and  H3K27Ac  peaks  show  how  the              

regulatory   backgrounds   are   different   in   the   different   cells,   as   is   also   visible   in   the   PCA.     
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Fig.  4.10  |  Differences  in  the  interactions  observed  in  the  different  cell  types.  A)  PCA  for  the                   
prey  interactions  identified  in  the  TG  Hi-C  experiments.  B)  Dendrogram  reporting  the  calculated               
distance  built  on  the  Jaccard  similarity  coefficient  score.  C)  PCA  of  promoter  interactions  for  specific                 
examples.     
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Fig  4.11  |  Examples  of  the  chromatin  structures  in  the  three  different  cell  types.  RUNX1  gene                  
chromatin  interactions.  Orange,  red  and  brown  lines  refer  to  interactions  identified  in  MK,  EC  and                 
HEP.   Each   cell   type   has   chromatin   interactions   (top   track)   and   H3K27Ac   (bottom   track).   

4.8   Interactions   regulate   gene   expression   

Enhancer-promoter  loops  place  in  spatial  proximity  the  transcription  machinery           

components  required  to  regulate  and  transcribe  genes  in  a  cell-type  specific  fashion   (Spitz               

and  Furlong  2012;  Klemm,  Shipony,  and  Greenleaf  2019) .  A  limited  number  of  studies  have                

investigated  the  regulatory  effect  of  multiple  enhancers  on  the  same  gene  and  tried  to                

generalise  and  define  biological  and  statistical  models  to  explain  gene  regulation   (Schmidt,              

Kern,   and   Schulz   2020;   Zrimec   et   al.   2020;   Boettiger   and   Murphy   2020) .   

Several  models  for  the  enhancer  effect  on  regulation  co-exist (Buecker  and  Wysocka              

2012;  Dukler  et  al.  2016) .  For  instance,  multiple  enhancers  acting  on  the  same  gene  can                 

have  an  additive  effect  and  these  multiple  interactions  can  linearly  increase  the  transcription               

levels   (Hay  et  al.  2016) .  Also,  other  non-additive  models  have  been  proposed,  such  as                

multiplicative  or  exponential,  in  which  the  effect  on  the  transcription  of  the  two  enhancers                

co-regulating  the  same  gene  is  more  than  the  sum  of  the  single  enhancer   (Bothma  et  al.                  

2015;  Lam  et  al.  2015;  H.  Y.  Shin  et  al.  2016) .  TG  Hi-C  interactions,  intersected  with  the                   

BLUEPRINT  gene  expression  data  for  MK,  could  provide  further  evidence  in  support  of  the                

models   mentioned   above.     
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The  correlation  between  the  number  of  promoter  interactions  and  the  gene             

expression  levels  is  plotted  in  Fig  4.12.  Panel  A  shows  that  a  linear  model  does  not  identify                   

any  significant  correlation  between  the  TG  Hi-C  interactions  and  the  expression  for  the               

BTPD  genes  in  MK  (p-value=0.265).  However,  when  limiting  the  interactions  to  the              

promoter-enhancer  ones,  a  significant  correlation  emerges  from  the  data           

(p-value=1.075e-04),  explaining  20%  of  the  variability  observed.  This  experiment  suggests            

that  the  number  of  promoter-enhancer  interactions  is  a  discrete  predictor  of  the  gene               

expression  and,  moreover,  they  also  point  towards  an  additive  effect  of  multiple  enhancer               

interactions   to   the   same   gene.     

Fig.  4.12  also  shows  that  some  genes  are  highly  expressed  despite  having  only  a                

few  interactions  and  vice  versa,  indicating  that  genome  regulation  is  too  complex  to  be                

predicted  with  a  single  model  and  probably  these  genes  undergo  different  mechanisms  of               

regulation.   

  
Fig.  4.12  |  Correlation  between  the  number  of  interactions  and  transcription  levels  for  all  MK                 
interactions  (A)  and  only  MK  promoter-enhancers  interactions .  Distances  and  expressions  are             
expressed   in   a   log-log   scale,   which   is   commonly   adopted   for   genomic   studies    (Zrimec   et   al.   2020) .   
  

From  the  integration  of  the  interaction  and  transcription  data,  there  is  another              

interesting  consideration:  the  length  of  the  interactions  and  the  gene  expression  status  are               

correlated  (Fig.  4.13).  Highly  expressed  genes  (i.e.  log2FPKM  >  6)  tend  to  have  shorter                

interactions  compared  to  genes  which  are  not  expressed  ones  (i.e.  log2FPKM  <  1).  These                
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differences  in  length  are  statistically  significant  for  promoters  (Wilcoxon  rank  test,             

p-value=7.2e-103),  promoter  flanking  regions  (Wilcoxon  rank  test,  p-value=1e-138),  exons           

(Wilcoxon  rank  test,  p-value=5.4e-120)  and  introns  (Wilcoxon  rank  test,  p-value=1.3e-114).            

This  could  be  a  reflection  of  the  chromatin  state.  For  example,  a  gene  that  is  not  expressed                  

tends  to  be  in  chromatin  dense  regions,  possibly  heterochromatin  (see  chapter  1.3.5),  and               

this  location  puts  in  closer  proximity  two  regions  far  away  from  each  other,  hence  longer                

interactions.  Contrarily,  euchromatin  regions  have  DNA  that  is  more  accessible,  resulting  in  a               

more  untangled  and  spreaded  string  of  nucleotides   (Buenrostro  et  al.  2013) .  In  fact,               

accessible  chromatin  is  required  to  allow  transcription  factors  and  other  proteins  to  access               

and  bind  the  DNA.  These  physical  characteristics  may  contribute  to  the  observed  differences               

in  the  interaction  length  distribution  reported  in  Fig.  4.13.A.  Interestingly,  this  figure  is               

inverted  when  considering  only  promoter-enhancer  interactions  (Fig.  4.13.B),  indeed  these            

interactions  are  characterised  by  longer  distances  in  active  genes  and  shorter  ones  in               

repressed  genes  (Wilcoxon  rank  test,  p-value=5.72e-05).  This  observation  suggests  that            

long-distance  interactions,  in  transcriptionally  active  genes,  are  predominantly  happening           

with   enhancers,   whilst   they   are   more   disordered   in   repressed   genes.   

Two  illustrative  loci  that  show  the  different  lengths  of  interactions  are   TUBB1  and               

GATA1  (Fig  4.14).   TUBB1  is  highly  expressed  in  MK,  while  not  expressed  at  all  in  EC                  

(Grassi  et  al.  2020)  and  this  molecular  characteristic  is  associated  with  short  interactions  in                

MK  and  long  interactions  in  EC  (Fig  4.14.A),  following  the  general  observation  reported               

before  (Fig.  4.13).  Similarly,   GATA1 ,  which  has  the  same  pattern  of  gene  expression               

observed  for   TUBB1,   also  has  longer  interactions  in  EC.  Interestingly,  MK  interactions,              

identified  with  the  two  different  experiments  (i.e.  pcHi-C  and  TG  Hi-C)  show  a  similar  range                 

of   interactions   for   these   2   genes   (Fig.   4.14).     
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Fig.  4.13  |  Differences  in  the  length  of  interactions  between  highly  expressed  and  repressed                
genes.  A)  Length  of  interactions  for  all  TG  Hi-C  interactions.  Length  is  expressed  as  log10  bp.                  
p-values  are  the  result  of  the  Wilcoxon  rank  test.  Promoter  flanking  regions  refers  to  the  two-Kb                  
region  surrounding  the  promoters.  B)  Length  of  interactions  for  promoter-enhancers  TG  Hi-C              
interactions.  Interactions  are  expressed  distance  relative  to  the  longest  one  observed  in  MK.  FRs  =                 
flanking   regions.   
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Fig  4.14  |  Examples  of  the  different  interaction  lengths  in  expressed  (blue)  and  not  expressed                 
(red)  genes.  A)  TUBB1  and  B)  GATA1  gene  and  region.  Respective  cell  types  (HEP,  MK,  EC)  are                   
reported  as  cartoon  images  on  the  left  of  the  panels.  Light  blue  is  the  interactions  identified  in  the  TG                     
Hi-C  approach  and  dark  blue  are  the  interactions  identified  with  the  pcHi-C  technique   (Javierre  et  al.                  
2016) .     
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4.9  Interaction  map  in  colocalisation  studies  can         

improve   variant   assignment   

Biological  interpretation  of  SNPs  identified  by  GWAS  is  challenging  and  the             

variant-to-trait  association  should  be  considered  in  the  context  of  cell-specific  epigenetic             

information   (Phylipsen  et  al.  2010;  Pers  et  al.  2015;  Lichou  and  Trynka  2020) .  The                

associated  SNPs  in  the  non-coding  space  are  particularly  challenging  because  they  might              

exert  their  effect  on  genes  located  hundreds  of  thousands  bp  removed  from  the  sentinel                

SNP   (Phylipsen  et  al.  2010;  Astle  et  al.  2016b;  Javierre  et  al.  2016;  Petersen  et  al.  2017) .                   

Moreover,  some  trait-associated  variants  can  be  embedded  in  the  body  of  a  gene  but  exert                 

their  effect  on  another  one.  A  notable  example  of  this  is  the   FTO-IRX3  regulatory  loop.                 

GWAS  determined  the  association  of  rs9930506  as  a  sentinel  SNP  associated  with  body               

weight   (Frayling  et  al.  2007;  Gamazon  et  al.  2013) .  This  variant  lies  within  an  intron  of  the                   

FTO  gene.  Initial  experiments  on  the  function  of  the   FTO   failed  to  find  a  compelling                 

explanation  for  the  observed  association.  Years  later  it  was  reported  that  the   FTO  intron                

harbours  an  enhancer  that  regulates   IRX3  expression  and  silencing  of   Irx3  in  mice  does                

modify  bodyweight   (Smemo  et  al.  2014) .  All  together  the  initial  assumption  that  the   FTO                

gene  was  associated  with  bodyweight  has  shown  to  be  false  whilst  the  GWAS-identified               

SNP   regulates   the   transcription   of   a   gene   localised   500   Kb   downstream   of   the   variant.     

Colocalisation  analyses  can  be  used  to  infer  the  biological  mechanism  that  is              

underlying  the  GWAS  SNP  associations,  relying  on  the  intersection  of  GWAS  leading  SNPs               

with  evidence  coming  from  other  experimental  sources   (Wallace  2020) .  This  approach  can              

improve  PRS  and  GWAS  (Fig.  4.15)  interpretation  but  needs  support  from  other  studies               

such  as  TG  Hi-C.  The  regulatory  loops  can  be  used  to  link  variants  to  genes,  connecting  a                   

non-coding   variant   to   a   possible   explanation.     

F5   is  a  cofactor  in  the  coagulation  cascade  and,  together  with   F10,   activates               

thrombin  (see  chapter  1.1.2).  Its  impairment  is  associated  with  both  bleeding  and  thrombosis               

(Bertina  et  al.  1994;  Vincent  et  al.  2013) .  The  most  notorious  variant  is  rs6025  (i.e.  Factor  V                   

Leiden)  which  reduces  the  binding  capacity  of  the  anticoagulant   PROC  and  leads  to  a                

hypercoagulable  state  (see  chapter  1.1.2).  Several  studies  associated  variants  in   F5   with  a               

higher  risk  of  VTE  and  for  this  reason  variants  in  this  gene  are  often  listed  in  the  SNPs  used                     

for  PRS  calculation  for  thrombosis   (Bertina  et  al.  1994;  Klarin  et  al.  2017,  2019) .  The  most                  

recent  PRS  score  for  VTE  uses  a  series  of  SNPs  that  are  in  the  surrounding  regions  of  F5                    
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but  map  within  other  genes,  such  as   LINC00970   and   NR_135799  (Fig.  4.15,  top;   Klarin  et  al.                  

2019) .  With  the  TG  Hi-C  experiment  I  was  able  to  reassign  the  SNPs  occurring  within  these                  

genes  to   F5 ;  giving  a  more  plausible  biological  explanation  of  the  role  of  these  SNPs  in  the                   

PRS  (Fig.  4.15).  In  fact,  part  of  these  variants  seems  to  be  in  regulatory  regions  linked  to   F5 ,                    

so  it  is  possible  to  assume  that  their  effect  is  to  regulate  the  expression  of  this  coagulation                   

gene.     

Similarly,  it  was  possible  to  reassign  a  GWAS  SNP  to   MPIG6B   (Fig.  4.13  bottom).               

This  gene  encodes  for  a  membrane  receptor  critical  for  myeloid  commitment  and  platelet               

function   (Ribas  et  al.  1999;  de  Vet,  Aguado,  and  Duncan  Campbell  2001;  Newland  et  al.                 

2007) .  Indeed,  variants  in  this  gene  are  causative  of  a  syndrome  characterised  by  low                

platelet  count   (de  Vet,  Aguado,  and  Duncan  Campbell  2001;  Newland  et  al.  2007;  Melhem  et                 

al.  2017) .  rs2269476  is  a  SNP  reported  to  be  associated  with  mean  platelet  volume  and  it                  

maps  within  the   DDX39B  gene  body  (Fig.  4.15;   William  J.  Astle  et  al.  2016) .   DDX39B,   also                  

known  as  BAT1 ,  encodes  for  a  protein  involved  in  the  splicing  process  and  it  has  not  been                   

functionally  associated  with  any  platelet  function  so  far   (Peelman  et  al.  1995) .  The               

interactions  defined  in  megakaryocytes  with  the  TG  Hi-C  experiments  show  a  connection              

between  rs2269476  and   MPIG6B,   which  provide  evidence  of  a  regulatory  loop  between  the               

rs2269476  regulatory  region  and  the  cognate  gene  (i.e.   MPIG6B ).  Also,  in  this  case,  the                

rs2269476  SNP  is  in  a  regulatory  region  that  interacts  with  a  gene  known  to  play  a  role  in  a                     

biological   pathway   more   relevant   to   the   trait   in   consideration.   

Using  the  TG  Hi-C  results  to  inform  the  gene  assignment  of  the  965  independent                

SNPs  that  have  been  linked  to  platelet  traits  (i.e.  mean  platelet  volume,  platelet  count,                

plateletcrit  and  platelet  distribution  width)  in  the  manuscript  by  Astle  and  colleagues   (William               

J.  Astle  et  al.  2016)  I  was  able  to  re-assign  50  genes  out  of  the  525  (i.e  9.5%).  When                     

considering  that  TG  Hi-C  only  focuses  on  BTPD  genes,  this  percentage  is  impressive.               

Moreover,  the  new  and  previous  assignments  are  not  mutually  exclusive  because  enhancers              

can  regulate  multiple  genes   (Peter  Hugo  Lodewijk  Krijger  and  de  Laat  2016) ,  so  these  data                 

offer  a  complementary  perspective  that  can  be  used  to  improve  the  biological  interpretation               

of   several   SNPs.     
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Fig.  4.15  |  Reassignment  of  PRS  and  GWAS  SNPs  using  TG  Hi-C  interactions.   The  top  and                  
bottom  panel  are  referring  to  the  results  obtained  at  the  F5  and  MPIG6B  loci  in  HEP  and  MK,                    
respectively.  SNPs  included  in  the  calculation  of  the  PRS  for  VTE  or  those  found  to  be  associated                   
with  platelet  traits  by  GWAS  are  represented  by  short  vertical  dark-blue  lines  above  and  under  the                  
ATAC-Seq  results  track,  respectively.  Bright  green  arches  are  interactions  identified  in  TG  Hi-C               
experiments.  The  H3K27Ac  peaks  are  referring  to  the  results  of  ChIP-Seq  experiments  performed               
with  a  specific  H3K27Ac  antibody.  Information  about  SNPs  included  in  the  PRS  calculation  have  been                 
taken  from   (Klarin  et  al.  2019)  and  for  GWAS  SNP  for  platelet  traits  have  been  retrieved  from   (Astle  et                     
al.   2016) .   
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4.10   Discussion   

The  experimental  work  described  in  this  chapter  successfully  increases  the  resolution             

by  which  the  regulatory  elements  have  been  identified  for  the  93  diagnostic  grade  BTPD                

genes.  The  TG  Hi-C  approach,  limiting  the  number  of  genes  in  its  libraries,  has  shown  a                  

30-fold  increase  in  the  number  of  interactions  observed  per  gene  when  compared  to               

previous  studies (Javierre  et  al.  2016)  and  it  expanded  the  area  of  regulatory  regions  to  a                 

third  of  the  size  of  the  human  exome   (Niedringhaus  et  al.  2011) .  The  lengths  of  the                  

interactions  are  in  line  with  the  regulatory  loops  previously  reported  (Fig.  4.5; (Javierre  et  al.                

2016;  McCord,  Kaplan,  and  Giorgetti  2020)  and  the  genomic  features  annotations  show  a               

good   representation   for   experimentally   defined   enhancers   (Fig   4.6).   

The  number  of  interacting  enhancers  and  the  distance  of  the  interactions  to  the  gene                

body  are  positively  correlated  (R 2 =0.47)  with  gene  expression  (Fig.  4.12).  These             

observations  are  confirming  the  ones  in  the  previous  studies  with  a  similar  aim  and  structure                 

(Javierre  et  al.  2016;  Burren  et  al.  2017;  Petersen  et  al.  2017) .  It  would  be  interesting  to                   

implement  other  chromatin  features  (e.g.  transcription  factor  binding  sites)  in  the  statistical              

model  adopted  and  evaluate  whether  adding  more  information  improves  the  capacity  to              

predict  gene  expression  levels   (Shi,  Fornes,  and  Wasserman  2019;  Schmidt,  Kern,  and              

Schulz  2020) .  Schmidt  and  colleagues  showed  that  the  introduction  of  information  on  the  TF                

binding  in  their  machine  learning  model,  in  some  cases,  doubled  the  prediction  accuracy  of                

gene  expression.  Another  study  aims  to  integrate  several  different  machine  learning  models              

to   predict   biological   functions    (Avsec   et   al.   2019) .   

Using  the  TG  Hi-C  interactions,  It  was  possible  to  assign  alternative  genes  to  a  series                 

of  SNPs  that  were  identified  in  GWAS  and  used  in  the  calculation  of  PRS  for  VTE  (Fig.                   

4.13).  PRS  uses  the  genotype  of  an  individual  to  predict  the  predisposition  to  certain  traits                 

or  diseases,  however,  the  molecular  pathways  underlying  the  PRS  scores  remain  to  be               

explored.  For  this  to  be  achieved,  the  assignment  of  candidate  genes  to  GWAS-associated               

SNPs  must  be  improved   (Klarin  et  al.  2019) .  The  TG  Hi-C  experiments  described  in  this                 

thesis  provides  locus-specific  examples  of  improved  accuracy  of  candidate  gene  selection,             

with  the   F5  and   MPIG6B  genes  being  far  more  plausible  candidates  for  VTE  and  the                 

formation  of  platelets  by  MKs.  A  careful  inspection  of  these  new  data  may  even  lead  to  the                   

identification  of  alternative  non-canonical  pathways  in  VTE  and  megakaryopoiesis.  However,           

the  alternative  associations  to  putative  novel  genes  of  unknown  function  require  functional              

validation  in  the  relevant  cell  and  animal  models  before  they  can  be  considered  for  drug                 
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development.  For  example,  the  Open  Targets  consortium  ( https://www.opentargets.org/ )          

uses  information  from  pcHi-C  to  assign  variants  to  genes,  in  a  cell-type  specific  manner,  and                 

inform   their   functional   studies    (Javierre   et   al.   2016;   V2G    pipeline,   Open   Targets).   

Another  observation  from  this  study  which  merits  further  exploration  is  the  dynamics              

of  CTCF-DNA  associations.  The  interactions  observed  in  this  study  preferentially  capture  the              

weaker  interactions  of  CTCF  with  its  target  regions;  this  could  be  a  reflection  of  differences                 

in  the  residence  times  between  the  two  roles  of  CTCF  (i.e.  regulator  of  transcription  and                 

structural  protein;   Hansen  et  al.  2017;  Agarwal  et  al.  2017) .  It  is  assumed  that  the  reduced                  

DNA  residence  time  appears  as  weaker  peaks,  hence  the  enrichment  for  CTCF  peaks               

scoring  lower  in  the  ranked  signal  (Fig.  4.7).  Interestingly,  a  recent  study  suggested  a  similar                 

behaviour   for   CTCF   based   on   the   degradation   time   of   the   CTCF    (Luan   et   al.   2021) .   

Overall,  the  combined  use  of  iPSC-derived  differentiated  cells  and  TG  Hi-C  allowed:              

i)  for  thousands  of  regulatory  loops  to  be  identified  for  the  93  BTPD  genes  and  ii)  for                   

considerable  differences  in  the  regulatory  landscape  of  genes  between  MK,  EC  and  HEP               

cells  to  be  mapped  out.  This  new  resource  is  of  considerable  value  to  drive  forward  research                  

in  haemostasis.  First  the  detailed  regulatory  landscape  of  the  core  genes  of  the  haemostasis                

canonical  pathways  provides  an  opportunity  to  explore  to  which  extent  rare  variants  in               

regulatory  elements  of  these  genes  contribute  to  the  number  1  killer  in  society,  being                

thrombotic  events  in  the  venous  (VTE)  and  arterial  circulation  (i.e.  coronary  artery  disease,               

heart  attacks,  peripheral  artery  disease  and  thrombotic  stroke).  Second,  a  new  genomic             

space  has  been  defined  which  can  be  explored  in  cases  of  unexplained  BTPDS   (Downes  et                 

al.  2019;  Turro  et  al.  2020b) .  Finally,  by  adding  functional  validation  of  the  regulatory                

elements  defined  in  this  experiment,  an  additional  quantitative  attribute  can  be  added  for  use                

in  statistical  analysis  of  whole  genome  sequencing  data.  However,  the  regulatory  space  of               

the  93  BTPD  gene  is  too  large  (Table  4.1)  to  be  included  in  association  tests,  like  BeviMed,                   

as  putative  association  signals  would  escape  identification  because  of  multiple  testing            

(Greene  et  al.  2017) .  Further  analysis  of  the  data  is  required  to  constrain  the  search  space                  

for  rare  non-coding  variants  causal  of  unexplained  BTPDs,  i.e.  by  applying  the  RedPop               

analysis  approach  to  identify  regulatory  elements  occupied  by  transcription  factors   (Turro  et              

al.  2020b) .  These  next  steps  in  the  analysis  of  the  data  generated  in  the  experiments                 

described   in   this   chapter   is   discussed   in   chapter   5.   
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5.1   Introduction   and   aims   of   the   chapter   

HTS  is  the  preferred  method  in  screening  cases  with  assumed  inherited  disorders.              

This  technology  allows  to  screen  multiple  loci,  or  the  entire  genome,  in  a  single  experiment,                 

and  for  this,  it  advanced  the  understanding  of  the  aetiology  of  several  rare  diseases,                

including  BTPD  ones   (Albers  et  al.  2011,  2012;  Cvejic  et  al.  2013;  Westbury  et  al.  2015;                  

Stritt,  Nurden,  Favier,  et  al.  2016;  Turro  et  al.  2016;  Stritt,  Nurden,  Turro,  et  al.  2016;  Bariana                   

et  al.  2017;  Lentaigne  et  al.  2019;  Sivapalaratnam,  Collins,  and  Gomez  2017;  Sims  et  al.                 

2020;  Turro  et  al.  2020b) .  HTS  also  improved  the  diagnostic  rate  of  these  rare  diseases                 

(Turro  et  al.  2020b;  Taliun  et  al.  2021;  Downes  et  al.  2019) .  Currently,  the  HTS  diagnostic                  

yield  for  BTPD  cases  with  gene  panel  test  is  still  approximately  50%  if  there  is  a  strong  prior                   

belief  of  the  condition  being  a  rare  inherited  one   (Simeoni  et  al.  2016;  Downes  et  al.  2019) .                   

Notwithstanding  the  success  of  HTS  in  increasing  the  diagnostic  yield,  for  the  other  half  of                 

cases,   no   molecular   diagnosis   has   been   reached.   

There  are  several  possible  reasons  why  no  genetic  cause  could  be  identified.  First,               

the  assumption  that  the  BTPD  condition  was  a  monogenic  inherited  disorder  may  have  been                

erroneous.  Second,  the  condition  is  caused  by  a  rare  variant  in  a  novel  BTPD  gene  not  yet                   

identified.  Based  on  the  results  of  the  pilot  phase  of  the  100,000  genomes  project,  it  is                  

entirely  plausible  that  a  large  number  of  BTPD  genes  remain  to  be  identified   (Lentaigne  et  al.                  

2016;  Freson  and  Turro  2017) .  Indeed,  over  the  past  decade  18  new  BTPD  genes  have                 

been  identified  and  more  recently  a  rare  variant  in   MAST2  was  identified  as  a  novel  cause  of                   

premature  thrombotic  events  ( Lentaigne  et  al.  2019;  Morange  et  al.  2021) .  The  identification               

of   MAST2  as  a  key  regulator  of  the  haemostasis  pathways  is  a  striking  example  of  how                  

studies  of  unexplained  rare  BTPD  can  lead  to  novel  biological  insights.  Third,  SVs  cannot                

be  identified  with  good  sensitivity  in  short  read  HTS  genotyping  methods,  whether  it  is  WES                 

or  WGS.  Therefore  their  role  in  disease  aetiology  is  underestimated,  although  the  sensitivity               

of  the  detection  of  deletions  has  improved  with  the  introduction  of  WGS  for  rare  diseases                 

diagnosis  (see  chapter  1.3.6;   Neerman  et  al.  2019;  Mahmoud  et  al.  2019) .  This  lack  in                 

sensitivity  for  the  detection  of  SVs  may  in  part  be  corrected  by  the  application  of  long-read                  

sequencing.  For  example,  SVs  causal  of  antithrombin  deficiency,  which  resisted  detection  by              

a  plethora  of  genotyping  platforms,  could  be  identified  by  analysis  of  DNA  by  Oxford                

Nanopore  long  read  sequencing   (de  la  Morena-Barrio  et  al.  2020) .  Lastly,  in  a  fraction  of                 

cases,  the  aetiological  variants  may  be  in  non-coding  regulatory  regions,  either  of  a  known                

BTPD  gene  or  genes  yet  to  be  identified.  Indeed,  rare  variants  in  the  regulatory  elements  of                  

the  haemoglobin  locus  which  are  causal  of  the  different  forms  of  thalassemia  are  one  of  the                  
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most  studied  examples  of  a  rare  disease  causing  dysregulation  of  gene  expression   (Higgs               

2013;  Hay  et  al.  2016) .  For  instance,  loss  of  CTCF  binding  sites  has  been  shown  to  cause                   

rare  diseases  in  humans,  such  as  polydactyly  and  branchio-oculo  facial  syndrome   (Higgs              

2013;   Lupiáñez   et   al.   2015;   Laugsch   et   al.   2019;   Schoenfelder   and   Fraser   2019) .    

It  is  reasonable  to  argue  that  the  role  of  regulatory  variants  as  a  cause  of  rare                  

diseases  may  be  under-appreciated  because  nearly  all  genetic  investigations  over  the  past              

50  years  have  focussed  on  the  coding  space.  Possibly,  the  most  well-known  example  of                

haematological  enhanceropathies  is  linked  to  the  globin  regulatory  regions   (Hay  et  al.  2016) .               

There  is  an  increasing  number  of  examples  of  rare  diseases  caused  by  regulatory  variants                

have  been  reported  also  in  the  haematological  domain   (De  Gobbi  et  al.  2006;  Phylipsen  et                 

al.   2010;   Nicchia   et   al.   2016;   Liang   et   al.   2020;   Turro   et   al.   2020b;   Thaventhiran   et   al.   2020) .     

In  chapter  5,  I  describe  the  work  I  performed  to  prioritise,  according  to  their  regulatory                 

potential,  the  regions  defined  in  the  previous  chapter  and  assess  the  potential  role  of  rare                 

variants  in  these  regions  in  the  aetiology  of  some  forms  of  BTPD.  The  variants  were                 

identified  by  whole  genome  sequencing  of  13,037  DNA  samples  from  rare  disease  patients               

and  their  close  relatives  of  the  NIHR  BioResource  cohort   (Turro  et  al.  2020b) .  For  the                 

purpose  of  this  study  the  1,169  patients  presenting  a  BTPD  phenotype  were  defined  as               

cases,  whilst  the  remaining  11,868  participants  of  the  cohort  were  used  as  reference  (Fig.                

5.1;   Turro  et  al.  2020b) .  The  Bayesian  statistical  framework,  BeviMed,  was  applied  to               

regulatory  regions  of  the  93  BTPD  genes  to  estimate  the  probability  of  a  rare  variant  in  a                   

regulatory  element  being  causal  of  a  BTPD   (Greene  et  al.  2017 ;   Turro  et  al.  2020b) .  The                  

BeviMed  method  models  the  different  modes  of  inheritance  and  infers  the  posterior              

probability  of  a  rare  variant  being  causal.  In  a  next  analysis,  the  likelihood  of  rare  variants  in                   

TG  Hi-C  regions  altering  the  binding  for  CTCF  was  modelled,  with  the  notion  that  non-coding                 

variants  can  alter  the  binding  site  of  this  structural  DNA-binding  factor.  Finally,  two   in  vitro                 

experimental  methods  were  used  to  measure  the  functional  effect  of  a  set  of  selected  rare                 

variants  on  gene  expression.  The  first  method  was  a  dual-luciferase  reporter  assay  and  the               

second  one  a  CRISPR  interference  approach.  The  dual-luciferase  reporter  assay  measures             

the  effect  of  the  rare  DNA  variant  on  transcription   (Sherf  et  al.  1996;  Grentzmann  et  al.                  

1998) .  The  dCas9-KRAB  system  silences  the  entire  region  being  targeted  and  therefore              

assesses  the  role  of  the  region  in  a  physiological  context   (Fulco  et  al.  2016) .  The                 

combination  of  the  two  approaches  provided  a  framework  to  test  the  role  of  specific  rare                 

variants  in  the  regions  of  interest  (i.e.  dual-reporter  assay)  and  to  recapitulate  the  effect  of  of                  

its   loss   of   function   in   the   local   chromatin   landscape   (i.e.   dCas9-KRAB).     
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The  results  of  the  above  described  experiments  can  be  used  to  gain  insight  in  the                 

possible  causal  role  of  rare  variants  in  regulatory  elements  in  BTPD  disease  aetiology.               

Throughout  the  chapter,  a  few  BTPD  cases  will  be  reviewed  where  the  above  analysis  has                 

identified  putative  causal  variants  in  regulatory  elements.  The  work  presented  in  this  chapter               

is  the  result  of  a  collaborative  effort  with  former  colleagues  from  the  Cambridge  laboratory                

and  colleagues  from  the  University  of  Exeter.  In  particular,  the  BeviMed  analysis  (Fig.  5.6)                

has  been  executed  by  Dr.  Daniel  Greene  and  Prof.  Ernest  Turro,  currently  affiliated  with  the                 

Icahn  School  of  Medicine  at  Mount  Sinai.  The  variant  effect  on  CTCF  binding  motifs  (Fig.                 

5.7)  has  been  performed  by  Dr.  Nick  Owens  from  the  University  of  Exeter.  The  imMKCL  cell                  

line  used  for  the  reporter  assay  experiments  was  made  available  by  Prof.  Koji  Eto  from  the                  

University   of   Kyoto.     
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Fig.  5.1  |  Cartoon  describing  the  workflow  adopted  in  this  chapter  and  possible  future                
experiments.   The  first  step  requires  the  identification  of  rare  variants  in  the  TG  Hi-C  regulatory                 
regions  with  a  high  likelihood  of  being  functionally  relevant  for  the  rare  BTPD  conditions.  Then  the                  
effect  of  these  rare  variants  on  gene  function  has  been  investigated  with  in  silico  and  in  vitro                   
approaches.  Ultimately,  the  rare  non-coding  variants  with  the  highest  probability  of  being  pathogenic               
will   be   tested   with   functional   studies   in   the   individuals   carrying   these   variants.   
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5.2  The  regions  identified  with  TG  Hi-C  show          

potential   regulatory   capacity   

The  MK  interactions  defined  in  chapter  4  were  ranked  and  prioritised  based  on  their                

characteristics  (e.g  ATAC-Seq,  H3K27Ac  ChIP-Seq;  see  chapter  2.3  for  a  detailed             

description  of  the  ranking  algorithm).  The  ranking  approach  has  been  used  to  prioritise               

regions  with  a  high  probability  of  being  functionally  active  MK  regulatory  elements  and  the                

seven  highest-ranking  ones  have  been  cloned  into  a  plasmid  (Fig.  5.2.A  and  Fig.  5.2.C)  and                 

then  their  regulatory  potential  has  been  functionally  validated  with  the  reporter  assay  (Fig.               

5.3).     

The  plasmids  were  transfected  with  the   bona  fide  regulatory  regions  in  a  cell  line  that                 

faithfully  mimicked  megakaryocyte  biology,  morphologically  and  functionally,  namely          

imMKCL  ( Nakamura  et  al.  2014) .  imMKCLs  grow  in  clumps  of  cells  (Fig.  5.2.B)  similarly  to                 

iMKs  obtained  by  forward  programming  of  iPSCs  (Fig.  4.2).  This  molecular  similarity  is               

required  so  that  the  TFs  and  the  transcription  machinery  are  similar  to  those  found  in  the                  

primary   MKs.     

The  regions  to  test  with  functional  assays  were  selected  to  overlap  H3K27Ac              

Chip-Seq  peaks,  CTCF  Chip-Seq  peaks  and  RedPop  regions   (Turro  et  al.  2020) .  The  PCR                

fragments,  which  contain  these  regulatory  regions,  were  cloned  in  the  reporter  plasmid              

respecting  the  5’→3’  directionality  of  the  human  genome  (Fig.  5.2.C),  and  the  correct               

insertion   in   the   plasmid   was   confirmed   by   Sanger   sequencing   (Fig.   5.2.A).  
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Fig.  5.2  |  Reporter  assay  components  and  QC.   A)  Example  of  a  Sanger  sequence  performed  to                  
verify  the  correct  insertion  of  the  DNA  sequence.  B)  Bright-field  microscopy  image  showing  the                
morphological  characteristics  of  the  imMKCL  cell  line  used  for  the  reporter  assay  experiments.  C)                
Plasmid  used  for  the  reporter  assay  experiments.  In  grey,  blue  and  pink  are  the  reporter  gene  (either                   
Luciferase  or  Renilla),  the  minimal  promoter  and  the  insertion  site  for  the  regulatory  region,                
respectively.   

This  reporter  system  showed  that  the  seven  highest  scoring  regions  identified  by  the              

analysis  of  the  TG  Hi-C  results  significantly  increase  (p-value=1.4e-02  after  Bonferroni             

correction)  the  expression  of  the  reporter  gene  over  the  empty  vector,  supporting  the  original                

assumption  of  the  regulatory  function  of  these  regions.  Different  regions  show  different  levels               

of  enhancing  capacities,  ranging  from  a  two-  to  a  15-fold  increase  in  the  reporter  gene                 

expression   (Fig.   5.3).   
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Fig.  5.3  |  Effect  of  the  selected  TG  Hi-C  regions  in  the  reporter  assay.  Effect  of  the  regions  is                     
reported  as  the  expression  of  the  reporter  gene  (i.e.  Luciferase;  Luc)  normalised  by  the  expression  of                  
Renilla   (Ren).   The   horizontal   black   line   is   the   Luc/Ren   ratio   for   the   empty   vector.   
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5.3  Identification  of  variants  in  TG  Hi-C  non-coding          

regions  in  participants  of  the  NIHR  BioResource         

Rare   Diseases   study   

Non-coding  variants  occurring  in  the  2.5  Mb  TG  Hi-C  regions  identified  in  MK  were                

selected  from  the  NIHR  BioResource  Rare  Diseases  cohort  and  their  effect  on  gene               

expression  was  estimated.  It  was  postulated  that  deleterious  non-coding  variants  may  be              

better  tolerated  than  deleterious  coding  ones  and  a  relaxed  AF  threshold  of  ≤  0.01  was  set                  

as  filter  for  variant  selection  (see  chapter2.3  for  a  description  of  the  method).  For  instance,                 

Albers  and  colleagues  reported  that  the  non-coding  UTR  variant  rs139428292  (AF  =  0.016)               

in   RBM8A ,  in  combination  with  a  deletion  of   RBM8A  on  the  alternate  allele  is  the  cause  of                   

the   thrombocytopenia   with   absent   radii   (TAR)   syndrome    (Albers   et   al.   2012) .   

The  initial  search  returned  63,529  variants  in  the  MK  interacting  regions  in  the  WGS                

genotype  data  of  the  BTPD  cases  (Fig.  5.4.A);  78%  and  22%  of  the  variants  are  SNPs,  and                   

INDELs,  respectively  (Fig.  5.4.A  and  Fig.  5.4.B).  As  expected,  the  vast  majority  of  the  single                 

nucleotide  variants  were  singletons  (Fig.  5.4).  The  number  of  large  deletions  observed  is  in                

line  with  what  one  would  expect  from  a  recent  study  that  aims  to  determine  the  number  of                   

these   variants   in   a   healthy   population    (Beyter   et   al.   2020) .     

If  considering  only  SNPs  and  INDELs,  the  distribution  of  AFs  for  these  variants               

observed  in  the  TG  Hi-C  regions  seemed  lower  than  the  AF  in  the  remaining  non-coding  part                  

of  the  genome.  This  observation  is  compatible  with  the  notion  that  regulatory  regions  are                

under  positive  selective  pressure  (Fig.  5.4.C).  To  test  this  assumption,  25  rounds  of  random                

permutations  of  the  genomic  space  were  performed  to  select  regions  of  equal  length  in  bp  to                  

the  ones  defined  in  the  TG  capture  Hi-C  experiments.  The  number  of  variants  in  these                 

‘control’  regions  were  counted  and  their  AF  values  calculated.  Because  these  types  of               

experiments  are  computationally  demanding,  the  analysis  was  limited  to  the  prey  regions              

identified  in  chromosome  11.  This  chromosome  was  selected  because  it  harboured  the              

largest  number  of  identified  regulatory  regions  and  the  highest  number  of  variants  compared               

to  the  other  chromosomes  (Fig.  5.4.D).  This  analysis  showed  that  the  variants  in  TG                

captured  Hi-C  regions  have  a  significantly  lower  AF,  than  the  control  regions  confirming  the                

hypothesis  that  the  Hi-C  identified  regions  are  under  purifying  selection  pressure  and              
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therefore  relatively  devoid  of  rare  variants  compared  to  the  other  non-coding  regions  of  the                

genome   (p-value=2.2e-16,   Kolmogorov-Smirnov   test).     

  
Fig.  5.4  |  Variants  from  the  NIHR  BioResource  Rare  Diseases  cohort  overlapping  TG  Hi-C                
regions.  A)  Summary  statistics  of  the  number  of  variants  identified  in  the  2.5  Mb  MKs  regulatory                  
regions.  B)  Number  of  observed  variants  categorised  for  the  length  of  the  variant  in  bp.  C)  Number  of                    
observed  variants  binned  on  the  basis  of  their  allele  frequency.  D)  Number  of  observed  variants  in  the                   
TG  Hi-C  regions  (black  line)  on  chromosome  11  ranked  according  to  their  allele  frequency  and  in                  
randomly   sampled   control   regions   (n=25;   multiple   colours).   

There  were  only  206  large  deletions,  across  all  chromosomes,  that  overlapped  the              

regulatory  regions  defined  with  the  TG  Hi-C  experiments  in  MKs.  These  regions  were               

manually  reviewed  by  visual  inspection  of  the  sequence  reads  because  applying  statistical              

analysis  methods  on  a  small  number  of  events  may  lead  to  biased  results  lacking                

robustness.  One  of  the  206  SV  overlapping  the  TG  Hi-C  defined  regions  localised  in  the                 

HDAC6 - GATA1  locus.  This  interaction  loop  between   GATA1  and  its  enhancer,  which  is              

localised  in  one  intron  of   HDAC6,  was  initially  reported  by   (Fulco  et  al.  2016) .  More  recently,                  

the  deletion  of  this  regulatory  circuit  was  reported  to  be  the  cause  of  a  new  syndrome  of                   

macrothrombocytopenia  and  autism-spectrum  disorder  in  a  young  male  patient   (Turro  et  al.              

2020b) .  Reassuringly,  this  variant  was  again  identified  in  the  analysis  reported  in  this  chapter                

using   newly   generated   TG   Hi-C   data.     

The  visual  inspection  revealed  another  possible  interesting  SV,  which  warrants            

further  investigation  (Fig.  5.5).  This  variant  is  present  in  two  siblings  with  an  unexplained                

bleeding  disorder.  The  sibs  share  a  51Kb  heterozygous  deletion  that  removes  an  entire  copy                
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of   BCYRN1 ,  part  of   EPCAM-DT  and  a  regulatory  region,  conserved  across  the  three  cell                

types  (i.e.  MK,  HEP,  EC)  500  Kb  downstream  the   MCFD2   gene.   BCYRN1 ,  also  known  as                 

BC200 ,  is  a  200-nucleotide  long  non-coding  RNA  that  is  expressed  predominantly  in             

neurons  and  studied  for  its  role  in  neurodegeneration  and  cancer   (Mus,  Hof,  and  Tiedge                

2007;  Su  et  al.  2020) .  Interestingly,  several  of  the  molecular  pathways  for  dendrite  formation                

are  also  relevant  for  platelet  function   (Padmakumar  et  al.  2019) .  The  function  of   EPCAM-DT                

has  not  been  identified  to  date  and  its  transcript  is  lacking  from  MK   (Grassi  et  al.  2020) .                   

Lastly,   MCFD2  is  a  BTPD  diagnostic-grade  gene,  which  plays  a  role  in  the  F5  and  F8                  

trafficking  within  cells,  and  rare  P/LP  variants  in   MCFD2  are  considered  an  important  cause                

of  of  the  combined  deficiency  of  the  coagulation  factors  V  and  VIII,  which  is  an  extremely                  

rare  disorder   (Zhang  et  al.  2008) .  This  variant  ablates,  in  heterozygosity,  3  features,  2                

non-coding  RNA  and  a  regulatory  region,  which  could  contribute  to  the  phenotype  observed               

in  a  pleiotropic  way.  Further  studies  in  this  pedigree  are  being  planned  to  determine  the                 

segregation   of   the   variant   with   the   phenotype   of   bleeding.   

  
Fig.  5.5  |  TG  Hi-C  interactions  between  MCFD2  promoter  and  a  SV  identified  in  the  NIHR                  
BioResource  Rare  Diseases.  MK  (red),  EC  (brown)  and  HEP  (green)  interactions  are  all  overlapping                
the   deletion   (blue   horizontal   bar)   ~450Kb   away.   
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5.4  Statistical  association  to  prioritise  possible        

pathogenic   variants   in   TG   Hi-C     

The  power  of  the  NIHR  BioResource  Rare  Diseases  study  also  resides  in  its  13,037                

participants  which  provides  reasonable  power  to  detect  rare  non-coding  variants  associated             

with  one  of  the  rare  diseases  phenotypes  in  a  constrained  regulatory  space.  The  Bayesian                

inference  procedure  BeviMed  was  applied  to  the  WGS-generated  genotype  data  of  the              

1,169  BTPD  cases  and  11,868  controls  with  the  aim  to  identify  putative  causal  regulatory  loci                 

and  the  variants  therein  associated  with  BTPDs  phenotypes   (Greene  et  al.  2017;  Turro  et  al.                 

2020) .   

This  analysis  identified  61  associations  at  genetically  independent  loci  with  a             

posterior  probability  (PP)  >  0.7  (Fig.  5.6).  The  associations  were  placed  in  three  categories,                

being  gene  body  to  other  gene  body  (n=13),  gene  body  to  the  intergenic  region  (n=11)  and                  

within  gene  body  (n=37).  As  expected,  a  large  portion  of  the  strongest  associations  identified                

occur  over  short  distances  that  are  mapping,  because  of  their  proximity,  to  the  same  gene                 

(see  chapter  2  for  a  better  explanation  of  the  method).  The  fact  that  the  strongest                 

associations  are  identified  in  the  coding  region  or  in  regions  in  proximity  to  the  coding  ones                  

gives  more  robustness  to  the  results  of  this  analysis.  Indeed,  one  would  expect  that  the                 

majority  of  the  disease-causing  variants  are  coding.  However,  there  are  a  few  statistically               

significant  associated  variants  in  interactions  between  genes  and  intergenic  regions  (Fig.             

5.6),  for  instance,   F7  (PP  =  0.93).  Although  the  expression  of  coagulation  factors  is  very                 

limited  in  platelets  (log2(FPKM)  for   F7  <  1),  therefore  it  is  difficult  to  interpret  the  biological                  

effect   of   variants   in   these   associations.   

The  first  region  with  interactions  outside  the  same  gene  body  and  high  PP  (i.e  0.98)                 

is  between  the  promoter  of   BLOC1S6   and  intron  2  of   GATM   (Fig.  5.6).  The  TG  Hi-C                  

experiment  at  this  locus  identified  two  independent  strong  interactions  between  the  promoter              

and  a  distinct  regulatory  region  215Kb  upstream  (Fig.  5.6).  Interestingly,  the   GATM   region,               

that  BeviMed  associates  to  BTPD  phenotypes,  carries  an  H3K27Ac  signal  and  is  also  a                

CTCF   binding   site.   

A  total  of  five  BTPD  patients  have  rare  variants  in  these  regions,  with  three  having                 

the  same  9-bp  insertion  on  one  allele  of  chr15q21.1  g.45670316  G>AGACGCGCA             

(GRCh37).  In  the  remaining  two  cases  the  following  variants  were  observed  in  the  same                

regulatory  element.  The  first  three  cases  were  all  characterised  by  an  unexplained  bleeding               

phenotype,  which  was  accompanied  by  impaired  platelet  aggregation.  BLOC1S6  encodes            
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pallidin  one  of  the  eight  proteins  of  the  ‘biogenesis  of  lysosome-related  organelles  complex-1               

(BLOC1),  and  plays  a  role  in  lysosomal  trafficking  and  possibly  in  platelet  dense  granules                

(Ciciotte  et  al.  2003;  Li  et  al.  2003;  Mao  et  al.  2017;  Ambrosio  and  Di  Pietro  2017) .  The  gene                     

is  ubiquitously  transcribed  at  high  levels  in  haematopoiesis,  including  MK  and  platelets              

(log2-FPKM  6.4  and  9.4  respectively).  P/LP  variants  in  BLOC1S6,  if  present  on  both  alleles                

are  known  to  be  causal  of  Hermansky-Pudlak  syndrome-9,  a  rare  multi-system  disorder              

characterized  by  oculocutaneous  albinism,  bleeding  diathesis  and,  in  some  cases,            

neutropenia  with  a  proneness  to  pyogenic  infections   (Badolato  et  al.  2012) .  No  rare  coding                

variants  with  putative  deleterious  effects  were  identified  in  the  BLOC1S6  gene  of  these               

cases.  However,  the  observation  that  five  patients  with  a  bleeding  phenotype  have  a  rare                

variant  in  a  regulatory  element  of  BLOC1S6  warrants  further  studies  on  the  presence  of                

function-altering  variants  in  interactors  of  pallidin  in  the  BLOC1  complex  and  on  the               

morphology   and   function   of   platelets   of   these   cases.   
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Fig.  5.6  |  BeviMed  data  for  variants  in  the  TG  Hi-C  regions.  Upper  panel:  Blue  dots  refer  to  the                     
posterior  probability  value  returned  by  the  BeviMed  test.  Locus  names  refer  to  the  name  of  the  gene                   
which  was  used  as  prey.  Lower  panel:  The  TG  Hi-C  interactions  for  BLOC1S6  to  its  regulatory                  
regions.  The  TG  HiC  interactions  between  the  prey  and  the  regulatory  element  are  presented  by  blue                  
arches.  The  orange  shaded  column  at  the  left  of  the  panel  highlights  the  associated  region  identified                  
by  the  BeviMed  analysis.  Results  of  ChIP-Seq  experiments  for  H3K27Ac  (light  blue)  and  CTCF                
binding  sites  (red/blue)  in  MK  are  presented  in  the  upper  and  lower  tracks  below  the  gene  structures.                   
For  the  CTCF  track,  red  and  blue  indicate  sense  and  antisense  orientation  of  the  CTCF  motif,                  
respectively.  Black  peaks  in  the  lower  track  represent  CTCF  binding  events  in  the  absence  of  a                  
canonical   binding   sequence   motif   for   CTCF.   
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5.5   In  silico  prediction  of  variant  effects  on          

transcription   factor   binding  

An  additional  approach  to  investigate  the  possible  pathogenicity  role  of  non-coding             

variants  is  to  infer  their  effect  on  the  binding  of  transcription  factors  by  analysing  transcription                 

factor  binding  motifs  (TFBM;  Fig.  5.7).  The  63,323  variants  (49,237  SNPs,  14,086  INDELs;               

see  Fig.  5.4,  A)  were  analysed  for  their  effect  on  transcription  factor  binding  by  applying  the                  

Ensembl  Regulatory  Build  method   (Zerbino  et  al.  2015) .  In  general,  the  effect  of  variants  on                 

the  affinity  of  TF  binding  can  be  neutral  or  it  may  increase  or  reduce  the  avidity  of  TF  binds                     

binding  to  its  TFBS.  The  distribution  of  the  variant  impact  on  the  TFBMs  shows  a                 

bell-shaped  distribution  (Fig.  5.7.B),  slightly  skewed  towards  the  negative  values  (median             

density  distribution  =  -0.03).  The  shape  of  this  distribution  suggests  that  the  rare  variants                

overall  are  more  prone  to  reduce  TF  binding  but  the  effect  for  most  variants  is  very  low.                   

However,   it   is   suggested   that   the   impact   of   a   few   variants   may   be   substantial   (Fig.   5.7.B).   

The  effect  on  TF  binding  was  ranked  (Fig.  5.7A)  according  to  the  count  of  the                 

affected  motifs  and  the  binding  of  TFAP2C  and  MAX  was  the  most  frequently  altered,  269                

unique  rare  variants  across  the   37,176  interactions  in  the  BTPD  loci  (Fig.  5.7.A).  MAX                

encodes  for  the  MYC-associated  factor  X  and  in  human  MKs  has  been  identified  as  one  of                  

the  target  genes  of  the  key  TFs  for  megakaryopoiesis  (i.e.  FLI1,  GATA1/2,  RUNX1  and                

TAL1).  In  fact,  morpholino-mediated  repression  of  the  transcription  of  max  resulted  in  a               

profound   reduction   of   thrombocyte   formation   in   zebrafish    (Tijssen   et   al.   2011) .   
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Fig.  5.7  |  Effect  of  the  rare  variants  in  the  TG  Hi-C  regions  on  the  TFBS  motifs.  A)  Table  listing                      
the  top  TFBS  affected  by  the  variants  identified  in  this  analysis.  The  “::”  indicates  a  complex  of  two                    
transcription  factors.  B)  predicted  effect  of  the  variant  on  the  TFBS,  ranging  from  negative  to  positive                  
values  to  reflect  a  relative  reduction  and  increase  in  the  affinity  of  the  TF  binding.  C)  effect  of  the  rare                      
variants  on  the  binding  motif  for  CTCF.  The  left  panel  reports  all  the  calculated  CTCF  motifs,  the                   
majority  of  the  variants  are  not  localised  in  a  CTCF  binding  site  (i.e.  variants  with  values  <  0).  The                     
shades  of  purple  in  the  dots  show  the  relative  distance  of  the  variant  from  the  centre  of  the  CTCF                     
peak  identified  with  the  ChIP-Seq  experiments  in  MK.  The  right  panel  in  C  is  a  zoom  in  on  the  variants                      
that  show  alteration  on  the  CTCF  binding  motif.  The  numbers  on  the  right  panels  are  the  region  IDs                    
used  in  this  experiment.  Motif  score  =  10  (vertical  dotted  line)  is  the  threshold  adopted  to  reduce  the                    
number   of   false   positives.     

Another  interesting  observation  is  the  suggested  effect  of  89  rare  variants  on  the               

binding  site  of  the  TFs  HNF4A  and  RFX5  (Fig.  5.7.A).  The  former  encodes  hepatocyte                

nuclear  factor  4-alpha.  This  transcription  factor  plays  an  important  role  in  the  development  of                

the  pancreas,  kidney  and  liver.  In  adulthood,  this  transcription  factor  regulates  the              

expression  of  several  hepatic  genes,  including  several  coagulation  factors   (Inoue  et  al.  2006 ;               

see  chapter  1.1.2).  The  role  of  RFX5  in  the  immune  system  has  been  well  defined  and                  

variants  in  this  locus  are  causal  of  severe  combined  immunodeficiency  caused  by  a  lack  of                 

expression  of  the  HLA  class  II  genes   (Steimle  et  al.  1995) .  RFX5  is  ubiquitously  transcribed                 

in  haematopoiesis  and  whether  it  also  plays  a  role  in  megakaryopoiesis  and  platelet               

formation   remains   to   be   investigated.   

One  of  the  other  TFBS  frequently  affected  by  the  rare  variants  identified  in  the  NIHR                 

BioResource  cohort  is  the  one  for  CTCF  (Fig.  5.7,A).  CTCF  is  expressed  in  all  human  cell                  

types  and  has  an  important  role  in  maintaining  the  structure  of  the  DNA  chromatin  (see                 
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chapter  1.3.5).  The  analysis  of  CTCF  binding  sites  (Fig.  5.7,C)  recapitulates  the  observation               

of  the  results  for  all  the  TF  (Fig.  5.7.B)  with  91%  (n=xxx)  having  no  discernable  effect  on                   

CTCF  binding.  However,  the  results  of  the  analysis  suggest  that  the  remaining  ~70  (9%)                

variants   may   alter   the   binding   of   CTCF   significantly   (Fig.   5.5,A   and   Fig.   5.5,C).     

One  of  these  rare  variants  with  a  significant  negative  effect  is  variant  “44”  in  a  CTCF                  

binding  site  localised  in  the  VWF  locus  in  MK  (chr12:6040204:AG:A  GRCh38;  gnomAD  AF  =                

6.45828e-05).  Three  BTPD  cases  in  the  NIHR  BioResource  (Fig.  5.7,C  right  panel).  The               

deletion  of  the  G  nucleotide  is  predicted  to  dramatically  reduce  the  binding  of  CTCF.                

Whether  this  predicted  reduction  in  CTCF  binding  at  this  position  has  consequences  for               

gene   regulation   requires   further   experiments.     

   

219   

Luca Stefanucci

Luca Stefanucci
781



220   

5.6  Functional  validation  of  rare  variants  in  TG          

Hi-C   regions   

The  reporter  gene  experimental  protocols  described  earlier  in  this  chapter  (Fig.  5.3)              

were  applied  to  measure  the  effect  of  eight  rare  INDELs  identified  in  the  NIHR  Rare                 

Diseases  Cohort  on  gene  regulation.  However,  on  this  occasion,  the  regions  of  interest  were                

retrieved  from  the  DNA  of  the  eight  BioResource  participants  carrying  these  rare  variants.               

The  eight  rare  variants  resided  in  seven  unique  genomic  regions  (Fig.  5.8,B).  The  reference                

regions  are  the  same  as  used  before  (Fig.  5.3)  and  the  complexity  and  repetitiveness  of  the                  

eight   INDELs   is   shown   in   Fig.   5.8,B.   

As  already  shown  in  earlier  experiments  (Fig.  5.3),  all  the  seven  regulatory  regions,               

including  the  alternative  sequences,  have  the  ability  to  alter  the  expression  of  the  reporter                

gene  (p-value=2.5e-05;  Fig.  5.8,C).  However,  for  seven  of  the  eight  rare  variants,  the               

difference  between  the  reference  and  alternate  sequences  were  not  statistically  significant             

(Fig.  5.8,C).  The  only  result  which  reached  the  significance  threshold  was  between  reference               

regions  D  and  its  alternate  rare  allele  D2  (p-value  =  0.036),  with  the  rare  allele  increasing  the                   

expression  of  the  reporter  gene  by  approximately  three  folds.  For  some  of  the  remaining  rare                 

variants,  non-significant  trends  were  observed  with  different  directionalities.  Alternate  rare            

alleles  A,  D2  and  G  showed  an  increased  expression  and  B,  C,  D1,  E  and  F  a  reduced                    

expression   of   the   reporter   genes.     

After  a  power  calculation  (see  chapter  2),  the  number  of  replicates  was  increased  to                

15  for  the  regulatory  regions  A  and  C.  These  independent  replication  experiments  confirmed               

the  earlier  results  for  these  regions  (Fig.  5.9).  The  rare  allele  for  region  A                

(chr12:6277361:GGGGGGAGATGGA:G)  increases  the  expression  of  the  reporter  gene  by           

2.5  folds  (p-value=1.1e-0.5;  Fig.  5.9);  and  the  rare  allele  for  region  C              

(chr20:23133058:GGTGCCTCCTCCTCCTACAGGAAGCAA:G)  reduced  expression  by  1.5       

folds   (p-value=7.6e-0.5;   Fig.   5.9).     
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Fig.  5.8  |  Reporter  assay  for  the  variants  in  the  seven  selected  TG  Hi-C  regions.  A)  Example  of                    
Sanger  sequencing  to  confirm  the  introduction  of  the  correct  sequence.  B)  Table  of  the  regulatory                 
regions  tested  with  the  reporter  assay.  C)  Effect  of  the  rare  variants  in  the  TG  regulatory  regions                   
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compared  to  the  reference  sequence.  The  horizontal  black  line  is  the  Luc/Ren  ratio  for  the  empty                  
vector.   

  
Fig.  5.9  |  Replication  of  reporter  assay  for  the  rare  variants  in  TG  Hi-C  regions   A  and  C.  Same                     
experiment   as   per   Fig.   5.8,C   but   with   an   increased   number   of   replicates,   from   5   to   15.   

To  investigate  further  the  role  of  rare  variants  in  TG  Hi-C  regulatory  regions  for  BTPD                 

genes  the  dCas-KRAB  system  was  applied   (Fulco  et  al.  2016 ;  see  chapter  2.4  for  a  detailed                  

description  of  the  method).  The  regulatory  regions  of   BLOC1S6   (Fig.  5.6) ,  MCFD2   (Fig.  5.5)                

and  THBD   were  investigated  with  this  method .  The  dCas-KRAB  system  epigenetically             

silences  the  targeted  regions  via  histone  modifications.  The  KRAB  domain  decreases  H3K27              

acetylation  and  increases  the  tri-methylation  at  H3K9  (Table  1.6;   Ying  et  al.  2015) .  To  mimic                 

the  effect  of  germline  LoF  rare  variants  in  these  regulatory  regions,  repression  was               

sustained,  via  the  dCas-KRAB  system,  throughout  the  entire  iMK  differentiation  protocol  (see              

chapter   2.2).     

The  epigenetic  silencing  of  the  targeted  regulatory  regions  should  results  in  a              

significant  reduction  of  the  transcription  of  the  cognate  gene  in  comparison  to  the  control                

gene  (i.e.   GUSB ;  Fig.  5.10).  Indeed,  the  transcription  levels  of  all  cognate  genes  was                
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dramatically  and  significantly  reduced,  compared  to  the  expression  of  the  control  gene  (Fig.               

5.10).     

  
Fig.  5.10  |  Expression  levels  of  the  cognate  genes  of  the  regions  epigenetically  silenced  with                 
the   dCas-KRAB   system.    p-values   are   calculated   with   the   Wilcoxon   test.   

However,  the  reduction  in  the  transcript  level  was  not  specific  for  the  cognate  gene                

but  affected  all  three  genes,  selected  for  the  experiment,  independently  whether  they  were               

epigenetically  silenced  or  not  (Fig.  5.11).  For  instance,  the  experimental  condition  in  which               

the  regulatory  region  for  the   MCDF2  gene  was  silenced  also  saw  the  reduction  of  the                 

expression  of   BLOC1S6   and   THBD ,  but  not  the  housekeeping  genes  used  to  normalise  the                

transcription  (Fig.  5.11,  top  panel).  A  similar  pattern  can  also  be  observed  for  the  condition                 

used   to   repress   the   regulatory   regions   of    BLOC1S6    and    THBD .   
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Fig.  5.11  |  Transcript  levels  of  the  three  test  genes  selected  the  dCas-KRAB  mediated                
gene  silencing  experiment.   dCas-KRAB  and  gRNA  against  the  regulatory  regions  of             
MCFD2   (top   panel),   BLOC1S6   (central   panel),   and   THBD   (bottom   panel).       
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5.7   Discussion   

Decades  of  research  in  rare  diseases  led  to  a  relatively  good  level  of  understanding                

of  the  relationship  between  rare  coding  non-synonymous  DNA  variants  and  their  clinical              

sequelae  (see  chapter  3).  In  sharp  contrast,  there  is  very  little  knowledge  on  how  the                 

non-coding  genome  contributes  to  rare  disease  causality,  with  exception  of  a  few  loci              

(Lupiáñez  et  al.  2015;  Schoenfelder  and  Fraser  2019 ;   Higgs  2013;  Liang  et  al.  2020;  Turro  et                  

al.  2020) .  Thalassaemia  remains  the  prototypic  haematological  inherited  disorder  that  has             

regulatory  nature.  Although  coding  variants  in  the   HBA1 ,   HBA2  and   HBB  genes  can  lead  to                 

thalassaemia,  hundreds  of  different  variants  localised  in  the  regulatory  elements,  particularly             

of  the   HBB  gene  can  also  be  at  the  root  of  this  inherited  anaemia   (Higgs  2013) .  In  this                    

chapter,  I  explored  methods  that  can  be  applied  to  determine  the  functional  role  of  regulatory                 

regions   and   their   likelihood   of   harbouring   causal   rare   variants.     

First,  for  a  few  selected  putative  regulatory  regions,  I  showed  that  the  sequences               

identified  with  the  TG  Hi-C  approach  have  regulatory  potential  (Fig.  5.3),  suggesting  that  TG                

Hi-C  results  can  be  used  to  expand  the  research  of  pathogenic  variants  for  BTPDs.  The                 

regulatory  role  of  these  regions  was  also  supported  by  the  reduction  in  the  number  of                 

variants  observed  when  compared  to  reference  random  sampling  (Fig.  5.4).  Indeed,  this              

relative  depletion  of  rare  variants  has  also  been  observed  by  others   (Bejerano  et  al.  2004;                 

Boffelli,   Nobrega,   and   Rubin   2004) .     

Moreover,  the  reporter  assay  not  only  evaluated  the  regulatory  capabilities  of  these              

regions  but  also  assessed  the  effect  on  gene  expression  of  8  INDELs  occurring  within  these                 

sequences  (Fig.  5.8  and  Fig.  5.9).  Unfortunately,  the  number  of  regions  that  could  be  tested                 

was  limited.  The  repetitiveness  of  the  regulatory  regions  is  incompatible  with  the  DNA               

synthesis  technologies   (Hommelsheim  et  al.  2014) ,  and  the  alternative  approach  which  was              

used  to  overcome  this  challenge  is  far  more  laborious  (i.e.  PCR  and  cloning)  and  limited  the                  

number  of  regions  that  could  have  been  tested  to  seven.  The  number  of  replicates  needed  to                  

reach  statistically  significant  outcomes,  limited  further  the  number  of  regions  tested  (Fig.              

5.9).  Possibly,  high  throughput  approaches,  such  as  massively  parallel  reporter  assays             

(White  2015;  Myint  et  al.  2019;  Mulvey,  Lagunas,  and  Dougherty  2020) ,  could  be  used  to                 

obtain   experimental   validation   of   all   the   regions   identified   by   the   TG   Hi-C   experiment.     

Second,  a  statistical  approach  was  used  to  associate  genotype  to  phenotype  and  to              

identify  non-coding  regions  of  interest,  which  are  enriched  for  rare  variants  in  cases  versus                
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controls.  For  this,  I  applied  the  BeviMed  method   (Greene  et  al.  2017;  Turro  et  al.  2020;                  

Thaventhiran  et  al.  2020)  with  the  intention  of  prioritising  non-coding  variants  in  the  TG  Hi-C                 

defined  regions  (Fig.  5.6).  This  analysis  showed  31  putative  association  signals  with  a               

PP>0.7  at  61  independent  genetic  loci.  Further  exploration  of  the  associations  at  some  of                

these  loci  is  warranted,  on  a  case-by-case  basis,  by  a  multidisciplinary  team  composed  of                

BTPD   experts.     

Notwithstanding  BeviMed  test  making  a  contribution  to  the  prioritisation  of  interacting             

regions  for  further  analysis,  additional  methods  to  determine  the  effect  of  rare  variants  on                

gene  function  could  also  make  possible  further  contributions.  The  analysis  of  the  variants  in                

the  TG  Hi-C  data  has  highlighted  some  possible  functionally  relevant  findings  for  the               

transcription  factors  MAX  and  HNF4A  and  the  possible  loss  of  a  CTCF  binding  site  in  the                  

VWF  locus  (Fig.  5.7).  The  latter  is  a  promising  result  that  may  be  worth  following  up  with   in                    

vitro  investigation.  In  fact,  others  have  shown  that  loss  of  CTCF  binding  sites  can  lead  to                  

syndromic   conditions    (Gregor   et   al.   2013;   Konrad   et   al.   2019) .     

Finally,  the  dCas-KRAB  method  was  used  to  investigate  the  role  of  the  TG  Hi-C                

regulatory  regions  in  a  more  physiological  system.  In  contrast  to  the  reporter  assay,  this                

molecular  tool  maintains  the  regulatory  regions  embedded  in  their  chromatin  landscape             

(Thakore  et  al.  2015;  Fulco  et  al.  2016) ,  avoiding  artefacts  due  to  the  episomal  expression                 

(Bevacqua  et  al.  2021) .  Initial  analysis  showed  that  the  dCas-KRAB  did  in  iMK  achieve                

effective  silencing  of  the  cognate  gene  interacting  with  the  targeted  regulatory  (Fig.  5.10).               

However,  testing  the  expression  of  all  the  three  cognate  genes  showed  that  this  silencing                

was  not  specific  (Fig.  5.11).  This  broad  inhibitory  effect  can  have  several  causes.  First,  the                 

genes  may  have  a  shared  regulatory  mechanism   (Chepelev  et  al.  2012) ,  but  this  is  unlikely                 

because  the  genes  reside  on  different  chromosomes  and  the  sharing  of  the  same  regulatory                

circuitry  is  not  to  be  expected   (Newton  and  Wernisch  2015;  Cairns  et  al.  2016;  Horta  et  al.                   

2018;  Delaneau  et  al.  2019) .  Second,  the  co-repression  may  be  an  experimental  artefact               

that  has  resulted  from  the  extended  period  of  the  dCas-KRAB  activity  during  the  20-day-long               

iMK  forward  programming.  Further  investigations  are  needed  to  determine  the  cause  of  the               

nonspecific  inhibition  of  gene  transcription  caused  by  the  introduction  of  the  dCas-KRAB              

system.   

The  results  presented  in  this  chapter  confirmed  the  regulatory  potential  of  the  regions               

identified  in  the  TG  Hi-C  experiments  and  utilised  in  the  experimental  validation.  The in  silico                 

analysis  pinpointed  several  promising  non-coding  regions  and  variants  therein  which  are             

deserving  of  additional  investigation  to  evaluate  their  possible  causality.  It  is  hoped  that               
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some  of  these  variants  and  regions  are  confirmed  to  be  pathogenic,  thereby  expanding  the                

body  of  evidence  that  non-coding  variants  can  contribute  to  inherited  BTPD   (Albers  et  al.                

2012;  Higgs  2013;  Turro  et  al.  2020;  Liang  et  al.  2020) .  It  is  also  possible  that  some  of  the                     

unexplained  BTPD  cases  are  caused  by  multiple  coding  and  non-coding  P/LP  affecting  one               

gene  or  multiple  genes  encoding  functionally  proximal  neighbours  in  a  canonical  pathway              

relevant  for  the  phenotype.  Therefore,  a  multi-disciplinary  team  with  BTPD  expertise  is  an               

essential   next   step   to   review   these   unexplained   cases   carefully.     
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This final chapter aims to recapitulate, as a short summary, the main findings of my

doctoral work and expand on the limitations of some of the approaches adopted in this

research. Finally, it will conclude with remarks on how my research can be the springboard

for future studies and how it can be applied to improve further our insights into the genetic

architecture of unexplained inherited BTPDs.

6.1 Novel findings

Calculation of the effect sizes of rare variants for BTPD relevant

phenotypes

In chapter 3, I calculated, for the first time, the effect sizes of rare P/LP variants

reported to be causative of some BTPD phenotypes. The literature on such rare variants

with relatively large effect sizes on phenotype has been rapidly expanding since the release

of the UKB WES data (van Hout et al. 2020; Akbari et al. 2021; Goodrich et al. 2021; Forrest

et al. 2021; Karczewski et al. 2021). Determining these effect sizes is fundamental as it will

pave the way for the implementation of precision medicine into the clinics, where treatments

and prevention are tailored for individuals based on their genotype. Particularly for rare

diseases, having reliable estimates of effect sizes is clinically relevant to make the

appropriate decisions about treatment (e.g. allogeneic stem cell transplantation for

RUNX1-related thrombocytopenia), provide accurate prognostication, and support family

planning decisions. Moreover, the results presented about the effect sizes of P/LP variants

for BTPDs exemplify how the accuracy of the rare variant databases content, like ClinVar or

HGMC, can be enhanced by systematic analysis of the genotype and phenotype

associations in large population cohorts.

Besides, the estimates of effect sizes for P/LP variants, the statistical association

analysis also revealed some novel findings. It is an assumption, in clinical genomics, that

P/LP variants in carriers for disorders with an autosomal recessive mode of inheritance do

not experience phenotypic consequences. However, case histories suggested that this

assumption might have been incorrect. The analyses in this thesis provide further evidence

to refute this assumption. First, carrying LoF P/LP variants in ITGB3 and ITGA2B (in

homozygosity, these variants cause Glanzmann’s Thrombasthenia) leads to a modest

reduction in platelet count. Second, the same phenomenon was observed in carriers of LoF

P/LP variants in three of the four genes encoding the platelet receptor for von Willebrand

Factor (GP1A, GP1B, GP9 but not GP5). Individuals with these LoF variants on both alleles
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present with Bernard and Soulier syndrome, a severe form of macrothrombocytopaenia

which is nearly always accompanied by bleeding. Finally, LoF variants in the MPL gene,

when inherited on both alleles, cause early-onset chronic amegakaryocytic

thrombocytopenia (van den Oudenrijn et al. 2000; Tijssen et al. 2008; Fox et al. 2009), which

is an extremely rare and pre-leukaemic condition and warrants allogeneic stem cell

transplantation. Surprisingly, carriers of these LoF variants have an increase in their platelet

count compared to the controls. The mechanisms underlying this over-compensation remain

to be determined. It might be possible that there is a regulatory circuit that leads to an

excess in the transcription of the ‘healthy’ MPL reference allele.

Biological interpretation of PRS based on protein-protein

interaction networks

I embedded the PRS for the four platelet traits (count, volume, crit and volume

distribution width) and VTE in the context of protein-protein interactions (Fig. 3.18 and Fig.

3.20). The connection between large-effect PRS variants for platelet traits (e.g. β > 0.5 sd)

and core genes for relevant traits were already observed based on gene co-expression

(Vuckovic et al. 2020). The analysis of Vuckovic and colleagues confirmed the earlier

observation (Gieger et al. 2011) that the core genes were strongly enriched for loci already

known from rare inherited BTPDs and other Mendelian disorders. The research presented in

this thesis is based on a protein-protein interaction network of 18,410 nodes (proteins)

connected by 571,917 edges (interactions; Barrio-Hernandez et al. 2021; Schwartzentruber

et al. 2021). In this thesis, the network analysis performed in platelet-PRS associated

variants and the corresponding effect sizes also supports the omnigenic model proposed by

Boyle and colleagues in 2017. In contrast, a similar analysis of the genes and proteins

associated with the PRS for VTE did not align with the omnigenic model. There are several

possible reasons for this observation: (i) the PRS for platelet traits are based on 2,648

genetically associated variants identified in a GWAS with 408,112 participants, whilst the one

for VTE only uses 297 variants identified in a GWAS with only 26,066 cases of VTE. The

lower number of associated variants for VTE versus platelet traits is in part explained by the

GWAS for VTE being underpowered; (ii) the GWAS for full blood count parameters has

highly accurate ascertainment of the quantitative traits whilst it is well documented that

capturing of VTE in electronic health records is far from perfect; and (iii) as mentioned in

chapter 4, mapping GWAS-associated variants to candidate genes by automated methods

like Variant Effect Predictor is prone to substantial errors (Petersen et al. 2017, Fig. 4.15).

This high error rate erodes the power for evaluating the omnigenic model, which is

particularly problematic if the GWAS is underpowered, as is the case for VTE.
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Contribution of the P/LP variants to VTE onset

A portion of cases with early-onset VTE have a monogenic cause, with P/LP variants

in PROC, PROS1 and SERPINC1 being the main causal variants. Historically, ORs of such

variants have been calculated based on relatively small population cohorts and tended to be

enriched for cases being cared for at tertiary referral hospitals (Khan and Dickerman 2006;

Konecny 2009; Kujovich 2011; Crous-Bou et al. 2016). The WES data from the UKB

participants allowed for the first time to estimated the OR for a limited number of the P/LP

variants in these three genes (Fig. 3.14 and Table 3.3). This showed that (i) the Burden test

association, based on the aggregation of P/LP variant in one of these genes, confirmed that

the OR for having a VTE event is increased by 2.76, 1.84 and 1.65 fold for PROC, PROS1

and SERPINC1, respectively; (ii) the P/LP variants in these three genes, that were present in

enough carriers to perform single variant association analysis, returned ORs ranging

between 17.42 and 4.22 (Table 3.3). These OR values are clinically relevant and are high in

comparison to the ORs for other pathogenic variants, like those in cancer-causing genes

such as BRCA1 and BRCA2. In aggregate, UKB carriers of P/LP variants in either BRCA1 or

BRCA2 have a cancer prevalence of 21.1% versus 6.6% for the non-carriers (OR 3.77; van

Hout et al. 2020).

Altogether, my analysis estimated the ORs for P/LP variants implicated in venous

thrombotic events for the first time. However, on average, these ORs are lower than what

has been previously reported for VTE phenotypes in smaller population studies. These

discrepancies in VTE ORs for individual variants can have several causes. First, most of the

previous epidemiological studies have been relatively underpowered. Second, the

association signals of these earlier studies may have been inflated by not taking into account

the inflationary effect undetected population stratification can have on ORs. Third, the UKB

may have been depleted for participants with severe early-onset pathologies, like recurring

VTE at an early age, including those which lead to premature mortality. Finally, only a small

portion of the known P/LP variants in the three prototypic VTE genes (PROC, PROS1 and

SERPINC1) could be analysed in this association study because 75% (~250,000) of P/LP

variants have, so far, remained unobserved in UKB participants.

High-resolution chromatin structure maps for MK, EC, HEP;

regulatory regions and associations with BTPD phenotypes

The technical workflow adopted to explore the regulatory regions of the BTPD genes

in the three haemostasis-relevant cell types (i.e. TG capture Hi-C) allowed the generation of
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high-resolution interaction maps. To the best of my knowledge, these maps are the highest

resolution resource available so far for the regulatory elements of these 93 diagnostic-grade

BTPD genes (Fig 4.4). Furthermore, the application of the BeviMed algorithm to the

regulatory elements identified associations at posterior probabilities > 0.7 with BTPD

phenotypes at 31 independent genetic loci. Several of these associations are worth further

investigation to confirm or refute the rare variants in these associated elements being causal

of diseases.

Furthermore, this thesis shows that a selected set of regulatory elements exert an

effect on transcription in a reporter system, and in-depth investigations of two of these

regions showed significant differences in transcript levels between the reference and the

alternate sequence (Fig. 5.8 and Fig. 5.9). Ultimately, after some more validations (see

chapter 6.3), this resource of regulatory elements could lead to the identification of novel

mechanisms of BTPD pathogenicity and advise on the contribution of the non-coding regions

to the onset of the Mendelian forms of BTPDs.

6.2 Limitations of the research

UKB cohort sampling may bias the effect sizes

All the population studies outcomes are affected by biases during cohort sampling

(Heide-Jørgensen et al. 2018; Enzenbach et al. 2019). Despite being one of the least

affected by this sampling bias, UKB is no exception (Swanson 2012; Fry et al. 2017).

Indeed, this cohort has been depleted of severe clinical conditions (Fry et al. 2017).

Therefore, the beta coefficients and ORs, including the one presented in this thesis, may be

deflated because early-onset cases of VTE have not been enrolled in the cohort. I tried to

control for this problem by excluding those variants with an insufficient number of carriers

(i.e. < 15 participants). Still, the effect sizes of an unbiased population may be slightly

different.

The limits of the Capture Hi-C resource

Developing the highest resolution interaction maps for the BTPD genes was feasible

because of the small number of loci included in the experiment. This provides a limitation for

the future because no information is available for novel BTPD genes, like the recently

identified MAST2 gene and the LP variant therein which is deemed causal of early-onset

VTE with an autosomal dominant mode of inheritance (Morange et al. 2021).
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Technical limitations may hinder the identification of all the functions of

regulatory elements

The strategy adopted in this study to functionally validate the regulatory regions (and

the effect of variants in these regions) tested one region at a time. This approach may not be

the optimal strategy to evaluate the function for all the regulatory regions. For instance, when

multiple enhancers act synergistically (Junion et al. 2012; Hnisz et al. 2013; Shin et al. 2016)

and only one component is tested, the effect of that component may be limited, and it is

possible that the assay is not sensitive enough to detect the differences. Moreover, some

elements of an enhancer may be required just to form the correct 3D structure of the

regulatory region, while others may act as transcriptional regulators (Spivakov 2014). All

these nuances of the enhancers may be missed in reporter assay approaches.

The BTPDs aetiology may lay in genomic features that have not been

tested

The research workflow used in my doctoral work did not consider genomic features

such as transposons, long non-coding RNAs and part of the complex structural variants,

which are known to play a role in specific diseases (DiStefano 2018; Payer and Burns 2019).

This is because these regions are difficult to map on the genome (i.e. transposons), or their

biological function cannot be detected via physical interactions (i.e. long non-coding RNA)

and is therefore missed by the TG Hi-C workflow. Furthermore, short-read sequencing used

to genotype the NIHR BioResource participants has several limitations in detecting

length-polymorphisms, particularly in repetitive sequence regions. Neither can copy number

gain and complex structural variants being reliably identified. Other approaches, such as

long-read sequencing complemented by RNA-sequencing of different types of blood cells,

will provide further layers of information to define the role of these elements (Payer and

Burns 2019; Cozzolino et al. 2021).

Technical limitations of the functional validation

The systems adopted to functionally validate the bona fide enhancers identified in

chapter 4 have some limitations that are worthy of discussion. The reporter assay used

nucleofection and ectopic expression from a plasmid. The copy number and the genetic

context of the plasmid (e.g. histones and surrounding regions) are not resembling the

physiological ones, which may introduce artefacts. Also, the dCas9-KRAB silenced regions,

which in the case of enhancers, may act on multiple genes (Rosenbluh et al. 2017). This
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approach could not discriminate whether the phenotypes were derived by silencing the

tested gene of some other cis-regulated ones.

6.3 Future experiments

Are MPL findings also observed for other haematopoietic growth factor

receptors?

The finding that carriers of LoF variants in MPL have an increased platelet count

warrants further investigation. A first step, currently being undertaken, is to determine

whether the observed effect can be replicated in the remaining UK Biobank participants (i.e.

next release of WES data). However, it could be argued that a similar compensatory

mechanism on the presence of LoF variants may also apply to other receptors for

haematopoietic growth factors. P/LP variants of the LoF type, when present on both alleles

of the CSF3R gene are causal of severe neonatal neutropenia, the CAMT-equivalent of the

neutrophil lineage. Indeed, the variant rs138156467 introduces a premature stop codon in

CSF3R and is causal of congenital neutropenia when present on both alleles (Klimiankou et

al. 2015). In the carrier state, the variant increases the neutrophil count by 0.24 standard

deviations (Vuckovic et al. 2020).

Recalling cases to validate the role of non-coding variants

The consent under which participants in the NIHR BioResource and the 100,000

Genomes Project have been engaged in the WGS study allows re-contact of participants

with invites for follow-up studies. This study has identified rare variants in BTPD regulatory

elements in several NIHR BioResource participants with unexplained BTPD phenotypes,

and these variants may be causal of their inherited disorder. Inviting these participants and

their close relatives is the first step to confirming or refuting these rare variants’ possible

causality. It also provides an opportunity for obtaining samples of blood of the proband and

their relatives to perform additional cell biology and high-resolution imaging experiments

(Turro et al. 2020; Thaventhiran et al. 2020). However, due to the COVID-19 pandemic, the

recall of BTPD cases for these relevant variants had to be put on hold.
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6.4 Direct application of this study to the clinical

practice

Studies like this one, which aim to better understand the biology of diseases, can

improve clinical practice in the foreseeable future. First, effect size and OR estimates for

P/LP variants in BTPD genes will inform the reporting of their pathogenicity by the NHS

Clinical Genomics Hub laboratories and beyond. Second, thrombotic events in venous

circulation are among the leading causes of morbidity and mortality worldwide. It could be

argued that low-frequency and rare variants in the regulatory elements of the BTPD genes

may contribute to the high prevalence of VTE in the population at large. Nearly all BTPD

genes are directly or indirectly implicated in the canonical pathways of thrombosis and

haemostasis. This assumption could be tested imminently because the WGS data of the

UKB participants will be released in 2022, and the high-resolution interaction maps for the

BTPD genes will provide an excellent resource for a focused analysis.
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