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Abstract 
The reactivation of the inactive X chromosome has the potential to provide a unique system to 
study the developmentally induced formation of euchromatin. However, insights into this process 
were hampered by the lack of adequate systems, which would allow the dissection of the process 
using high-throughput sequencing techniques. Here I describe the development of a novel 
induced pluripotent stem cell reprogramming system that allows the isolation of cells poised for 
X-reactivation, subsequently achieving near-deterministic efficiency of X-reactivation. Utilizing 
this novel system, we were able to reveal that the reactivation of silenced genes occurs rapidly 
and can be divided into distinct initiation and completion phases. Similarly, we could show that 
chromatin opening of the inactive X proceeds in a two-step fashion, initiating in close proximity to 
previously open regions, and possibly being initiated by pluripotency factors. Finally, we could 
show that mega-domains and TADs correspond to two different levels of three-dimensional 
genome organization superimposed on the Xi, independent of gene expression. We conclude that 
gene expression and chromatin accessibility during X-reactivation share similar kinetics, while 
genome organization might follow distinct principles. 

Resumen 
La reactivación del cromosoma X inactivo tiene el potencial de proporcionar un sistema único 
para estudiar la formación de eucromatina inducida por el desarrollo. Sin embargo, la 
comprensión de este proceso se vio obstaculizada por la falta de sistemas adecuados, lo que 
permitiría la disección del proceso utilizando técnicas de secuenciación de alto rendimiento. Aquí 
describo el desarrollo de un nuevo sistema de reprogramación de células madre pluripotentes 
inducidas que permite el aislamiento de células preparadas para la reactivación de X, logrando 
posteriormente la eficiencia casi determinista de la reactivación de X. Utilizando este novedoso 
sistema, pudimos revelar que la reactivación de genes silenciados ocurre rápidamente y puede 
dividirse en distintas fases de iniciación y finalización. Del mismo modo, podríamos mostrar que 
la apertura de cromatina de la X inactiva se realiza en dos pasos, iniciando en las proximidades 
de regiones previamente abiertas, y posiblemente iniciada por factores de pluripotencia. 
Finalmente, podríamos mostrar que los mega-domains y los TADs corresponden a dos niveles 
diferentes de organización del genoma tridimensional superpuestos en el Xi, independientemente 
de la expresión génica. Llegamos a la conclusión de que la expresión génica y la accesibilidad a 
la cromatina durante la reactivación X comparten una cinética similar, mientras que la 
organización del genoma podría seguir principios distintos. 
 
 

  



 

Preface 
One of the fundamental problems modern biology is trying to solve is how cellular complexity 
arises from a singular genetic code. Starting from a single zygote, the human body develops into 
a piece of complex machinery made up of 37 trillion cells. During this process, the underlying 
genetic code remains the same, however, what changes, it how it is packed. The DNA is wrapped 
around proteins called histones and together forms an assembly termed chromatin. Chromatin 
allows the cells to package different parts of the genome at different densities. Pieces of DNA that 
need to be transcribed are loosely packed to be open (euchromatin), whereas other parts are 
tightly packed to safeguard them from unwanted activation (heterochromatin). Chromatin 
accessibility changes dynamically throughout development, however, the arguably most dramatic 
change can be observed on the X chromosome in female mammals. Here, in a process called X 
chromosome inactivation, one of the two X undergoes a unique transformation from a structure 
that resembles the rest of the chromosomes, to be tightly packed to ensure almost complete 
transcriptional inactivation. For decades, this process has served as a powerful model to study 
the developmentally induced formation of heterochromatin. However, how could you revert it? 
Intriguingly, the reverse process can also be observed during development. X chromosome 
reactivation overturns the process of inactivation to completely restructure and reactivate the 
previously silenced chromosome. The reactivation of the X provides a unique system to study the 
developmentally induced formation of euchromatin. Nevertheless, whereas inactivation of the X 
has been studied in detail, much less is known about its reversal. We, therefore, aimed to describe 
for the first time, how the X chromosome is reactivated chromosome-wide, how the kinetics of 
structural and transcriptional changes go hand in hand to re-establish a whole chromosome to its 
former state. 
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Introduction  

X   Chromosome   Dynamics    In   Vivo    and    In   Vitro  
To  achieve  gene  dosage  balance  between  males  (XY)  and  females  (XX),  mammals             
transcriptionally  inactivate  one  of  the  two  X  chromosomes  in  females  during  early  embryonic              
development.  However,  this  process  is  far  from  static  and  actually  involves  two  rounds  of  both  X                 
chromosome  inactivation  (XCI)  and  X  chromosome  reactivation  (XCR) (Figure  I1A) .  First,  during             
pre-implantation  development,  imprinted  XCI  occurs,  which  from  the  4-cell  stage  onwards,            
specifically  inactivates  the  paternally  inherited  X (Huynh  and  Lee  2003) (Okamoto  et  al.  2004) .               
Subsequently,  imprinted  XCI  is  erased  by  X-chromosome  reactivation  (XCR)  in  the  inner  cell              
mass  (ICM)  of  mature  blastocysts (Mak  et  al.  2004) (Okamoto  et  al.  2004) ,  whereas  imprinted                
XCI  is  maintained  in  the  extraembryonic  tissues  of  the  placenta (Takagi  and  Sasaki  1975) .  XCR                
at  this  stage  allows  for  random  XCI  to  occur  later  in  the  differentiating  postimplantation  epiblast,                
where  either  the  maternal  or  paternal  X  is  randomly  chosen  for  inactivation,  a  decision  that  is                 
maintained  thus  throughout  adult  life (Lyon  1961) (Monk  and  Harper  1979) .  Finally,  random  XCI               
is  erased  in  the  germ  cell  lineage (Sugimoto  and  Abe  2007) ,  to  ensure  the  inheritance  of  an                  
active  X  to  the  next  generation.  However,  throughout  the  process,  a  subset  of  X-linked  genes                
escapes   X-inactivation   and   was   therefore   termed   Escapees    (Disteche   1999) .  
Importantly,  these  processes  can  be  recapitulated in  vitro  as  well (Figure  I1B).  Random  XCI  can                
be  modeled  using  embryonic  stem  cell  (ESC)  differentiation (J.  T.  Lee  et  al.  1996) (Panning  and                 
Jaenisch  1996) (Penny  et  al.  1996)  and  XCR  can  be  observed  during  induced  pluripotent  stem                
cells   (iPSC)   reprogramming    (Maherali   et   al.   2007) .  

X   Chromosome   Inactivation   (XCI)  

The   long   non-coding   RNA   Xist   Coats   the   Inactive   X  
The  key  player  in  X  chromosome  inactivation  is  the  long  non-coding  RNA  Xist (Borsani  et  al.                 
1991) (Brockdorff  et  al.  1991) (Borsani  et  al.  1991) (Penny  et  al.  1996) (Marahrens  et  al.  1997a) .                  
Xist  is  monoallelically  upregulated  from  one  X  chromosome,  starts  coating  the  future  inactive  X               
in  cis (A.  Wutz  and  Jaenisch  2000)  and  thereby  triggers  a  cascade  of  events  that  ultimately  lock                  
the  X  chromosome  in  a  transcriptionally  inactive  state (Escamilla-Del-Arenal,  da  Rocha,  and             
Heard  2011) .  Over  its  length  of  ~15  kb, Xist  is  characterized  by  unique  repeat  regions  termed                 
A-to-F  repeats (Figure  I5A) .  Whereas  the  A-repeat  region  facilitates  transcriptional  silencing            
(Anton  Wutz,  Rasmussen,  and  Jaenisch  2002) ,  other  regions  mediate  the  recruitment  of  a              
variety  of  chromatin  remodeling  factors (Anton  Wutz,  Rasmussen,  and  Jaenisch  2002) (Almeida             
et   al.   2017) .  
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Figure   I1.   Overview   of   X   Chromosome   Dynamics   During   Mouse   Development  

(A)  In  vivo ,  imprinted  X  chromosome  inactivation  (orange)  occurs  from  the  4-cell  stage  onwards  and  is                 
maintained  in  the  extra-embryonic  tissues.  In  the  late  blastocyst,  cells  of  the  inner  cell  mass,  have                 
undergone  X  chromosome  reactivation  (green),  to  later  in  the  epiblast  allow  random  XCI  (red)  to  occur.                 
Random  XCI  is  then  reversed  in  the  germ  cell  lineage  (green). (B) In  vitro ,  random  XCI  occurs  during  the                    
differentiation  of  embryonic  stem  cells.  XCR  can  be  modeled  during  the  reprogramming  of  somatic  cells  to                 
induced   pluripotent   stem   cells   (iPSC).  

Regulation   of   XCI   Through   the   X   Inactivation   Center  
The  regulation  of Xist,  and  ultimately  the  choice  of  which  X  to  inactivate,  is  controlled  via  a                  
single  locus  on  the  X  chromosome,  the  X  inactivation  center  ( Xic ) (Augui,  Nora,  and  Heard                
2011) (Figure  I2) .  The Xic  in  mice  spans  a  region  of  100kb-500kb (J.  T.  Lee  et  al.  1996) ,  with  the                     
core  region  sufficient  for  silencing  in cis ,  being  only  100kb  in  size (J.  T.  Lee,  Lu,  and  Han  1999) .                    
Strikingly,  this  core  regions  consists  solely  of  non-protein-coding  genes  that  code  for  the  long               
non-coding  RNAs  (lncRNAs) Xist , RepA (J.  Zhao  et  al.  2008) , Tsix (J.  T.  Lee,  Davidow,  and                 
Warshawsky  1999) (Jeannie  T.  Lee  and  Lu  1999) (J.  T.  Lee  2000) (Sado  et  al.  2001) , Xite                  
(Jeannie  T.  Lee  2005) (Tian,  Sun,  and  Lee  2010)  and Jpx (Tian,  Sun,  and  Lee  2010) .  Outside  of                   
the  core  region,  lie  various  other  lncRNAs,  such  as Ftx (Chureau  et  al.  2011) , Tsx (Simmler                 
1996) , Linx (Nora  et  al.  2012) ,  as  well  as  one  protein-coding  gene, Rnf12  (also  known  as  Rlim)                  
(Jonkers  et  al.  2009) .  As  described  further  below,  the Xic  is  spatially  partitioned  into  two                
domains,  TAD-D,  harboring  the  promoter  of Tsix ,  as  well  as, Xite , Linx  and Tsx ,  and  TAD-E,                 
containing  the  promoter  of Xist ,  as  well  as Ftx , Jpx, RepA and Rnf12 (Nora  et  al.  2012) ,  thereby                   
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functionally  separating  cis-regulatory  elements (van  Bemmel  et  al.  2019) .  The  arguably  most             
well  studied  of  these  various  lncRNAs  besides Xist  is Tsix  ( (Jeannie  T.  Lee  and  Lu  1999)                 
(Jeannie  T.  Lee  2005) (Tian,  Sun,  and  Lee  2010) .  In  mice, Tsix  is  expressed  antisense  to Xist                  
and  overlaps  with  the  majority  of  its  gene  body. Tsix’ transcriptional  pattern  reflects  its  function                
as  an  antagonist  of Xist ,  showing  high  expression  in  ESC  that  during  differentiation  remains  only                
on  the  active  X.  However,  whereas  the  overlapping  transcriptional  units  of Xist  and Tsix  could                
suggest  an  active  role  of Tsix  in  preventing Xist  expression  during  the  initiation  of  XCI,  its                 
function  rather  seems  to  be,  in  conjunction  with Xite ,  to  prevent Xist  expression  from  the  active                 
X,  after  the  initial  choice  has  already  been  made (Monkhorst  et  al.  2008) (Gayen  et  al.  2015) .  By                   
contrast, Jpx  has  been  shown  to  serve  as  a  positive  regulator  of Xist (Tian,  Sun,  and  Lee  2010) .                   
Jpx  RNA  is  crucial  to  evict  CTCF  from Xist ,  which  would  otherwise  block  its  upregulation (Sun  et                  
al.  2013) .  Furthermore,  the  tight  relationship  of  the  X  chromosome  state  and  pluripotency  can               
be  exemplified  by  the  regulation  of Xist  through  the Xic  as  well.  The  E3  ubiquitin  ligase  RNF12                  
is  upregulated  during  differentiation  and  targets  the  pluripotency  factor  REX1  for  degradation             
(Barakat  et  al.  2011) (Jonkers  et  al.  2009) ,  which  in  ESCs  binds  the Xist  promoter  to  inhibit  its                   
expression (Gontan  et  al.  2018) .  Moreover,  other  pluripotency  factors  have  been  shown  to  bind               
multiple  binding  hubs  at  the Xic  as  well,  most  prominently  via  the  direct  binding  of  core                 
pluripotency  factors  OCT4,  SOX2,  NANOG,  and  PRDM14  to Xist  intron  1  (Navarro  et  al.  2008).                
However,  the  functional  consequence  of  their  binding  is  debatable,  as  the  deletion  of Xist  intron                
1,  did  not  affect  its  repression  in  ESCs  or  its  silencing  during  iPSC  reprogramming (Minkovsky                
et  al.  2013) .  Taken  together,  multiple  regulatory  layers  are  in  place  at  the Xic  to  ensure  faithful                  
regulation   of    Xist ,   to   ultimately   control   XCI.  

 

Figure   I2.   X   Inactivation   Center  

The  X  inactivation  center  (Xic)  is  separated  into  two  topologically  associating  domains  (TAD),  functionally               
separating Xist  and Tsix  regulators.  TAD-D  (green),  harboring Tsix , Xite , Tsx,  and Linx ,  and  TAD-E  (red)                 
harboring    Xist ,    Jpx ,    Ftx,    and    Rnf12 .  
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Heterochromatic   Landscape   of   the   Inactive   X  
X-chromosome  inactivation  (XCI)  has  served  as  a  paradigm  to  study  the  formation  of  facultative               
heterochromatin  during  development.  Multiple  layers  of  repressive  histone  modifications  are  in            
place (Chadwick  and  Willard  2004)  to  synergistically  ensure  the  transcriptional  silencing  of  the              
inactive  X (Csankovszki,  Nagy,  and  Jaenisch  2001) (A.  Minajigi  et  al.  2015) ,  which  ultimately               
define  the  unique  heterochromatic  landscape  of  the  Xi (Figure  I3) .  The  inactive  X  is  marked  by                 
an  accumulation  of  H3K27me3,  deposited  by  the  polycomb  repressive  complex  2  (PRC2),             
which  makes  it  visually  stand  out  as  a  nuclear  spot  in  H3K27me3  immunostainings (J.  Wang  et                 
al.  2001) (Plath  2003) (Silva  et  al.  2003) .  It  further  also  harbors  polycomb  repressive  complex  1                 
(PRC1)  and  its  associated  mark  H2AK119ub (Napoles  et  al.  2004) .  Whereas  polycomb-group             
proteins  cover  the  majority  of  the  Xi,  unbound  regions  are  interspersed  with  H3K9me3,  which               
plays  a  role  in  the  silencing  of  repeats (Rougeulle  et  al.  2004) (Keniry  et  al.  2016) .  Moreover,                  
H4K20me1  marks  the  inactive  X  as  well (Kohlmaier  et  al.  2004) .  After  the  initiation  of  XCI,                 
macroH2A  starts  accumulating  on  the  Xi (Mermoud  et  al.  1999) (Costanzi  et  al.  2000)               
(Nesterova  et  al.  2002)  and  silencing  of  the  Xi  is  ultimately  locked  in  via  extensive  CpG  island                  
DNA   methylation    (Gendrel   et   al.   2012) .  

 

Figure   I3.   Heterochromatic   Landscape   of   the   Inactive   X  

The  inactive  X  is  prominently  marked  by  several  repressive  DNA  and  histone  modifications.  Among               
others,  the  histone  variant  macroH2A.  Ubiquitination  of  lysine  119  of  histone  H2A  (H2AK119Ub)  catalyzed               
by  polycomb  repressive  complex  1.  Trimethylation  of  lysine  27  of  histone  H3  (H3K27me3)  catalyzed  by                
polycomb  repressive  complex  2.  Trimethylation  of  lysine  9  of  histone  H3  (H3K9me3)  catalyzed  by               
SETDB1.   Monomethylation   of   lysine   20   of   histone   H4   (H3K9me3)   catalyzed   by   SET8/PR-Set7.  

Spreading   of   Xist   RNA  
With  a  growing  understanding  of  the  regulation  of Xist  and  the  emergence  of  high-throughput               
sequencing  techniques,  it  was  starting  to  be  possible  to  study  in  more  detail  the  initiation  of  X                  
chromosome  inactivation.  To  elucidate  how  XCI  proceeds,  it  was  necessary  to  understand  how              
Xist  was  able  to  broadly  coat  the  X  chromosome  while  being  expressed  from  a  single  locus.                 
Therefore,  it  was  crucial  to  identify  its  initial  binding  sites  and  spreading  mechanism.  To  shed                
light  on  this  issue,  two  groups  independently  developed  biochemical  methods  to  assess  the              
binding  of  Xist  to  chromatin (Engreitz  et  al.  2013) (Simon  et  al.  2013) .  Using  capture                
hybridization  analysis  of  RNA  targets  with  deep  sequencing  (CHART-seq)  during  the in  vitro              
differentiation  of  mouse  ES  cells,  Simon  et  al.  were  able  to  show  that  Xist  first  bound  gene-rich                  
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regions  and  only  later  extended  into  gene-poor  regions.  However,  when  Xist  was  transiently              
stripped  away  using  locked  nucleic  acids  (LNA)  in  fully  differentiated  mouse  embryonic             
fibroblasts  (MEF),  Xist  reassociated  simultaneously  in  early  and  late  domains.  Together,  this             
showed  that  the  mechanism  of  Xist  spreading  in  the  initiation  phase  is  distinct  from  its                
maintenance   state.   However,   why   gene-rich   regions   were   targeted   first   couldn’t   be   explained.  
Engreitz  et  al.  used  RNA  Antisense  Purification  (RAP)  in  fully  differentiated  female  mouse  lung               
fibroblasts  and  showed  enrichment  of  Xist  across  almost  the  entire  X  chromosome,  only              
excluding  regions  that  showed  gene  expression.  To  now  gain  insights  into  its  initial  spreading,               
expression  of Xist  was  induced  from  its  endogenous  locus  in  male  ESC  cells.  This  revealed                
initial  Xist  spreading  sites  that  were  distal  to  its  endogenous  locus,  arguing  that  its  spreading                
didn’t  simply  occur  in  a  linear  fashion  from  its  site  of  transcription.  Early  sites  neither  showed                 
enrichment  for  specific  sequence  motifs  nor  for  any  tested  genomic  annotations,  including             
repeat  elements.  However,  it  was  possible  that  Xist  would  spread  first  to  sites  in  close  spatial                 
proximity  in  3D.  Analysis  of  genome-wide  chromosome  conformation  capture  data  (Hi-C)            
(Lieberman-Aiden  et  al.  2009)  showed  a  strong  correlation  between  initial  Xist  binding  sites  and               
the  frequency  at  which  these  sites  contacted  the Xist  genomic  locus.  Strikingly,  when  the               
expression  of Xist  was  induced  from  an  ectopic  locus  50  Mb  proximal  to  the  endogenous  locus,                 
the  initial  binding  sites  of  Xist  changed  and  now  strongly  correlated  with  proximity  contacts  of                
the  ectopic  site.  Taken  together,  this  revealed,  that  chromosome  conformation  plays  a  crucial              
role  in  determining  the  initial  localization  of  the  Xist  RNA  to  gene-rich  regions  on  the  X                 
chromosome    (Figure   I4) .   

 

Figure   I4.   Spreading   of   Xist   RNA  

Xist  RNA  initially  spreads  to  sites  in  close  spatial  proximity  (Early  Xist  Binding)  before  ultimately  covering                 
the   whole   inactive   X   chromosome   (Late   Xist   Binding).  

Xist   Binding   Partners   Define   Early   Chromatin   Changes  
To  gain  mechanistic  insight  into  how  Xist  facilitates  XCI,  several  studies  simultaneously  aimed  to               
systematically  identify  Xist  binding  partners (Mira-Bontenbal  and  Gribnau  2016) .  These  were            
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either  performed  by  pulldown  of  Xist  followed  by  mass  spectrometry (McHugh  et  al.  2015) (Chu                
et  al.  2015) (A.  Minajigi  et  al.  2015)  or  alternatively  by  gene  knockdown (Moindrot  et  al.  2015)  or                   
knockout  screens (Monfort  et  al.  2015) .  Whereas  the  number  of  identified  binding  partners              
differed   between   the   studies,   several   hits   were   conserved   between   them.  
 
SPEN   and   HDAC3  
SPEN  (also  known  as  SHARP),  a  transcriptional  repressor  that  activates  the  histone             
deacetylase  HDAC3 (Guenther,  Barak,  and  Lazar  2001)  as  well  as  the  SPEN  family  member               
RBM15,  were  consistently  identified  in  all  five  studies.  Whereas  Xist  localization  was  unaffected              
upon  knockdown  of  either  SPEN  or  HDAC3,  compromised  transcriptional  silencing,  as  well  as              
the  exclusion  of  RNA  polymerase  II  (Pol  II)  from  the  inactive  X,  was  observed (McHugh  et  al.                  
2015) .  Intriguingly,  SPEN  was  shown  to  specifically  interact  with  the  Xist  A-repeat  region,  which               
is  required  for  its  transcriptional  silencing  effect,  but  not  for  its  localization  or  spreading (Anton                
Wutz,  Rasmussen,  and  Jaenisch  2002) .  This  suggests  that  the  interaction  of  Xist  with              
SPEN/SHARP  is  crucial  to  facilitate  activation  of  HDAC3,  thereby  deacetylating  histones  and             
initiating   transcriptional   silencing   on   the   X    (Figure   I5B) .  
 
RBM15/B   and   m 6 A   RNA   methylation  
RBM15  and  RBM15B,  SPEN  family  members,  make  up  the  core  subunits  of  the  m 6 A  RNA                
methyltransferase  complex (Ping  et  al.  2014) .  Similarly  to  SPEN,  double  knockdown  of  RBM15              
and  RBM15B  prevented  Xist-mediated  gene  silencing (Patil  et  al.  2016) .  This  was  facilitated  by               
bridging  Xist  to  METTL3,  the  major  m 6 A  RNA  methyltransferase (Bokar  et  al.  1994) ,  and  was                
shown  to  facilitate  methylation  of  the  78 6 A  residues,  which  are  found  over  the  entire  length  of                  
Xist .  m 6 A  modified  Xist  can  further  be  specifically  recognized  by  the  YTH  protein  DC1.  However,                
how   DC1   is   responsible   for   gene   silencing   is   currently   unknown    (Figure   I5C) .  
 
HnRNPU,   hnRNPK,   and   Polycomb-group   Proteins  
Furthermore,  these  studies  confirmed  the  previously  identified  interaction  of  Xist  with  the  matrix              
protein  hnRNPU  (also  known  as  SAF-A)  via  its  E-repeat (Hasegawa  et  al.  2010)  and               
additionally  identified  an  additional  member  of  the  hnRNP  protein  family,  hnRNPK.  Whereas             
hnRNPU  is  required  for  accumulation  of  Xist  on  the  Xi  via  its  binding  to  matrix-attachment                
regions  (MAR) (Figure  I5D) ,  hnRNPK  was  shown  to  be  necessary  for  the  accumulation  of               
H2AK119ub  and  H3K27me3  on  the  Xi  without  affecting  Xist  RNA  localization (Chu  et  al.  2015)                
(Figure   I5E) .   
Moreover,  direct  interactions  of  PRC2  with  multiple  regions  of  Xist  have  been  suggested  as  well                
( (J.  Zhao  et  al.  2008) (Maenner  et  al.  2010) (da  Rocha  et  al.  2014) (Cifuentes-Rojas  et  al.                  
2014) .  However,  other  reports  also  claimed  that  PRC2  does  not  interact  with  Xist  directly               
(Cerase  et  al.  2014) .  Taking  into  account  the  promiscuous  RNA  binding  activity  of  PRC2,               
binding  specificity  with  Xist  still  needs  to  be  demonstrated in  vivo (Davidovich  et  al.  2013)                
(Davidovich  et  al.  2015) .  This  issue  especially  becomes  apparent  when  taking  reports  into              
account,  that  suggest  a  different  recruitment  model  of  PRC2  to  the  Xi.  Whereas  in  the  canonical                 
model  of  polycomb  recruitment,  PRC2  is  deposited  first  and  subsequently  recruits  PRC1  via  the               
recognition  of  H3K27me3  by  the  canonical  PRC1  subunit  CBX (Min,  Zhang,  and  Xu  2003)               
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(Bernstein  et  al.  2006) ,  a  non-canonical  recruitment  model  seems  to  exist  during  XCI.  Here,  a                
non-canonical  PRC1  complex,  comprising  of  PCGF3/5,  signals  the  recruitment  of  both  PRC1             
and  PRC2 (Almeida  et  al.  2017) .  Binding  of  PRC2  is  facilitated  by  its  associated  factor  JARID2,                 
which  is  able  to  recognize  the  PRC1  deposited  mark  H2AK119ub  (Cooper  et  al.  2016).               
Moreover,  the  initial  binding  of  PRC1  is  promoted  through  interaction  with  hnRNPK,  which  can               
directly  bind  PCGF3/5 (Pintacuda  et  al.  2017)  as  well  as  Xist  via  its  B-repeat (Chu  et  al.  2015) ,                   
thereby  bridging  the  two  and  facilitating  PRC1  recruitment.  Taken  together,  PRC1  recruitment  to              
the  Xi  is  facilitated  through  its  interaction  with  hnRNPK  and  seems  to  precede  PRC2               
recruitment.  
 

 

Figure   I5.   Functions   of   Xist   RNA   silencing   partners   for   XCI  

(A)  Xist  harbors  6  repeat  regions,  A,  F,  B,  C,  D,  and  E. (B)  SPEN  binds  repeat  A  of  Xist  via  SMRT  and                        
bridges  it  to  HDAC3,  to  promote  deacetylation  of  histones. (C)  RBM15  and  RBM15B  binding  to  Xist  is                  
spread  along  the  whole  RNA  and  catalyzes  the  methylation  of  78 6 A  residues  along  Xist. (D)  HnRNPU                  
binds  Xist’  E-repeat  and  is  required  for  the  accumulation  of  Xist  on  the  Xi  via  its  binding  to                   
matrix-attachment  regions  (MAR). (E)  HnRNPK  binds  repeat  B  of  Xist  and  via  binding  to  PCGF3/5                
bridges  it  polycomb  repressive  complex  1  (PRC1),  which  catalyzes  H2AK119Ub.  H2AK119Ub  is             
recognized  by  polycomb  repressive  complex  2  (PRC2),  which  catalyzes  H3K27me3. (F)  LBR  binds  Xist’               
repeat   F   and   thereby   tethers   the   Xi   to   the   nuclear   lamina.  
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Lamina   Association  
Finally,  it  was  shown  that  Xist  interacts  specifically  with  the  Lamin  B  Receptor  (LBR) (McHugh  et                 
al.  2015) (A.  Minajigi  et  al.  2015) ,  a  transmembrane  protein  that  is  required  for  anchoring                
chromatin  to  the  nuclear  lamina (Gruenbaum  et  al.  2005) .  As  XCI  leads  to  the  recruitment  of  the                  
Xi  to  the  nuclear  lamina,  it  was  an  intriguing  possibility  that  this  is  facilitated  by  the  direct                  
interaction  of  LBR  with  Xist.  Indeed,  upon  knockdown  of  LBR,  as  well  as  mutation  of  an  LBR                  
binding  site  of Xist ,  recruitment  of  the  Xi  to  the  nuclear  lamina  was  disrupted (C.-K.  Chen  et  al.                   
2017) .  Moreover,  gene  silencing  couldn't  spread  to  actively  transcribed  genes,  suggesting  that             
the  nuclear  lamina  interaction  is  necessary  to  shape  the  three-dimensional  nuclear  structure  of              
the   inactive   X   to   promote   chromosome-wide   silencing    (Figure   I5F) .  
 
However,  a  systematic  analysis  of  these  various  factors  found  that  while  SPEN  was  critical  for                
the  silencing  of  the  majority  of  X-linked  genes,  interactions  with  LBR  and  RBM15  only  made                
minor  contributions (Nesterova  et  al.  2019) .  Taken  together,  Xist  binds  multiple  proteins,  whose              
distinct  functions  show  that  X  chromosomal  silencing,  Xist  recruitment,  and  spreading  are             
mechanistically  segregated  and  reveals  that  most  histone  modifiers  are  not  directly  recruited  by              
Xist   RNA,   but   rather,   through   its   binding   partners.   
 
Firre  
Notably,  Xist  might  not  be  the  only  lncRNA  involved  in  facilitating  chromatin  changes  on  the  X.                 
The  lncRNA Firre  is  expressed  from  the  active  X (Fang  et  al.  2019)  and  was  shown  to  interact,                   
similar  to  Xist,  with  the  nuclear-matrix  protein  hnRNPU (Hacisuleyman  et  al.  2014) .  This              
interaction  appeared  to  be  critical  for  the  anchoring  of  the  Xi  to  the  nucleolus,  as  well  as                  
H3K27me3   deposition   on   the   Xi    (F.   Yang   et   al.   2015)     (Fang   et   al.   2019) .  

Spreading   of   Repressive   Histone   Modifications  
XCI  initiates  with  the  binding  of  Xist  to  defined  early  entry  sites (Engreitz  et  al.  2013) (Simon  et                   
al.  2013) ,  followed  by  the  recruitment  of  multiple  repressive  histone  modifiers.  However,  their              
timing,  as  well  as  their  initial  binding  sites,  are  not  merely  randomly  defined.  Addressing  the                
binding  of  PRC2  during  XCI,  Pinter  and  colleagues  were  able  to  show  that  it  initially  localized  to                  
~150  strong  sites,  coinciding  with  bivalent  domains  and  CpG  island (Pinter  et  al.  2012) ,  that                
highly  correlate  with  early  Xist  binding  sites (Simon  et  al.  2013) .  With  proceeding  XCI,  PRC2                
then  spreads  locally  from  its  initial  sites  into  intergenic  regions.  However,  whereas  this  would               
propose  a  uni-directional  relationship,  where  PRC2  simply  follows  Xist,  a  recent  study  rather              
points  towards  an  interdependent  spreading  mechanism,  as  ablation  of  PRC1  or  PRC2  impaired              
Xist   spreading,   leading   to   a   failure   of   de   novo   Xi   silencing    (Colognori   et   al.   2019) .   
To  gain  a  more  detailed  view  of  the  spatiotemporal  dynamics  of  early  chromatin  changes  in  XCI,                 
Żylicz  and  colleagues,  performed  native  ChIP-seq  for  seven  histone  modifications  in  a             
synchronized Xist -induction  system (Żylicz  et  al.  2019) .  This  revealed  that  loss  of  H3K27ac              
marks  one  of  the  first  events  following  Xist  RNA  accumulation.  The  rapid  deacetylation  is               
achieved  via  already  pre-loaded  HDAC3  on  putative  enhancers  on  the  X  chromosome  to  ensure               
efficient  transcriptional  silencing,  as  in  its  absence,  silencing  is  delayed,  however  not  fully              
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prevented.  Concurrently,  PRC1-dependent  H2AK119ub  also  rapidly  accumulates  at  intergenic          
regions  that  are  pre-marked  Polycomb  (PcG)  marks  and  lie  in  close  spatial  proximity  to  Xist                
RNA  entry  sites (Engreitz  et  al.  2013) .  However,  the  deposition  of  H3K27me3  by  PRC2  is                
delayed  in  comparison  to  H2AK119ub,  favoring  a  non-canonical  PcG  protein  recruitment  model             
as  mentioned  above.  Nevertheless,  while  the  accumulation  of  H2AK119ub  marks  a  very  early              
event  during  XCI,  it  might  not  initiate  gene  repression,  as  analysis  of  HDAC3  mutants  revealed                
that  its  spreading  required,  at  least  partially,  prior  histone  deacetylation  and  transcriptional             
silencing.  However,  as  both  processes  occur  around  the  same  time,  PRC1  might  be  necessary               
to   facilitate   efficient   XCI.  

Kinetics   of   Gene   Silencing  
Nevertheless,  while  gene-rich  regions  seemed  to  be  targeted  first  by  Xist,  followed  by  the               
stepwise  accumulation  of  repressive  histone  modifications,  the  kinetics  of  gene  silencing  on  the              
X  remained  to  be  defined.  However,  a  prerequisite  for  the  analysis  of  X-chromosomal              
expression  data  is  a  hybrid  mouse  strain  background.  As  the  two  X  chromosomes  would               
otherwise  be  indistinguishable  by  sequencing-based  assays,  crosses  of  genetically  distant           
mouse  strains,  such  as Mus  musculus  musculus  and Mus  musculus  castaneus ,  are  utilized.  The               
high  rate  of  polymorphisms  between  them  allows  for  allele-specific  quantification  using  mostly             
single-nucleotide   polymorphisms   (SNP).  
 
In   Vivo  
Analysis  of  allele-specific  single-cell  RNA-sequencing  (scRNA-seq)  data  of  early  mouse           
embryos  showed  gradual  imprinted  X  inactivation  beyond  the  4-cell  stage  until  the  early              
blastocyst (Q.  Deng  et  al.  2014) .  However,  the  spreading  of  silencing  wasn’t  a  simple  function  of                 
the  distance  to  the  X-inactivation  center  in  two  dimensions,  as  some  early  silencing  regions               
were  positioned  far  away  from  it.  A  more  detailed  analysis  of  the  process  revealed  that  already                 
at  the  8-cell  stage,  few  genes  completed  XCI (Borensztein,  Syx,  et  al.  2017) .  Nevertheless,  the                
majority  of  genes  only  completed  silencing  at  the  blastocyst  stage.  Moreover,  whereas  early  and               
intermediate  silencing  genes  did  tend  to  lie  closer  to  the Xic ,  some  escapees  did  lie  close  to  it                   
as  well.  Furthermore,  substantiating  observations  on  early  Xist  RNA  binding  sites (Engreitz  et  al.               
2013) ,  it  was  found  that  genes  located  within  or  close  to  these  showed  the  earliest  silencing.  Of                  
important  note,  significant  differences  were  observed  when  comparing  different  mouse  crosses,            
pointing   to   a   high   degree   of   variability   in   silencing   kinetics.  
 
In   Vitro  
Whereas  the  above-mentioned  studies  using  scRNA-seq  allowed  to  take  into  account  the             
heterogeneity  of  the  inactivation  process,  they  failed  to  paint  a  complete  picture  of  the  silencing                
along  the  X.  Due  to  technical  limitations  such  as  low  capture  efficiency  and  sequencing               
coverage  of  scRNA-seq,  only  125  of  580  expressed  X-linked  genes  have  been  analyzed  with               
confidence  by  Borensztein,  Syx,  and  colleagues. In  vitro systems  are  therefore  useful  tools  to               
circumvent  this  problem  by  being  able  to  use  a  higher  number  of  cells  that  combined  with  more                  
conventional   RNA-seq   techniques   allow   for   increased   coverage   of   transcripts.  
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During  a  time  course  of  ESC  to  embryoid  body  differentiation,  X-linked  genes  showed  a  gradual                
downregulation  from  the  future  inactive  X  (259  genes  on  the  X  chromosome  analyzed  out  of  a                 
total  of  590  genes  with  expression  >  0.5  RPKM) (Marks  et  al.  2015) .  After  8  days  of                  
differentiation,  the  active  X  showed  on  average  a  four-fold  higher  expression  than  the  inactive               
one.  Curiously,  lowly  expressed  genes  showed  faster  XCI  dynamics.  Clustering  analysis  of  the              
time  course  revealed  four  different  classes  of  genes  that  shared  similar  dynamics.  “Early”  ones,               
that  were  silenced  after  2  days  and  accounted  for  46%  of  the  analyzed  genes.  “Intermediate”,                
which  mainly  showed  silencing  between  4  and  8  days.  “Late”  ones  that  only  showed  mild                
downregulation  after  8  days  and  “not  silenced”  that  included  known  escapee  genes.  Confirming              
previous  observations,  “late”  silencing  genes  were  significantly  higher  expressed  than  genes  in             
the  other  clusters.  Moreover,  when  plotting  the  four  clusters  over  the  linear  X  chromosome,  it                
became  apparent  that  genes  of  the  “early”  cluster  on  average  tended  to  lie  closer  to  the Xic  than                   
the  other  clusters.  Following  this  trend,  “intermediate”  genes  lied  closer  to  the Xic  than  “late”  and                 
“not   silenced”   genes.  
 
Predictors   of   Silencing   Kinetics  
Building  on  these  results,  it  remained  to  be  answered  what  predisposed  genes  on  the  X                
chromosome  to  be  silenced  early,  late  or  not  at  all.  To  be  able  to  predict  their  silencing  behavior,                   
Sousa  and  colleagues  first  measured  silencing  dynamics  using  allele-specific  Precision  nuclear            
Run-On  sequencing  (PRO-seq)  during  a  time  course  of  ectopic Xist  induction  in  mESC (Sousa               
et  al.  2019) .  This  system  allows  for  more  direct  quantification  of  silencing  and  circumvents  the                
issue  of  heterogeneity  in  XCI  states  of in  vitro  differentiation  systems (G.  Chen  et  al.  2016) .  To                  
determine  silencing  factors  in  an  unbiased  manner,  a  Random  Forest  machine  learning             
approach  was  used  to  predict  the  silencing  behavior  of  X-linked  genes  from  a  total  of  77                 
epigenetic  and  genomic  features,  including  high-throughput  ChIP-seq  and  Bisulfite-seq          
datasets,  as  well  as  features  such  as  gene  density,  3D  chromatin  interaction  frequencies  and               
the  linear  distance  to  other  genomic  features.  This  revealed,  that  in  agreement  with  a  previous                
study,  the  most  important  feature  determining  early  silencing,  was  a  genes'  proximity  to  the Xist                
locus (Marks  et  al.  2015) .  Moreover,  enrichment  for  polycomb-group  proteins  was  associated             
with  early  silencing  as  well.  However,  contrasting  previous  studies,  rapidly  silenced  genes  were              
also  found  to  lie  in  regions  of  low  gene  density,  and  in  close  proximity  to  LINE  elements,  a                   
discrepancy  that  will  need  to  be  addressed (Engreitz  et  al.  2013) (Simon  et  al.  2013) .  Finally,                 
arguing  for  a  role  of  3D  chromatin  organization  in  Xist  mediated  gene  silencing,  early  silencing                
was  observed  to  preferentially  occur  at  genes  that  are  close  to  lamina-associated  domains              
(LADs),  which  generally  contain  repressed  genes,  while  genes  close  to  the  boundaries  of              
topologically   associating   domains   (TADs)   tended   to   be   silenced   late    (Figure   I6) .  
 
To  summarize,  silencing  kinetics  seem  to  vary  across  the  X  chromosome,  with  the  most               
important   determinant,   being   close   linear   and   3D   proximity   to   the    Xist    locus.  
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Figure   I6.   Predictors   of   Early   Gene   Silencing  
Promoters  of  genes  predicted  to  become  silenced  early  during  XCI  are  bound  by  HDAC3,  as  well  as  by                   
polycomb  repressive  complex  1  (PRC1)  and  2  (PRC2).  Early  silencing  genes  tend  to  lie  in  close  proximity                  
to  lamina-associated  domains  (LAD),  long  interspersed  nuclear  elements  (LINE)  and  the Xist  locus.              
Moreover,  3D  proximity  to  the Xist  locus  is  predictive  as  well.  Moreover,  genes  further  away  from  TAD                  
boundaries   tend   to   become   silenced   early.   
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X-Chromosome   Reactivation   (XCR)  

Linking   Pluripotency   to   Two   Active   X   Chromosomes  
The  study  of  X-chromosome  reactivation  raises  the  question,  how  the  activity  of  two  X               
chromosomes  instead  of  one  influences  cells.  One  of  the  earliest  findings  in  mESCs  showed               
that  DNA  methylation  is  globally  reduced  in  XX  compared  to  XY  and  X0  cells (Zvetkova  et  al.                  
2005) .  This  hypomethylation  state  is  associated  with  a  reduction  in  protein  levels  of  the de  novo                 
DNA  methyltransferases  DNMT3A/B.  A  more  detailed  analysis  in  a  large  variety  of  pluripotent              
cells  revealed  that  the  ratio  of  X  chromosomes  to  autosomes  directly  correlates  with  global               
methylation  levels,  rather  than  the  absolute  number  of  X  chromosomes  inside  a  pluripotent  cell               
(Choi  et  al.  2017) .  Notably,  expression  levels  of  known  DNA  methylation  regulators  were  not               
significantly  different  between  male  and  female  cells.  However,  at  the  protein  level,  female  cells               
showed  markedly  reduced  levels  of  DNMT1  and  DNMT3A/B,  as  well  as  elevated  levels  of               
TET2,  compared  to  male  cell  lines.  Mechanistically,  this  seems  to  be  regulated  by  the  X-linked                
phosphatase Dusp9 ,  which  dosage-dependently  regulates  MAPK/GSK/AKT  pathways,        
pluripotency,  and  epigenetic  factors.  Overexpression  of  DUSP9  in  male  cells  led  to             
hypomethylation,  whereas  the  heterozygous  deletion  of Dusp9  in  female  cells  increased            
methylation  levels.  However,  hypermethylation  of  XX  ESCs  was  not  sufficient  to  cause  a              
transition  to  a  male-like  transcriptional  signature,  arguing  for  the  existence  of  other  pathways              
and  X-linked  genes  involved  in  mediating  the  effects  of  X-dosage (Song  et  al.  2019) .  Adding  to                 
this,  it  is  important  to  note,  that  X  dosage  mediated  DNA  methylation  differences  between  male                
and  female  cells,  seem  to  be  restricted  to in  vitro  cultured  cells,  as  the  inner  cell  mass  of  male                    
and  female  embryos  were  shown  to  be  hypomethylated  similarly (Choi  et  al.  2017) .  This  further                
suggests  that  female  ESCs  might  be  molecularly  closer  to  the  ground  state  of  pluripotency  than                
male   ESCs.   
Moreover,  these  in  vitro  differences  manifest  themselves  in  the  cells'  ability  to  differentiate.              
During  the  differentiation  into  epiblast-like  cells  (EpiLC),  female  XX  ESCs  were  shown  to  be               
delayed  and  lag  behind  their  male  XY  counterparts  by  roughly  one  day (Schulz  et  al.  2014) .  This                  
delay  was  accompanied  by  sustained  expression  of  pluripotency-associated  factors.          
Importantly,  female  XO  cells  showed  a  behavior  similar  to  male  cells,  further  adding  to  the                
notion  that  the  X  chromosome  dosage  is  directly  responsible  for  this  effect.  However,  when  cells                
were  forced  to  undergo  XCI  by  inducing  expression  of Xist  using  a  doxycycline-inducible              
promoter,  the  delay  in  differentiation  was  eliminated,  and  they  were  able  to  differentiate  at               
speeds  comparable  to  male  cells.  Finally,  to  circumvent  the  asynchronicity  of  the  differentiation              
process,  single-cell  qRT-PCR  was  performed  and  was  able  to  directly  show  that  expression  of               
pluripotency-factors   and    Xist    is   reciprocal.  

XCR   in   the   Blastocyst  
In  vivo ,  X-chromosome  reactivation  was  first  described  in  the  blastocyst (Figure  I1A) .  As              
outlined  previously,  early  in  development,  cells  first  undergo  paternal  X-chromosome           
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inactivation,  where  the  X  gets  prominently  marked  by  Xist  and  members  of  the  polycomb               
repressive  complex  2  (PRC2).  However,  in  the  inner  cell  mass  (ICM)  of  mature  blastocysts,  a                
rapid  loss  of  Xist  and  of  the  PRC2  complex  member  EED,  accompanied  by  a  gradual                
disappearance  of  its  associated  mark  H3K27me3,  were  observed  on  the  X (Okamoto  et  al.               
2004) (Mak  et  al.  2004) .  Moreover,  linking  X  reactivation  to  pluripotency,  loss  of  EED  from  the                 
inactive  X  was  specifically  observed  in Nanog  expressing  cells,  that  demarcate  the  nascent              
epiblast (Silva  et  al.  2009) .  Mechanistically,  this  link  could  be  explained  by  the  cooperative               
binding  of  key  pluripotency  factors  OCT4,  SOX2,  NANOG,  and  PRDM14  within  intron  1  of Xist,                
to  repress  its  expression  in  mESCs (Navarro  et  al.  2008) .  Indeed,  both Nanog  knockout (Silva  et                 
al.  2009)  and Prdm14  knockout (Payer  et  al.  2013)  blastocysts  failed  to  erase  the  X-specific                
EED   and   H3K27me3   accumulation,   respectively.   
However,  reactivation  of  X-linked  genes  did  not  necessarily  seem  to  require  the  loss  of  Xist                
coating,  as  RNA  FISH  analysis  of  a  small  set  of  genes  in  the  ICM  showed  that  X-linked  gene                   
transcription  could  already  occur  before  the  loss  of  Xist (Williams  et  al.  2011) .  This  finding  was                 
further  supported  by  allele-specific  scRNA-seq  data,  which  showed  that  26  out  of  116  analyzed               
X-linked  genes  underwent  reactivation  independently  of  Xist  RNA  and  H3K27me3  loss,  already             
before  lineage  segregation  at  E3.5 (Borensztein,  Okamoto,  et  al.  2017) .  Nevertheless,  the             
majority  of  X-linked  genes  only  reactivated  later  when  Xist  enrichment  was  lost  and  pluripotency               
markers   such   as    Nanog    were   expressed.  
However,  it  remained  to  be  answered,  if  XCR  was  a  mere  reversal  of  the  inactivation  process.                 
Comparing  the  kinetics  of  XCR (Borensztein,  Okamoto,  et  al.  2017)  to  XCI (Borensztein,  Syx,  et                
al.  2017)  revealed  that  the  former  did  not  simply  mirror  the  latter.  Further  arguing  for  different                 
mechanisms  of  XCI  and  XCR,  only  a  slight  tendency  for  late  and  very  late  reactivating  genes  to                  
lie  in  close  proximity  to Xist  was  observed,  with  some  early  reactivating  genes  even  lying  in                 
close  proximity  to Xist .  Therefore,  X  reactivation  timings  couldn't  be  predicted  from  the  distance               
of  a  gene  to Xist .  Furthermore,  neither  Xist  entry  sites (Engreitz  et  al.  2013) ,  nor  gene                 
expression   levels   were   found   to   be   predictors   of   early   or   late   reactivation.  
However,  when  analyzing  the  enrichment  of  histone  modifications,  early  reactivating  genes  were             
found  to  be  enriched  for  H3K4me3,  whereas  late  ones  showed  enrichment  for  H3K27me3.  The               
latter  was  further  proven  to  be  directly  linked  to  late  reactivating  genes,  as  the  homozygous                
knockout  of  the  H3K27me3  demethylase  UTX,  significantly  impaired  the  efficiency  of  X-linked             
gene  reactivation  for  late-reactivated  genes.  Nevertheless,  this  couldn’t  explain  the  different            
timing  of  X-linked  gene  reactivation,  especially  not  why  some  genes  were  able  to  reactivate               
even  before  Xist  downregulation  occurred.  Due  to  the  strong  link  of  XCR  and  pluripotency,  as                
explained  above,  the  finding  that  X  chromosome  reactivation  was  correlated  with  the  expression              
of  pluripotency  factors  was  not  surprising.  Yet,  half  of  the  X-linked  genes,  irrespective  of  their                
reactivation  timing,  presented  at  least  one  binding  site  for  core  pluripotency  factors,  ruling  them               
out  as  singular  initiators  of  early  reactivation.  Apart  from  pluripotency  factors, Myc  expression              
was  also  found  to  be  associated  with  reactivation,  albeit  to  a  lesser  degree.  However,  in  contrast                 
to  pluripotency  factors,  early  reactivating  genes,  as  well  as  escapees,  showed  significant             
enrichment  for  Myc-factor  binding  sites  compared  to  late  reactivating  genes,  suggesting  a             
possible   role   for   MYC   in   the   early   reactivation   of   X-linked   genes.  
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Therefore,  whereas  the  correlation  of  pluripotency  factors  and  X  reactivation  is  clear,  the              
mechanistic  link  still  isn’t.  Nevertheless,  a  study  by  Payer  and  colleagues  was  able  to  show  that                 
the  homozygous  deletion  of  the  pluripotency  factor Prdm14 ,  led  to  a  reduction  in  XCR,               
visualized  by  retention  of  H3K27me3  on  the  Xi  in  E4.5  epiblast  cells (Payer  et  al.  2013) .  This                  
effect  was  further  observed  to  a  similar  extent  upon  homozygous  deletion  of Tsix .  However,               
double  mutants  of Prdm14  and Tsix  did  not  show  a  significantly  stronger  phenotype,  arguing               
that   they   act   through   a   common   pathway   during   X   reactivation  
Taken  together,  XCR  in  the  blastocyst  occurs  rapidly,  however,  it  is  not  a  mere  reversal  of  the                  
inactivation  process,  with  distinct  timings  of  gene  reactivation  along  the  X,  possibly  being              
controlled  through  pluripotency-factor  expression,  binding  of  Myc-factors  and  the  gene-specific           
enrichment   of   histone   modifications.  

XCR   in   Primordial   Germ   Cells  
In  vivo ,  XCR  was  not  only  described  in  the  blastocyst  but  as  well  later  in  development,  during                  
the  migration  of  primordial  germ  cells  (PGC) (Figure  I1A) .  Already  at  E7.75,  it  was  observed  that                 
some  PGCs  showed Xist  downregulation,  as  well  as  biallelic  expression  of  some  X-linked  genes               
(Sugimoto  and  Abe  2007) .  However,  in  contrast  to  the  blastocyst,  reactivation  seems  to  occur               
gradually  in  PGCs,  as  even  at  14.5,  not  a  single  PGC  was  detected  that  had  fully  undergone                  
XCR.  This  gradual  reactivation  is  concomitant  with  the  PRDM14-dependent  progressive           
removal  of  H3K27me3  from  the  inactive  X-chromosome  along  the  PGC  migration  path (Mallol,              
Guirola,   and   Payer   2019) .  
Intriguingly,  reactivation  in  PGCs  seems  to  depend  on  signals  from  the  surrounding  somatic              
cells (Chuva  de  Sousa  Lopes  et  al.  2008) .  Culturing  X  inactive  PGCs  in  a  transwell  system  with                  
XX  somatic  cells  on  the  bottom  was  sufficient  to  trigger  XCR,  observed  by  the  upregulation  of                 
an   X-linked   GFP   transgene.   Strikingly,   XY   somatic   cells   were   not   able   to   induce   reactivation.  
Furthermore,  XCR  in  PGCs  has  been  recapitulated in  vitro  as  well.  Reflecting  the              
developmental  progression,  primordial  germ  cell-like  cells  were  generated  from  embryonic  stem            
cells,  through  epiblast-like  cells  and  aggregation  with  somatic  gonadal  cells,  reaching  a             
pre-meiotic  stage  similar  to  E12.5 (Hayashi  et  al.  2012) .  At  this  stage,  cells  had  lost  the                 
H3K27me3   spot   demarcating   the   former   inactive   X,   indicative   of   X-chromosome   reactivation.   

XCR   during   iPSC   Reprogramming  
The  advent  of  induced  pluripotent  stem  cells  (iPSC) (Takahashi  and  Yamanaka  2006) ,             
reprogramming  of  somatic  cells  into  pluripotent  ESC-like  cells  by  the  overexpression  of  the  four               
factors Oct4 , Sox2 , c-Myc ,  and Klf4 ,  held  the  promise  for  a  new  kind  of  regenerative  medicine.                 
However,  whereas  the  iPSC  revolution  might  still  be  years  away  from  truly  changing  medicine,               
iPSC  did  revolutionize  biological  research  already (Scudellari  2016) .  iPS  cells  have  proven  to  be               
a  valuable  tool  for  disease  modeling,  and  moreover,  provided  a  system  to  dissect  the  process  of                 
cell  fate  decision  making,  how  transcription  factors  and  chromosome  architecture  guide  cellular             
remodeling (Stadhouders,  Filion,  and  Graf  2019) .  Along  these  lines,  it  enabled  researchers  to              
examine   the   reactivation   of   the   X   chromosome    in   vitro .  
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Reprogramming   Stages   and   Timing   of   XCR  
Shortly  after  iPSC  had  been  first  described,  it  was  shown  that  female  mouse  embryonic               
fibroblasts  (MEF),  harboring  one  inactive  X,  had  successfully  reactivated  it  upon  conversion  into              
iPSC,  as  shown  by  biallelic  expression  of Tsix  and Pgk1 ,  as  well  as  the  loss  of  Xist  coating                   
(Maherali  et  al.  2007) .  Moreover,  it  became  evident  that  XCR  marks  a  late  event  of  the                 
reprogramming  process,  with  upregulation  of  the  pluripotency  surface  marker  SSEA-1           
preceding  it,  and  coinciding  with  the  upregulation  of  the  pluripotency  transcription  factor Sox2              
(Stadtfeld  et  al.  2008) .  However,  the  sequential  order  of  events,  how  the  multiple  layers  of                
repressive  epigenetic  features  are  removed  from  the  inactive  X,  remained  to  be  shown.  A  study                
by  Pasque  and  colleagues  set  out  to  address  this  question,  by  assessing  changes  in  X-linked                
chromatin  marks  and  the  associated  changes  in  pluripotency  factor  expression  by  microscopy             
(Pasque  et  al.  2014) .  First  evaluating  H3K27me3,  a  hallmark  of  the  inactive  X  deposited  by                
EZH2,  it  became  apparent  that  it  was  exclusively  lost  in  cells  already  expressing  the  late                
pluripotency  marker  NANOG.  Moreover,  the  first  NANOG+  cells  to  appear  in  culture,  still              
exhibited  Xist  RNA  coating,  indicating  that  late  pluripotency  activation  is  a  prerequisite  for  Xist               
downregulation.  Subsequently,  only  after  Xist  coating  of  the  inactive  X  was  lost,  biallelic              
expression  of  X-linked  genes,  as  shown  by  RNA  FISH  of  4  genes,  was  restored.  Furthermore,                
mirroring  the  XCI  events in  vivo ,  monoallelic  expression  of  the Xist  regulator Tsix ,  was  first                
detected  in  NANOG+  cells  from  the  active  X,  and  only  later  switched  to  biallelic  expression                
during  the  loss  of  Xist  coating.  Two  of  the  latest  events  of  XCI  during  differentiation  are  the                  
incorporation  of  macroH2A1 (Mermoud  et  al.  1999)  and  the  establishment  of  DNA  methylation              
(Gendrel  et  al.  2012) .  Conversely,  during  reprogramming,  the  loss  of  macroH2A.1  occurred  after              
the  loss  of  EZH2  and  therefore  doesn’t  represent  the  reverse  sequence  X  inactivation  dynamics.               
Loss  of  DNA  methylation  during  reprogramming  marked  one  of  the  last  events  of  XCR.  Using                
reduced  representation  bisulfite  sequencing,  it  was  observed  that  even  in  SSEA1+            
reprogramming  intermediates,  CpG  islands  across  the  X  chromosome  still  showed  DNA            
methylation  levels  comparable  to  MEFs,  whereas  promoters  of  pluripotency  genes  had  mostly             
lost  it  already.  Moreover,  assessing  the  levels  of  5-hydroxymethylcytosine  (5hmC),  which  marks             
a  prominent  intermediate  step  during  DNA  demethylation,  it  became  apparent  that  while  globally              
5hmC  levels  gradually  increased,  it  was  excluded  from  the  former  Xi  until  late  stages  of                
reprogramming.  
Taken  together,  this  detailed  analysis  of  XCR  during  reprogramming  reveals  a  defined  sequence              
of  chromatin  changes,  that  however  doesn’t  necessarily  reflect  a  mere  reversal  of  the              
inactivation  process.  Moreover,  as  shown in  vivo  in  the  blastocyst,  reactivation  specifically             
initiates  in  cells  that  underwent  upregulation  of  pluripotency  genes,  with  the  subsequent             
downregulation  of Xist ,  followed  by  biallelic  expression  of  X-linked  genes.  Yet,  the  exact  timing               
of  pluripotency  activation  and Xist  downregulation  is  still  controversial,  as  single-cell  RNA-Seq             
analysis  during  reprogramming  revealed  a  different  order  of  events,  with Xist  downregulation             
preceding   late   pluripotency   activation    (Schiebinger   et   al.   2019)     (Figure   I7) .  
 
Regulation   of    Xist  
Successful  XCR  in  female  cells  was  shown  to  be  dependent  on  the  downregulation  of Xist .                
Constitutive  expression  of Xist  during  iPSC  formation  resulted  in  a  decrease  of  XCR  in               
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NANOG+  cells,  detected  by  an  approximately  50%  reduction  in  biallelic  expression  of  the              
X-linked  gene Atrx (Pasque  et  al.  2014) .  Consequently,  knockdown  of Xist  late  during              
reprogramming  improved  reprogramming  efficiency  by  promoting  the  pre-iPSC  to  iPSC           
transition (Q.  Chen  et  al.  2014) .  However,  knockdown  of Xist  early  during  reprogramming  had               
the  opposite  effect  and  decreased  reprogramming  efficiency  by  interfering  with  the            
mesenchymal-to-epithelial  transition  (MET),  showing  the  dualistic  nature  of Xist  and  arguing  for             
a  cautious  evaluation  of  results  based  on  constitutive  ablation  of  factors  during  reprogramming.              
Moreover,  a  direct  link  between Xist  and  pluripotency  factors  was  previously  proposed  via  the               
direct  binding  of  core  pluripotency  factors  to Xist  intron  1 (Navarro  et  al.  2008) .  However,  the                 
deletion  of  intron  1,  did  not  Interfere,  among  others,  with  the  loss  of  Xist  RNA  coating  upon                  
reprogramming  of  MEFs  to  iPSCs (Minkovsky  et  al.  2013) .  This  argues  for  a  more  indirect Xist                 
repression  mechanism,  possibly  via  the  silencing  of  the Xist  activator  RNF12 (Gontan,  Achame,              
Demmers,  Barakat,  Rentmeester,  van  IJcken,  Anton  Grootegoed,  et  al.  2012) (Payer  et  al.              
2013) .  

 

Figure   I7.   Stages   of   iPSC   Reprogramming  

During  reprogramming,  cells  first  undergo  mesenchymal-to-epithelial  transition  (MET),  followed  by           
upregulation  of  the  cell  surface  marker  SSEA-1,  and  subsequent  expression  of  the  pluripotency  markers               
Oct4  and  then Nanog .  When  the  expression  of  Nanog  is  initiated,  cells  start  down-regulating Xist ,  evicting                 
macroH2A  from  the  Xi,  and  with  a  slight  delay,  removing  H3K27me3.  Concomitantly,  biallelic  expression               
of   X-linked   genes   is   beginning   to   be   restored.  
 
DNA   Demethylation  
As  mentioned  previously,  DNA  demethylation  marks  one  of  the  last  steps  of  iPSC              
reprogramming  as  well  as  XCR.  Strikingly,  double  knockout  of  the  DNA  demethylases  Tet1  and               
Tet2,  which  catalyze  the  conversion  of  5-methylcytosine  (5mC)  to  5-hydroxymethylcytosine           
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(5hmC),  while  preventing  induction  of  5hmC  during  reprogramming,  did  not  interfere  with  the              
formation  of  pluripotent  colonies (Pasque  et  al.  2014) .  Nevertheless,  while  the  authors  claim  that               
Tet1,  Tet2,  and  global  5hmC  are  dispensable  for  XCR,  it  is  important  to  point  out  that  X-linked                  
gene  reactivation  was  only  tested  by  RNA  FISH  for  a  single  gene, Atrx .  Furthermore,  in                
contrast,  a  study  investigating  the  dynamics  of  DNA  methylation  and  hydroxymethylation  in  a              
highly  efficient  reprogramming  system  revealed  a  requirement  for  Tet2,  observed  by  a  dramatic              
reduction  in  pluripotent  colonies  formed (Sardina  et  al.  2018) .  It  is,  therefore,  possible  that  in  the                 
context  of  conventional  MEF  to  iPSC  systems  as  deployed  by  Pasque  and  colleagues,  which               
are  usually  slow  and  inefficient,  passive  DNA  demethylation  is  sufficient,  whereas  fast  and              
efficient  systems  might  need  active  DNA  demethylation  by  TET  enzymes.  Therefore,  DNA             
demethylation   might   play   a   context-dependent   role   in   X-chromosome   reactivation.  
 
Kinetics   of   Gene   Reactivation  
Finally,  in  contrast  to  X  inactivation (Borensztein,  Syx,  et  al.  2017) (Marks  et  al.  2015) ,  the                 
kinetics  of  X-linked  gene  reactivation  during  iPSC  reprogramming,  until  very  recently,  had  not              
been  described  yet.  A  study  by  Janiszewski  and  colleagues  aimed  to  address  this  question               
(Janiszewski  et  al.  2019) .  The  authors  deployed  a  conventional  MEF  to  iPSC  system  with  highly                
polymorphic  MEF  from  a mus  m.  musculus  and mus  m.  castaneus  cross,  to  allow  for                
allele-specific  quantification  of  transcription  dynamics.  Furthermore,  to  isolate  reprogramming          
intermediates,  cells  were  FACS-sorted  for  expression  of  the  early  reprogramming  marker            
SSEA-1.  Cells  further  harbored  an  X-GFP  transgene  on  the  inactive  X (Pasque  et  al.  2011) ,  to                 
allow  visualization  of  X-chromosome  activation.  This  showed  a  gradual  increase  in  the  number              
of  X-GFP+  cells  in  the  SSEA1+  population  over  a  number  of  5  days.  Time-resolved  maps  of                 
X-linked  allelic  expression  ratios  revealed  that  genes  along  the  X  reactivated  with  highly              
different  kinetics,  with  very  late  reactivating  genes  being  delayed  up  to  5  days,  compared  to                
early  ones.  This  is  in  contrast  to  the  reactivation  kinetics  observed in  vivo  in  the  epiblast,  where                  
XCR  is  completed  in  one  day (Borensztein,  Syx,  et  al.  2017) .  Moreover,  early  reactivation               
preceded  the  activation  of  late  pluripotency  genes  as  well  as  the  full  downregulation  of Xist ,  a                 
stark  contrast  to  previous  studies,  which  observed  XCR  only  after  both  were  completed (Pasque               
et  al.  2014) (Schiebinger  et  al.  2019) .  Correlation  with  various  genetic  and  epigenetic  features               
showed  that  genes  of  early  and  intermediate  reactivation  timings  were  significantly  closer  to              
escapees  compared  to  late  ones.  Moreover,  binding  of  the  4  Yamanaka  factors,  OCT4,  SOX2,               
KLF4,  and  c-MYC  was  significantly  enriched  in  early,  intermediate  and  late,  compared  to  very               
late  reactivating  genes,  however,  no  difference  was  observed  between  these  first  three             
categories.   
During  reprogramming,  several  populations  of  cells  are  often  superposed  on  a  single  day.              
Therefore,  especially  in  inefficient  reprogramming  systems  where  the  majority  of  cells  don’t             
undergo  full  reprogramming,  careful  attention  has  to  be  given  to  the  isolation  of  pure  cell                
populations.  Unfortunately,  cell  populations  isolated  in  this  study  occur  to  be  highly  mixed.  First,               
whereas  SSEA-1  is  a  suitable  marker  to  isolate  cells  at  very  early  stages  of  reprogramming,  it                 
fails  to  distinguish  later  stages (Schwarz  et  al.  2018) .  Second,  SSEA1+  populations  and              
X-GFP+  populations  were  not  isolated  separately,  therefore  SSEA1+  cells  showed  a  gradual             
enrichment  of  X-GFP+  cells,  possibly  masking  early  reactivation  events  in  X-GFP+  cells.  These              

28  

https://paperpile.com/c/lgxtyl/7jlMq
https://paperpile.com/c/lgxtyl/uOAqv
https://paperpile.com/c/lgxtyl/Fh6gL
https://paperpile.com/c/lgxtyl/GQGIz
https://paperpile.com/c/lgxtyl/uo6U
https://paperpile.com/c/lgxtyl/0IISD
https://paperpile.com/c/lgxtyl/Fh6gL
https://paperpile.com/c/lgxtyl/7jlMq
https://paperpile.com/c/lgxtyl/7jlMq
https://paperpile.com/c/lgxtyl/3GJ2i
https://paperpile.com/c/lgxtyl/JLfG


shortcomings  in  the  experimental  design  of  the  study,  therefore  argue  for  a  careful  interpretation               
of  the  results,  and  observations  will  have  to  be  validated  in  optimized  experimental  systems.               
However,  slow  reactivation  kinetics  compared  to in  vivo  might  as  well  be  explained  by  the                
increased  difficulty  to  revert  random  XCI,  which  includes  macroH2A  deposition  and  increased             
DNA  methylation  on  the  Xi,  compared  to  imprinted  XCI.  Nonetheless,  this  would  conversely              
suggest  that  inefficient  reprogramming  systems  are  an  insufficient  proxy  for  XCR  in  the  inner               
cell   mass.   
To  summarize,  as  observed  in  vivo ,  XCR  strongly  correlates  with  the  activation  of  pluripotency               
genes,  as  well  as  the  downregulation  of Xist  during  iPSC  reprogramming.  However,  it  remains               
to  be  answered,  if  the  reactivation  kinetics  of  X-linked  genes  mirror  those  observed  in  the                
epiblast,   and   how   much   differences   in   the   experimental   design   contribute   to   these.  
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The   Role   of   3D   Organization   in   XCI   &   XCR  

 

Figure   I8.   Distinct   Topology   of   the   Inactive   X   versus   the   Active   X  

Typical  Hi-C  profiles  are  depicted  on  the  top  and  a  schematic  representation  of  genome  organization  is                 
shown  at  the  bottom. (A)  3D  organization  of  the  active  X  shows  the  typical  TAD  organization  into  active                   
(A-compartment,  green)  and  repressive  (B-compartment,  red)  compartments. (B)  The  inactive  X  is             
organized  into  two  large  repressive  mega-domains,  divided  by  the Dxz4  locus.  Few  TAD-like  structures               
with   escapees   loop   out   from   the   repressive   domain.  

Chromosome   Conformation   Capture  
Eukaryotic  interphase  chromosomes  are  not  randomly  distributed  in  the  nucleus,  but  instead             
were  shown  to  be  confined  to  distinct  spaces,  so-called  chromosome  territories,  revealing,             
among  others,  separate  territories  for  the  active  and  the  inactive  X (Cremer  and  Cremer  2010) .                
Moreover,  the  introduction  of  chromosome  conformation  capture  (3C)  technologies  allowed  to            
resolve  in  further  detail  their  structural  organization (Grob  and  Cavalli  2018) .  Briefly,  3C  is  based                
on  formaldehyde  crosslinking  of  chromatin,  followed  by  enzymatic  or  physical  chromatin            
fragmentation  and  subsequent  proximity  ligation (Dekker  2002) .  The  resulting  DNA  hybrids  are             
indicative  of  three-dimensional  chromatin  contacts.  However,  3C  and  their  adaptations  4C (Z.             
Zhao  et  al.  2006) (Simonis  et  al.  2006)  and  5C (Dostie  et  al.  2006)  are  limited  to  a  set  of  target                      
loci,  not  allowing  unbiased  genome-wide  analysis.  Therefore,  the  introduction  of  Hi-C,  which             
now  allowed  to  assess  chromosome  conformation  genome-wide,  revolutionized  and          
jump-started  the  field (Lieberman-Aiden  et  al.  2009) .  Hi-C  did  not  only  confirm  the  existence  of                
chromosome  territories  but  it,  more  importantly,  revealed  that  chromatin  is  spatially  segregated             
into  two  compartments:  A,  corresponding  to  open  chromatin  and  high  mRNA  expression  and  B,               
corresponding  to  closed  chromatin  and  low  expression.  Moreover,  the  genome  was  shown  to  be               
partitioned  into  megabase-sized  local  chromatin  interaction  domains,  termed  topologically          
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associating  domains  (TADs),  whose  boundaries  were  enriched  for  the  insulator  binding  protein             
CTCF (Dixon  et  al.  2012) (Nora  et  al.  2012) .  These  domains  not  only  cover  most  of  the  genome                   
but  are  also  stable  across  various  cell  types  and  even  conserved  between  mice  and  humans.                
Furthermore, in  situ  Hi-C,  an  adaptation  of  the  protocol  where  proximity  ligation  is  performed  in                
intact  nuclei,  improved  its  efficiency  and  resolution,  and  now  allowed  to  identify  loops              
genome-wide,   which   frequently   link   promoters   and   enhancers    (Rao   et   al.   2014) .  

Structural   Principles   of   the   Inactive   X  
The  nature  of  the  inactive  X  and  its  unique  necessity  to  be  transcriptionally  inactive,  not  only                 
manifests  itself  in  a  discrete  epigenetic  landscape  as  described  earlier,  but  also  in  a  distinct                
three-dimensional   organization.  
Early  studies  on  the  X  chromosome,  already  showed  that  the  inactive  X  is  not  only  more                 
compact  than  its  active  counterpart (Naughton  et  al.  2010) ,  but  also  that  its  territory  is                
characterized  by  a  spherical  shape  and  smooth  surface,  in  contrast  to  the  flatter  shape  and                
more  irregular  surface  of  the  active  X (Eils  et  al.  1996) .  However,  the  advent  of  chromosome                 
conformation  capture  technologies  now  allowed  for  a  more  detailed  and  comprehensive  view  of              
chromatin  folding  on  the  X.  Using  allele-specific  4C  of  4  viewpoints,  it  became  apparent  that                
while  on  the  active  X,  loci  formed  multiple  long-range  interactions,  the  inactive  X  was  mostly                
devoid  of  such,  with  silenced  loci  lacking  preferred  interactions  and  only  escapees  engaging  in               
long-range  contacts (Splinter  et  al.  2011) .  Strikingly,  upon  deletion  of Xist,  a  refolding  into  a                
structure  resembling  the  active  X  was  observed,  while  gene  silencing  wasn’t  affected,  possibly              
due  to  the  persistence  of  DNA-methylation.  However,  how  Xist  maintained  the  unique  structure              
of  the  Xi  wasn’t  known.  Mechanistic  insights  into  this  process  came  from  a  study  on  Xist  binding                  
partners (A.  Minajigi  et  al.  2015) .  This  revealed  that  cohesins,  integral  structural  components  of               
the  3D  genome (Baranello,  Kouzine,  and  Levens  2014) ,  were  among  the  most  enriched  factors.               
Notably,  deletion  of Xist  led  to  a  restoration  of  cohesin  binding  along  the  inactive  X.  This  shows                  
that  Xist  actively  repels  cohesins  in  cis,  thereby  preventing  the  establishment  of  a  chromosome               
structure  resembling  the  active  X. To  provide  a  chromosome-wide  view  of  the  inactive  X,  Deng                
and  colleagues  utilized  an in  situ  DNase  Hi-C  protocol  in  mouse  brain  and  Patski  cells (X.  Deng                  
et  al.  2015) .  This  revealed  a  bipartite  structure  of  the  mouse  Xi,  similar  to  what  has  been                  
observed  in  humans (Rao  et  al.  2014) .  The  two  resulting  domains  (here  termed  superdomains)               
are  separated  by  a  ~200kb  large  boundary  element  and  are  of  roughly  similar  size  (72  Mb  and                  
94  Mb  respectively).  Notably,  this  unique  structural  organization  was  not  only  observed  using              
Hi-C  but  as  well  by  using  a  multiplexed  FISH  method,  which  showed  a  spatial  partitioning  of  the                  
Xi  into  two  large  domains (S.  Wang  et  al.  2016) .  However,  whereas  the  superdomains  differ  in                 
size  between  mice  and  humans,  the  boundary  region  seemed  to  be  conserved  and  to  lie  near                 
the DXZ4/Dxz4 macrosatellite  locus  in  both  species.  Yet,  allelic  TAD  calling  was  not  possible               
due  to  insufficient  sequence  depth (X.  Deng  et  al.  2015) .  This  issue  was  overcome  by  a  later                  
study  performing  allele-specific  Hi-C  in  a  clonal  neural  progenitor  cell  (NPC)  line (Giorgetti  et  al.                
2016) .  This  confirmed  the  organization  of  the  Xi  in  two  large  domains  (here  called               
mega-domains)  and  further  revealed  a  notable  lack  of  A/B  compartments,  as  well  as  a  global                
lack  of  TADs  (Later  studies  argued  for  attenuation  of  TADs,  rather  than  a  complete  loss,  a                 

31  

https://paperpile.com/c/lgxtyl/tnBiY
https://paperpile.com/c/lgxtyl/bFwHG
https://paperpile.com/c/lgxtyl/g0DOQ
https://paperpile.com/c/lgxtyl/72JSG
https://paperpile.com/c/lgxtyl/kb6HN
https://paperpile.com/c/lgxtyl/1Y4Ct
https://paperpile.com/c/lgxtyl/FdFqt
https://paperpile.com/c/lgxtyl/jdNA
https://paperpile.com/c/lgxtyl/6CAk0
https://paperpile.com/c/lgxtyl/6CAk0
https://paperpile.com/c/lgxtyl/g0DOQ
https://paperpile.com/c/lgxtyl/wEhd5
https://paperpile.com/c/lgxtyl/6CAk0
https://paperpile.com/c/lgxtyl/cfQtr
https://paperpile.com/c/lgxtyl/cfQtr


discrepancy  that  could  be  explained  by  the  increased  sensitivity  of  the in  situ  Hi-C  protocol  of                 
the  later  study (C.-Y.  Wang  et  al.  2018) ).  However,  few  residual  TAD-like  structures  were  still  to                 
be  observed.  Integration  of  Hi-C  with  RNA-seq  and  ATAC-seq  data  revealed  that  residual  TADs               
corresponded  to  transcribed  and  accessible  regions  where  genes  escape  X  inactivation            
(Giorgetti  et  al.  2016) .  Furthermore,  whereas  the  deletion  of  the  mega-domain  boundary  did              
lead  to  a  loss  of  the  bipartite  structure,  it  did  not  affect  the  efficiency  of  gene  silencing.                  
Nevertheless,  one  clone  showed  a  substantial  reduction  in  escapees,  an  effect  that  however              
wasn’t  uniformly  observed  in  multiple  clones.  Consistent  with  these  observations  in  the  mouse,              
deletion  of DXZ4  from  the  human  Xi  chromosome  resulted  in  loss  of  the  mega-domain               
structures  as  well (Darrow  et  al.  2016)  Remarkably,  the  bipartite  structure  of  the  Xi  does  not                 
depend  on  a  specific  orientation  of Dxz4 ,  as  upon  its  inversion,  the  overall  structure  of  the  Xi                  
persisted (Bonora  et  al.  2018) .  Strikingly,  analysis  of  a Xist  mutant  that  results  in  a  failure  of  Xi                   
silencing,  properly  formed  mega-domains  while  at  the  same  time  having  visibly  less  attenuated              
TADs,  showing  that  mega-domain  formation  is  neither  sufficient  nor  a  consequence  of  gene              
silencing   and   that   TADs   and   mega-domains   can   co-exist    (Colognori   et   al.   2019) .  
Taken  together,  the  inactive  X  shows  a  unique  structural  organization  into  two  mega-domains              
that  is  further  characterized  by  a  lack  of  A/B  compartments  and  an  attenuation  of  TADs (Figure                 
I8) .  

Spatial   Regulation   of   the   X   Inactivation   Center  
The  role  of  genome  architecture  in  XCI  can  be  exemplified  by  its  regulatory  function  on  the  X                  
inactivation  center  ( Xic ).  The  two  lncRNAs Xist  and Tsix ,  while  adopting  opposite  transcriptional              
patterns  during  XCI,  share  overlapping  transcriptional  units.  Therefore,  to  achieve  accurate            
expression  timings,  their  corresponding  regulatory  elements  need  to  be  confined  to  their             
associated  regulatory  landscape  to  prevent  uncoordinated  expression.  To  ensure  this,  it  was             
discovered  that  a  chromatin  transitional  zone  exists  between  the  two  domains (Tsai  et  al.  2008) .                
This  harbored  a  conserved  element, RS14 ,  that  presented  strong  binding  for  CTCF,  serving  as  a                
boundary  between  the  two  domains  to  facilitate  coordinated  expression (Spencer  et  al.  2011) .  In               
accordance,  the  deletion  of RS14  resulted  in  aberrant  XCI  in  female  cells,  through  a  failure  to                 
upregulate Xist ,  arguing  for  a  functionally  important  spatial  separation  of  the  two  domains.              
Indeed,  5C  across  the Xic ,  revealed  its  partitioning  into  TADs,  that  separate  the  promoters  of                
Xist  (TAD-E)  and Tsix  (TAD-D) (Nora  et  al.  2012) .  Moreover,  the  functional  separation  of  the  two                 
TADs  became  apparent,  as  each  showed  a  high  correlation  in  transcriptional  dynamics  within.              
Furthermore,  whereas  the  position  of  the  TADs  was  conserved  during  differentiation,  differences             
in  their  internal  organization  were  observed.  The  functional  importance  of  this  spatial  separation              
was  later  shown  by  genomic  inversions  of  the Xist/Tsix  locus  in  male  mESCs,  which  placed  their                 
respective  promoters  in  each  other's  TADs (van  Bemmel  et  al.  2019) .  Capture-C (Hughes  et  al.                
2014) (Davies  et  al.  2016)  was  deployed  to  first  assess  the  topological  environment  of  the Xist                 
and Tsix  promoters  in  the  wild-type  situation.  As  expected,  both  promoters  preferentially             
interacted  with  sequences  within  their  respective  TADs.  However,  a  40kb,  as  well  as  a  70kb                
inversion  of  the  locus,  resulted  in  a  switch  of  their  interaction  profiles,  with  the Tsix  promoter                 
now  preferentially  interacting  with  sequences  within  the Xist  TAD,  and  vice  versa  for  the Xist                
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promoter.  Moreover,  whereas  the  expression  of Tsix  was  not  affected  by  the  inversions,  the               
placement  in  a  new  interaction  environment  did  lead  to  a  significant  upregulation  of Xist ,  which                
manifested  itself  in  the  formation  of  Xist  clouds  in  a  significant  percentage  of  cells.  A  highly                 
similar  phenotype  was  observed  when  the  inversions  were  generated  in  female  mESCs.             
Nonetheless,  upon  differentiation  into  EpiLCs,  differences  between  wild-type  and  mutant  cells            
decreased,  with  the  majority  of  cells  exhibiting  normal  differentiation  hallmarks.  However,  some             
cells  showed  reduced  expression  of Xist  and  a  concordant  impairment  of Tsix  silencing.  In               
summary,  this  shows  how  the  three-dimensional  organization  of  the  genome  not  only  influences              
the  global  structure  of  the  inactive  X  but  also  how  it  partitions  its  regulatory  landscape  to  ensure                  
proper   timing   of   XCI   kinetics    (Figure   I2) .  

Dynamics   of   Structural   Changes   During   XCI   and   XCR  
As  described  previously,  the  inactive  X  is  characterized  by  a  unique  structure,  that  partitions  it                
into  two  mega-domains.  However,  how  this  structure  is  formed  during  differentiation  and  how              
structural  changes  and  XCI  kinetics  relate  to  each  other,  remained  elusive.  To  answer  the  latter,                
Froberg  and  colleagues  used in  situ  Hi-C  to  assess  mega-domain  formation  during  a  time               
course  of  mESC  embryoid  body  differentiation (Froberg  et  al.  2018) .  Whereas  after  3  days  of                
differentiation,  cells  already  showed  upregulation  of Xist  and  coating  of  the  Xi,  no              
mega-domains  were  observed  yet.  Only  later,  after  7  days,  mega-domains  had  formed,  showing              
that  the  initiation  of  XCI  precedes  mega-domain  formation.  However,  silencing  of  X-linked  genes              
could  only  be  detected  later  on  day  7,  when  mega-domains  had  already  formed.  Unfortunately,               
no  time  points  in  between  were  sampled,  therefore  it  remains  to  be  seen  if  mega-domain                
formation   or   X-linked   gene   silencing   occurs   first.  
More  detailed  insights  into  how  the  structural  rearrangement  of  the  X  chromosome  proceeds,              
came  from  studies  on  the  architectural  protein  SMCHD1  (structural  maintenance  of            
chromosomes  hinge  domain  containing  1) (C.-Y.  Wang  et  al.  2018) (Gdula  et  al.  2019) (C.-Y.                
Wang  et  al.  2019) .  SMCHD1  was  shown  to  be  enriched  on  the  inactive  X (Blewitt  et  al.  2008) ,                   
an  interaction  that  was  dependent  on  the  polycomb  repressive  complex  1  deposited  mark              
H2AK119ub (Jansz  et  al.  2018) .  Deletion  of Smchd1  not  only  led  to  a  derepression  of  X-linked                 
genes  but  further  correlated  with  a  loss  of  H3K27me3 (Sakakibara  et  al.  2018) ,  a  gain  of                 
H3K4me3  and  a  loss  of  Xist  binding  from  the  derepressed  genes.  Strikingly,  this  also  revealed  a                 
reappearance  of  compartments,  which  are  normally  absent  from  the  Xi.  However,  these             
compartments,  termed  S1/S2,  were  distinct  from  the  A/B  compartments  of  the  Xa,  not  only  in                
their  position  on  the  X  but  also  in  their  size,  being  larger  than  their  A/B  counterparts.  Moreover,                  
binding  of  SMCHD1  was  shown  to  be  rather  uniform  along  the  Xi,  thereby  bridging  S1/S2                
compartments,  arguing  for  a  role  of  SMCHD1  in  merging  these.  This  unique  intermediate              
structure  was  not  only  observed  in  an Smchd1  ablated  state.  Inspection  of in  situ  Hi-C  contact                 
heatmaps  of  early  stages  of  embryoid  body  differentiation,  when  SMCHD1  had  not  yet  been               
recruited  to  the  Xi  yet,  revealed  the  formation  of  transient  compartments  that  highly  correlated               
with  the  S1/  S2  structures  observed  in Smchd1  knockout  cells.  Finally,  the  initial  partitioning  of                
the  Xi  into  S1/S2  compartments  seems  to  depend  on  PRC1 (C.-Y.  Wang  et  al.  2019) .  Whereas                 
deletion  of Smchd1  in  MEFs  led  to  the  re-appearance  of  S1/S2  compartments,  these  were               
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markedly  weakened  if  PRC1  was  abolished,  as  well  by  double  knockdown  of  RING1A/B.              
Together  with  the  finding  that  knockdown  of  hnRNPK,  which  as  previously  mentioned  bridges              
PRC1  and  Xist (Chu  et  al.  2015) (Pintacuda  et  al.  2017) ,  had  a  highly  similar  effect,  and  the                   
PRC1  dependent  recruitment  of  SMCHD1  to  the  Xi (Jansz  et  al.  2018) ,  a  model  can  be                 
proposed  where  Xist  starts  coating  the  Xi,  subsequently  recruiting  PRC1  to  form  S1/S2              
compartments,  which  are  ultimately  merged  by  recruitment  of  SMCHD1  via  PRC1  to  form  the               
two   mega-domains.  
Taken  together,  this  reveals  the  stepwise  folding  mechanism  of  the  inactive  X  that  is               
characterized   by   a   unique   compartmental   structure    (Figure   I9) .  
 
Nonetheless,  much  less  is  known  about  the  structural  changes  occurring  during  XCR.             
Stadhouders  and  colleagues  utilized  in situ  Hi-C  to  characterize  genome  topology  changes  in  a               
highly  efficient  iPSC  reprogramming  system  and  found  that  the  TAD  structure  on  the  X  was                
reestablished,  concordant  with  the  upregulation  of  naive  pluripotency  factors  and           
downregulation  of Xist (Stadhouders  et  al.  2018) .  However,  due  to  the  lack  of  allele-specific               
information  in  this  study,  limited  conclusions  could  be  drawn  regarding  the  X  and  it  remains  to                 
be   answered   if   XCR   involves   a   unique   intermediate   folding   state   as   observed   during   XCI.  
 

 

Figure   I9.   Stepwise   folding   of   the   Inactive   X  

(A)  Xist  initially  spreads  into  A-compartmental  chromatin. (B)  Xist  then  recruits  polycomb  repressive              
complex  1  (PRC1)  to  reconfigure  the  Xi  into  S1  (green)  and  S2  (red)  compartments,  with  itself  being                  
restricted  to  the  S1-compartment. (C)  Finally,  SMCHD1  is  recruited  to  merge  S1/S2  compartments  and               
form   a   compartment-less   structure,   organized   into   two   mega-domains.  
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Chapter   1   -   Development   of    Nano X  

Aim  
Previous  studies  on  X  chromosome  reactivation  during  iPSC  reprogramming  were  hindered  by             
the  lack  of  a  complete  toolset  that  would  allow  its  study  without  compromising  on  either  cell                 
purity  and/or  possible  read-out  techniques  that  require  large  cell  numbers.  We,  therefore,  set              
out  to  develop  a  novel  reprogramming  system  that  would  address  common  shortcomings  of              
conventional,  mostly  mouse  embryonic  fibroblast  (MEF)-based,  reprogramming  systems         
(Summary  of  cell  line  features  and  comparison  to  conventional  systems  see Figure  R1 ).  First,  a                
hybrid  mouse  strain  background  was  required,  as  sequences  from  the  X  would  otherwise  be               
indistinguishable  by  sequencing-based  assays  in  cells  from  inbred  strain  backgrounds.  Second,            
an  easy  read-out  of  the  X  activity  of  cells  was  necessary,  to  be  able  to  isolate  pure  cell                   
populations  of  Xa/Xa  and  Xi/Xa.  Third,  cells  needed  to  be  able  to  be  reprogrammed  into  iPSC                 
by  the  simple  addition  of  doxycycline.  Fourth,  as  the  efficiency  of  iPSC  reprogramming  is               
inherently  low,  a  marker  was  required  to  isolate  prospective  iPSC  intermediates  poised  for              
reprogramming  and  XCR  from  a  pool  of  incompletely  reprogramming  cells.  Fifth,  high  scalability              
of  the  system  was  crucial  to  be  able  to  generate  a  large  number  of  cells  to  allow  for                   
sequencing-based   high-throughput   experiments.  
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Figure   R1.   Features   of   the   Cell   Line  

(A)  Schematic  of  the  5  features  implemented  in  the  cell  line. (B)  Comparison  of  our  novel  iPSC  system                   
with   conventional   MEF   reprogramming   systems .  

Results  

Hybrid   Mouse   Strain   Background  
To  be  able  to  distinguish  sequence  reads  from  the  two  X-chromosomes,  we  decided  to  utilize                
the  female  F2  ESC  line  EL16.7  TST,  which  was  derived  from  a  cross  of  the  genetically  distant                  
mouse  strains Mus  musculus  musculus  (mus)  with Mus  musculus  castaneus (cas) (Ogawa,             
Sun,  and  Lee  2008) .  As  a  result,  cells contain  one  X  chromosome  from M.m  musculus  (X mus )                 
and  one  from M.m  castaneus  (X cas ),  allowing  us  to  distinguish  them  via  sequence              
polymorphisms  that  occur  on  average  every  300 bp (Marks  et  al.  2015) .  Chromosome  13  is  fully                
heterozygous  as  well,  while  the  rest  of  the  genome  consists  of  intermingled  blocks  of M.m                
musculus  and M.m  castaneus .  Moreover,  EL16.7  TST  contains  a  truncation  of Tsix  on  X mus               
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( Tsix TST/+ ),  which  abrogates Tsix  expression  and  leads  to  the  non-random  inactivation  of  X mus              
upon   differentiation    (Luikenhuis,   Wutz,   and   Jaenisch   2001) .  
As  EL16.7  TST  cells  were  used  to  be  grown  on  feeder  cells,  they  were  adapted  to  feeder-free                  
conditions.  Cells  were  seeded  at  low  density  (1,000  cells  per  10  cm  plate)  on  0.2%  gelatin  in                  
standard  ESC  medium  and  then  colonies  with  proper  ESC  morphology  (round,  shiny  edges)              
were  picked (Figure  R2A) .  Two  additional  rounds  of  picking  followed  to  ensure  a  stable  ESC                
state  until  cells  could  be  expanded.  Quantitative  RT-PCR  showed  proper  expression  of  the              
pluripotency  marker Nanog ,  as  well  as  of Xist (Figure  R2B) .  Karyotyping  was  performed  to               
guarantee  diploidy,  and  especially  critical  for  this  study  the  presence  of  two  X  chromosomes.               
Whereas  the  majority  of  cells  harbored  a  diploid  chromosome  set (Figure  R2D) with  always  two                
X  chromosomes,  cells  as  well  displayed  a  trisomy  of  chromosome  8,  which  was  already  present                
in  control  cells  before  the  gelatin  adaption (Figure  R2C) .  Trisomy  8  is  considered  to  be  a  fairly                  
common  chromosomal  abnormality  in  mouse  ESCs,  as  it  conveys  a  growth  advantage             
compared  to  karyotypically  normal  cells (Liu  et  al.  1997) (Gaztelumendi  and  Nogués  2015) .              
While  it  correlates  with  low  efficiency  of  germline  transmission,  it  doesn’t  impact  the  cell's               
differentiation   potential    (Gaztelumendi   and   Nogués   2015) .  

 

Figure   R2.   Gelatin   Adaption   of   EL16.7   TST  

(A)  Example  of  an  ESC  colony  with  proper  round  morphology  and  shiny  edges. (B)  Gene  expression                 
(qRT-PCR)  of Nanog  and Xist  after  gelatin-adaption.  Values  were  normalized  against Gapdh  expression.              
Error  bars  indicate  SD  (n  =  3  technical  replicates). (C)  Chromosome  painting  shows  two  Chr.  X  (green)                  
and  trisomy  8  (red). (D)  Chromosome  counting  shows  on  average  40  chromosomes.  N  =  10  for  A4  and                   
control.   N   =   5   for   A5   and   A6.   Control,   parental   cell   line   before   gelatin   adaption.  
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X   Activity   Reporters  
In  order  to  visualize  the  activity  of  the  X  chromosomes  at  cellular  resolution,  we  decided  to                 
integrate  fluorescent  reporters  on  either  the  X mus  (X-GFP)  or  the  X mus  and  the  X cas  (X-Dual  Color                 
/  X-DC) (Figure  R3A) .  We  selected  the Hprt  locus  for  targeted  integration,  as  it  has  been  shown                  
that  reporters  inserted  there,  obey  XCI (Ciavatta  et  al.  2006) .  For  this,  we  utilized  previously                
used  reporter  constructs  consisting  of  a  CMV/beta-actin  enhancer/promoter  (CAG),  driving           
nuclear-localized  GFP  or  tdTomato  reporters (Wu  et  al.  2014) .  These  constructs  are  additionally              
flanked  in  tandem  by  Chicken  hypersensitive  site  4  (cHS4)  DNA  insulators  that  prevent              
repression  of  the  transgene,  but  not  its  random  X  inactivation (Ciavatta  et  al.  2006) .  We                
modified  these  reporters  to  facilitate  targeted  integration  of  the  GFP  reporter  into  X mus  and  the                
tdTomato  reporter  into  X cas  by  replacing  the  homology  arms  with  allele-specific  variants.  We              
furthermore  reduced  the  length  of  the  homology  arms  from  around  5kb  to  2kb,  as  CRISPR/Cas9                
assisted  targeted  integration  doesn’t  necessitate  long  homology  regions (H.  Yang  et  al.  2013) .              
The  modified  homology  arms  target  the  second  exon  of Hprt .  Targeted  integration  would  lead  to                
the  deletion  of  exon  2,  which  abrogates  the  gene's  function  and  confers  resistance  to               
6-thioguanine  (6-TG) (Gallagher  et  al.  1984) .  Targeted  cells  can,  therefore,  be  selected  by  the               
addition   of   6-TG    (Liao,   Tammaro,   and   Yan   2015) .  
We  nucleofected  EL16.7  TST  ES  cells  with  a  mix  of  circularized  GFP  and  tdTomato  reporter                
vectors  and  a  single  guide  RNA  vector  targeting  exon  2  of Hprt .  We  found,  that  after  selection                  
with  6-TG,  the  vast  majority  of  the  cells  did  not  show  a  fluorescent  signal,  showing  that                 
Cas9-mediated  genome  editing  via  nonhomologous  end  joining  (NHEJ)  alone  was  sufficient  to             
delete  Hprt’s  function (Figure  R3B) .  However,  we  still  found  around  1.4%  of  the  cells  to  be  either                  
GFP+  or  tdTomato+,  with  a  considerably  smaller  amount  of  0.18%  of  cells  being              
double-positive,  indicating  that  homozygous  integrations  are  a  rare  event.  We  then  went  on  to               
confirm  the  correct  integration  of  single  clones  via  Southern  blot,  using  an  external  probe               
binding  upstream  of  the  right  homology  arm  and  two  internal  probes  for  GFP  and  tdTomato.  We                 
found  that  approximately  15%  of  X-DC (Figure  R3C) ,  as  well  as  30%  of  X-GFP  clones (Figure                 
R3D) ,  correctly  integrated  the  reporters.  Importantly,  previous  attempts  using  linearized           
targeting  vectors  were  unsuccessful  as  clones  consistently  showed  multiple  integrations  of  the             
vectors  (data  not  shown).  As  our  Southern  blot  strategy  couldn’t  distinguish  between             
integrations  of  the  vectors  in  the  mus  or  the  cas  allele,  we  subsequently  functionally  tested                
correctly  targeted  clones  by  differentiating  ESC  and  monitoring  the  downregulation  of  the             
reporters,  illustrating  XCI.  We  performed  retinoic  acid  as  well  as  embryoid  body  differentiation              
for  6-8  days  of  X-DC  lines  and  analyzed  their  outgrowth  and  found  that  5  out  of  5  tested  clones,                    
correctly  inactivated  the  X-GFP  reporter,  demonstrating  the  integration  of  the  reporter  in  the mus               
allele (Figure  R4B) .  Similarly,  embryoid  body  differentiation  of  X-GFP  lines  revealed  the  correct              
inactivation   of   the   reporter   upon   differentiation   in   5   out   of   7   tested   clones    (Figure   R4C) .  
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Figure   R3.   X-Activity   Reporter   Integration  

(A)  Schematic  of  the  reporter  constructs  and  targeting  strategy. (B)  FACS  gating  strategy  for  the  isolation                 
of   GFP   and   tdTomato   reporter   expressing   clones.   Numbers   indicate   the   percentage   of   cells.  
(Figure   legend   continues   on   next   page)  
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   (C)    Southern   blot   analysis   of    Hprt    X-DC   targeted   alleles.   Genomic   DNA   was   digested   with   BamHI.  
Expected   fragment   sizes:   WT   (wild-type)   =   6.8kb,   GFP   targeted   =   10.3kb,   tdTomato   targeted   =   10.8kb.  
Clones   with   correct   integration   are   indicated   by   an   orange   outline.    (D)    Southern   blot   analysis   of   the    Hprt  
X-GFP   targeted   allele.   Genomic   DNA   was   digested   with   BamHI.   Expected   fragment   sizes:   WT   (wild-type)  
=   6.8kb,   GFP   targeted   =   10.3kb.   Clones   with   correct   integration   are   indicated   by   a   green   outline.  

 

Figure   R4.   X-Activity   Reporter   Verification   by   Embryoid   Body   Differentiation  

(A)  X-DC  targeted  ESC  show  expression  of  both  X-GFP  and  X-tdTomato. (B)  X-DC  targeted  cells  show                 
downregulation  of  X-GFP  after  embryoid  body  differentiation. (C)  X-GFP  targeted  cells  show             
downregulation   of   X-GFP   after   embryoid   body   differentiation.  

All-in-one   Reprogramming   Cassette  
To  be  able  to  easily  and  efficiently  reprogram  cells,  we  utilized  a  previously  published  optimized                
polycistronic  reprogramming  cassette,  termed  MKOSimO,  for  the  targeted  integration  into  the            
Sp3  locus (Chantzoura  et  al.  2015) (Figure  R5A) .  Cells  reprogrammed  using  MKOSimO  showed              
a  significant  reduction  in  heterogeneity,  a  critical  parameter  when  trying  to  reveal  molecular              
cornerstones  of  iPSC  formation,  such  as  in  our  case  XCR.  Moreover,  the  cassette  already               
included  a  rtTA  transgene,  allowing  for  doxycycline-inducible  cassette  expression,  and  thereby            
also  reducing  additional  gene  targeting  steps,  and  furthermore  a  mOrange  fluorescent  reporter             
to  follow  cassette  expression.  We  nucleofected  X-GFP  (clone  43)  ESC  with  a  mix  of  circularized                
Sp3  MKOSimO  vector  and  a  single  guide  RNA  vector  targeting  the  third  intron  of  the Sp3  gene                  
for  CRISPR/Cas9  assisted  targeted  integration.  After  selection  with  neomycin,  clones  were            
picked  and  doxycycline  added  for  24  hours  to  monitor  cassette  expression  using  mOrange.  4               
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out  of  12  (1,  9,  10  and  11)  tested  clones  expressed  mOrange,  indicating  proper  cassette                
expression.  We  then  further  analyzed  the  clones  by  Southern  blot  using  a  probe  binding  the  3’                 
homology  arm  and  found  that  2  out  of  the  4  clones  (9  and  11),  correctly  integrated  the                  
reprogramming   cassette,   giving   a   targeting   efficiency   of   around   16%    (Figure   R5B) .  

 

Figure   R5.   Reprogramming   Cassette   Integration  

(A)  Schematic  of  the  reprogramming  cassette,  targeting  strategy  and  CRISPR/Cas9  cut  sites. (B)              
Southern  blot  analysis  of  the Sp3  MKOSimO  targeted  allele.  Genomic  DNA  was  digested  with  SacI.                
Expected  fragment  sizes:  WT  (wild-type)  =  18kb,  targeted  =  12kb.  Clones  with  correct  integration  are                
indicated  by  an  orange  outline. (C)  Gene  expression  (qRT-PCR)  of  reprogramming  cassette  specific              
transcripts  of rtTA , c-Myc-Klf4 , Klf4-Oct4 ,  and Oct4-Sox2  after  mOrange  knockout.  Values  were             
normalized   against    Gapdh    expression.   Error   bars   indicate   SD   (n   =   3   technical   replicates).  

Knockout   of   mOrange  
As  downstream  applications  of  the  X-GFP  Sp3  MKOSimO  cell  line  necessitated  the  use  of  an                
RFP  reporter,  which  spectrally  overlaps  with  mOrange,  we  decided  to  knockout  mOrange  in  the               
reprogramming  cassette  using  CRISPR-Cas9.  We  nucleofected  X-GFP  Sp3  MKOSimO  (clone           
11)  ESC  with  a  single  guide  RNA  vector  targeting  the  5’-end  of  the  mOrange  reporter (Figure                 
R5A) ,  induced  cassette  expression  for  24h  by  addition  of  doxycycline  and  then  isolated              
mOrange-negative  cells  by  FACS.  We  screened  single  clones  for  reprogramming  cassette            
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expression  by  qRT-PCR  and  found  that  3  out  of  14  (1,  2  and  14)  tested  clones  maintained                  
expression   of   the   cassette,   as   well   as   of   rtTA    (Figure   R5C).  
 

 

Figure   R6.   Pluripotency   Reporter  

(A)  Schematic  of  the  pluripotency  reporter. (B)  FACS  analysis  of  P-RFP  reporter  expression  of  ESC                
cultured  in  serum/LIF  conditions.  Shown  is  a  representative  contour  plot.  Numbers  indicate  the              
percentage  of  cells. (C)  P-RFP  targeted  ESC  show  expression  of  both  X-GFP  and  P-RFP. (D)  Gene                 
expression  (qRT-PCR)  of  pluripotency  genes,  as  well  as Xist mus  and RFP  in  P-RFP-  and  P-RFP+  sorted                 
cells.  Values  were  normalized  against Gapdh  expression.  Error  bars  indicate  SD  (n  =  3  technical                
replicates).  

Pluripotency   Reporter   (P-RFP)  
To  isolate  prospective  iPSC  intermediates  poised  for  complete  reprogramming  and  XCR  from  a              
pool  of  incompletely  reprogramming  cells,  we  decided  to  utilize  a  commercially  available Nanog              
reporter.  The  vector  harbors  an  RFP  reporter  driven  by  a  promoter  fragment  of Nanog in  a                 
lentiviral  backbone  (P-RFP) (Figure  R6A) .  We  infected  X-GFP  Sp3  MKOS  ESC  with  the  vector               
and  isolated  single  clones  by  FACS  based  on  RFP  expression.  Comparably  to  some Nanog               
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knockin  reporter  cell  lines (Chambers  et  al.  2007) (Kalmar  et  al.  2009) (Abranches,  Bekman,               
and  Henrique  2013) ,  we  found  a  dynamic  expression  of  the  reporter  when  ESC  were  cultured  in                 
serum/LIF  conditions,  with  around  70%  of  cells  being  P-RFP+ (Figure  R6B) .  However,  P-RFP-              
cells  shared  the  same  pluripotency  factor  expression  pattern,  including Nanog ,  as  P-RFP+  cells              
(Figure   R6D) ,   arguing   that   this   population   does   not   describe   a   differentiated   sub-population.  

Neural   Precursor   Cell   Differentiation  
As  high  scalability  of  the  system  was  crucial  to  be  able  to  generate  a  large  number  of  cells  to                    
allow  for  sequencing-based  high-throughput  experiments,  as  well  as  to  circumvent  the  lengthy             
process  of  producing  transgenic  mice  to  derive  MEFs,  we  decided  to  generate  neural  precursor               
cells  (NPC) in  vitro  by  differentiation  from  ESC.  We  adapted  a  previously  published  protocol               
(Abranches  et  al.  2009)  with  several  critical  modifications.  As  most  differentiation  protocols  are              
optimized  for  male  ESC,  we  first  increased  the  duration  of  the  protocol  and  accordingly  adapted                
the  starting  cell  number,  to  account  for  the  delay  in  differentiation  observed  in  female  ESC,  as                 
two  active  X  delay  the  exit  from  pluripotency (Schulz  et  al.  2014) .  Moreover,  as  we  observed  a                  
large  heterogeneity  between  different  plates  of  the  same  differentiation,  we  intended  to             
synchronize  cells,  as  well  as  switch  them  to  a  more  naive  like  state,  by  the  addition  of  a  6-24h                    
incubation  in  2i/LIF  medium (Ying  et  al.  2008)  before  the  start  of  the  differentiation.  Using  this                 
optimized  protocol,  we  observed  that  after  4  days  of  differentiation,  small  colonies  had  formed,               
from  which  after  an  additional  2-4  days,  cells  with  the  characteristic  NPC  morphology  appeared               
in  the  outgrowth (Figure  R7A) .  The  differentiation  of  the  cells  was  accompanied  by  the               
downregulation  of  the  pluripotency  factors Nanog  and Oct4 ,  as  well  as  the  upregulation  of  the                
NPC  marker Nestin (Figure  R7B) .  Moreover,  cells  underwent  XCI,  defined  by  the  upregulation               
of  Xist  from  X mus ,  as  well  as  visualized  using  our  X-DC  line,  by  downregulation  of  GFP  from  X mus ,                   
whereas   tdTomato   expression   from   the   X cas    stayed   consistent    (Figure   R7C) .  
We  then  went  on  to  assess  the  dynamics  of  our  P-RFP  reporter  cell  line  during  NPC                 
differentiation.  We  found  that  the  majority  of  cells  had  downregulated  the  P-RFP  reporter  by  day                
6,  preceding  the  downregulation  of  SSEA-1  at  day  8 (Figure  R8A) .  This  showed  that  our                
reporter  cell  line  could  recapitulate  the  correct  order  of  events,  with  naive  pluripotency  genes               
being  downregulated  first,  and  general  pluripotency  markers  being  downregulated  later  during            
differentiation.  Furthermore,  we  found  that  downregulation  of  P-RFP,  occurred  concurrently  with            
the  downregulation  of  the  X-GFP  reporter  at  day  6  ( Figure  R8B) ,  again  indicating  the  link                
between   pluripotency   downregulation   and   XCI.  
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Figure   R7.   Neural   Precursor   Cell   Differentiation   of   the   X-DC   Line  

(A)  Representative  brightfield  images  of  ESC  cultured  in  2i/LIF  conditions  and  neural  precursor  cells  after                
4,  8  and  14  days  of  differentiation  respectively. (B)  Gene  expression  (qRT-PCR)  of  pluripotency  markers                
Nanog  and Oct4 ,  NPC  marker Nestin  and Xist mus  during  a  time  course  of  NPC  differentiation.  Values  were                  
normalized  against Gapdh  expression.  Error  bars  indicate  SD  (n  =  3  technical  replicates). (C)  FACS                
analysis  of  X-GFP  and  X-tdTomato  reporter  expression  during  a  time  course  of  NPC  differentiation.               
Shown   are   representative   contour   plots.   Numbers   indicate   the   percentage   of   cells.  
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(Figure   legend   on   next   page)  
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Figure   R8.   Neural   Precursor   Cell   Differentiation   of   the   P-RFP   /   X-GFP   line  

(A)  FACS  analysis  of  SSEA-1  and  P-RFP  reporter  expression  during  a  time  course  of  NPC  differentiation.                 
Shown  are  representative  contour  plots  gated  on  live  cells.  Numbers  indicate  the  percentage  of  cells. (B)                 
FACS  analysis  of  X-GFP  and  P-RFP  reporter  expression  during  a  time  course  of  NPC  differentiation.                
Shown   are   representative   contour   plots   gated   on   live   cells.   Numbers   indicate   the   percentage   of   cells.  

iPSC   Reprogramming  
We  then  set  out  to  test  the  NPC’s  ability  to  reprogram.  We  found  that  upon  addition  of                  
doxycycline,  colonies  formed  when  cells  were  grown  either  on  irradiated  mouse  embryonic             
fibroblasts  (iMEF)  or  gelatin-coated  plates.  However,  the  colony-forming  ability  was  drastically            
reduced  on  gelatin,  being  around  10%  of  the  observed  numbers  on  iMEF  (data  not  shown).  To                 
increase  reprogramming  efficiency,  we  tested  combinations  of  small  molecules,  which  have            
been  previously  shown  to  enhance  reprogramming.  Combinatorial  treatment  with  a  TGF-b            
inhibitor  (iAlk5)  together  with  an  activator  of  Wnt  signaling  (CHIR)  in  the  presence  of  L-ascorbic                
acid  (L-AA),  previously  shown  to  achieve  efficiencies  of  up  to  100%  in  MEF-based  systems,  did                
increase  efficiency,  albeit  only  to  about  8% (Figure  R8A) (Vidal  et  al.  2014) .  However,  the  single                 
addition  of  L-AA  showed  even  higher  efficiencies  of  over  10% (Esteban  et  al.  2010) .  Importantly,                
50%  of  colonies  showed  upregulation  of  X-GFP  as  well (Figure  R9A  and  R9B) .  Of  note,  we  also                  
observed  that  a  very  high  cell  density  of  the  starting  NPC (Figure  R9C)  was  crucial  to  achieving                  
a  high  reprogramming  efficiency  (data  not  shown).  Moreover,  we  found  that  the  dissociation  of               
NPC  decreased  efficiencies  as  well,  independent  of  the  cell  density.  We,  therefore,  limited  the               
dissociation  steps  during  the  NPC's  differentiation  to  a  single  one  at  day  9  when  cells  were                 
FACS   purified   (data   not   shown).  
Furthermore,  having  established  our  main  reprogramming  conditions,  we  set  out  to  assess  how              
the  addition  of  L-AA  improved  its  efficiency  and  if  perturbation  of  the  system  with  inhibitors                
targeting  epigenetic  modifiers  was  feasible.  We  reprogrammed  P-RFP  reporter  cells  and  first             
analyzed  early  pluripotency  by  SSEA-1.  We  found  that  SSEA1  levels  increased  until  day  6,               
however,  we  couldn’t  detect  significant  differences  between  the  different  conditions,  apart  from  a              
slight  increase  in  SSEA1+  cells  upon  treatment  with  the  EZH2  inhibitor  GSK126.  In  contrast,  we                
consistently  found  P-RFP+  levels  to  be  higher  throughout  the  reprogramming  time  course  upon              
addition  of  L-AA,  peaking  around  20%  at  day  8,  compared  to  just  ~7%  without.  Moreover,  we                 
found  that  a  high  dose  of  5-aza  further  increased  the  percentage  of  P-RFP+  cells  to  up  to  50%.                   
These  general  trends  were  also  observable  for  the  X-GFP  reporter.  Whereas  cells  without  L-AA               
only  showed  upregulation  of  X-GFP  in  ~12%  of  cells,  we  found  X-GFP  levels  of  >40%  upon                 
addition  of  L-AA.  Moreover,  again  a  high  dose  of  5-aza  improved  this  to  75%.  However,  it’s                 
important  to  note,  that  while  the  percentages  of  X-GFP  cells  increased,  the  timing  of  X                
reactivation   did   not   change   and   was   consistently   observed   at   day   6.  
We,  therefore,  conclude  that  the  addition  of  L-AA  does  not  influence  early  stages  of               
reprogramming,  but  rather  later  stages,  positively  influencing  the  acquisition  of  naive            
pluripotency  and  XCR.  The  addition  of  5-aza  has  previously  been  shown  to  considerably              
enhance  reprogramming  efficiency (Mikkelsen  et  al.  2008) (Huangfu  et  al.  2008) .  However,             
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cautious  interpretation  of  our  results  obtained  from  high  doses  of  5-aza  is  necessary.  While  the                
results  shown  here  could  argue  for  an  increase  in  efficiency  of  late  pluripotency  acquisition  and                
XCR,  we  did  observe  a  considerable  amount  of  cell  death  (data  not  shown)  in  this  condition,                 
arguing  that  the  perceived  increase  in  efficiency,  is  rather  accounted  for  by  a  decrease  in  the                 
number   of   non-reprogramming   cells.  
 

 

Figure   R9.   iPSC   Reprogramming  

(A)  Reprogramming  efficiency  of  cells  upon  addition  of  doxycycline  (Dox),  L-ascorbic  acid  (L-AA),  TGF-b               
RI  Kinase  Inhibitor  II  (iAlk5),  GSK3β  antagonist/Wnt  activator  CHIR99021  (CHIR).  Reprogramming            
efficiency  was  calculated  by  dividing  the  number  of  colonies  by  the  number  of  cells  plated  after  10  days  of                    
reprogramming.  Colonies  were  counted  as  X-GFP+  if  ~50%  of  cells  showed  X-GFP  expression. (B)               
Representative  brightfield  images  of  iPSC  after  10  days  of  reprogramming. (C)  Optimal  density  of  NPCs                
for  efficient  iPSC  reprogramming  (left).  Suboptimal  density  of  NPCs  (right). (D)  FACS  analysis  of               
reprogramming  stages.  SSEA-1  expression  gated  on  live  cells.  P-RFP  expression  gated  on  SSEA1+              
cells.   X-GFP   expression   gated   on   P-RFP+   cells.   (-),   without   L-AA.   
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Materials   and   Methods  

Cell   Lines   Conceived  

Name  Unique   Feature(s)  Location  

EL16.7   TST  
 

Gelatin   adapted  /  

EL16.7   TST   X-GFP  
 

X-GFP   reporter  Hprt mus     locus  

EL16.7   TST   X-DC  
 

X-GFP   &   X-tdTomato   reporter  Hprt mus     &    Hprt cas     loci  

EL16.7   TST   X-GFP   MKOSimO  MKOSimOrange   reprogramming  
cassette   with   mOrange   expression  

Sp3    locus  

EL16.7   TST   X-GFP   MKOS  
 

Knockout   of   mOrange  Sp3    locus  

EL16.7   TST   X-GFP   MKOS   P-RFP  Nanog   promoter   fragment   driving   RFP  Viral   delivery,   random   integration,  
not   mapped  

Embryonic   Stem   Cell   Culture  
Mouse  embryonic  stem  cells  (ESCs)  were  cultured  on  0.2%  gelatin-coated  dishes  in  DMEM              
(Thermo  Fisher  Scientific,  31966021),  supplemented  with  10%  FBS  (ES-qualified,  Thermo           
Fisher  Scientific,  16141079)  1,000  U/ml  LIF  (ORF  Genetics,  01-A1140-0100),  1  mM  Sodium             
Pyruvate  (Thermo  Fisher  Scientific,  11360070),  1x  MEM  Non-Essential  Amino  Acids  Solution            
(Thermo  Fisher  Scientific,  11140050),  50U/ml  penicillin/streptomycin  (Ibian  Tech,  P06-07100)          
and  0.1  mM  2-mercaptoethanol  (Thermo  Fisher  Scientific,  31350010).  Cells  were  incubated  at             
37°C  with  5%  CO 2 .  The  medium  was  changed  every  day  and  cells  were  passaged  using  0.05%                 
Trypsin-EDTA  (Thermo  Fisher  Scientific,  25300054).  Cells  were  monthly  tested  for  mycoplasma            
contamination   using   PCR.  

Karyotyping  
ESC  were  grown  on  10cm  plates  until  they  reached  70-80%  confluency  and  then  20  µg/ml                
colcemid  (Merck  Millipore,  234109)  were  added  and  incubated  o/n.  Cells  were  washed  twice              
with  PBS,  detached  using  0.05%  Trypsin-EDTA  and  again  washed  with  PBS  and  pelleted.  The               
cell  pellet  was  loosened  by  tapping  the  tube  and  then  dropwise  2  ml  of  warm  (37°C)  hypotonic                  
solution  (KCl  0.075M  in  H 2 O)  were  added  with  a  1ml  pipette  while  vortexing  at  low  speed.  The                  
tube  was  flicked  to  resuspend  the  pellet,  as  pipetting  would  lead  to  cells  getting  stuck  in  the  tip.                   
The  cells  were  kept  vortexed  and  8  ml  more  of  hypotonic  solution  were  added.  Cells  were  then                  
incubated  at  37°C  in  a  water  bath  for  10  min  without  agitation.  Then  dropwise  1  ml  of  cold                   
(-20°C)  Carnoy  fixative  (methanol,  acetic  acid,  3:1)  were  added  while  vortexing  at  low  speed.               
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Cells  were  centrifuged  at  1800  rpm  for  10  min  at  4°C,  the  supernatant  was  removed,  and  the                  
pellet  loosened.  As  above,  2  ml  Carnoy  fixative  were  added  dropwise  and  then  an  additional  8                 
ml   Carnoy   fixative   was   added.  
Microscopy  slides  were  washed  in  Carnoy  fixative  and  stored  in  ice-cold  H 2 O  until  use.  Samples                
were  centrifuged  at  1800  rpm  for  8  minutes  at  4°C  and  resuspended  in  200  µl  freshly  prepared                  
room  temperature  Carnoy  fixative.  Slides  were  then  dried  with  cellulose  paper  until  they  were               
completely  clean  and  then  placed  shortly  in  distilled  H 2 O,  to  leave  a  thin  layer  of  H 2 O  on  it.  The                    
sample  was  then  collected  using  a  glass  Pasteur  pipette  and  exactly  one  drop  was  released                
onto  the  slide  from  a  height  of  about  50  cm.  The  slides  were  then  left  to  dry  at  room                    
temperature.   
5  µl  of  each  XMP  8  orange  (MetaSystems  Probes,  D-1408-050-OR),  as  well  as  XMP  X  green                 
(MetaSystems  Probes,  D-1420-05-FI),  were  added  to  each  spot,  covered  with  a  22x22mm 2             
coverslip  and  sealed  with  rubber  cement.  Sample  and  probes  were  then  denatured  at  75°C  for  2                 
min   and   then   hybridized   in   a   humidified   chamber   at   37°C   o/n.  
The  coverslip  was  removed,  and  slides  were  first  washed  in  0.4x  SSC  at  72°C  for  2  min  and                   
then  in  2x  SSC,  0.05%  Tween-20  at  room  temperature  for  30  sec.  Slides  were  rinsed  briefly  in                  
distilled  H 2 O  to  avoid  crystal  formation  and  let  air  dry.  10µl  Vectashield  (Vector  Laboratories,               
H1200)  were  added  and  overlaid  with  a  22x60mm 2  coverslip,  left  for  10  min  and  then  sealed                 
with   nail   polish.   Slides   were   stored   at   4°C.   Images   were   acquired   using   a   Leica   DM6000   B.  

X   Activity   Reporter  
A  GFP  and  a  tdTomato  reporter  construct  were  targeted  into  the  second  exon  of Hprt  on  X mus                  
and   X cas    as   follows.  

Cloning   of   Reporter   Constructs  
Homology  arms  flanking  the  target  site  were  amplified  from  genomic  DNA  of  male  tail-tip               
fibroblasts  from musculus  and castaneous  origin,  to  give  allele-specific  targeting  constructs.  The             
TaKaRa  Ex  Taq  DNA  Polymerase  (Clontech,  RR001C)  was  used  with  primers  adding  restriction              
enzyme  cut  sites  on  the  5’-end  for  subsequent  cloning  steps.  The  amplified  DNA  was  separated                
by  agarose  gel  electrophoresis  and  bands  at  expected  sizes  of  2.2kb  for  the  left  homology  arm                 
(LHA)  and  1.5kb  for  the  right  homology  arm  (RHA)  were  cut  out  and  purified  using  the  QIAEX  II                   
Gel  Extraction  Kit  (Qiagen,  20021).  To  facilitate  homology  arm  insertion  into  a  vector  backbone,               
restriction  enzyme  double  digests  using  PstI  and  Cfr42I  for  the  left  arm  and  PstI  and  XhoI  for  the                   
right  arm  were  then  performed  and  DNA  was  subsequently  purified  using  the  QIAEX  II  Gel                
Extraction  Kit.  Digested  left  homology  arms  were  then  ligated  into  pBluescript  II  SK(+)              
(Addgene,  212205)  using  the  T4  DNA  Ligase  (New  England  Biolabs,  M0202)  and  then              
electroporated  into  ElectroMAX  Stbl4  cells  (Invitrogen,  11635-018)  according  to  manufacturer's           
instructions  to  give  the  construct  pB  LHA.  Correct  integration  was  verified  by  digest  with  DpnI.                
pB  LHA  was  then  double  digested  using  PstI  and  XhoI  and  the  right  homology  arm  was  ligated                  
in  and  transformed  as  described  above  for  the  left  arm  to  give  pB  LHA-RHA.  Correct  integration                 
was  verified  by  digest  with  DpnI  as  well  as  HindIII/XhoI.  Next,  the  reporter  construct               
cHS4-CAG-nlsGFP-cHS4  (Wu  et  al.  2014),  was  to  be  cloned  between  the  two  homology  arms.               
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The  integration  was  performed  in  two  steps.  First,  a  2.5kb  region  downstream  of  the               
GFP/tdTomato  reporter,  containing  one  of  the  two  cHS4  tandem  repeats  was  excised  from  the               
original  targeting  vector  by  restriction  digest  using  EcoRI  and  MluI.  This  fragment  was  then               
ligated  into  pB  LHA-RHA  and  ligation  products  electroporated  into  Stbl4  cells  to  give  pB               
HA-cHS4.  Correct  integration  was  verified  by  digest  with  EcoRI/HindIII.  Second,  the  residual             
5.5kb  parts  of  the  reporter  constructs,  containing  the  GFP/tdT  reporter  as  well  as  the  second                
cHS4  insulator  tandem,  were  excised  from  the  original  targeting  vector  by  restriction  digest              
using  EcoRI.  This  fragment  was  then  ligated  into  pB  HA-cHS4  and  ligation  products              
electroporated  into  Stbl4  cells  to  give  the  final  constructs.  Correct  integration  was  verified  by               
digest   with   HindIII   as   well   as   XbaI.  
 
Table   1.   Primers   for   Homology   Arm   Amplification  
Homology   arm   binding   regions   are   shown   in   bold .    Restriction   enzyme   recognition   sites   are   underlined.  
The   following   recognition   sites   were   inserted:   PstI,   CTGCAG;   Cfr42I,   CCGCGG;   XhoI,   CTCGAG;   MluI,  
ACGCGT;   EcoRI,   GAATTC.  
 

Amplicon  Forward   (5’-3’)  Reverse   (5’-3’)  

Left   Homology   Arm  5’-TGCTTA CCGCGG TATCCCTGCCT 
TTGTACCCG -3’  

5’- GAATTCTGCAGACGCGT AAGAAAGACAG 
CTGTTTCAAAGTGG -3’  

Right   Homology   Arm  5’- ACGCGT CTCGA CTGCAG G GAATT 
C AGTAAGACCTCGATTGAAGTTATT 
T -3’  

5’-TAAGCA CTCGAG CTTTCAGGGGGACTGC 
TGAG -3’  

Integration   of   Reporter   Constructs  
5x10 6  EL16.7  TST  A4  ES  cells  were  mixed  with  1.6  µg  circularized  GFP  vector,  1.6  µg                 
circularized  tdTomato  vector  and  5  µg  single  guide  RNA  vector  PX459  (Addgene,  48139)              
(5'-TATACCTAATCATTATGCCG-3'),  to  achieve  an  optimal  ratio  of  Cas9  to  targeting  vector            
equal  to  5:1 (Pinder,  Salsman,  and  Dellaire  2015) .  Cells  were  nucleofected  with  the  AMAXA               
Mouse  Embryonic  Stem  Cell  Nucleofector  Kit  (LONZA,  VPH-1001)  using  program  A-30  and  7.5              
µM  RS-1  (Merck,  553510)  was  added  to  enhance  homology-directed  repair.  To  select  for  the               
disruption  of Hprt ,  4  days  after  the  nucleofection  10  µM  6-thioguanine  (Sigma-Aldrich,             
A4882-250MG)  was  added  for  3  days.  GFP+  and  GFP+/tdT+  cells  were  then  isolated  by  FACS                
using  a  BD  Influx  (BD  Biosciences)  and  a  day  later  subjected  to  an  additional  3  days  of  6-TG                   
selection.  Cells  were  then  grown  2  more  days  without  selection  when  single  clones  could  be                
picked.  Single  clones  were  screened  by  Southern  blot  hybridization.  Inactivation  of  the  X-GFP              
construct  upon  differentiation  was  confirmed  using  retinoic  acid  as  well  as  embryoid  body              
differentiation.   

Verification   of   Reporter   Constructs   Using   Southern   Blot  
The  external  southern  blot  probe  was  PCR  amplified  from  genomic  DNA  (Forward:             
5’-ACTGGTCAAGGAAATGGTGCT-3’,  Reverse  5’-CCAACACACCAGCTCAACCA-3’)  using     
DreamTaq  Green  PCR  Master  Mix  (2X)  (Thermo  Fisher  Scientific,  K1082)  to  give  a  402bp               
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fragment.  The  tdTomato  probe  was  PCR  amplified  from  the  targeting  construct  (Forward:             
5’-GGGCGAGGAGGTCATCAAAG-3’,  Reverse  5’-TGATGACGGCCATGTTGTTG-3’)  to  give  a       
743bp  fragment.  The  GFP  probe  was  generated  by  excision  from  the  targeting  construct  using               
restriction   enzymes   NotI   and   BamHI   to   give   a   778bp   fragment.  
  
10µg  genomic  DNA  was  digested  with  40U  BamHI  (Thermo  Fisher  Scientific,  ER0051)             
overnight.  Subsequently,  genomic  DNA  was  separated  on  a  0.8%  agarose  gel  for  5h  at  120V                
and  120mA.  After  the  run,  the  DNA  was  assessed  visually,  with  a  smear  indicating  proper                
quality  for  the  further  procedures.  The  gel  was  then  depurinated  for  20  min  using  0.25M  HCl,                 
denaturated  for  30  min  using  0.5M  NaOH/1.5M  NaCl  and  finally  neutralized  for  30  min  using                
0.5M  Tris  pH  7.4/1.5M  NaCl.  Each  incubation  step  was  performed  on  a  rocking  platform  and                
the  gel  was  washed  with  H 2 O  between  every  step.  The  DNA  was  then  transferred  onto  an                 
Amersham  Hybond-XL  membrane  (GE  Healthcare,  RPN303S).  The  membrane  was  equilibrated           
for  10  minutes  in  20x  SSC.  The  blotting  took  place  overnight  at  room  temperature  with  20x  SSC                  
as  a  buffer  and  with  three  layers  of  Whatman  chromatography  paper  on  top  of  the  membrane.                 
The  next  day,  the  membrane  was  dried  for  30  min  at  80°C  and  the  DNA  then  cross-linked  to  the                    
membrane  using  a Stratagene UV  Stratalinker  1800,  using  the  auto  cross-link  program.  25ng              
probes  were  radioactively  labeled  with  dCTP,  [α-32P]  (Perkin  Elmer,  NEG513H250UC)  using            
High  Prime  (Roche,  11585592001)  and  then  purified  using  ProbeQuant  G-50  Micro  Columns             
(GE  Healthcare,  GE28-9034-08)  according  to  the  manufacturer’s  instruction.  The  membranes           
were  prehybridized  with  Church  buffer (“Sodium  Phosphate  Buffer  for  Church  and  Gilbert             
Hybridization:”  2015a)  for  1h  at  65°C  and  then  the  radioactively  labeled  probes  were  added  to                
the  solution  and  incubated  overnight  at  65°C.  The  next  day,  the  membranes  were  washed  with                
low  stringency  buffer  (2xSSC,  0.1%  SDS  in  H 2 O)  and  then  with  high  stringency  buffer  (0.5xSSC,                
0.1%  SDS  in  H 2 O),  each  for  20  minutes  at  65°C.  Membranes  incubated  with  the  external  probe                 
were  additionally  washed  for  20  min  at  even  higher  stringency  (0.2xSSC,  0.1%  SDS  in  H 2 O).                
The  membranes  were  then  wrapped  into  a  plastic  film  and  put  into  an  exposure  cassette                
overnight.   Visualization   was   done   using   a   Typhoon   Trio   phosphorimager   (Amersham).  

Embryoid   Body   Differentiation  
Cells  were  seeded  at  4.7x10 4  cells/cm 2  in  uncoated  10cm  bacterial  dishes  in  DMEM  (Thermo               
Fisher  Scientific,  31966021),  supplemented  with  10%  FBS  (Thermo  Fisher  Scientific,           
10270-106),  1  mM  Sodium  Pyruvate  (Thermo  Fisher  Scientific,  11360070),  1x  MEM            
Non-Essential  Amino  Acids  Solution  (Thermo  Fisher  Scientific,  11140050),  50U/ml          
penicillin/streptomycin  (Ibian  Tech,  P06-07100)  and  0.1  mM  2-mercaptoethanol  (Thermo  Fisher           
Scientific,  31350010).  The  medium  was  changed  every  other  day.  After  6  days,  embryoid  bodies               
were  transferred  to  0.2%  gelatin-coated  10cm  plates  and  after  two  additional  days,  XCI  was               
assessed   in   the   outgrowth.  

Retinoic   Acid   Differentiation  
Cells  were  differentiated  as  described  previously (Rohwedel,  Guan,  and  Wobus  1999) .  Briefly,             
cells  were  seeded  at  5x10 3  cells/cm 2  on  0.2%  gelatin-coated  6-well  plates  in  embryoid  body               
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differentiation  medium  with  1µM  retinoic  acid  (Enzo  Life  Sciences,  BML-GR100-0500)  added  to             
induce   differentiation.   The   medium   was   changed   daily,   and   cells   were   cultured   up   to   12   days.  

Reprogramming   Cassette  

Integration   of   the   Cassette  
An  all-in-one  gene  targeting  vector  with  doxycycline-inducible  reprogramming  factors,          
MKOSimO  neotk  rtTA  Sp3 (Chantzoura  et  al.  2015) ,  was  targeted  into  the  third  intron  of  the Sp3                  
gene  in  the  ESC  line  EL16.7  TST  X-GFP  using  CRISPR-Cas9.  5x10 6  ESC  were  mixed  with  3.8                 
µg  circularized  targeting  vector  and  2.5  µg  single  guide  RNA  vector  PX459             
(5'-GTGACAATCTCCGGAAAGCG-3')  and  nucleofected  with  the  AMAXA  Mouse  Embryonic         
Stem  Cell  Nucleofector  Kit  (LONZA,  VPH-1001)  using  program  A-24.  7.5  µM  RS-1  (Merck,              
553510)  was  added  to  enhance  homology-directed  repair.  Cells  were  selected  with  300  μg/ml              
G418  for  5  days.  Clones  were  selected  for  expression  of  mOrange  upon  the  addition  of  1  mg/ml                  
doxycycline   for   24   hours   and   then   screened   by   Southern   blot   hybridization.  

Verification   of   Cassette   Integration   Using   Southern   Blot  
The  external  southern  blot  probe  was  PCR  amplified  from  genomic  DNA  (Forward:             
5’-ACAGTTAGGAGGAGCACCAA-3’,  Reverse  5’-GGCTGCTGAGAATCTTGAAG-3’)  to  give  a       
918bp  fragment.  Southern  blot  was  performed  as  described  for  X  activity  reporters  except  for               
the  following  modifications.  Genomic  DNA  was  digested  with  20U  SacI-HF  (New  England             
Biolabs,   R3156S)   and   agarose   gel   separation   was   performed   for   12h.  

mOrange   Knockout  
Knockout  of  mOrange  was  generated  using  CRISPR-Cas9.  5x10 6  ESC  were  mixed  with  1.8  µg               
single  guide  RNA  vector  PX459  V2  (Addgene,  62988)  (5'-CAACGAGGACTACACCATCG-3')          
and  nucleofected  with  the  AMAXA  Mouse  Embryonic  Stem  Cell  Nucleofector  Kit  (LONZA,             
VPH-1001)  using  program  A-30.  The  next  day,  2  µg/ml  Puromycin  was  added  for  24h  to  select                 
for  transfected  cells.  mOrange-negative  cells  were  isolated  by  FACS  using  a  BD  Influx  and               
single  clones  were  screened  for  maintenance  of  proper  cassette  expression  by  quantitative             
RT-PCR.  

P-RFP   Pluripotency   Reporter  
Lentivirus,  encoding  the  mouse Nanog  promoter  driving  RFP  expression,  was  purchased  from             
System  Biosciences  Inc  (SR10044VA-1).  EL16.7  TST  X-GFP  MKOS  ESCs  were  seeded  at             
1x10 4  cells/cm 2  on  6-well  plates.  5h  later,  cells  were  infected  at  an  MOI  of  30  in  the  presence  of                    
10µl/ml  polybrene  (Sigma-Aldrich,  TR-1003-G).  Three  days  later,  RFP-positive  cells  were  FACS            
purified  using  a  BD  Influx.  Single  clones  were  picked  a  week  later  and  selected  based  on  proper                  
RFP   expression   using   FACS   analysis   on   a   BD   LSRFortessa.  
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Neural   Precursor   Cell   Differentiation  
ESCs  were  differentiated  to  neural  precursor  cells  (NPCs)  as  described  previously (Abranches             
et  al.  2009) .  ESCs  were  seeded  at  a  density  of  2.75x10 5  cells/cm 2  in  2i/LIF  medium,  N2B27                 
(50%  DMEM/F12  (Thermo  Fisher  Scientific,  21041025),  50%  Neurobasal  medium  (Thermo           
Fisher  Scientific,  12348017),  1x  N2  (Thermo  Fisher  Scientific,  17502048),  1x  B27  (Thermo             
Fisher  Scientific,  12587001))  supplemented  with  0.4  µM  PD0325901  (Selleck  Chemicals,           
S1036-5mg),  3 μM  CHIR99021  (Sigma-Aldrich,  SML1046-5MG)  and  1,000  U/ml  LIF  (ORF           
Genetics,  01-A1140-0100).  24  hours  later,  cells  were  dissociated  using  Accutase  (Thermo            
Fisher  Scientific,  00-4555-56),  diluted  in  wash  buffer  (DMEM/F-12,  no  phenol  red  (Thermo             
Fisher  Scientific,  21041025),  10mM  HEPES  (Thermo  Fisher  Scientific,  15630049),  0.5%  BSA            
(Sigma-Aldrich,  A7979-50ML)  and  plated  at  2.95x10 4  cells/cm 2  in  RHB-A  (Takara  Bio,  Y40001)             
on  0.2%  gelatin-coated  T75  flasks,  changing  media  every  other  day.  On  days  6  and  8,  media                 
was  supplemented  with  10  ng/ml  EGF  (R&D  Systems,  236-EG-200)  and  10  ng/ml  bFGF              
(Thermo  Fisher  Scientific,  13256029)  and  additionally  with  10µM  ROCK  inhibitor  (Sellekchem,            
S1049)  on  day  8.  On  day  9,  cells  were  dissociated  using  2  ml  Accutase  per  flask  (Thermo                  
Fisher  Scientific,  00-4555-56),  diluted  in  wash  buffer,  passed  through  a  40µM  filter  and              
centrifuged  for  5  min  at  900  rpm.  SSEA-1  expressing  cells  were  then  removed  by  MACS  sorting                 
using  Anti-SSEA-1  (CD15)  MicroBeads  (Miltenyi  Biotech,  130-094-530).  Cells  were  incubated           
for  15  min  in  the  fridge  with  MicroBeads,  followed  by  an  additional  15  min  of  staining  with                  
SSEA-1  eFluor  660  (Thermo  Fisher  Scientific,  50-8813-42).  Cells  were  then  washed  once  with              
MACS  buffer  (0.5%  BSA,  2mM  EDTA  in  PBS),  passed  through  a  40µM  filter  and  centrifuged  for                 
5  min  at  900  rpm.  Cells  were  then  passed  through  an  LS  column  (Miltenyi  Biotec,  130-042-401),                 
washed  three  times  with  MACS  buffer  and  the  flow-through  collected.  Cells  were  then              
resuspended  at  4x10 6  cells/ml  in  NPC  FACS  buffer  (50U/ml  penicillin/streptomycin,  0.5%  BSA,             
10mM  HEPES  in  RHB-A),  which  for  critical  samples  was  additionally  added  with  EGF,  FGF,  and                
ROCKi.  SSEA1-/P-RFP-/X-GFP-  cells  were  then  FACS  purified  using  a  BD  FACSAria  II  SORP              
or  a  BD  Influx  (BD  Biosciences)  at  a  maximum  flow  rate  of  4,000  ev/s  to  improve  survival.  FACS                   
sorted  cells  were  seeded  at  3.5x10 5  cells/cm 2  on  0.2%  gelatin-coated  dishes  in  RHB-A,              
supplemented  with  EGF,  FGF,  and  ROCKi.  The  medium  was  changed  daily  until  day  12  when                
cells   reached   100%   confluency.   

Reprogramming   of   Neural   Precursor   Cells  
Reprogramming  of  day  12  neural  precursor  cells  was  induced  by  the  addition  of  1  mg/ml                
doxycycline  (Tocris,  4090/50)  and  25  mg/ml  L-ascorbic  acid  (Sigma-Aldrich,  A7506-25G)  to  the             
NPC  medium  (RHB-A  supplemented  with  EGF  and  FGF).  24  hours  later,  cells  were  dissociated               
using  Accutase  and  seeded  on  irradiated  mouse  embryonic  fibroblasts  (iMEF)  in  ESC  medium              
containing  15%  FBS  and  supplemented  with  1  mg/ml  doxycycline  and  25  mg/ml  L-ascorbic  acid.               
The  optimal  seeding  density  of  NPCs  for  reprogramming  was  1x10 5  cells/cm 2  for  assessing  day               
4  of  reprogramming,  with  a  50%  reduction  in  cell  numbers  for  every  consecutive  day.  The                
medium  was  changed  every  other  day.  To  isolate  iPSC,  SSEA1+/P-RFP+/X-GFP+  cells  were             
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isolated  using  FACS  at  day  10  of  reprogramming  and  re-plated  on  0.2%  gelatin-coated  plates  in                
ESC   medium   and   kept   in   doxycycline   free   conditions   for   5-6   days.  
Additional  experiments,  comparing  the  effect  of  small  molecules  on  reprogramming  efficiency            
were  performed  by  addition  of  250nM  TGF-b  RI  Kinase  Inhibitor  II  (also  known  as  ALK5  Inhibitor                 
II,  SB431542)  (Enzo  Life  Sciences,  ALX-270-445-M001)  and  3µM  GSK3β  antagonist/Wnt           
activator   CHIR99021   (Sigma-Aldrich,   SML1046-5MG)   from   day   0   of   reprogramming.  
Experiments  inhibiting  epigenetic  modifiers  were  performed  by  addition  of  1µM  Vorinostat            
(non-selective  HDAC  inhibitor)  (Sigma-Aldrich,  SML0061-5MG),  2µM  GSK126  (EZH2  inhibitor)          
(Cayman  Chemical,  15415)  and  0.1µM  or  0.5µM  5-Aza-2′-deoxycytidine  (DNA  methylation           
inhibitor)   (Sigma-Aldrich,   A3656-5MG)   from   day   2   of   reprogramming.  

RNA-Fluorescent    In   Situ    Hybridization  
Strand-specific  RNA  FISH  was  performed  with  fluorescently  labeled  oligonucleotides  (IDT)  as            
described  previously  (Del  Rosario  et  al.  2017).  Briefly,  cells  were  fixed  with  4%              
paraformaldehyde  for  10  minutes  at  room  temperature  and  then  permeabilized  for  5  minutes  on               
ice  in  0.5%  Triton-X.  10ng/ml  equimolar  amounts  of  Cy5  labeled  Xist  probes             
BD384-Xist-Cy5-3'-AM  (5'-ATG  ACT  CTG  GAA  GTC  AGT  ATG  GAG  /3Cy5Sp/  -3')  and             
BD417-5'Cy5-Xist-Cy5-3'-AM  (5'-  /5Cy5/ATG  GGC  ACT  GCA  TTT  TAG  CAA  TA  /3Cy5Sp/  -3')             
were  hybridized  in  40%  formamide,  10%  dextran  sulfate,  2xSSC  pH  7  at  room  temperature               
overnight.  Slides  were  then  washed  in  30%  formamide  2xSSC  pH  7  at  room  temperature,               
followed  by  washes  in  2xSSC  pH  7  and  then  mounted  with  Vectashield  (Vector  Laboratories,               
H1200).   Images   were   acquired   using   an   EVOS   and   a   Cy5   light   cube   (Thermo   Fisher   Scientific).  

RNA   Isolation   and   Quantitative   RT-PCR  
RNA  was  extracted  using  the  RNeasy  Plus  Mini  Kit  (Qiagen,  74136)  or  RNeasy  Micro  Kit                
(Qiagen,  74004)  and  quantified  by  Nanodrop.  cDNA  was  produced  with  a  High-Capacity             
RNA-to-cDNA  Kit  (Thermo  Fisher  Scientific,  4387406)  and  was  used  for  qRT-PCR  analysis  in              
triplicate  reactions  with  Power  SYBR  Green  PCR  Master  Mix  (Thermo  Fisher  Scientific,             
4367659).   
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Table   2.   Quantitative   RT-PCR   Primers   Used   in   this   Study  

Target   Transcript  Forward   (5’-3’)  Reverse   (5’-3’)  

c-Myc-Klf4  AGGAAACGACGAGAACAGTTGA  GACGCAGTGTCTTCTCCCTTC  

Esrrb  CAAGAGAACCATTCAAGGCAACA  CATCCCCACTTTGAGGCATTT  

Gapdh  ATGAATACGGCTACAGCAACAGG  CTCTTGCTCAGTGTCCTTGCTG  

Klf2  TCGAGGCTAGATGCCTTGTGA  AAACGAAGCAGGCGGCAGA  

Klf4  TGGTGCTTGGTGAGTTGTGG  GCTCCCCCGTTTGGTACCTT  

Klf4-Oct4  GGACCACCTTGCCTTACACAT  GAAGCTTAGCCAGGTTCGAGA  

Nanog  CTTTCACCTATTAAGGTGCTTGC  TGGCATCGGTTCATCATGGTAC  

Nestin  TAGCCCTACCACTTCCTGCT   GAGGTGACCCTTGGGTTAGA   

Oct4  GATGCTGTGAGCCAAGGCAAG  GGCTCCTGATCAACAGCATCAC  

Oct4-Sox2  ACCACACTCTACTCAGTCCCT  AGCTCCGTCTCCATCATGTT  

Prdm14  AGCACCCAACCGACTTACAG  AAGTGTGGCACATCACCAAA  

Rex1  CCCTCGACAGACTGACCCTAA  TCGGGGCTAATCTCACTTTCAT  

rtTA  CTACCACCGATTCTATGCCCC  CGCTTTCGCACTTTAGCTGTT  

RFP  GTCCCTCGTCAGGGAATCTTG  GGGATCGGACTTTGCCTTGTA  

Sox2  CATGAGAGCAAGTACTGGCAAG  CCAACGATATCAACCTGCATGG  

Tsix  TGGGTCATTGGCATCTTAGTC  CCCAGGGTGTCTGATCTCTT  

Xist   (mus)  ATCATACTAAAGGCCACACAAAGAAT  ATTTGGATTGCAAGGTGGAT  
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Chapter   2   -   Dynamics   of   X-Reactivation   during   iPSC  
Reprogramming  
 
The   following   chapter   contains   a   soon   to   be   submitted   manuscript.  
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Introduction  
In  mammals,  females  have  two  X  chromosomes  but  males  have  only  one.  The  chromosomal               
imbalance  is  resolved  by  inactivating  one  of  the  two  X  chromosomes  specifically  in  females.               
While  the  active  X  chromosome  resembles  in  many  aspects  an  autosome,  the  inactive  X  has  a                 
unique  repressive  configuration,  which  sets  it  apart  from  other  chromosomes (Payer  2017;             
Galupa  and  Heard  2018;  Jégu,  Aeby,  and  Lee  2017) .  This  repressed  state  integrates  multiple               
layers  of  epigenetic  gene  regulation  under  the  control  of  the  long  non-coding  RNA  Xist.  The  Xist                 
RNA  coats  the  X  from  which  it  is  expressed  and  sets  up  a  heterochromatic  environment  by                 
recruiting  repressor  complexes.  Genes  are  silenced  as  they  acquire  repressive  histone  marks             
and  their  promoters  are  DNA-methylated,  meanwhile  the  chromosome  folds  into  a  unique             
conformation  consisting  of  two  mega-domains,  while  lacking  topologically  associating  domains           
(TADs) (Giorgetti  et  al.  2016;  Rao  et  al.  2014;  Anand  Minajigi  et  al.  2015;  X.  Deng  et  al.  2015) .                    
Therefore,  the  inactive  X  is  safeguarded  from  accidental  reactivation  on  multiple  levels             
(Csankovszki,  Nagy,  and  Jaenisch  2001;  Anand  Minajigi  et  al.  2015)  in  order  to  avoid  gene                
dosage  imbalances,  which  can  lead  to  lethality  or  cancer (Yildirim  et  al.  2013;  Chaligné  et  al.                 
2015;   Pageau   et   al.   2007;   Marahrens   et   al.   1997b) .  
In  order  to  reset  the  epigenetic  memory  of  the  inactive  state,  the  X  chromosome  needs  to  be                  
reactivated (Payer  2016) .  While  X-inactivation  has  been  the  subject  of  intense  study  for  many               
decades  as  a  classic  example  of  epigenetic  gene  regulation (Morey  and  Avner  2011;  Jeannie  T.                
Lee  2011;  Lyon  1961) ,  X-reactivation  has  been  more  elusive  and  has  only  been  investigated               
much  more  recently (Payer  and  Lee  2014;  Pasque  and  Plath  2015;  Cantone  2017) .  In  mice,                
X-reactivation  occurs  twice  during  early  development.  The  first  round  takes  place  at  the              
blastocyst  stage  within  the  pluripotent  epiblast  of  the  inner  cell  mass (Mak  et  al.  2004;  Okamoto                 
et  al.  2004;  Borensztein,  Okamoto,  et  al.  2017;  Payer  et  al.  2013) .  This  allows  the  female                 
embryo  to  switch  from  an  imprinted  form  of  X-inactivation  –  whereby  the  X  inherited  from  the                 
father’s  sperm  is  inactivated  –  to  a  random  form  where  either  X  can  be  inactivated.  This  leads  to                   
genetic  mosaicism  in  females,  allowing  them  to  compensate  for  X-linked  mutations  and  to              
reduce  the  severity  of  X-linked  disorders (Migeon  2006) .  The  second  round  of  X-reactivation              
takes  place  in  primordial  germ  cells  during  their  migration  and  colonization  of  the  gonads,               
ensuring  that  an  active  X  can  be  transmitted  to  the  next  generation (de  Napoles,  Nesterova,  and                 
Brockdorff  2007;  Sugimoto  and  Abe  2007;  Chuva  de  Sousa  Lopes  et  al.  2008) .  Mechanistically,               
X-reactivation  in  the  epiblast  and  in  the  germ  cell  lineage  have  both  common  and  distinct                
features.  While  in  both  cases,  Xist  RNA  is  downregulated,  silencing  marks  like  H3K27me3  are               
erased  and  genes  are  reactivated,  the  kinetics  differ  greatly,  as  X-reactivation  in  the  blastocyst               
epiblast  occurs  within  a  day,  while  it  takes  several  days  during  germ  cell  development.  This                
could  be  due  to  differences  between  imprinted  and  random  X-inactivation,  as  the  imprinted  form               
is  considered  to  be  less  stable (Dubois  et  al.  2014;  Corbel  et  al.  2013;  Hadjantonakis  et  al.                  
2001) .  
X-reactivation  also  takes  place in  vitro :  female  embryonic  stem  cells  (ESCs)  derived  from  the               
blastocyst  epiblast  and  induced  pluripotent  stem  cells  (iPSCs)  generated  from  somatic  cells             
through  reprogramming  have  two  active  X  chromosomes (Maherali  et  al.  2007) .  Therefore,  the              
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X-reactivation  process  is  linked  to  de-differentiation  into  the  naïve  pluripotent  stem  cell  state              
(Payer  and  Lee  2014) ,  but  the  mechanisms  that  govern  the  transition  have  not  yet  been                
elucidated.  Although  pluripotency  factors  like  PRDM14 (Payer  et  al.  2013)  and  chromatin             
modifiers  like  UTX/KDM6A (Borensztein,  Okamoto,  et  al.  2017)  are  known  to  play  a  role  in                
X-reactivation,  the  elicitors  of  X-reactivation  during  de-differentiation  are  still  mostly  unknown.  It             
is  unclear  how  the  interplay  of  X-chromosome  sequence,  3D-structure,  chromatin  status,  and             
trans- acting  factors  affect  the  reactivation  of  X-linked  genes.  In  particular,  it  is  unknown,  if  the                
dramatic  topological  rearrangement  of  the  X  chromosome  from  an  inactive  state  with  two              
mega-domains  into  an  autosome-like  active  state  with  TADs (Giorgetti  et  al.  2016;  Rao  et  al.                
2014;  Anand  Minajigi  et  al.  2015;  X.  Deng  et  al.  2015)  occurs  before  or  after  X-linked  genes                  
become  reactivated.  This  is  especially  relevant,  as  cause  and  effect  between  chromosome             
topology  and  transcriptional  activity  have  been  under  debate (Stadhouders  et  al.  2018;  Rowley              
et  al.  2017;  Hug  et  al.  2017) .  Furthermore,  it  has  been  proposed  that  early  reactivation  of                 
X-chromosomal  genes  might  be  driven  by  transcription  factors  like  Myc (Borensztein,  Okamoto,             
et  al.  2017) .  A  temporal  analysis  of  chromatin-opening  during  X-reactivation  would  reveal  if              
pioneering  transcription  factors  contribute  to  gene  reactivation.  Finally,  X-inactivation  kinetics           
are  determined  by  Xist  RNA  spreading  along  the  X  chromosome,  which  occurs  first  to  actively                
transcribed  gene-rich  regions,  which  are  in  three-dimensional  proximity  to  the Xist  locus,             
followed  by  more  distant,  gene-poor  regions (Simon  et  al.  2013;  Engreitz  et  al.  2013) .  Single-cell                
RNA-seq  analysis  of  mouse  blastocysts  suggested  that  X-reactivation  is  not  simply  a  reversal  of               
X-inactivation  kinetics,  but  is  rather  determined  by  other  parameters  like  the  erasure  of  the               
H3K27me3  mark (Borensztein,  Okamoto,  et  al.  2017) .  However,  a  fine-scale  assessment  of  the              
exact  order  of  early  versus  late  reactivated  regions  along  the  X  chromosome  during  an               
X-reactivation  time-course  will  be  required  to  gain  further  insight.  In  summary,  a  detailed  kinetic               
epigenomic  analysis  of  the  X-reactivation  process,  which  has  been  missing  so  far,  is  critically               
needed  to  clarify,  which  epigenetic  events  are  instructive  and  which  are  secondary  for  X-linked               
gene-reactivation.  
ESC  differentiation  has  been  the  workhorse  of  X-inactivation  research  for  decades (Jeannie  T.              
Lee  2011;  Morey  and  Avner  2011) .  More  recently,  iPSC  reprogramming  has  proven  to  be  a                
useful  tool  to  investigate  the  mechanisms  of  X-reactivation (Payer  et  al.  2013;  Pasque  et  al.                
2014) .  Further in  vitro  systems  for  studying  X-reactivation  are  cell  fusion  between  somatic  cells               
and  pluripotent  stem  cells (Cantone  et  al.  2017,  2016;  Takagi  et  al.  1983;  Tada  et  al.  2001)  and                   
in  vitro  models  for  germ  cell  differentiation  from  ESCs (Hayashi  et  al.  2012;  Ohta  et  al.  2017;                  
Yamashiro  et  al.  2018) .  Overall,  their  scalability  and  amenability  to  genetic  manipulation  and              
perturbations  make  these in  vitro systems  ideally  suited  to  interrogate  the  X-reactivation  process              
by   epigenomic   analysis   methods.   
Here  we  developed  an in  vitro  model  to  study  the  reactivation  of  the  X  chromosome  during                 
reprogramming,  with  millions  of  cells  transitioning  to  iPSCs.  The  unparalleled  efficiency  and             
purity  of  this  system  allowed  us  to  study  for  the  first  time  the  conformation  of  the  inactive  X                   
chromosome  during  the  process.  We  observe  that  the  inactive  X  chromosome  undergoes             
large-scale  but  gradual  changes  of  conformation.  The  X  chromosome  adopts  an  intermediate             
structure  that  was  not  observed  during  the  inactivation  process.  The  reconfiguration  of  the              
inactive  X  chromosome  mirrors  gradual  changes  of  transcription  and  chromatin  composition            
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where  remodeling  proceeds  inwards  from  the  chromosome  tips  to  the  XIC.  Overall,  these              
results  provide  the  first  dynamics  of  the  molecular  events  operating  during  the  reactivation  of  the                
X   chromosome.  

Results  

Creation   of   the    Nano X   Reporter   Model   for   X   Chromosome   Reactivation  
Studying  the  kinetics  of  X-chromosome  reactivation  during  iPSC  reprogramming  using           
conventional  mouse  embryonic  fibroblast  (MEF)-based  reprogramming  systems (Maherali  et  al.           
2007;  Payer  et  al.  2013;  Pasque  et  al.  2014;  Janiszewski  et  al.  2019)  has  been  challenging  for                  
three  main  reasons:  First,  the  fraction  of  cells  that  undergo  successful  reprogramming  and              
X-reactivation  is  usually  very  low,  so  that  it  has  been  so  far  impossible  to  follow  the  process                  
using  assays  that  require  a  large  number  of  input  cells,  such  as  Hi-C  or  mass  spectrometry.                 
Second,  the  conversion  is  usually  asynchronous  and  cells  at  different  stages  are  superposed  at               
every  time  point.  Finally,  in  inbred  strain  backgrounds,  the  two  X  chromosomes  are              
indistinguishable  by  sequencing-based  assays,  to  the  effect  that  previous  knowledge  of  the             
process  was  mostly  based  on  microscopy (Maherali  et  al.  2007;  Payer  et  al.  2013;  Pasque  et  al.                  
2014) .  
We  thus  set  out  to  create  an in  vitro  model  that  would  address  all  those  difficulties.  For  this,  we                    
used  the  female  mouse  ESC  line  EL16.7  TST,  which  has  been  derived  from  an  F2  cross  of Mus                   
musculus  musculus  with Mus  musculus  castaneus (J.  T.  Lee  and  Lu  1999;  Ogawa,  Sun,  and                
Lee  2008) .  As  a  result,  cells contain  one  X  chromosome  from M.m  musculus  (X mus )  and  one                 
from M.m  castaneus  (X cas ),  allowing  us  to  distinguish  them  via  sequence  polymorphisms  that              
occur  on  average  every  300 bp (Marks  et  al.  2015) .  Chromosome  13  is  fully  heterozygous  as                
well,  while  the  rest  of  the  genome  consists  of  intermingled  blocks  of M.m  musculus  and M.m                 
castaneus .  Furthermore,  the  cell  line  harbors  a Tsix  truncation  (TST)  on  the  X mus  chromosome,               
which  leads  to  nonrandom  choice  of  the  X mus  chromosome  to  be  inactivated  during              
differentiation (Luikenhuis,  Wutz,  and  Jaenisch  2001;  Ogawa,  Sun,  and  Lee  2008) .  This  allowed              
us  to  specifically  follow  the  X mus  chromosome  through  the  X-inactivation  and  X-reactivation             
process,   while   the   X cas    remained   active   throughout   and   served   as   our   control.  
Next,  we  circumvented  the  low  reprogramming  efficiency  and  X-reactivation  asynchrony  by            
engineering  the  cell  line  to  allow  us  to  isolate  a  large  number  of  prospective  iPSC  intermediates                 
that  will  undergo  X-reactivation.  In  order  to  isolate  cells  poised  for  X-reactivation,  we  inserted  a                
lentiviral  RFP  reporter  driven  by  a  promoter  fragment  of  Nanog  (P-RFP)  (System  Biosciences).              
Moreover,  to  monitor  the  activity  of  the  X  chromosome,  we  integrated  a  GFP  reporter  into  the                 
Hprt  - locus  on  X mus  (X-GFP) (Wu  et  al.  2014) .  Furthermore,  in  order  to  make  our  cell  line                  
reprogrammable  to  iPSC  fate,  we  incorporated  an  optimized  all-in-one  doxycycline-inducible           
reprogramming  cassette  into  the Sp3  locus (Chantzoura  et  al.  2015) .  Finally,  to  consistently              
obtain  a  large  and  homogeneous  population  of  somatic  cells  for  reprogramming,  we  optimized              
differentiation  of  our  ESCs  into  neural  precursor  cells  (NPCs) (Abranches  et  al.  2009) ,  during               
which  they  would  undergo  X-chromosome  inactivation.  This  would  then  provide  the  starting             
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material  for  iPSC  reprogramming,  during  which  we  would  be  able  to  study  the  X-reactivation               
process.  The  unique  combination  of  these  features  is  key  to  the  unprecedented  purity  of  cells                
with  ongoing  X-reactivation  in  our  model  system.  The  features  of  this  reporter  cell  line  called                
Nano X   (Nanog   and   X   Chromosome   reporter)   are   presented   in    Figure   1A .  
 

 
Figure   1.   A   Novel   Reprogramming   System   to   Trace   X-Chromosome   Reactivation   
(A)  Schematic  representation  of  the Nano X  reprogramming  system. (B)  FACS  analysis  of  X-GFP  reporter               
expression  during  a  reprogramming  time  course.  Shown  are  representative  histograms  gated  on  P-RFP+              
cells.  Numbers  indicate  the  percentage  of  cells. (C)  X-reactivation  efficiency  of  indicated  reprogramming              
intermediates  isolated  on  day  5  and  then  reprogrammed  for  an  additional  4  days.  Shown  are                
representative   histograms   gated   on   SSEA-1+   cells.   Numbers   indicate   the   percentage   of   cells.  
 
We  tested  the  capacity  of  the Nano X  reporter  cell  line  to  efficiently  reprogram  into  iPSCs  and                 
found  that  it  faithfully  recapitulated  the  correct  order  of  events  during  X-reactivation (Schiebinger              
et  al.  2019) ,  with  around  15-25%  of  SSEA1+  cells  upregulating  P-RFP  first  ( Figure  S1B )  and                
subsequently  up  to  85%  of  P-RFP+  cells  upregulating  X-GFP  ( Figure  1B  and  Figure  S1C ).  To                
test,  if  P-RFP+  cells  represent  a  population  primed  for  X-reactivation,  we  isolated             
SSEA1+/P-RFP-/X-GFP-  and  SSEA1+/P-RFP+/X-GFP-  cells  on  day  5  and  continued          
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reprogramming.  FACS  analysis  4  days  later  showed  that  while  only  half  of  the  SSEA1+  cells                
were  able  to  reactivate  the  X  chromosome,  over  80%  of  P-RFP+  cells  successfully  reactivated               
the  X  ( Figure  1C ).  We  conclude  that  our  system  holds  unique  advantages  to  conventional               
MEF-based  reprogramming  systems,  by  allowing  us  to  isolate  cells  poised  for  X-reactivation             
and  subsequently  achieving  near-deterministic  efficiency  of  X-reactivation.  Therefore  our Nano X           
system  allowed  us  to  follow  the  kinetics  of  X-reactivation  by  sorting  homogenous  cell              
populations,   which   is   a   prerequisite   for   reliable   epigenomic   analysis   of   this   process.  

Characterization  of  NanoX  iPSC  Reprogramming  Shows  Rapid        
X-Reactivation  
Utilizing  this  specialized  reprogramming  system,  we  set  out  to  obtain  a  high-resolution  map  of               
X-linked  gene  reactivation  and  chromatin  opening  in  relation  to  the  iPSC-reprogramming            
process.  We  performed  reprogramming  of Nano X  NPCs  and  employed  fluorescence-activated           
cell  sorting  (FACS)  to  isolate  iPSC  intermediates  from  day  4  to  10  of  reprogramming  in  a  24h                  
interval.  To  this  end,  we  performed  RNA-sequencing  and  ATAC-sequencing  (Assay  for            
Transposase-Accessible  Chromatin  with  High  Throughput  Sequencing,  see  section  further          
below)  on  a  total  of  12  distinct  subpopulations,  capturing  7  consecutive  days  of  reprogramming,               
as   well   as   fully   reprogrammed   iPSC   clones   ( Figure   S1A ).  
To  define  the  trajectory  towards  X-reactivation,  we  performed  principal  component  analysis            
(PCA)  of  our  RNA-Seq  data.  As  we  found  that  already  at  D4  ( Figure  2A  and  2B ),  cells  clustered                   
far  away  from  NPCs,  we  repeated  the  analysis  excluding  NPCs  in  order  to  get  a  better                 
resolution  along  the  reprogramming  time  course  ( Figure  2C  and  2D ).  This  allowed  us  to  reveal  a                 
more  fine-scaled  trajectory,  starting  from  D4  SSEA1+  cells,  following  a  path  from  D4  to  D5  and                 
D6   P-RFP+   cells,   and   leading   towards   X-GFP+   cells,   which   closely   clustered   together.  
When  we  focused  our  analysis  specifically  on  the  X  chromosome,  we  calculated  the  average               
allelic  expression  ratios  between  the  mus  and  cas  alleles  of  X-linked  genes  (see  methods)               
( Figure  2B  and  2D ).  This  revealed  a  very  similar  trajectory  to  the  one  observed  genome-wide                
( Figure  2A  and  2C ),  illustrating  the  tight  correlation  of  pluripotency  and  X-chromosome  status.              
Furthermore,  as  in  our  reprogramming  time  course  samples  from  multiple  populations  would             
have  been  superposed  on  single  days,  we  decided  to  utilize  the  inherent  asynchronicity  of  iPSC                
reprogramming  systems,  to  resolve  the  key  time  point  of  X-reactivation  at  day  6  in  finer  detail.                 
We  thereby  followed  the  pseudotime-trajectory  revealed  by  the  PCA  and  therefore  sorted  in  our               
further  analysis  the  samples  in  order  of  first  D6  X-GFP-,  followed  by  D6  X-GFP~  (intermediate)                
and   then   D6   X-GFP+.  
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Figure   2.   Characterization   of   iPSC   Reprogramming   Dynamics  
(A)  PCA  of  dynamics  of  gene  expression  during  reprogramming  (n  =  21,314  genes).  Black  arrow,                
hypothetical  trajectory. (B)  PCA  of  dynamics  of  allele-specific  gene  expression  changes  of  chromosome  X               
during  reprogramming  using  the  allelic  ratio  (=  mus/(mus+cas))  (n  =  586  genes).  Black  arrow,  hypothetical                
trajectory. (C)  As  (A)  excluding  NPC. (D)  As  (B)  excluding  NPC. (E)  Average  endogenous  gene                
expression  kinetics  of Oct4 , Sox2,  and Klf4  during  reprogramming  (n  =  2,  relative  to  the  levels  in  ESC).                   
Endogenous  expression  calculated  via  the  genes  3’-UTR. (F)  Average  gene  expression  kinetics  of              
Nanog , Esrrb , Prdm14 ,  and Rex1  during  reprogramming  (n  =  2,  relative  to  the  levels  in  ESC). (G)                  
Average  gene  expression  kinetics  of Nestin ,  Blbp, Map2 ,  and Sox1  during  reprogramming  (n  =  2,  relative                 
to  the  levels  in  NPC). (H) Average  gene  expression  kinetics  of Tsix mus  (relative  to  the  levels  in  NPC)  and                    
Xist mus    (relative   to   the   levels   in   ESC)   during   reprogramming   (n   =   2).  
(Figure   legend   continues   on   next   page)  
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(I)  Allele-specific  expression  of  genes  expressed  from  chromosome  X  (n  =  308,  min.  >40  counts  per                 
gene).  Allelic-ratio  =  mus/(mus+cas). All  box  plots  depict  the  25th  to  75th  percentiles  as  the  lower  and                  
upper  bounds  of  the  box,  with  a  thicker  band  inside  the  box  showing  the  median  value  and  whiskers                   
representing  5  and  95  percentiles  range. (J)  Allele-specific  expression  of  genes  expressed  from              
chromosome  13  (n  =  395,  min.  >40  counts  per  gene).  Allelic  ratio  =  mus/(mus+cas).  All  box  plots  depict                   
the  25th  to  75th  percentiles  as  the  lower  and  upper  bounds  of  the  box,  with  a  thicker  band  inside  the  box                      
showing   the   median   value   and   whiskers   representing   5   and   95   percentiles   range.  
 
 
Previous  reports  have  outlined  the  sequential  activation  of  core  pluripotency  factors  during             
reprogramming (Stadhouders  et  al.  2018;  Rowley  et  al.  2017;  Hug  et  al.  2017;  Polo  et  al.  2012) .                  
When  we  followed  the  trajectory  of  events  identified  by  the  PCA,  we  found  that  similarly,  we                 
could  already  detect  high  endogenous  expression  levels  of Oct4  at  D4,  preceding  full  activation               
of Sox2  in  D6  P-RFP+  cells  and  of Klf4  in  D6  X-GFP+  cells  ( Figure  2E ).  Similar  to Klf4 ,  when  we                     
assessed  the  expression  of  key  naive  pluripotency  markers Nanog , Esrrb , Prdm14 ,  and Rex1 ,              
we  found  these  to  be  upregulated  gradually,  already  reaching  expression  levels  similar  to  ESCs               
in  day  6  X-GFP+  cells  ( Figure  2F ).  Concomitantly,  markers  of  neural  precursor  cells Nestin ,               
Blbp , Pax6 ,  and Sox1,  were  already  strongly  downregulated  in  D4  cells,  showing  the  rapid  loss                
of  the  somatic  gene  expression  signature  ( Figure  2G ).  Furthermore,  coinciding  with  the  initiation              
of  X-GFP  expression,  we  observed  downregulation  of Xist  to  about  10%  of  NPC  levels  on  D6                 
( Figure  2H ). Tsix ,  positively  correlating  with  X-reactivation,  showed  the  reciprocal  behavior,  with             
a  strong  upregulation  in  D6  X-GFP+  cells.  As  we  have  been  using  a Tsix  truncation  (TST)  cell                  
line  with  non-functional Tsix  on  the  X mus  chromosome,  we  thereby  confirmed  our  previous              
observation  that Tsix  is  not  essential  for Xist -downregulation  during  X-reactivation  in  iPSCs             
(Payer  et  al.  2013) . Xist  downregulation  during  iPSC  reprogramming  therefore  might  depend  on              
additional  repressive  mechanisms  including  the  binding  of  both  core  and  naive  pluripotency             
factors  along  their  binding  hubs  at  the X-chromosome  inactivation  center  ( Xic ) (Payer  et  al.               
2013;  Navarro  et  al.  2011;  Gontan,  Achame,  Demmers,  Barakat,  Rentmeester,  van  IJcken,             
Grootegoed,   et   al.   2012;   Navarro   et   al.   2008;   Payer   and   Lee   2014) .  
We  next  set  out  to  investigate  if  X-linked  gene  expression  dynamics,  followed  upregulation  of               
our  X-GFP  reporter.  In  order  to  assess  X-linked  gene  reactivation,  we  assessed  the  allelic  ratio                
for  286  genes,  which  passed  our  quality  control  criteria  throughout  the  reprogramming  time              
course  (see  methods).  Indeed,  whereas  D6  P-RFP+  cells  still  portrayed  levels  similar  to  NPCs,               
we  found  a  clear  switch  in  D6  X-GFP+  cells,  giving  an  allelic  ratio  of  close  to  0.5  ( Figure  2I ),                    
showing  reactivation  of  the  inactive  X  in  this  population.  In  contrast,  allelic  ratios  of  chromosome                
13  remained  consistent  throughout  reprogramming  ( Figure  2J ),  confirming  that  the  changes            
observed  were  X-chromosome  specific.  To  exclude  that  variation  in  expression  of  the  X cas  is               
confounding  allelic  ratio  measurements,  we  separately  assessed  the  expression  of  X mus  and  X cas              
throughout  reprogramming  and  found  X mus  genes  being  upregulated  whereas  no  significant            
change   occurred   in   expression   of   X cas    ( Figure   S2A ).  

Taken  together,  while  naive  pluripotency  is  acquired  gradually  during  iPSC  reprogramming,            
X-chromosome  reactivation  occurs  rapidly,  coinciding  with  full  naive  pluripotency  gene           
expression   and    Xist    downregulation.  
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Figure   3.   Differential   Timing   of   X-Reactivation   During   iPSC   Reprogramming  
(A)  Allelic  ratio  (=  mus/(mus+cas))  of  clusters  of  X-linked  genes  during  iPSC  reprogramming  (line  shows                
mean  value). (B)  X-linked  genes  ordered  by  reactivation  timing  categories  as  in  (A).  The  color  gradient                 
represents  allelic  expression  ratio.  Red  (<0.15),  inactive  X.  White  to  light  green  (>0.15,  <0.35),               
reactivation  initiation.  Green  (>0.35),  reactivation  completion.  Blue  (>0.85),  mono-allelic  expression  from            
X mus . (C)  X-linked  genes  ordered  by  genomic  location  on  the  X  chromosome  (n  =  321).  Genes  that  do  not                    
fit  any  of  the  clusters  are  shown  as  well.  Escapees  are  marked  by  an  asterisk  (*),  strong**,  weak  *.  Color                     
gradient  as  for  (B). (D)  Expression  of  clusters  of  X-linked  genes  from  X mus  and  X cas .  All  box  plots  depict  the                     
25th  to  75th  percentiles  as  the  lower  and  upper  bounds  of  the  box,  with  a  thicker  band  inside  the  box                     
showing   the   median   value   and   whiskers   representing   5   and   95   percentiles   range.  

Kinetic  Cluster  Analysis  Reveals  Distinct  Temporal  Waves  of  Gene          
Reactivation   
Having  observed  rapid  reactivation  of  the  inactive  X  chromosome,  we  wanted  to  assess  if  this                
was  true  for  all  X-linked  genes,  or  if  different  reactivation  kinetics  for  clusters  of  genes  were  in                  
place.  We  focussed  on  a  list  of  286  X-linked  genes,  which  passed  our  quality  control  criteria                 
(see  methods)  From  a  list  of  558  protein-coding  genes,  where  sufficient  sequence             
polymorphisms  were  present  to  allow  allele-specific  calling,  we  focussed  on  286  genes,  which              
throughout  our  reprogramming  time  course,  consistently  contained  over  40  RNA-Seq  reads,  and             
were  biallelically  expressed  in  iPSC  and  ESCs  (allelic  ratio  >0.35).  To  distinguish  genes              
undergoing  X-reactivation  from  genes  escaping  X-inactivation,  we  selected  an  allelic  ratio  of             
>0.15  in  NPCs  to  define  escapees.  We  found  31  genes  escaping  X-inactivation  in  our  system,                
out  of  which  21  were  previously  identified  in  NPCs  as  well (Giorgetti  et  al.  2016;  Rao  et  al.  2014;                    
Anand  Minajigi  et  al.  2015;  X.  Deng  et  al.  2015) ).  However,  only  8  out  of  these  31  genes                   
reached  an  allelic  ratio  of  >0.35  in  NPCs  as  well,  being  close  to  biallelic  expression.  We,                 
therefore,  divided  escapees  into  two  groups  of  strong  (allelic  ratio  >0.35)  and  weak  (allelic  ratio                
>0.15   and   <0.35)   ( Figure   3A ).  
Focussing  on  genes  undergoing  X-inactivation  during  NPC  differentiation,  we  found  232  genes             
with  an  allelic  ratio  of  <0.15  in  NPCs.  Corroborating  our  previous  data  ( Figure  2I ),  we  found  that                  
all  genes  to  at  least  have  initiated  reactivation  (ratio  >0.15)  in  D6  X-GFP+  cells  ( Figure  3A ).  To                  
distinguish  different  patterns  of  reactivation,  we  performed  hierarchical  K-means  clustering  on            
the  allelic  ratio  of  genes  undergoing  reactivation  over  the  reprogramming  time  course.  This              
enabled  us  to  reveal  four  different  clusters  of  XCR  genes  ( Figure  3A/B ).  Cluster  1,  termed                
“early”,  was  characterized  by  early  initiation  of  XCR  already  in  D4  P-RFP+  cells  (36  genes).                
Genes  in  cluster  2  reactivated  rapidly,  showing  allelic  ratios  of  >0.35  in  D6  X-GFP+  cells,  and                 
was  therefore  termed  “fast”  (20  genes).  However,  the  majority  of  genes  were  found  in  clusters  3                 
and  4.  Cluster  3,  “intermediate”,  featured  delayed  kinetics  compared  to  “fast”  genes,             
nevertheless  with  completion  being  similar  to  cluster  1  (92  genes).  Finally,  genes  of  cluster  4                
showed   the   slowest   kinetics   of   reactivation   (“slow”,   84   genes).   
When  we  then  assessed  heat  maps  of  allelic  expression,  with  genes  ordered  according  to  their                
location  along  the  X  chromosome  ( Figure  3C ),  we  found  that  early  initiating  genes  were  not                
distributed  randomly,  but  rather  clustered  together,  in  perceived  vicinity  to  escapees.            
Interestingly,  “early”  genes  already  showed  increased  expression  from  the  mus  allele  in  NPCs              
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( Figure  3D ),  suggesting  that  these  might  be  poised  for  early  initiation.  Thereby  they  showed               
very  similar  kinetics  in  upregulation  compared  to  weak  escapees  during  iPSC  reprogramming             
( Figure  3A ),  suggesting  that  they  might  belong  to  a  related  category  with  similar  regulatory               
principles.  Alternatively,  early  genes  could  be  poised  for  reactivation  by  the  special  chromatin              
environment  due  to  their  vicinity  to  escapee  genes.  Moreover,  considering  that  we  observed              
early  initiation  of  reactivation  for  this  subset  of  genes  already  at  D4  when Xist  was  still  being                  
highly  expressed,  we  asked  if  Xist RNA  was  still  coating  the  inactive  X,  or  if  it  has  already                   
detached  from  the  chromosome.  We,  therefore,  performed  Xist  RNA  FISH  on  D5  P-RFP+  cells               
and  found  that  the  majority  of  cells  still  harbored  a  single  Xist  cloud  ( Figure  S3 ).  This  suggests                  
that  early  genes  might  escape  Xist  based  silencing,  even  when  the  majority  of  the  X                
chromosome   is   still   coated   by   Xist.   
In  summary,  in  agreement  with  X-chromosome  reactivation  in  the  mouse  blastocyst in  vivo              
(Borensztein,  Okamoto,  et  al.  2017) ,  X-reactivation  during  iPSC  reprogramming  in  our  system             
occurs  rapidly.  However,  the  timing  of  initiation  and  completion  of  reactivation  can  differ,  with               
early  initiation  not  priming  for  faster  completion  of  the  process.  Moreover,  whereas  completion  of               
reactivation  is  solely  observed  in  populations  showing  downregulation  of Xist ,  initiation  of             
reactivation  of  a  subset  of  genes  can  occur  independently  of  loss  of  Xist  RNA  expression  and                 
coating,   arguing   for   a   two-step   process   of   reactivation.   

Accessibility  to  the  Inactive  X  Chromosome  is  Gained  in  a  Stepwise            
Fashion   Around   Pluripotency   Factor   Binding   Hubs  
A  major  event  during  the  X-reactivation  process  is  the  gain  of  chromatin  accessibility  linked  to                
the  binding  of  transcription  factors.  While  the  active  X  chromosome  is  comprised  of  open  and                
closed  regions  with  similar  proportion  to  autosomes,  the  inactive  X  chromosome  is  in  a  closed                
heterochromatic  state  almost  devoid  of  open  regions  ( (Giorgetti  et  al.  2016;  Rao  et  al.  2014;                
Anand  Minajigi  et  al.  2015;  X.  Deng  et  al.  2015) ).  In  order  to  interrogate  the  changes  in                  
accessibility  over  time  during  X-reactivation,  we  have  performed  ATAC-Seq  on  our  sorted  cell              
populations  during  reprogramming.  We  thereby  wanted  to  gain  information  on  the  spatial             
distribution  and  kinetics  of  chromatin  opening  along  the  X  chromosome  to  identify  potential  hubs               
of  early  chromatin  opening.  Specifically,  we  wanted  to  assess  the  enrichment  of  transcription              
factor  binding  motifs  within  early  accessible  regions  in  order  to  gain  mechanistic  insights  into  the                
chromatin  opening  process  associated  with  X-reactivation  and  identify  candidate  trans-factors           
potentially   important   for   it.  
First,  we  observed,  as  expected,  that  globally  the  inactive  X mus  chromosome  in  NPCs  had  only                
around  15%  of  the  number  of  accessible  peaks  of  the  active  X cas  ( Figure  4A ).  The  percentage  of                  
open  sites  changed  rapidly  on  day  6  of  reprogramming  in  X-GFP+  cells  when  the  previously                
inactive  X mus  reached  a  similar  percentage  of  open  sites  to  the  active  X cas .  In  comparison,                
chromosome  13  did  not  show  allelic  differences  in  chromatin  openness,  with  only  minor              
changes  in  the  number  of  accessible  sites  throughout  the  time  course  of  the  experiment  ( Figure                
4A ).  To  further  substantiate  this  finding,  we  assessed  the  correlation  of  populations  throughout              
the  time  course  for  X mus  and  X cas  ( Figure  4B ).  We  found  that  whereas  the  majority  of  changes  on                   
the  active  X cas  occurred  already  between  NPCs  and  D4  SSEA1+  cells,  the  inactive  X mus               
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displayed  distinct  kinetics,  gradually  changing  between  NPCs  and  D6  X-GFP~,  followed  by  an              
abrupt  shift  in  the  D6  X-GFP+  population  marking  a  breakpoint,  from  which  on  little  change  was                 
observed.  This  confirms  that  the  opening  of  the  X  chromosome  during  reprogramming  involves              
small  but  gradual  changes  during  its  initiation  period  that  culminated  in  a  rapid  switch,  which  is                 
not   generally   observed   on   autosomes.  
We  then  wanted  to  look  into  more  detail  where  the  X  chromosome  gained  accessibility  first                
( Figure  4C ).  Interestingly,  we  found  already  in  NPCs  clustered  regions  of  openness,  which              
correlated  in  location  with  escapee  genes  from  our  gene  expression  data.  Already  on  day  4  of                 
reprogramming  in  the  SSEA1+  subpopulation,  we  observed  the  gain  of  newly  opened  regions,              
which  were  consistently  in  the  vicinity  of  the  open  escapee  regions  in  NPCs  ( Figure  4C  and  4D ).                  
On  day  6,  the  time  when  we  observed  dramatic  changes  in  chromatin  opening  within  our                
X-reactivating  subpopulations  ( Figure  4A  and  4B ),  we  found  that  in  the  P-RFP+  population              
newly  opening  regions  not  only  appeared  next  to  already  open  sites  but  did  appear  as  well  at  a                   
further  distance  from  them  ( Figure  4C  and  4D ).  This  indicates  that  chromatin  accessibility  on  the                
inactive  X  is  regained  in  a  two-step  manner:  Chromatin  opening  initiates  on  day  4  near  escapee                 
regions,  which  prime  their  surroundings  to  become  accessible.  This  is  followed  by  later  regions               
on  day  6,  which  either  appear  near  existing  open  regions,  but  can  also  form  at  a  distance                  
independently   from   previously   open   chromatin.  
Next,  we  wanted  to  see,  if  the  presence  of  specific  transcription  factor  binding  sites  could                
explain  this  two-step  model  of  chromatin  opening.  We  thereby  considered  two  alternative             
hypotheses   ( Figure   4E ):  
In  the  first,  stage-specific  transcription  factors  become  expressed  at  different  time-points  during             
reprogramming  and  bind  to  all  their  binding  sites  once  they  become  expressed.  Thus,  different               
stage-specific  transcription  factors  open  different  regions  at  different  time  points.  In  the  second              
hypothesis,  shared  transcription  factors,  which  are  expressed  throughout  different  stages  of            
reprogramming  could  gain  accessibility  to  different  sites  at  different  time-points,  depending  on             
other  parameters  like  for  example  chromatin  status  or  cooperative  binding  with  other  co-factors.              
In  order  to  test  these  competing  hypotheses,  we  looked  for  enrichment  of  transcription  factor               
binding  motifs  at  newly  gained  sites  at  different  time  points  (day  4  and  day  6, Figure  4F ).                  
Through  this  analysis,  it  became  apparent  that  on  both  time  points  pluripotency  factors  were               
highly  enriched,  including  OCT4,  SOX2,  and  NANOG.  When  comparing  the  enrichment  of             
pluripotency  factor  motifs  on  newly  gained  sites  on  day  4  and  day  6,  we  did  not  detect  apparent                   
differences  ( Figure  4G ).  Neither  did  we  detect  any  apparent  motifs,  which  were  exclusively              
enriched  on  early  (day  4)  versus  later  (day  6)  sites.  Although  we  cannot  exclude  the  binding  of                  
stage-specific  pioneer  factors  with  undefined  binding  motifs,  this  led  us  to  conclude  that  based               
on  known  binding  motifs,  both  early  and  late  sites  shared  the  same  transcription  factor  binding                
sites.  In  particular,  as  we  expressed  the  pluripotency  factors  OCT4,  SOX2,  KLF4,  and  C-MYC               
from  our  reprogramming  cassette  throughout  the  reprogramming  time-course,  which  all  showed            
the  same  enrichment  at  early  and  late  sites  ( Figure  4G ),  this  speaks  in  favor  of  the  shared                  
transcription  factor  model  ( Figure  4E ).  Not  the  stage-specific  expression  of  pioneering  factors,             
but  rather  other  parameters  like  chromatin  status  seem  to  determine  which  regions  become              
accessible  first  and  which  later  during  X-reactivation.  Nevertheless,  core  pluripotency  factors,            
which  have  been  described  to  have  pioneering  activity (Soufi,  Donahue,  and  Zaret  2012;  Soufi               
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et  al.  2015)  and  bind  the  genome  in  a  cooperative  manner  during  different  stages  of  iPSC                 
reprogramming (Chronis  et  al.  2017;  Knaupp  et  al.  2017;  Li  et  al.  2017) ,  might  be  key  in  the                   
chromatin-opening  process  during  X-reactivation  due  to  their  enrichment  at  opening  sites  at             
different   stages,   even   if   they   don't   control   its   exact   timing.  
 

 
(Figure   legend   on   next   page)  
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Figure   4.   Dynamics   of   Chromatin   Opening  
(A)  Percentage  of  allele-specific  accessible  sites  of  Chromosome  X  and  13  as  determined  by  ATAC-seq.                
(B)  Correlation  heat  maps  of  chromatin  accessibility  changes. (C)  ATAC-seq  peaks  along  the  entire  length                
of  the  X mus  chromosome  are  shown.  Colored  peaks  represent  peaks  forming  for  the  first  time  in  the                  
specified  population  compared  to  the  population  on  the  bottom.  Light  grey  depicts  all  peaks. (D)  Violin                 
plots  showing  the  average  distance  of  novel  peaks  to  already  accessible  regions  in  NPC. (E)  Two  models                  
for  transcription  factor-induced  chromatin  opening. (F)  Transcription  factor  motif  enrichment  at  novel             
peaks   are   shown.    (G)    Number   of   motifs   of   indicated   transcription   factors   per   ATAC   site   are   shown.  

A   Unique   Structural   Intermediate   Forms   During   X   Reactivation  
The  inactive  X  adopts  a  unique  3D  conformation,  without  evident  compartments  or  TADs              
(Giorgetti  et  al.  2016;  Rao  et  al.  2014;  Anand  Minajigi  et  al.  2015;  X.  Deng  et  al.  2015) .                   
However,  how  the  restructuring  of  the  inactive  X  correlates  with  gene  reactivation  and  chromatin               
opening  is  currently  unknown.  We,  therefore,  wanted  to  interrogate  the  structure  of  the  inactive               
X  during  the  process  of  X-reactivation.  We  performed  cell  cycle-specific in  situ  Hi-C  on  NPCs,                
ESCs  as  well  as  D5  P-RFP+  iPSCs  ( Figure  S4 ).  We  decided  on  this  specific  iPSC  time  point,  as                   
it  marked  a  cell  population  we  have  shown  to  be  poised  for  X-reactivation  ( Figure  1C ),  with  the                  
initiation   of   reactivation   having   commenced   already.  
When  we  assessed  Hi-C  matrices  from  NPCs,  we  could  recapitulate  the  previously  described              
mega-domain  structure  of  the  inactive  X (Figure  5A/B ) (Giorgetti  et  al.  2016;  Rao  et  al.  2014;                 
Anand  Minajigi  et  al.  2015;  X.  Deng  et  al.  2015) .  Moreover,  TADs  were  visibly  absent  as                 
expected  for  the  inactive  X.  When  we  compared  matrices  obtained  for  D5  iPSCs  to  NPCs  and                 
ESCs,  it  became  apparent,  that  they  still  strongly  resembled  the  inactive  X  of  NPCs.               
Nevertheless,  upon  closer  inspection,  we  noticed  that  while  the  inactive  X  was  still  partitioned               
into  two  mega-domains,  we  observed  regions  where  TADs  started  to  appear  ( Figure  6A/B ).              
Intriguingly,  whereas  we  could  observe  TAD  formation  in  regions  we  have  shown  to  harbor  early                
initiators  of  reactivation  ( Figure  6A ),  we  were  able  to  additionally  identify  regions  of  early  TAD                
formation,   which   lacked   clusters   of   early   initiation   of   fast   reactivating   genes   ( Figure   6B ).  
While  a  more  detailed  analysis  of  this  unique  intermediate  structure  will  be  necessary,  we  can                
conclude  that  mega-domains  and  TADs,  similarly  to  during  X-inactivation (Colognori  et  al.             
2019) ,  are  able  to  coexist  during  X-reactivation,  arguing  that  these  correspond  to  two  different               
levels  of  three-dimensional  genome  organization  superimposed  on  the  Xi.  Moreover,  early  TAD             
formation  wasn’t  exclusively  observed  in  regions  of  early  initiation  of  gene  reactivation,  arguing              
that   chromosomal   restructuring   and   gene   expression   might   be   separate   events.  
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Figure   5.   Overview   of   Chromosome   Structure.  
(A)  Allele-specific  Hi-C  maps  of  the  Xi  (mus)  and  Xa  (cas)  chromosomes.  Entire  chromosome  is  shown.                 
(B)  As  (A).  Zoom-in  of  the  mega-domain  boundary  is  shown.  Scale  is  shown  in  mega-bases  (Mb).                 
Mega-domain   border   is   indicated   by   a   black   arrow.  
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Figure   6.   Early   TAD   Formation   in   the   Presence   of   Mega-Domains  
(A)  Allele-specific  Hi-C  maps  of  the  Xi  (mus)  and  Xa  (cas)  chromosomes.  Zoom-in  of  an  early  reactivating                  
cluster  is  shown. (B)  As  (A).  Zoom-in  of  an  Early  forming  TAD  is  shown.  Scale  is  shown  in  mega-bases                    
(Mb).   TAD   borders   are   indicated   by   black   arrows.   
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Discussion  
Here  we  have  shown  that  utilizing  a  novel  iPSC  system,  we  were  able  to  obtain  a                 
high-resolution  map  of  gene  reactivation  and  chromatin  opening  of  the  inactive  X  and  relate  it  to                 
an  intermediate  3D  conformation.  It  has  been  shown  previously  that  X-reactivation  in  vivo              
occurs  rapidly (Borensztein,  Okamoto,  et  al.  2017) .  Similarly,  we  found  that  genic  reactivation              
during  iPSC  reprogramming  occurs  rapidly,  taking  approximately  24  hours.  However,  in  contrast             
to  previous  studies,  we  were  able  to  distinguish  the  initiation  and  completion  of  reactivation.  In                
combination  with  clustering  analysis,  this  revealed  that  the  majority  of  X-linked  genes  initiates              
and  completes  reactivation  synchronously.  Nevertheless,  subsets  of  genes  were  either  able  to             
initiate  reactivation  earlier  or  complete  the  process  faster.  Importantly,  early  initiation  didn’t             
prime  for  fast  reactivation,  nor  did  higher  expression.  However,  early  initiating  genes  did  show               
increased  expression  in  the  X-inactive  state.  This  might  argue  that  higher  expression  primes  for               
earlier  initiation.  Nevertheless,  why  this  doesn’t  affect  reactivation  completion  remains  to  be             
explained.  As  multiple  levels  of  repressive  chromatin  modifications,  most  notably  DNA            
methylation  and  H3K27me3  methylation  and  the  absence  of  histone  acetylation,  are  in  place  to               
prevent  spurious  reactivation  of  X-linked  genes  in  somatic  cells (Csankovszki,  Nagy,  and             
Jaenisch  2001) ,  we  could  speculate  that  higher  expression  levels  are  sufficient  to  remove  a               
subset  of  these  layers,  which  would  allow  for  genes  to  initiate  reactivation  early.  However,               
completion  of  the  process  might  require  the  removal  of  additional  repressive  layers.  Yet,  which               
repressive  modifications  would  possibly  correspond  to  early  or  late  removed  layers  remains  to              
be  shown.  Moreover,  when  X-reactivation  initiated,  we  still  observed  a  cloud  of  Xist  marking  the                
inactive  X.  Whereas  XCR  initiation  can,  therefore,  commence  in  the  presence  of  Xist,  or  if  Xist                 
RNA   is   lost   locally   similar   to   escapees,   remains   to   be   shown.  
Gene  expression  and  chromatin  opening  are  two  tightly  intertwined  events.  However,  it  is              
currently  unknown  if  gene  reactivation  and  chromatin  opening  follow  similar  trajectories  during             
X-reactivation.  Our  analysis  of  the  dynamic  landscape  of  accessible  chromatin  of  the  X  revealed               
that  similar  to  gene  expression,  chromatin  opening  occurs  rapidly.  Moreover,  we  were  able  to               
show  that  the  initial  chromatin  opening  proceeds  from  primary  sites  in  close  proximity  to  regions                
already  accessible  in  NPCs.  Only  later  during  our  time  course,  secondary  sites  further  from               
already  open  regions  became  accessible.  Intriguingly,  early  initiating  genes  were  found  to  lie  in               
close  proximity  to  genes  escaping  X-inactivation,  which  overlapped  with  regions  of  early             
chromatin  opening.  This  argues  that  gene  reactivation  and  chromatin  opening  are  tightly  linked              
during   X-reactivation   and   proceed   from   hubs   of   higher   chromatin   accessibility.   
In  vivo ,  X-reactivation  occurs  specifically  in  cells  of  the  inner  cell  mass,  where  pluripotency               
factors  are  expressed.  However,  the  requirement  of  pluripotency  factors  for  the  different  stages              
of  reactivation  is  not  well  understood  yet.  Analyzing  the  expression  of  pluripotency  factors,  we               
found  that  in  contrast  to  X-reactivation  that  occurs  rapidly,  pluripotency  factor  expression             
increased  gradually.  We  observed  that  whereas  endogenous Oct4  expression  already  reached            
peak  levels  at  D4  of  reprogramming,  naive  pluripotency  factor  expression  like Nanog  or              
Prdm14,  only  reached  full  expression  levels  in  cells  having  completed  X-reactivation  at  D6.              
Nonetheless,  when  we  analyzed  transcription  factor  motifs  of  early  accessible  regions  on  the  Xi,               
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we  found  significant  enrichment  for  pluripotency  factors  OCT4,  SOX2,  and  NANOG.  Moreover,             
all  three  were  not  only  enriched  in  primary  accessible  sites  close  to  escapee  regions  but  as  well                  
in  secondary  regions  further  away.  Notably,  OCT4  and  SOX2  have  previously  been  described  to               
cooperatively  bind  and  open  closed  chromatin,  a  mechanism  termed  pioneering  activity            
(Peñalosa-Ruiz  et  al.  2019) .  As  we  overexpress  OCT4  and  SOX2  from  the  beginning  from  the                
reprogramming  cassette,  these  factors  might,  therefore,  be  involved  in  chromatin  opening  and             
gene  reactivation  at  all  stages,  however,  they  might  rely  on  the  removal  of  currently  unknown                
layers   of   repressive   chromatin   modifications   first.   
Whereas  the  initiation  of  chromatin  opening  and  gene  reactivation  seem  to  be  tightly  linked,  the                
link  to  genome  structure  might  be  less  pronounced.  Recent  evidence  suggests  that             
transcription,  as  well  as  architectural  protein  occupancy,  determines  3D  chromatin  organization            
in  most  eukaryotes (Rowley  et  al.  2017).  However,  if transcription  is  truly  causative  in  the                
formation  of  higher-order  3D  genome  structures (Rowley  and  Corces  2018)  and  especially  if              
common  principles  extrapolate  to  the  X  chromosome,  remains  to  be  shown.  Whereas  we  found               
that  one  hub  of  early  transcriptional  initiation  showed  the  early  formation  of  TADs  as  well,  we                 
were  able  to  identify  regions  of  early  TAD  formation  that  didn’t  overlap  with  any  of  our  described                  
early  initiating  regions.  Therefore,  how  genome  structure  shapes  gene  expression  and  vice             
versa  on  the  X,  remains  to  be  explained.  Moreover,  we  were  able  to  show  that  mega-domains                 
and  TADs  are  able  to  coexist  during  the  X-reactivation  process,  arguing  that  these  correspond               
to   two   different   levels   of   three-dimensional   genome   organization   superimposed   on   the   Xi.  
In  conclusion,  our  study  provides  unique  insights  into  the  dynamics  of  X-reactivation  and              
establishes  it  as  a  powerful  system  to  investigate  the  formation  of  euchromatin,  and  the               
relationship  between  gene  expression,  chromatin  accessibility,  and  genome  conformation  during           
the   process.  

  

74  

https://paperpile.com/c/lgxtyl/6Y6H
https://paperpile.com/c/lgxtyl/U4fof
https://paperpile.com/c/lgxtyl/ThdH


Supplementary   Figures  

 
 
Figure   S1.   Cell   Populations   Sorted   During   Reprogramming  
(A)  Schematic  representation  of  the  populations  sorted  during  reprogramming. (B)  FACS  gating  strategy              
of  P-RFP  reporter  expression  during  a  reprogramming  time  course.  Shown  are  representative  contour              
plots  gated  on  live  cells.  Numbers  indicate  the  percentage  of  cells.  Numbers  in  brackets  indicate  the                 
percentage  of  P-RFP+  cells  out  of  SSEA1+  cells. (C)  FACS  gating  strategy  of  X-GFP  reporter  expression                 
during  a  reprogramming  time  course.  Shown  are  representative  contour  plots  gated  on  P-RFP+  cells.               
Numbers   indicate   the   percentage   of   cells.  
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Figure   S2.   RNA   Expression   during   Reprogramming  
(A)  Gene  expression  from  chromosome  X mus  and  X cas  (n  =  308).  All  box  plots  depict  the  25th  to  75th                    
percentiles  as  the  lower  and  upper  bounds  of  the  box,  with  a  thicker  band  inside  the  box  showing  the                    
median  value  and  whiskers  representing  5  and  95  percentiles  range. (B)  Gene  expression  from               
chromosome  13 mus  and  13 cas  (n  =  395).  All  box  plots  depict  the  25th  to  75th  percentiles  as  the  lower  and                     
upper  bounds  of  the  box,  with  a  thicker  band  inside  the  box  showing  the  median  value  and  whiskers                   
representing  5  and  95  percentiles  range. (C)  Average  gene  expression  kinetics  of  the  reprogramming               
cassette   calculated   using   F2A   and   T2A   containing   reads    (n   =   2).  
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Figure   S3.   Xist   RNA   FISH  
Number   of   cells   containing   Xist   RNA   FISH   clouds   are   shown.  
 

 
Figure   S4.   Cell   Cycle   Sorting   of   Hi-C   samples  
FACS  analysis  of  cell  cycle  using  DAPI.  Blue  indicates  sorted  G1  population.  Numbers  indicate  the                
percentage   of   cells.  
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Methods  

Embryonic   Stem   Cell   Culture  
Mouse  embryonic  stem  cells  (ESCs)  were  cultured  on  0.2%  gelatin-coated  dishes  in  DMEM              
(Thermo  Fisher  Scientific,  31966021),  supplemented  with  10%  FBS  (ES-qualified,  Thermo           
Fisher  Scientific,  16141079)  1,000  U/ml  LIF  (ORF  Genetics,  01-A1140-0100),  1  mM  Sodium             
Pyruvate  (Thermo  Fisher  Scientific,  11360070),  1x  MEM  Non-Essential  Amino  Acids  Solution            
(Thermo  Fisher  Scientific,  11140050),  50U/ml  penicillin/streptomycin  (Ibian  Tech,  P06-07100)          
and  0.1  mM  2-mercaptoethanol  (Thermo  Fisher  Scientific,  31350010).  Cells  were  incubated  at             
37°C  with  5%  CO 2 .  The  medium  was  changed  every  day  and  cells  were  passaged  using  0.05%                 
Trypsin-EDTA  (Thermo  Fisher  Scientific,  25300054).  Cells  were  monthly  tested  for  mycoplasma            
contamination   using   PCR.  

Generation   of   Cell   Lines  

X-GFP   Reporter  
We  used  the  female  F2  ESC  line  EL16.7  TST,  that  was  derived  from  a  cross  of Mus  musculus                   
musculus  with Mus  musculus  castaneus (Ogawa,  Sun,  and  Lee  2008) .  As  a  result,  cells contain                
one  X  chromosome  from M.m  musculus  (X mus )  and  one  from M.m  castaneus  (X cas ).  Moreover,               
EL16.7  TST  contains  a  truncation  of Tsix  on  X mus  ( Tsix TST/+ ),  which  abrogates Tsix  expression               
and   leads   to   the   non-random   inactivation   of   X mus    upon   differentiation.  
 
A  GFP  reporter  construct  was  targeted  into  the  second  exon  of Hprt  on  X mus  as  follows:                 
Homology  arms  flanking  the  target  site  were  amplified  from  genomic  DNA  and  cloned  into               
pBluescript  II  SK(+)  (Addgene,  212205)  by  restriction-enzyme  based  cloning  and  the            
cHS4-CAG-nlsGFP-cHS4  construct,  kindly  provided  by  J.  Nathans (Wu  et  al.  2014) ,  was  cloned              
between   the   two   homology   arms.  
 
5x10 6  cells  were  mixed  with  1.6  µg  circularised  targeting  vector  and  5  µg  single  guide  RNA                 
vector  PX459  (Addgene,  48139)  (5'-TATACCTAATCATTATGCCG-3'),  to  achieve  an  optimal  ratio           
of  Cas9  to  targeting  vector  equal  to  5:1 (Pinder,  Salsman,  and  Dellaire  2015) .  Cells  were                
nucleofected  with  the  AMAXA  Mouse  Embryonic  Stem  Cell  Nucleofector  Kit  (LONZA,            
VPH-1001)  using  program  A-30  and  7.5  µM  RS-1  (Merck,  553510)  was  added  to  enhance               
homology-directed  repair.  To  select  for  the  disruption  of Hprt ,  cells  were  grown  in  the  presence                
of  10  µM  6-thioguanine  (Sigma-Aldrich,  A4882-250MG)  for  6  days,  and  GFP+  cells  were              
isolated  by  FACS  using  a  BD  Influx  (BD  Biosciences).  Single  clones  were  screened  by  Southern                
blot  hybridization.  Inactivation  of  the  X-GFP  construct  upon  differentiation  was  confirmed  using             
embryoid   body   differentiation.   
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pSpCas9(BB)-2A-Puro  (PX459)  was  a  gift  from  Feng  Zhang  (Addgene  plasmid  #  48139  ;              
http://n2t.net/addgene:48139   ;   RRID:Addgene_48139)  

Reprogramming   Cassette  
An  all-in-one  gene  targeting  vector  with  doxycycline-inducible  reprogramming  factors,          
MKOSimO  neotk  rtTA  Sp3,  kindly  provided  by  K.  Kaji (Chantzoura  et  al.  2015) ,  was  targeted                
into  the  third  intron  of  the Sp3  gene  in  the  ESC  line  EL16.7  TST  X-GFP  using  CRISPR-Cas9.                  
5x10 6  cells  were  mixed  with  3.8  µg  circularised  targeting  vector  and  2.5  µg  single  guide  RNA                 
vector  PX459  (5'-GTGACAATCTCCGGAAAGCG-3')  and  nucleofected  with  the  AMAXA  Mouse          
Embryonic  Stem  Cell  Nucleofector  Kit  (LONZA,  VPH-1001)  using  program  A-24.  7.5  µM  RS-1              
(Merck,  553510)  was  added  to  enhance  homology-directed  repair.  Cells  were  selected  with  300              
μg/ml  G418  for  5  days.  Clones  were  selected  for  expression  of  mOrange  upon  the  addition  of  1                  
mg/ml   doxycycline   for   24   hours   and   then   screened   by   Southern   blot   hybridization.  
 
Knockout  of  mOrange  was  generated  using  CRISPR-Cas9.  5x10 6  cells  were  mixed  with  1.8  µg               
single  guide  RNA  vector  PX459  V2  (Addgene,  62988)  (5'-CAACGAGGACTACACCATCG-3')          
and  nucleofected  with  the  AMAXA  Mouse  Embryonic  Stem  Cell  Nucleofector  Kit  (LONZA,             
VPH-1001)  using  program  A-30.  mOrange-negative  cells  were  isolated  by  FACS  using  a  BD              
Influx  and  single  clones  were  screened  for  maintenance  of  proper  cassette  expression  by              
quantitative   RT-PCR.  
 
pSpCas9(BB)-2A-Puro  (PX459)  V2.0  was  a  gift  from  Feng  Zhang  (Addgene  plasmid  #  62988  ;               
http://n2t.net/addgene:62988   ;   RRID:Addgene_62988)   

Southern   blot  
Genomic  DNA  (10  µg)  was  digested  with  appropriate  restriction  enzymes  overnight.            
Subsequently,  genomic  DNA  was  separated  on  a  0.8%  agarose  gel  and  transferred  to  an               
Amersham  Hybond-XL  membrane  (GE  Healthcare,  RPN303S).  Probes  were  synthesized  by           
PCR  amplification  and  labeled  with  dCTP,  [α-32P]  (Perkin  Elmer,  NEG513H250UC)  using  High             
Prime  (Roche,  11585592001)  and  hybridization  performed  in  Church  buffer (“Sodium  Phosphate            
Buffer   for   Church   and   Gilbert   Hybridization:”   2015b) .  

P-RFP   Pluripotency   Reporter  
Lentivirus,  encoding  the  mouse Nanog  promoter  driving  RFP  expression,  was  purchased  from             
System  Biosciences  (SR10044VA-1).  EL16.7  TST  X-GFP  MKOS  ESCs  were  infected  at  an  MOI              
of  30  and  RFP-positive  cells  FACS  purified  using  a  BD  Influx.  Single  clones  were  isolated  and                 
selected   based   on   proper   RFP   expression   using   FACS   analysis   on   a   BD   LSRFortessa.  

Neural   Precursor   Cell   Differentiation  
ESCs  were  differentiated  to  neural  precursor  cells  (NPCs)  as  described  previously (Abranches             
et  al.  2009) .  ESCs  were  seeded  at  a  density  of  2.75x10 5  cells/cm 2  in  N2B27  (50%  DMEM/F12                 
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(Thermo  Fisher  Scientific,  21041025),  50%  Neurobasal  medium  (Thermo  Fisher  Scientific,           
12348017),  1x  N2  (Thermo  Fisher  Scientific,  17502048),  1x  B27  (Thermo  Fisher  Scientific,             
12587001))  supplemented  with  0.4  µM  PD0325901  (Selleck  Chemicals,  S1036-5mg),  3 μM           
CHIR99021  (Sigma-Aldrich,  SML1046-5MG)  and  1,000  U/ml  LIF  (ORF  Genetics,          
01-A1140-0100).  24  hours  later,  cells  were  dissociated  using  Accutase  (Thermo  Fisher            
Scientific,  00-4555-56)  and  plated  at  2.95x10 4  cells/cm 2  in  RHB-A  (Takara  Bio,  Y40001)  on  0.2%               
gelatin-coated  T75  flasks,  changing  media  every  other  day.  On  days  6  and  8,  media  was                
supplemented  with  10  ng/ml  EGF  (R&D  Systems,  236-EG-200)  and  10  ng/ml  bFGF  (Thermo              
Fisher  Scientific,  13256029)  and  additionally  with  10µM  ROCK  inhibitor  (Sellekchem,  S1049)  on             
day  8.  On  day  9,  cells  were  dissociated  using  Accutase  (Thermo  Fisher  Scientific,  00-4555-56)               
and  SSEA1  expressing  cells  were  removed  by  MACS  sorting  using  Anti-SSEA-1  (CD15)             
MicroBeads  (Miltenyi  Biotech,  130-094-530).  To  completely  remove  cells  that  hadn’t  undergone            
XCI,  cells  were  stained  with  SSEA-1  eFluor  660  (Thermo  Fisher  Scientific,  50-8813-42)  for  15               
min  at  4°C,  washed  once  with  0.5%  BSA  in  PBS  and  then  SSEA1-/Nanog-RFP-/X-GFP-  cells               
were  FACS  purified  using  a  BD  FACSAria  II  SORP  or  a  BD  Influx  (BD  Biosciences)  at  a                  
maximum  flow  rate  of  4,000  ev/s  to  improve  survival.  FACS  sorted  cells  were  seeded  at  3.5x10 5                 
cells/cm 2  on  0.2%  gelatin-coated  dishes  in  RHB-A,  supplemented  with  EGF,  FGF,  and  ROCKi.              
The   medium   was   changed   daily   until   day   12   when   cells   reached   100%   confluency.   

Reprogramming   of   Neural   Precursor   Cells  
Reprogramming  of  day  12  neural  precursor  cells  was  induced  by  the  addition  of  1  mg/ml                
doxycycline  (Tocris,  4090/50)  and  25  mg/ml  L-ascorbic  acid  (Sigma-Aldrich,  A7506-25G)  to  the             
NPC  medium  (RHB-A  supplemented  with  EGF  and  FGF).  24  hours  later,  cells  were  dissociated               
using  Accutase  and  seeded  on  irradiated  mouse  embryonic  fibroblasts  (iMEF)  in  ESC  medium              
containing  15%  FBS  and  supplemented  with  1  mg/ml  doxycycline  and  25  mg/ml  L-ascorbic  acid.               
The  medium  was  changed  every  other  day.  To  isolate  iPSC,  SSEA1+/Nanog-RFP+/X-GFP+            
cells  were  isolated  using  FACS  at  day  10  of  reprogramming  and  re-plated  on  0.2%               
gelatin-coated   plates   in   ESC   medium   and   kept   in   doxycycline   free   conditions   for   5-6   days.  

RNA   Isolation,   Quantitative   RT-PCR   and   RNA-Sequencing  
RNA  was  extracted  using  the  RNeasy  Plus  Mini  Kit  (Qiagen,  74136)  or  RNeasy  Micro  Kit                
(Qiagen,  74004)  and  quantified  by  Nanodrop.  cDNA  was  produced  with  a  High-Capacity             
RNA-to-cDNA  Kit  (Thermo  Fisher  Scientific,  4387406)  and  was  used  for  qRT-PCR  analysis  in              
triplicate  reactions  with  Power  SYBR  Green  PCR  Master  Mix  (Thermo  Fisher  Scientific,             
4367659).  Libraries  were  prepared  using  the  TruSeq  Stranded  Total  RNA  Library  Preparation  Kit              
(Illumina,   20020597)   followed   by   paired-end   sequencing   (2x125bp)   on   an   Illumina   HiSeq   2500.  

Assay  for  Transposase-Accessible  Chromatin  with  High  Throughput        
Sequencing   (ATAC-Seq)  
ATAC-seq  was  performed  as  described  previously (Corces  et  al.  2017)  with  minor  modifications.              
50,000  FACS  purified  cells  were  resuspended  in  50  μl  cold  lysis  buffer  (10  mM  Tris-HCl  pH  7.4,                  
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10  mM  NaCl,  3  mM  MgCl 2 ,  0.01%  Digitonin,  0.1%  Tween-20,  0.1%  IGEPAL  CA-630).  After  3                
min  the  lysis  was  washed  out  using  1  ml  cold  lysis  buffer  containing  Tween-20,  but  no  Digitonin                  
or  IGEPAL  CA-630.  Cells  were  centrifuged  for  10  min  at  500  rcf  and  4°C,  supernatant  was                 
removed  and  nuclei  were  resuspended  in  50  μl  transposition  reaction  mix  (25  μl  Tn5               
Transposase  buffer  (Illumina,  15027866),  2.5  μl  Tn5  transposase  (Illumina,  15027865),  16.5  µl             
PBS,  0.01%  Digitonin,  0.1%  Tween-20,  5  μl  nuclease-free  water)  and  incubated  at  37°C  for  45                
min  with  1000  RPM  mixing.  DNA  was  isolated  using  the  MinElute  PCR  Purification  Kit  (Qiagen,                
28004).  Library  amplification  was  performed  by  two  sequential  PCR  reactions  (8  and  4-7  cycles,               
respectively)  using  the  NEBNext  High  Fidelity  PCR  Master  Mix  (New  England  Biolabs,             
M0541S).  DNA  was  then  double-size  selected  using  0.5x  and  1.5x  Agencourt  AMPure  XP              
beads  (Beckman,  A63880)  in  order  to  isolate  fragments  between  100bp  and  1kb.  Library  quality               
was  assessed  on  a  Bioanalyzer,  followed  by  paired-end  sequencing  (2x125bp)  on  an  Illumina              
HiSeq   2500.  

Cell   Isolation   and   Purification   for   ATAC-Seq   and   RNA-Seq  
Cells  were  dissociated  using  Accutase  (Thermo  Fisher  Scientific,  00-4555-56)  (for  NPCs),            
0.05%  Trypsin-EDTA  (Thermo  Fisher  Scientific,  25300054)  (for  ESCs)  or  0.25%  Trypsin-EDTA            
(Thermo  Fisher  Scientific,  25200056)  (for  iPSCs)  and  then  stained  with  SSEA-1  eFluor  660              
(Thermo  Fisher  Scientific,  50-8813-42)  for  15  min  at  4°C.  Cells  were  washed  once  with  0.5%                
BSA   in   PBS   and   then   FACS   sorted   using   a   BD   FACSAria   II   SORP   or   a   BD   Influx.  

Cell   Isolation   and   Purification   for   Hi-C  
Purification  of  G 0 G 1  cells  based  on  DNA  content  was  performed  as  described  previously (Bonev               
et  al.  2017)  with  minor  modifications.  Briefly,  cells  were  dissociated  using  Accutase  (Thermo              
Fisher  Scientific,  00-4555-56)  (for  NPCs),  0.05%  Trypsin-EDTA  (Thermo  Fisher  Scientific,           
25300054)  (for  ESCs)  or  0.25%  Trypsin-EDTA  (Thermo  Fisher  Scientific,  25200056)  (for  iPSCs)             
and  then  stained  with  SSEA-1  eFluor  660  (Thermo  Fisher  Scientific,  50-8813-42).  iPSCs  were              
additionally  MACS  sorted  using  Anti-SSEA-1  (CD15)  MicroBeads  (Miltenyi  Biotech,          
130-094-530).  Cells  were  then  fixed  for  10  min  at  room  temperature  with  freshly  prepared  1%                
formaldehyde  in  PBS  (Sigma-Aldrich,  F8775-4X25ML)  and  the  reaction  then  quenched  by            
addition  of  0.2M  glycine  (NZYTech,  MB01401).  1x10 6  cells/ml  were  permeabilized  using  0.1%             
saponin  (Sigma-Aldrich,  47036-50G-F).  10  µg/ml  DAPI  (Thermo  Fisher  Scientific,  D1306)  and            
100  µg/ml  RNase  A  (Thermo  Fisher  Scientific,  EN0531)  were  added  and  samples  incubated  for               
30  min  at  room  temperature  protected  from  light  with  slight  agitation.  After  washing  once  with                
cold  PBS,  samples  were  resuspended  in  cold  0.5%  BSA  in  PBS  at  a  concentration  of  1x10 7                 
cells/ml  and  immediately  FACS  purified  using  a  BD  FACSAria  II  SORP  or  a  BD  Influx.  After                 
FACS   sorting,   dry   cell   pellets   were   snap-frozen   in   dry   ice   and   stored   at   -80°C.  

In   situ    Hi-C   Library   Preparation  
In  situ  Hi-C  was  performed  as  described  previously  (Stadhouders  et  al.  2018)  with  minor               
modifications.  One  million  cells  purified  for  G 0 G 1  were  used  as  starting  materials.  Cells  were               
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lysed  using  250  μl  cold  lysis  buffer  (10  mM  Tris-HCl  pH  8,  10  mM  NaCl,  0.2%  IGEPAL  CA-630)                   
supplemented  with  50  µl  protease  inhibitor  cocktail  (Sigma-Aldrich,  P8340-1ML).  Cells  were            
digested  with  100  U  MboI  (New  England  Biolabs)  and  incubated  for  2  hours  at  37°C  under                 
rotation,  followed  by  the  addition  of  another  100U  for  2  hours  and  another  100U  before                
overnight  incubation.  The  next  day  a  final  100U  were  added  and  incubated  for  3  hours.  After                 
fill-in  with  biotin-14-dATP  (Thermo  Fisher  Scientific,  19524016),  ligation  was  performed  with            
10,000  U  T4  DNA  Ligase  (New  England  Biolabs,  M0202M)  overnight  at  24°C  under  rotation.               
After  de-crosslinking,  DNA  was  purified  using  ethanol  precipitation  and  sonicated  to  an  average              
size  of  300–700  bp  with  a  Bioruptor  Pico  (Diagenode;  seven  cycles  of  20  s  on  and  60  s  off).                    
Ligation  products  containing  biotin-14-dATP  were  pulled-down  using  Dynabeads  MyOne          
Streptavidin  T1  beads  (Thermo  Fisher  Scientific,  65601)  and  end-repaired  and  A-tailed  using             
the  NEBNext  End  Repair/dA-Tailing  Module  (New  England  Biolabs,  E6060S  and  E6053S).            
Libraries  were  amplified  using  the  NEBNext  High  Fidelity  PCR  Master  Mix  and  NEBNext              
Multiplex  Oligos  for  Illumina  (New  England  Biolabs,  M0541S  and  E7335S)  for  8  cycles  and               
size-selected  with  0.9x  Agencourt  AMPure  XP  beads.  Library  quality  was  assessed  on  a              
Bioanalyzer  and  by  low-coverage  sequencing  on  an  Illumina  NextSeq  500,  followed  by             
high-coverage   paired-end   sequencing   (2x125bp)   on   an   Illumina   HiSeq   2500.  

RNA-Fluorescent    In   Situ    Hybridization  
Strand-specific  RNA  FISH  was  performed  with  fluorescently  labeled  oligonucleotides  (IDT)  as            
described  previously  (Del  Rosario  et  al.  2017).  Briefly,  cells  were  fixed  with  4%              
paraformaldehyde  for  10  minutes  at  room  temperature  and  then  permeabilized  for  5  minutes  on               
ice  in  0.5%  Triton-X.  10ng/ml  equimolar  amounts  of  Cy5  labeled  Xist  probes             
BD384-Xist-Cy5-3'-AM  (5'-ATG  ACT  CTG  GAA  GTC  AGT  ATG  GAG  /3Cy5Sp/  -3')  and             
BD417-5'Cy5-Xist-Cy5-3'-AM  (5'-  /5Cy5/ATG  GGC  ACT  GCA  TTT  TAG  CAA  TA  /3Cy5Sp/  -3')             
were  hybridized  in  40%  formamide,  10%  dextran  sulfate,  2xSSC  pH  7  at  room  temperature               
overnight.  Slides  were  then  washed  in  30%  formamide  2xSSC  pH  7  at  room  temperature,               
followed  by  washes  in  2xSSC  pH  7  and  then  mounted  with  Vectashield  (Vector  Laboratories,               
H1200).   Images   were   acquired   using   an   EVOS   and   a   Cy5   light   cube   (Thermo   Fisher   Scientific).  

  

82  



Bioinformatic   Analysis  

Allele-specific   Alignment  
Allele-specific  alignment  of  reads  for  RNA-seq,  ATAC-seq  and  Hi-C  was  performed  as  described              
previously (Pinter  et  al.  2012) .  Briefly,  mouse  genome  sequencing  data  for  129S1/SvImJ  (mus)              
and  CAST/EiJ  (cas)  were  aligned  to  the  C57BL/6J  reference  genome  (NCBI  mm10)  and              
screened  for  high  quality  single  nucleotide  polymorphisms  (SNPs)  and  insertions/deletions           
indels.   Reads   that   didn’t   uniquely   align   to   either   mus   or   cas   were   discarded.  

Allele-Specific   Expression  
From  a  list  of  806  protein-coding  genes  on  the  X-chromosome,  we  masked  out  conditions  and                
gene  combinations  that  didn’t  have  enough  reads  to  be  reliable,  either  due  to  low  expression  or                 
low   amount   of   sequence   polymorphisms,   leaving   586   genes   that   passed   these   criteria.  
The  allelic  ratio  of  these  genes  was  then  calculated  by  dividing  mus  reads  by  the  sum  of  mus                   
and   cas   reads   ((mus/mus+cas)).  
The  absolute  allele-specific  expression  for  mus  and  cas  alleles  was  calculated  by  multiplying  the               
bulk   counts   by   the   allelic   ratio   to   correct   for   biases   introduced   by   SNP   density   variations.  

Reactivation   Cluster  
For  the  identification  of  X-reactivation  clusters,  we  applied  two  additional  filters.  First,  the  sum  of                
reads  from  both  alleles  had  to  be  over  40  throughout  the  time  course.  Second,  genes  had  to                  
have  an  allelic-ratio  over  0.35  in  iPSCs  and  ESCs,  to  ensure  biallelic  expression.  From  this  list                 
of  286  genes,  we  divided  genes  into  two  groups:  Genes  undergoing  X-reactivation  by  an               
allelic-ratio  under  0.15  in  NPCs  and  genes  escaping  X-inactivation  by  a  ratio  of  over  0.15.                
Escapees  were  then  additionally  filtered  by  a  confidence  interval  over  0.1  throughout  the  time               
course  and  were  then  divided  into  “strong”  and  “weak”  by  an  allelic-ratio  of  over  or  under  0.35                  
respectively.  Using  these  criteria,  232  genes  underwent  reactivation,  31  escaped  inactivation,            
with   23   genes   that   couldn’t   be   assigned   to   any   of   the   two   groups.  
Hierarchical  k-means  clustering  was  performed  on  232  genes  undergoing  X-reactivation  using            
the  R  package  Factoextra  (R  3.6.1.).  The  optimal  number  of  clusters  was  determined  using  the                
elbow  method.  The  heatmaps  were  generated  in  the  online  software  Morpheus  (Morpheus,             
https://software.broadinstitute.org/morpheus ).  
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Discussion  
The  partitioning  of  genomes  into  active  and  inactive  regions,  euchromatic  and  heterochromatic,             
serves  as  an  important  separator  to  ensure  precise  gene  regulation  during  mammalian             
development.  Historically,  the  inactive  X  has  served  as  an  important  model  for  developmentally              
induced  gene  silencing  and  the  formation  of  heterochromatin.  However  equivalently,  reactivation            
of  the  inactive  X  could  provide  a  powerful  model  to  study  the  formation  of  euchromatin  and  the                  
initiation  of  gene  expression.  Yet,  experimental  models  allowing  the  study  of  X-reactivation  in              
the  context  of  gene  expression,  chromatin  accessibility,  and  genome  conformation  were            
crucially  missing.  Reprogramming  to  iPSC  cells  has  served  as  an  important  system  to  gain               
insights  into  the  acquisition  of  pluripotency  and  more  recently  into  the  reactivation  of  the  inactive                
X.  However,  until  now  experimental  systems  have  been  hampered  by  low  reprogramming             
efficiency,  the  impurity  of  cell  populations  and  have  been  restricted  to  microscopy-based  assays              
(Maherali  et  al.  2007;  Payer  et  al.  2013;  Pasque  et  al.  2014;  Janiszewski  et  al.  2019) .  Here  we                   
describe  a  novel  iPSC  reprogramming  system  that  overcomes  these  common  shortcomings  and             
allows  for  the  first  time  the  large-scale  interrogation  of  the  X-reactivation  process  using              
epigenomic  analysis  methods.  Combining  the  reprogramming  of in  vitro  derived  neural            
precursor  cells  with  fluorescent  reporters  for  pluripotency  and  X-activity,  allowed  us  to  obtain              
highly  purified  cell  populations  transitioning  to  iPSCs.  Previously,  people  have  relied  on  the  early               
marker  SSEA-1  for  the  isolation  of  iPSC.  However,  we  could  show  that  only  a  subset  of  SSEA1+                  
cells  was  able  to  ultimately  reactivate  the  X  chromosome.  Utilizing  a  marker  for  later  stages  of                 
reprogramming  has  proven  to  be  invaluable  in  our  system,  allowing  the  isolation  of  a               
subpopulation,  poised  for  near-deterministic  X-reactivation.  Furthermore,  induction  of         
reprogramming  in  conventional  systems  was  often  shown  to  be  variable,  as  systems  were              
handicapped  by  either  sub-optimal  reprogramming  cassettes,  or  lentiviral  delivered  cassettes,           
which  depict  integration  site-dependent  expression.  We  overcame  these  issues  by  using  an             
optimized  reprogramming  cassette  and  utilized  CRISPR/Cas9,  to  precisely  target  a  defined            
genomic  locus,  to  circumvent  variability  in  expression  induced  by  position  effects.  The  utility  of               
CRISPR/Cas9  has  further  proven  advantageous  for  the  integration  of  an  X-GFP  reporter,             
showing  stronger  expression  compared  to  previously  used  reporters,  allowing  for  more  precise             
isolation  of  populations  throughout  the  reprogramming  time  course.  Moreover,  mouse           
embryonic  fibroblasts,  the  primary  source  of  somatic  cells  for  iPSC  reprogramming,  display             
extensive  variability (Singhal  et  al.  2016) .  Utilizing in  vitro  derived  neural  precursor  cells,              
enabled  us  to  further  reduce  the  variation  in  the  system  and  additionally  allowed  to  significantly                
upscale  cell  numbers  for  large  scale  experiments.  The  unique  combination  of  these  factors,              
combined  with  a  hybrid  mouse  strain  background  to  allow  allele-specific  calling  of  sequencing              
data,  enabled  us  to  obtain  a  high-resolution  map  of  X-linked  gene  reactivation  and  chromatin               
opening   in   relation   to   the   iPSC-reprogramming   process.  
Using  this  system,  we  were  able  to  show  that  X-reactivation  during  reprogramming  occurs              
rapidly  and  mostly  synchronously.  Moreover,  chromatin  accessibility  and  gene  reactivation           
follow  highly  similar  patterns,  with  regions  of  early  initiation  of  gene  reactivation  being  in  close                
proximity  to  hubs  of  chromatin  openness,  coinciding  with  binding  sites  for  pluripotency  factors.              
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However,  this  tight  link  wasn’t  observed  when  assessing  genome  conformation.  Whereas  some             
regions  of  early  chromatin  opening  overlapped  with  early  TAD  formation,  we  could  as  well               
observe  the  formation  of  TADs  in  regions  with  no  detectable  early  gene  reactivation  or               
chromatin   opening.  
 
In  summary,  we  have  established  a  novel  system  to  interrogate  the  reactivation  of  the  inactive                
X  chromosome,  which  beyond,  might  provide  important  insights  into  the  formation  of             
euchromatin.  
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Conclusions  
● We  describe  a  novel  iPSC  system  that  allows  the  isolation  of  cells  poised  for               

X-reactivation,   subsequently   achieving   near-deterministic   efficiency   of   X-reactivation.  
● X-reactivation  in  our  iPSC  system  occurs  rapidly,  coinciding  with  full  naive  pluripotency             

gene   expression   and    Xist    downregulation.  
● Timing  of  initiation  and  completion  of  gene  reactivation  can  differ,  with  early  initiation  not               

priming   for   faster   completion   of   the   process.  
● Completion  of  reactivation  is  solely  observed  in  populations  showing  downregulation  of            

Xist ,  whereas  initiation  of  reactivation  of  a  subset  of  genes  can  occur  independently  of               
loss   of   Xist   RNA   expression   and   coating,   arguing   for   a   two-step   process   of   reactivation.   

● Chromatin  opening  of  the  X  chromosome  during  reprogramming  involves  small  but            
gradual  changes  during  its  initiation  period  that  culminate  in  a  rapid  switch,  which  is  not                
generally   observed   on   autosomes.  

● Chromatin  accessibility  on  the  inactive  X  is  regained  in  a  two-step  manner:  Primary              
chromatin  opening  initiates  near  escapee  regions,  which  prime  their  surroundings  to            
become  accessible.  Only  later,  secondary  chromatin  opening  occurs  at  distances           
independently   from   previously   open   chromatin.  

● Transcription  factor  binding  motif  analysis  of  primary  and  secondary  chromatin  opening            
sites   shows   enrichment   for   pluripotency   factors,   including   OCT4,   SOX2,   and   NANOG.  

● No  apparent  motifs  were  exclusively  enriched  on  primary  versus  secondary  sites,            
arguing  for  a  shared  transcription  factor  model,  where  factors  are  expressed  throughout             
different  stages  of  reprogramming  and  could  gain  accessibility  to  different  sites  at             
different  time-points,  depending  on  other  parameters  like  chromatin  status  or  cooperative            
binding   with   other   co-factors.   

● Mega-domains  and  TADs  are  able  to  coexist  during  the  X-reactivation  process,  arguing             
that  these  correspond  to  two  different  levels  of  three-dimensional  genome  organization            
superimposed   on   the   Xi.  

● Early  TAD  formation  wasn’t  exclusively  observed  in  regions  of  early  initiation  of  gene              
reactivation,  arguing  that  chromosomal  restructuring  and  gene  expression  might  be           
separate   events.  

● Gene  expression  and  chromatin  accessibility  during  X-reactivation  share  similar  kinetics,           
while   genome   organization   might   follow   distinct   principles.  
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Abbreviations   /   Glossary  
Cas  Mus   musculus   castaneus  

ESC  Embryonic   stem   cell  

Escapee  Gene   with   biallelic   expression   in   somatic   cells,   escaping   X-chromosome   inactivation  

FACS  Fluorescence-activated   cell   sorting  

iMEF  Irradiated   mouse   embryonic   fibroblast   /   Feeder   cell  

iPSC  Induced   pluripotent   stem   cell  

MEF  Mouse   embryonic   fibroblast  

Mus  Mus   musculus   musculus  

NPC  Neural   precursor   cell  

PRC1/2  Polycomb   repressive   complex   1/2  

P-RFP  RFP   pluripotency   reporter  

TAD  Topologically   associating   domain  

Xa  Active   X-chromosome  

X cas  X-chromosome    M.m   castaneus  

XCI  X-chromosome   inactivation  

XCR  X-chromosome   reactivation  

X-DC  X-Dual   color   GFP   and   tdTomato   X-chromosome   activity   reporters  

X-GFP  GFP   X-chromosome   activity   reporter  

Xi  Inactive   X-chromosome  

Xic  X-chromosome   inactivation   center  

X mus  X-chromosome    M.m   musculus  
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