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Abstract	
  
	
  

Telomere	
  position	
  effect	
  influences	
  in	
  human	
  terminal	
  deletions	
  
By	
  Jennifer	
  Bosse	
  Gerfen	
  

	
  
Copy	
  number	
  variation	
  (CNV)	
  such	
  as	
  deletions	
  and	
  duplications	
  are	
  a	
  well-­‐known	
  
cause	
  of	
  intellectual	
  disability	
  and	
  congenital	
  anomalies.	
  In	
  most	
  cases	
  altered	
  
expression	
  of	
  the	
  genes	
  that	
  are	
  gained	
  or	
  lost	
  explain	
  the	
  phenotype.	
  However,	
  
alternate	
  mechanisms	
  are	
  necessary	
  to	
  further	
  explain	
  other	
  pathogenic	
  CNV.	
  
Telomere	
  position	
  effect	
  (TPE)	
  is	
  the	
  silencing	
  of	
  intact	
  genes	
  adjacent	
  to	
  telomeres	
  
as	
  a	
  result	
  of	
  heterochromatin	
  spreading	
  from	
  the	
  telomere,	
  which	
  is	
  known	
  in	
  
artificially	
  generated	
  truncated	
  chromosomes	
  from	
  yeast	
  to	
  humans.	
  Here	
  eight	
  cell	
  
lines	
  with	
  different	
  terminal	
  deletions	
  were	
  studied	
  to	
  understand	
  how	
  gene	
  
expression	
  and	
  chromatin	
  environment	
  is	
  changed	
  as	
  a	
  result	
  of	
  the	
  deletion	
  on	
  
naturally	
  occurring	
  chromosomes.	
  In	
  a	
  cell	
  line	
  from	
  a	
  patient	
  with	
  a	
  5.5-­‐megabase	
  
deletion	
  of	
  chromosome	
  4	
  there	
  was	
  a	
  ~300-­‐kilobase	
  (kb)	
  region	
  extending	
  from	
  
the	
  breakpoint	
  that	
  was	
  enriched	
  for	
  heterochromatic	
  modifications	
  associated	
  with	
  
the	
  telomere.	
  Analysis	
  of	
  gene	
  expression	
  within	
  and	
  outside	
  this	
  region	
  shows	
  
silencing	
  and	
  allele-­‐skewing	
  of	
  a	
  gene	
  that	
  is	
  ~150-­‐kb	
  from	
  the	
  breakpoint	
  in	
  the	
  
region	
  of	
  increased	
  heterochromatin,	
  but	
  normal	
  biallelic	
  expression	
  from	
  a	
  gene	
  
~650-­‐kb	
  from	
  the	
  breakpoint,	
  beyond	
  the	
  region	
  of	
  altered	
  chromatin	
  environment.	
  
Analysis	
  by	
  ChiP-­‐chip	
  did	
  not	
  reveal	
  this	
  classical	
  TPE	
  near	
  the	
  breakpoint.	
  This	
  
demonstrates	
  that	
  a	
  new	
  telomere	
  can	
  have	
  a	
  cis-­‐effect	
  on	
  nearby	
  genomic	
  regions.	
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1	
  

CHAPTER	
  1:	
  INTRODUCTION	
  
	
  
1.	
  Copy	
  Number	
  Variation	
  and	
  human	
  disease	
  	
  

Copy	
  number	
  variation	
  (CNV)	
  results	
  from	
  the	
  gain	
  or	
  loss	
  of	
  genetic	
  material	
  

greater	
  than	
  one	
  kilobase.	
  CNVs	
  contribute	
  prominently	
  to	
  normal	
  human	
  

polymorphism(1-­‐5).	
  They	
  also	
  have	
  the	
  potential	
  to	
  produce	
  diverse	
  phenotypic	
  

consequences	
  such	
  as	
  intellectual	
  disability,	
  autism,	
  and	
  congenital	
  abnormalities	
  

(2,	
  6-­‐9).	
  Usually,	
  CNV-­‐associated	
  phenotypic	
  changes	
  are	
  attributed	
  to	
  altered	
  gene	
  

expression	
  within	
  the	
  duplicated	
  or	
  deleted	
  regions	
  of	
  the	
  genome.	
  However,	
  this	
  is	
  

only	
  one	
  mechanism	
  that	
  can	
  explain	
  disease	
  presentation	
  (10).	
  Ongoing	
  work	
  is	
  

beginning	
  to	
  uncover	
  other	
  ways	
  in	
  which	
  CNV	
  can	
  lead	
  to	
  disease,	
  such	
  as	
  cis-­‐

regulation	
  of	
  gene	
  expression	
  near	
  CNV	
  breakpoints.	
  	
  

CNV	
  can	
  potentially	
  influence	
  gene	
  expression	
  via	
  effects	
  on	
  the	
  function	
  of	
  

long-­‐range	
  regulatory	
  elements.	
  Indeed,	
  there	
  are	
  increasingly	
  frequent	
  reports	
  of	
  

mutations	
  in	
  cis-­‐regulatory	
  elements	
  that	
  can	
  affect	
  phenotype	
  (11).	
  Heterozygous	
  

deletions	
  upstream	
  of	
  the	
  SOX9	
  gene	
  lead	
  to	
  campomelic	
  dysplasia	
  (12).	
  Similarly,	
  

duplication	
  of	
  a	
  limb-­‐specific	
  regulatory	
  element	
  downstream	
  of	
  regulator	
  of	
  BMP2	
  

has	
  been	
  linked	
  to	
  brachydactyly(13).	
  	
  	
  

Position	
  effect	
  refers	
  to	
  changes	
  in	
  gene	
  expression	
  due	
  to	
  alteration	
  of	
  the	
  

chromosomal	
  environment	
  rather	
  than	
  the	
  transcription	
  unit	
  (14).	
  CNV	
  can	
  lead	
  to	
  a	
  

change	
  in	
  organization	
  of	
  the	
  genomic	
  structure	
  juxtaposing	
  two	
  regions	
  that	
  are	
  

not	
  usually	
  in	
  contact	
  and	
  disrupting	
  normal	
  chromatin	
  environment.	
  In	
  a	
  case	
  

report	
  of	
  a	
  reciprocal	
  chromosomal	
  translocation	
  with	
  between	
  the	
  heterchromatic	
  

rDNA	
  array	
  on	
  the	
  short	
  arm	
  of	
  chromosome	
  15	
  into	
  a	
  euchromatic	
  region	
  on	
  the	
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long	
  arm	
  of	
  chromosome	
  16	
  there	
  were	
  alterations	
  to	
  the	
  chromatin	
  environment	
  

and	
  gene	
  expression	
  near	
  the	
  breakpoint	
  on	
  the	
  deriviative	
  16.	
  However,	
  there	
  were	
  

no	
  changes	
  to	
  the	
  chromatin	
  environment	
  or	
  gene	
  expression	
  to	
  the	
  region	
  of	
  

chromosome	
  16	
  on	
  the	
  derivative	
  15	
  (15).	
  

In	
  sum,	
  CNV	
  can	
  have	
  long-­‐range	
  cis	
  effects	
  that	
  can	
  alter	
  gene	
  expression	
  

through	
  different	
  methods	
  including	
  disruption	
  of	
  regulatory	
  elements	
  or	
  the	
  

alteration	
  of	
  the	
  chromatin	
  environment.	
  Clearly	
  understanding	
  the	
  full	
  impact	
  of	
  

CNV	
  on	
  gene	
  expression	
  throughout	
  the	
  genome	
  will	
  be	
  required	
  to	
  understand	
  fully	
  

the	
  implications	
  of	
  CNV	
  for	
  human	
  genetic	
  disease.	
  

2.	
  	
  Telomere	
  position	
  effect	
  

A	
  particular	
  type	
  of	
  position	
  effect	
  is	
  known	
  as	
  telomere	
  position	
  effect	
  

(TPE),	
  wherein	
  intact	
  genes	
  are	
  silenced	
  due	
  to	
  the	
  proximity	
  of	
  a	
  repositioned	
  

telomere	
  (16-­‐18).	
  This	
  phenomenon	
  has	
  been	
  reported	
  across	
  many	
  species	
  from	
  

yeast	
  to	
  humans	
  using	
  reporter	
  genes	
  adjacent	
  to	
  an	
  artificially	
  truncated	
  

chromosome.	
  This	
  has	
  the	
  potential	
  to	
  act	
  on	
  naturally	
  occurring	
  human	
  

chromosomal	
  abnormalities	
  and	
  result	
  in	
  a	
  human	
  phenotype.	
  

In	
  most	
  eukayotes,	
  telomeres	
  are	
  long	
  stretches	
  of	
  short	
  tandem	
  repeats	
  that	
  

cap	
  the	
  ends	
  of	
  eukaryotic	
  linear	
  chromosomes.	
  They	
  maintain	
  the	
  structural	
  

integrity	
  of	
  chromosomal	
  ends,	
  by	
  preventing	
  DNA	
  damage	
  repair	
  machinery	
  from	
  

misidentifying	
  ends	
  as	
  double-­‐strand	
  breaks	
  and	
  circumventing	
  the	
  problem	
  of	
  

progressive	
  chromosomal	
  shortening	
  during	
  replication(19,	
  20).	
  	
  Regulation	
  of	
  

telomere	
  length	
  is	
  critical	
  to	
  normal	
  cellular	
  function	
  as	
  abnormally	
  long	
  and	
  short	
  

telomeres	
  either	
  allow	
  for	
  cellular	
  over-­‐proliferation	
  or	
  promote	
  senescence	
  (21).	
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Telomere	
  length	
  is	
  tightly	
  regulated	
  and	
  although	
  the	
  mechanisms	
  are	
  not	
  fully	
  

understood,	
  establishment	
  of	
  heterochromatin	
  at	
  the	
  telomeres	
  has	
  been	
  implicated	
  

in	
  the	
  process	
  (22).	
  	
  

In	
  humans,	
  telomeres	
  are	
  comprised	
  of	
  10-­‐15	
  kb	
  of	
  the	
  six	
  base	
  pair	
  tandem	
  

repeat	
  TTAGGG(23).	
  The	
  telomeres	
  are	
  enriched	
  for	
  the	
  histone	
  modifications	
  

marked	
  by	
  histone	
  H3	
  lysine	
  9	
  trimethylation	
  (H3K9me3)	
  and	
  histone	
  H4	
  lysine	
  20	
  

trimethylation	
  (H4K20me3)	
  (24-­‐26).	
  Directly	
  adjacent	
  to	
  the	
  telomere	
  is	
  the	
  

subtelomere,	
  which	
  is	
  comprised	
  of	
  approximately	
  200-­‐300	
  kb	
  of	
  segmental	
  

duplications.	
  The	
  same	
  heterochromatin	
  modifications	
  associated	
  with	
  telomeres,	
  

as	
  well	
  as	
  DNA	
  methlyation	
  occur	
  in	
  the	
  subtelomere	
  segmental	
  duplications.	
  

However,	
  due	
  to	
  their	
  repetitive	
  nature,	
  it	
  is	
  difficult	
  to	
  precisely	
  map	
  the	
  exact	
  

location	
  of	
  modifications	
  within	
  the	
  segmental	
  duplications	
  with	
  respect	
  to	
  how	
  far	
  

they	
  spread	
  from	
  the	
  end	
  of	
  the	
  chromosome(27).	
  	
  One	
  possible	
  function	
  of	
  the	
  

subtelomere	
  is	
  that	
  there	
  are	
  insulators	
  within	
  these	
  repeats,	
  which	
  protect	
  the	
  rest	
  

of	
  the	
  chromosome	
  from	
  the	
  heterochromatin	
  of	
  telomere.	
  

Although	
  telomeres	
  were	
  long	
  thought	
  to	
  be	
  transcriptionally	
  silent,	
  more	
  

recent	
  studies	
  have	
  shown	
  that	
  there	
  is	
  expression	
  of	
  telomeric	
  repeat-­‐containing	
  

RNA,	
  or	
  TERRA(28).	
  This	
  non-­‐coding	
  RNA	
  is	
  transcribed	
  from	
  just	
  upstream	
  of	
  the	
  

telomere.	
  	
  TERRAs	
  negatively	
  regulate	
  telomere	
  length,	
  wherein	
  cell	
  lines	
  with	
  

longer	
  telomeres	
  have	
  greater	
  expression	
  of	
  TERRAs	
  and	
  increased	
  H3K9me3(26).	
  

The	
  function	
  of	
  TERRA	
  is	
  not	
  fully	
  understood,	
  but	
  it	
  appears	
  to	
  bind	
  to	
  telomeric	
  

DNA	
  and	
  recruit	
  factors	
  that	
  facilitate	
  heterochromatin	
  formation	
  on	
  the	
  telomere	
  

via	
  a	
  feedback	
  loop.	
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Propagation	
  of	
  telomeric	
  heterochromatin	
  has	
  been	
  shown	
  to	
  silence	
  nearby	
  

genes	
  through	
  the	
  process	
  of	
  TPE(16-­‐18).	
  This	
  has	
  been	
  studied,	
  across	
  many	
  

species,	
  using	
  artificially	
  constructed	
  genetic	
  material	
  in	
  which	
  a	
  truncated	
  

chromosome	
  contains	
  a	
  telomere	
  positioned	
  directly	
  next	
  to	
  a	
  reporter	
  gene.	
  The	
  

mechanism	
  for	
  TPE	
  was	
  first	
  characterized	
  in	
  yeast	
  (17).	
  Initially,	
  the	
  amount	
  of	
  

gene	
  silencing	
  from	
  TPE	
  was	
  shown	
  as	
  a	
  linear	
  function	
  of	
  distance	
  from	
  the	
  

telomere,	
  with	
  the	
  greatest	
  silencing	
  closest	
  to	
  the	
  telomere,	
  and	
  normal	
  gene	
  

expression	
  when	
  positioned	
  5	
  kb	
  from	
  the	
  telomere.	
  Subsequent	
  studies	
  determined	
  

that	
  establishment	
  of	
  heterochromatin	
  is	
  required	
  for	
  telomeric	
  silencing	
  of	
  genes	
  

(29).	
  At	
  native	
  yeast	
  chromosome	
  ends,	
  insulators	
  within	
  the	
  subtelomeric	
  repeat	
  

elements	
  prevent	
  the	
  silencing	
  of	
  genes	
  on	
  the	
  chromosome	
  (30,	
  31).	
  	
  

Similar	
  silencing	
  has	
  been	
  seen	
  in	
  mammalian	
  cell	
  lines	
  with	
  reporter	
  genes.	
  

The	
  mechanism	
  for	
  this	
  silencing	
  has	
  been	
  shown	
  to	
  be	
  a	
  regulated	
  by	
  both	
  telomere	
  

length	
  and	
  heterochromatin.	
  Reduction	
  of	
  histone	
  methylation,	
  or	
  mutations	
  in	
  

genes	
  responsible	
  heterochromatin	
  formation	
  and	
  maintence,	
  restores	
  gene	
  

expression	
  (16,	
  32).	
  	
  In	
  particular	
  studies	
  focused	
  on	
  H3K9me3	
  methylation	
  and	
  

subsequent	
  binding	
  of	
  HP1(33).	
  These	
  studies	
  suggest	
  that	
  telomere	
  length	
  and	
  the	
  

specific	
  modifications	
  of	
  the	
  heterochromatin	
  associated	
  with	
  telomeres	
  are	
  

contributing	
  factors	
  to	
  TPE.	
  	
  Interestingly,	
  processes	
  for	
  regulation	
  of	
  TPE	
  is	
  species-­‐

dependent,	
  as	
  DNA	
  methylation	
  plays	
  a	
  critical	
  role	
  in	
  silencing	
  genes	
  near	
  mouse	
  

telomeres,	
  but	
  does	
  not	
  affect	
  TPE	
  in	
  some	
  human	
  systems	
  (18,	
  32).	
  	
  

At	
  native	
  human	
  chromosomes	
  the	
  focus	
  of	
  understanding	
  TPE	
  has	
  been	
  on	
  

the	
  identification	
  of	
  genes	
  that	
  are	
  deregulated	
  as	
  a	
  result	
  of	
  telomere	
  length.	
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Targeted	
  microarray	
  analysis	
  of	
  more	
  than	
  1,300	
  genes	
  near	
  the	
  ends	
  of	
  

chromosomes	
  have	
  identified	
  a	
  single	
  change	
  in	
  gene	
  expression	
  from	
  cells	
  with	
  

shortened	
  telomeres(34).	
  The	
  silencing	
  of	
  ISG15,	
  ~1-­‐Mb	
  from	
  the	
  telomere	
  was	
  not	
  

due	
  to	
  spreading	
  of	
  heterochromatin	
  from	
  the	
  telomere	
  since	
  genes	
  closer	
  to	
  the	
  

telomere	
  did	
  not	
  exhibit	
  silencing.	
  The	
  mechanism	
  for	
  this	
  silencing	
  has	
  been	
  

through	
  recent	
  studies	
  have	
  shown	
  that	
  telomeres	
  can	
  participate	
  in	
  long-­‐range	
  

interactions	
  that	
  extend	
  far	
  into	
  the	
  chromosome.	
  3D	
  mapping	
  of	
  chromosome	
  

location	
  has	
  established	
  that	
  the	
  length	
  of	
  the	
  telomere	
  affects	
  the	
  regions	
  of	
  the	
  

genome	
  it	
  will	
  bind	
  (35).	
  These	
  changes	
  in	
  chromatin	
  architecture	
  influence	
  gene	
  

expression	
  up	
  to	
  10	
  Mb	
  from	
  the	
  telomere.	
  

The	
  ability	
  of	
  telomere	
  proximity	
  to	
  influence	
  gene	
  expression	
  is	
  a	
  proposed	
  

mechanism	
  for	
  facioscapulohumeral	
  muscular	
  dystrophy	
  (FSHD).	
  This	
  disease	
  that	
  

is	
  associated	
  with	
  a	
  reduction	
  in	
  the	
  number	
  of	
  small	
  tandem	
  repeats	
  (3.3	
  kb)	
  found	
  

about	
  300	
  kb	
  from	
  the	
  end	
  of	
  chromosome	
  4q(36,	
  37).	
  In	
  unaffected	
  individuals	
  

there	
  are	
  >100	
  repeats,	
  however,	
  in	
  patients	
  with	
  FSHD	
  there	
  are	
  <11	
  repeats.	
  One	
  

current	
  hypothesis	
  for	
  the	
  genetic	
  mechanism	
  of	
  FSHD	
  is	
  that	
  the	
  repeat	
  array	
  

normally	
  acts	
  as	
  an	
  insulator	
  that	
  prevents	
  toxic	
  overexpression	
  of	
  the	
  gene	
  DUX4,	
  

which	
  is	
  located	
  in	
  the	
  final	
  repeat(38).	
  As	
  telomeres	
  gradually	
  shorten	
  with	
  age,	
  

there	
  is	
  a	
  greater	
  expression	
  of	
  DUX4,	
  accounting	
  for	
  both	
  the	
  disease,	
  and	
  its	
  late	
  

age	
  of	
  onset.	
  

Thus,	
  the	
  ability	
  of	
  telomeres	
  to	
  silence	
  nearby	
  genes	
  is	
  an	
  important	
  

process.	
  There	
  is	
  much	
  currently	
  unknown	
  in	
  the	
  understanding	
  of	
  the	
  role	
  of	
  TPE	
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in	
  human	
  chromosomes.	
  It	
  is	
  important	
  to	
  further	
  understand	
  the	
  multitude	
  of	
  ways	
  

in	
  which	
  the	
  telomere	
  affects	
  local	
  genomic	
  structure	
  and	
  gene	
  expression.	
  	
  

3.	
  Telomere	
  position	
  effect	
  and	
  CNV	
  

Terminal	
  deletions	
  are	
  a	
  specific	
  category	
  of	
  CNV,	
  in	
  which	
  the	
  deletion	
  of	
  

one	
  end	
  of	
  a	
  chromosome	
  results	
  in	
  addition	
  of	
  a	
  new	
  telomere	
  to	
  an	
  internal	
  region	
  

of	
  the	
  genome.	
  These	
  chromosomal	
  rearrangements	
  have	
  been	
  studied	
  for	
  many	
  

years,	
  demonstrating	
  a	
  significant	
  role	
  for	
  their	
  role	
  in	
  human	
  disease	
  Terminal	
  

deletion	
  were	
  shown	
  to	
  account	
  for	
  1.5%	
  of	
  cases	
  that	
  were	
  referred	
  for	
  clinical	
  

cytogenetic	
  testing	
  that	
  did	
  not	
  have	
  an	
  abnormity	
  detected	
  by	
  G-­‐banded	
  

chromosomes	
  (39).	
  For	
  some	
  chromosome	
  ends,	
  overlapping	
  deletions	
  have	
  made	
  it	
  

possible	
  to	
  identify	
  specific	
  genes	
  associated	
  with	
  a	
  genomic	
  disorder,	
  for	
  example,	
  

deletion	
  of	
  EHMT1	
  on	
  chromosome	
  9q	
  and	
  SHANK3	
  on	
  chromosome	
  22(40,	
  41).	
  	
  

However,	
  identification	
  of	
  a	
  single	
  gene	
  deletion	
  responsible	
  for	
  a	
  phenotype	
  is	
  not	
  

always	
  possible	
  even	
  when	
  overlapping	
  deletions	
  can	
  be	
  identified	
  and	
  correlated	
  

with	
  disease	
  (42,	
  43)	
  

There	
  is	
  the	
  potential	
  for	
  TPE	
  to	
  play	
  a	
  role	
  in	
  the	
  pathogenicity	
  of	
  terminal	
  

deletions	
  since	
  a	
  telomere	
  is	
  added	
  into	
  a	
  new	
  genomic	
  context.	
  Without	
  the	
  

subtelomere	
  to	
  act	
  as	
  a	
  boundary	
  for	
  the	
  heterochromatin	
  the	
  telomere	
  has	
  the	
  

potential	
  to	
  silence	
  intact	
  genes	
  near	
  the	
  breakpoint.	
  A	
  case	
  study	
  looked	
  for	
  TPE	
  in	
  

a	
  human	
  cell	
  line	
  in	
  a	
  patient	
  with	
  the	
  terminal	
  deletion	
  of	
  chromosome	
  22q,	
  and	
  

qualitatively	
  found	
  biallelic	
  expression	
  of	
  and	
  a	
  gene	
  ~50-­‐kb	
  from	
  new	
  telomere	
  

through	
  RFLP	
  (44).	
  This	
  does	
  not	
  preclude	
  TPE	
  in	
  human	
  disease	
  since	
  the	
  effect	
  of	
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the	
  addition	
  of	
  a	
  new	
  telomere	
  could	
  be	
  dependent	
  on	
  the	
  new	
  genomic	
  location	
  or	
  

alterations	
  in	
  gene	
  expression	
  might	
  need	
  sensitive,	
  quantitative	
  assays.	
  	
  

Our	
  study	
  aims	
  to	
  better	
  characterize	
  how	
  the	
  repositioned	
  telomeres	
  in	
  

terminal	
  deletions	
  affect	
  neighboring	
  chromatin	
  environment	
  and	
  gene	
  expression	
  

across	
  the	
  genome.	
  Here	
  we	
  have	
  used	
  a	
  collection	
  of	
  cell	
  lines	
  derived	
  from	
  patients	
  

with	
  fine-­‐mapped	
  terminal	
  deletions	
  to	
  determine	
  if	
  there	
  is	
  classical	
  TPE	
  (39,	
  45,	
  

46).	
  Using	
  these	
  cell	
  lines	
  it	
  is	
  possible	
  to	
  map	
  chromatin	
  modifications	
  and	
  gene	
  

expression	
  at	
  known	
  distances	
  from	
  the	
  telomere.	
  We	
  have	
  identified	
  the	
  first	
  

reported	
  case	
  of	
  classical	
  TPE	
  with	
  the	
  spreading	
  of	
  heterochromatic	
  marks	
  

associated	
  with	
  the	
  telomere	
  (H3K9me3	
  and	
  H4K20me3)	
  ~300-­‐kb	
  proximal	
  to	
  the	
  

breakpoint	
  on	
  a	
  single	
  allele.	
  Within	
  this	
  region	
  of	
  heterochromatin	
  the	
  gene	
  EVC,	
  

~150-­‐kb	
  from	
  the	
  breakpoint	
  had	
  a	
  decrease	
  in	
  expression	
  in	
  an	
  allele-­‐specific	
  

manner.	
  The	
  deletion	
  of	
  another	
  cell	
  line	
  disrupted	
  a	
  highly	
  organized	
  region	
  of	
  

H3K9me3.	
  The	
  seven	
  other	
  cell	
  lines	
  revealed	
  no	
  change	
  in	
  chromatin	
  environment	
  

or	
  gene	
  expression.	
  Comparison	
  of	
  changes,	
  or	
  the	
  lack	
  of	
  change,	
  between	
  the	
  

deletion	
  cell	
  lines	
  and	
  normal	
  controls	
  allow	
  for	
  the	
  speculation	
  of	
  factors	
  that	
  could	
  

influence	
  position	
  effects	
  in	
  other	
  CNV.	
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CHAPTER	
  2:	
  PROJECT	
  	
  
1.	
  Hypothesis	
  

This	
  project	
  sets	
  out	
  to	
  better	
  understand	
  the	
  role	
  that	
  CNV	
  play	
  in	
  human	
  

disease.	
  I	
  hypothesized	
  that	
  expression	
  of	
  genes	
  near	
  the	
  deletion	
  breakpoint	
  of	
  

terminal	
  deletions	
  could	
  be	
  altered.	
  One	
  mechanism	
  that	
  might	
  account	
  for	
  aberrant	
  

chromatin	
  modifications	
  or	
  gene	
  expression	
  is	
  telomere	
  position	
  effect	
  (TPE).	
  There	
  

is	
  potential	
  for	
  truncated	
  chromosomes	
  to	
  mimic	
  other	
  examples	
  of	
  TPE	
  with	
  the	
  

spreading	
  of	
  heterochromatin	
  associated	
  with	
  the	
  telomere	
  to	
  extend	
  into	
  the	
  

nearby	
  chromosomal	
  regions,	
  silencing	
  normally	
  expressed	
  genes.	
  We	
  therefore	
  

utilized	
  terminal	
  deletion	
  cell	
  lines	
  with	
  known	
  breakpoints	
  to	
  see	
  how	
  a	
  telomere	
  

moved	
  to	
  the	
  interior	
  of	
  the	
  chromosome	
  affects	
  gene	
  expression	
  and	
  chromatin	
  

environment	
  at	
  known	
  distances	
  to	
  the	
  new	
  telomere.	
  	
  

Eight	
  lymphoblastoid	
  cell	
  lines	
  (LCLs)	
  derived	
  from	
  patients	
  with	
  terminal	
  

deletions	
  on	
  six	
  chromosomal	
  ends	
  were	
  studied	
  with	
  ChIP-­‐chip	
  to	
  compare	
  and	
  

contrast	
  how	
  a	
  relocated	
  telomere	
  affects	
  different	
  genomic	
  regions	
  (Figure	
  1,	
  

Table	
  1).	
  While	
  it	
  is	
  possible	
  that	
  we	
  would	
  see	
  similar	
  gene	
  silencing	
  and	
  

heterochromatin	
  spreading	
  at	
  all	
  chromosome	
  ends,	
  there	
  is	
  a	
  greater	
  chance	
  that	
  

each	
  cell	
  line	
  will	
  be	
  unique	
  based	
  on	
  the	
  normal	
  chromatin	
  environment	
  and	
  

regulatory	
  elements	
  near	
  the	
  breakpoint.	
  Comparing	
  how	
  different	
  cell	
  lines	
  are	
  

influenced	
  by	
  a	
  new	
  telomere	
  would	
  allow	
  for	
  a	
  comparison	
  of	
  nearby	
  genomic	
  

features	
  that	
  influence	
  any	
  changes	
  that	
  are	
  observed.	
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2.	
  Materials	
  and	
  Methods	
  

A.	
  Samples	
  and	
  Tissue	
  Culture	
  

Lymphoblastoid	
  cell	
  lines	
  (LCLs)	
  were	
  obtained	
  from	
  Emory	
  Genetics	
  Lab	
  (EGL)	
  and	
  

Ledbetter,	
  Martin,	
  and	
  Bonaglia	
  Labs	
  from	
  patients	
  who	
  had	
  subtelomeric	
  deletions	
  

that	
  had	
  previously	
  sequenced	
  breakpoint	
  junctions(45,	
  46).	
  A	
  control	
  cell	
  line	
  was	
  

obtained	
  from	
  Corriel	
  Institute	
  for	
  Medical	
  Research	
  (GM06990).	
  	
  The	
  LCLs	
  were	
  

cultured	
  in	
  RPMI	
  Media	
  (Corning,	
  Manassas,	
  VA)	
  supplemented	
  with	
  15%	
  fetal	
  

bovine	
  serum	
  (Atlanta	
  Biologicals,	
  Flowery	
  Branch,	
  GA),	
  and	
  

penicillin/streptomycin/L-­‐glutamine	
  (Life	
  Technologies,	
  Grand	
  Island,NY	
  ).	
  

	
  

B.	
  	
  Chromatin	
  immunoprecipitation	
  

We	
  performed	
  chromatin	
  immunoprecipitation	
  (ChIP)	
  according	
  to	
  the	
  protocol	
  

outlined	
  by	
  the	
  Agilent	
  Mammalian	
  ChIP-­‐on-­‐chip	
  v9.2	
  protocol.	
  Cells	
  were	
  fixed	
  with	
  

formaldehyde	
  in	
  a	
  salt	
  solution	
  of	
  50	
  mM	
  Hepes-­‐KOH,	
  pH	
  7.5;	
  100	
  mM	
  NaCl;	
  1	
  mM	
  

EDTA,	
  pH	
  8.0;	
  and	
  0.5	
  mM	
  EGTA,	
  pH	
  8.0	
  for	
  10	
  minutes	
  and	
  subsequently	
  washed	
  

with	
  cold	
  PBS	
  before	
  storage	
  at	
  -­‐80°.	
  Fifty	
  million	
  cells	
  were	
  pooled	
  and	
  lysed	
  with	
  a	
  

buffer	
  of	
  50	
  mM	
  Hepes-­‐KOH,	
  pH	
  7.5;	
  140	
  mM	
  NaCl;	
  1	
  mM	
  EDTA,	
  pH	
  8.0;	
  10%	
  

glycerol;	
  0.5%	
  NP-­‐40;	
  and	
  0.25%	
  Triton	
  X-­‐100.	
  The	
  chromatin	
  was	
  extracted	
  with	
  a	
  

solution	
  of	
  10	
  mM	
  Tris-­‐HCl,	
  pH	
  8.0;	
  200	
  mM	
  NaCl;	
  1	
  mM	
  EDTA,	
  pH	
  8.0;	
  and	
  0.5	
  mM	
  

EGTA,	
  pH8.0.	
  Chromatin	
  was	
  then	
  suspended	
  in	
  10	
  mM	
  Tris-­‐HCl,	
  pH	
  8.0;	
  100	
  mM	
  

NaCl;	
  1mM	
  EDTA,	
  pH	
  	
  8.0;	
  0.5	
  mM	
  EGTA,	
  pH	
  8.0;	
  0.1%	
  Na-­‐deoxycholate;	
  and	
  0.5%	
  

N-­‐lauroylsarcosine.	
  The	
  chromatin	
  was	
  sheared	
  to	
  ~100-­‐bp	
  fragments	
  using	
  a	
  

Covaris	
  E4	
  sonicator	
  with	
  5%	
  duty,	
  4	
  intensity,	
  200	
  cycles	
  for	
  2400	
  seconds.	
  A	
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fraction	
  of	
  the	
  lysate	
  was	
  removed	
  at	
  this	
  step	
  as	
  an	
  “input”	
  control.	
  The	
  remainder	
  

of	
  the	
  lysate	
  was	
  rocked	
  with	
  antibody	
  bound	
  to	
  Protein	
  G	
  Dynabeads	
  (Life	
  

Technologies,	
  Grand	
  Island,NY)	
  that	
  had	
  been	
  blocked	
  with	
  0.5%	
  BSA	
  in	
  1X	
  PBS,	
  for	
  

18	
  hours	
  at	
  4°.	
  The	
  antibodies	
  used	
  were	
  H3K9me3	
  (ActivMotif,	
  Carlsbad,	
  CA)	
  and	
  

H4K20me3	
  (Abcam,	
  Cambridge,	
  MA).	
  	
  

	
  

(a)	
  ChIP-­‐chip	
  

A	
  custom	
  microarray	
  was	
  designed	
  for	
  each	
  terminal	
  deletion	
  cell	
  line	
  with	
  180k	
  

probes	
  tiled	
  over	
  ~3	
  Mb	
  proximal	
  and	
  ~500	
  kb	
  distal	
  to	
  the	
  breakpoint.	
  Arrays	
  

were	
  designed	
  with	
  Agilent’s	
  eArray	
  software	
  	
  

(https://earray.chem.agilent.com/earray/).	
  	
  

Libraries	
  for	
  hybridization	
  to	
  the	
  microarray	
  were	
  created	
  by	
  annealing	
  

linkers	
  to	
  the	
  DNA	
  fragments	
  from	
  the	
  enriched	
  chromatin	
  and	
  the	
  input	
  and	
  

amplification	
  through	
  two	
  rounds	
  of	
  PCR.	
  	
  The	
  libraries	
  were	
  then	
  labeled	
  with	
  

Oligo	
  aCGH/ChIP-­‐on-­‐chip	
  Hybridization	
  Kit	
  (Agilent).	
  The	
  input	
  was	
  labeled	
  with	
  

Cy5	
  and	
  the	
  ChIP	
  fraction	
  was	
  labeled	
  with	
  Cy3.	
  The	
  libraries	
  were	
  then	
  hybridized	
  

to	
  each	
  array	
  and	
  scanned	
  with	
  in	
  an	
  ozone-­‐controlled	
  room.	
  	
  The	
  program	
  Feature	
  

Extraction	
  (Agilent)	
  was	
  used	
  to	
  convert	
  the	
  signal	
  intensity	
  to	
  a	
  value	
  comparing	
  

the	
  ChIP	
  fraction	
  to	
  the	
  input,	
  and	
  Genomic	
  Workbench	
  (Agilent)	
  was	
  used	
  to	
  

normalize	
  values	
  of	
  each	
  probe	
  based	
  on	
  median	
  intensity	
  on	
  the	
  array	
  using	
  the	
  

Lowess	
  intra-­‐array	
  normalization	
  across	
  multiple	
  arrays	
  with	
  the	
  Whitehead	
  error	
  

model	
  (47).	
  The	
  logR	
  values	
  were	
  then	
  extracted	
  and	
  plotted	
  using	
  the	
  UCSC	
  

genome	
  browser	
  (http://genome.ucsc.edu/).	
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(b)	
  SNP	
  analysis	
  

Heterozygous	
  SNPs	
  were	
  identified	
  in	
  cell	
  lines	
  using	
  Illumina	
  

IlluminaOmniQuad1M	
  genotyping	
  arrays	
  at	
  either	
  the	
  Emory	
  Genomics	
  Core	
  or	
  

Hudson	
  Alpha	
  Institute	
  of	
  Biotechnology.	
  Primers	
  were	
  designed	
  to	
  amplify	
  ~100-­‐

bp	
  ampicons	
  around	
  each	
  heterozygous	
  SNP.	
  Amplicons	
  were	
  initially	
  derived	
  from	
  

samples	
  of	
  input	
  DNA	
  that	
  was	
  sheared	
  in	
  the	
  same	
  manner	
  as	
  ChIP	
  fractions	
  in	
  

order	
  to	
  determine	
  our	
  ability	
  to	
  accurately	
  amplify	
  both	
  alleles	
  at	
  equal	
  levels.	
  

Amplicons	
  from	
  the	
  same	
  source	
  were	
  pooled,	
  barcoded,	
  and	
  sequenced	
  using	
  an	
  

Illumina	
  MiSeq	
  at	
  EGL.	
  This	
  generated	
  150-­‐bp	
  paired-­‐end	
  reads.	
  The	
  barcode	
  from	
  

the	
  end	
  of	
  each	
  read	
  was	
  removed	
  and	
  the	
  samples	
  were	
  treated	
  as	
  single	
  end	
  reads.	
  

These	
  reads	
  were	
  aligned	
  to	
  the	
  human	
  genome	
  build	
  GChr37/hg19	
  using	
  the	
  

burrows	
  wheeler	
  alignment	
  (BWA)(48).	
  The	
  frequency	
  of	
  each	
  allele	
  was	
  calculated	
  

using	
  a	
  combination	
  of	
  samtools(49)	
  and	
  VarScan(50)	
  to	
  calculate	
  all	
  calls	
  at	
  each	
  

SNP	
  of	
  interest	
  that	
  had	
  a	
  read	
  depth	
  greater	
  than	
  100.	
  	
  

C.	
  RNA-­‐seq	
  

Samples	
  of	
  RNA	
  were	
  isolated	
  from	
  each	
  cell	
  lines	
  (5Prime,	
  Gaithersburg,	
  

MD)	
  and	
  sent	
  to	
  Hudson	
  Alpha	
  for	
  RNA-­‐seq.	
  Each	
  sample	
  was	
  sequenced	
  on	
  a	
  full	
  

lane	
  of	
  an	
  Illumina	
  HiSeq	
  generating	
  ~200	
  million	
  reads	
  per	
  sample.	
  Reads	
  from	
  

each	
  sample	
  were	
  mapped	
  to	
  the	
  genome	
  using	
  the	
  program	
  Tophat(51).	
  

Expression	
  levels	
  were	
  calculated	
  with	
  the	
  program	
  Cufflinks	
  run	
  through	
  the	
  

Galaxy	
  server	
  (https://usegalaxy.org/)	
  by	
  calculating	
  the	
  fragments	
  per	
  kilobase	
  per	
  

million	
  reads	
  (FPKM)	
  (52).	
  	
  Relative	
  amounts	
  of	
  expression	
  were	
  taken	
  by	
  

normalizing	
  the	
  FPKM	
  values	
  of	
  each	
  gene	
  to	
  the	
  FPKM	
  of	
  the	
  control	
  gene	
  GAPDH	
  in	
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the	
  same	
  sample.	
  Allele	
  percentages	
  were	
  visualized	
  with	
  Integrative	
  Genome	
  

Viewer	
  (IGV).	
  	
  

In	
  order	
  to	
  link	
  multiple	
  SNPs	
  to	
  the	
  same	
  allele,	
  the	
  3’	
  UTRs	
  of	
  EVC	
  and	
  

WFS1	
  were	
  amplified	
  and	
  cloned	
  using	
  a	
  TOPO	
  vector	
  (Life	
  Technologies,	
  Grand	
  

Island,	
  NY).	
  These	
  samples	
  were	
  then	
  sent	
  for	
  sequencing	
  at	
  Beckman	
  Coulter.	
  	
  The	
  

3’	
  UTR	
  from	
  each	
  allele	
  was	
  sequenced	
  to	
  confirm	
  the	
  accuracy	
  of	
  each	
  SNP.	
   	
  



13	
  

	
  
	
  

3.	
  Results	
  

A.	
  Heterochromatin	
  enrichment	
  near	
  breakpoint	
  

In	
  a	
  cell	
  line	
  derived	
  from	
  a	
  patient	
  with	
  an	
  ~5.5-­‐Mb	
  deletion	
  of	
  the	
  short	
  

arm	
  of	
  chromosome	
  4	
  we	
  identified	
  a	
  region	
  adjacent	
  to	
  the	
  new	
  telomere	
  that	
  

contained	
  an	
  increase	
  of	
  heterochromatin.	
  DNA	
  from	
  chromatin	
  enriched	
  for	
  

H3K9me3	
  was	
  hybridized	
  to	
  a	
  custom	
  ChIP-­‐chip	
  array	
  with	
  coverage	
  ~500-­‐kb	
  

telomeric	
  and	
  3-­‐Mb	
  centromeric	
  to	
  the	
  breakpoint.	
  ChIP-­‐chip	
  revealed	
  an	
  ~300-­‐kb	
  

region	
  of	
  enriched	
  H3K9me3	
  in	
  the	
  4p	
  deletion	
  cell	
  line	
  that	
  was	
  not	
  in	
  the	
  normal	
  

cell	
  line	
  (Figure	
  2).	
  Beyond	
  this	
  region	
  the	
  deletion	
  cell	
  line	
  appears	
  similar	
  to	
  the	
  

normal	
  cell	
  line.	
  	
  

ChIP-­‐chip	
  can	
  detect	
  a	
  net	
  increase	
  of	
  chromatin	
  marks,	
  but	
  is	
  unable	
  to	
  

differentiate	
  between	
  the	
  deleted	
  chromosome	
  with	
  the	
  new	
  telomere	
  and	
  the	
  intact	
  

chromosome.	
  To	
  show	
  that	
  this	
  increase	
  in	
  H3K9me3	
  was	
  associated	
  with	
  the	
  new	
  

telomere	
  it	
  was	
  necessary	
  to	
  show	
  enrichment	
  in	
  an	
  allele-­‐specific	
  manner.	
  We	
  used	
  

the	
  Illumina	
  OmniQuad1M	
  genotyping	
  chip	
  to	
  identify	
  heterozygous	
  SNPs	
  that	
  

distinguish	
  the	
  two	
  homologous	
  chromosomes.	
  Primers	
  were	
  designed	
  for	
  ~100-­‐bp	
  

amplicons	
  of	
  36	
  heterozygous	
  SNPs	
  between	
  1.6	
  kb	
  and	
  2.3	
  Mb.	
  For	
  each	
  SNP	
  we	
  

identified	
  one	
  of	
  three	
  other	
  cell	
  lines	
  with	
  two	
  full-­‐length	
  copies	
  of	
  chromosome	
  4	
  

that	
  had	
  a	
  corresponding	
  heterozygous	
  SNP.	
  	
  

To	
  prove	
  the	
  validity	
  of	
  the	
  method	
  amplicons	
  from	
  input	
  DNA	
  of	
  the	
  4p	
  

deletion	
  cell	
  line	
  we	
  PCR	
  amplified	
  from	
  input	
  DNA.	
  	
  Of	
  the	
  36	
  SNPs	
  that	
  that	
  were	
  

interrogated	
  31	
  provided	
  reliable	
  data	
  with	
  approximately	
  equal	
  amplification	
  from	
  

both	
  alleles	
  <60:40	
  ratio	
  and	
  20	
  of	
  these	
  had	
  a	
  ratio	
  closer	
  to	
  50:50	
  with	
  a	
  range	
  of	
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55:45	
  (Table	
  2).	
  Two	
  additional	
  SNPs	
  had	
  a	
  greater	
  skewing	
  than	
  60:40.	
  Read	
  depth	
  

ranged	
  from	
  ~100	
  reads	
  per	
  SNP	
  to	
  in	
  excess	
  of	
  10,000	
  reads	
  per	
  SNP.	
  We	
  were	
  

unable	
  to	
  link	
  all	
  of	
  the	
  SNPs	
  to	
  each	
  other;	
  however,	
  the	
  two	
  SNPs	
  closest	
  to	
  the	
  

breakpoint	
  were	
  amplified	
  from	
  the	
  same	
  chromosome	
  as	
  the	
  new	
  telomere(46).	
  	
  

We	
  amplified	
  DNA	
  from	
  chromatin	
  enriched	
  from	
  both	
  H3K9me3,	
  which	
  we	
  

had	
  previously	
  detected	
  a	
  net	
  enrichment	
  near	
  the	
  breakpoint,	
  and	
  from	
  the	
  

heterochromatic	
  mark	
  H4K20me3	
  (Figure	
  3b).	
  Within	
  the	
  300-­‐kb	
  region	
  that	
  we	
  

saw	
  a	
  net	
  increase	
  of	
  H3K9me3	
  there	
  was	
  skewing	
  of	
  chromatin	
  enriched	
  from	
  one	
  

allele	
  over	
  the	
  other.	
  Plotting	
  the	
  allele	
  with	
  the	
  greatest	
  frequency	
  of	
  H3K9me3	
  

enrichment	
  in	
  the	
  deletion	
  cell	
  line	
  across	
  10	
  SNPs	
  showed	
  that	
  within	
  this	
  region	
  

there	
  was	
  greater	
  chromatin	
  enrichment	
  of	
  one	
  allele	
  over	
  the	
  other	
  with	
  an	
  

average	
  ratio	
  of	
  68:32	
  but	
  beyond	
  this	
  region	
  there	
  was	
  a	
  similar	
  frequency	
  between	
  

both	
  alleles	
  across	
  22	
  SNPs	
  with	
  a	
  ratio	
  of	
  55:45	
  (Table	
  2).	
  Within	
  the	
  ~300-­‐kb	
  

region	
  near	
  the	
  breakpoint	
  chromatin	
  enriched	
  for	
  H4K20me3	
  was	
  also	
  biased	
  on	
  

the	
  same	
  alleles	
  as	
  the	
  enrichment	
  of	
  H3K9me3.	
  In	
  the	
  deletion	
  cell	
  line	
  across	
  an	
  

allelic	
  ration	
  of	
  73:27	
  was	
  observed	
  in	
  the	
  DNA	
  enriched	
  for	
  H4K20me3	
  across	
  7	
  

SNPs.	
  For	
  SNPs	
  that	
  were	
  >301	
  kb	
  from	
  the	
  breakpoint	
  a	
  50:50	
  ratio	
  was	
  detected	
  

across	
  19	
  SNPs.	
  The	
  control	
  cell	
  lines	
  had	
  chromatin	
  enriched	
  for	
  H3K9me3	
  from	
  

two	
  full-­‐length	
  copies	
  of	
  chromosome	
  4.	
  In	
  these	
  cell	
  lines	
  there	
  was	
  an	
  average	
  

ratio	
  of	
  52:48	
  across	
  five	
  SNPs	
  within	
  ~300	
  kb	
  of	
  the	
  breakpoint	
  and	
  an	
  average	
  

ratio	
  of	
  53:47	
  across	
  the	
  22	
  of	
  the	
  SNPs	
  beyond	
  this	
  region.	
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   The	
  4p	
  deletion	
  cell	
  line	
  is	
  associated	
  with	
  a	
  300-­‐kb	
  region	
  of	
  allele-­‐specific	
  

increased	
  H3K9me3	
  and	
  H4K20me3	
  next	
  to	
  the	
  breakpoint.	
  This	
  is	
  consistent	
  with	
  

the	
  heterochromatin	
  spreading	
  from	
  the	
  telomere	
  that	
  is	
  seen	
  in	
  classical	
  TPE.	
  

B.	
  Gene	
  expression	
  near	
  breakpoint.	
  

To	
  measure	
  the	
  expression	
  levels	
  of	
  genes	
  near	
  the	
  breakpoint,	
  we	
  used	
  

RNA-­‐seq,	
  which	
  detects	
  the	
  total	
  amount	
  of	
  gene	
  expression	
  and	
  distinguishes	
  

expression	
  from	
  different	
  alleles.	
  Samples	
  were	
  sequenced	
  at	
  the	
  Genomic	
  Services	
  

Lab	
  at	
  Hudson	
  Alpha	
  Institute	
  for	
  Biotechnology	
  using	
  an	
  Illumina	
  HiSeq	
  machine.	
  

This	
  generated	
  ~200x106	
  100-­‐bp	
  paired-­‐end	
  reads	
  per	
  sample	
  that	
  were	
  mapped	
  

back	
  to	
  the	
  genome	
  using	
  Tophat	
  (51).	
  

Total	
  gene	
  expression	
  was	
  calculated	
  using	
  Cufflinks	
  to	
  determine	
  the	
  

fragments	
  per	
  kilobase	
  per	
  million	
  reads	
  (FPKM)(52).	
  Relative	
  amounts	
  of	
  each	
  

gene	
  were	
  normalized	
  to	
  GAPDH	
  (Table	
  3).	
  The	
  closest	
  normally	
  expressed	
  gene	
  to	
  

the	
  breakpoint	
  was	
  EVC,	
  which	
  was	
  ~150-­‐kb	
  from	
  the	
  breakpoint.	
  The	
  cell	
  line	
  with	
  

the	
  4p	
  deletion	
  showed	
  a	
  49%	
  reduction	
  of	
  EVC	
  as	
  compared	
  to	
  the	
  control	
  cell	
  line	
  

and	
  a	
  cell	
  line	
  that	
  has	
  a	
  deletion	
  on	
  a	
  different	
  chromosome	
  (Figure	
  4A).	
  Another	
  

gene,	
  WFS1,	
  is	
  ~650-­‐kb	
  from	
  the	
  breakpoint	
  and	
  has	
  similar	
  expression	
  levels	
  

between	
  the	
  deletion	
  and	
  the	
  control	
  cell	
  lines.	
  	
  

We	
  analyzed	
  RNA-­‐seq	
  data	
  to	
  identify	
  heterozygous	
  SNPs	
  in	
  the	
  3’UTRs	
  of	
  

genes	
  near	
  the	
  breakpoint	
  and	
  separate	
  allele-­‐specific	
  gene	
  expression.	
  

Visualization	
  of	
  the	
  reads	
  within	
  IGV	
  identified	
  heterozygous	
  SNPs	
  in	
  genes	
  near	
  the	
  

breakpoint	
  (Figure	
  4B).	
  The	
  3’	
  UTR	
  from	
  EVC	
  and	
  WFS1	
  was	
  cloned	
  in	
  order	
  to	
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identify	
  SNPs	
  linked	
  to	
  each	
  copy	
  of	
  the	
  gene	
  to	
  use	
  the	
  number	
  of	
  reads	
  to	
  calculate	
  

the	
  percentage	
  of	
  transcripts	
  arising	
  from	
  each	
  chromosome.	
  	
  

	
  	
   In	
  the	
  4p	
  deletion	
  cell	
  line,	
  80%	
  of	
  the	
  reads	
  that	
  mapped	
  to	
  the	
  3’UTR	
  of	
  EVC	
  

were	
  expressed	
  from	
  a	
  single	
  allele,	
  as	
  determined	
  by	
  seven	
  linked	
  SNPs	
  that	
  had	
  

approximately	
  32	
  reads	
  per	
  SNP	
  (Figure	
  4C).	
  In	
  two	
  control	
  cell	
  lines	
  both	
  copies	
  of	
  

EVC	
  were	
  expressed	
  at	
  equal	
  levels	
  of	
  reads	
  from	
  each	
  allele	
  with	
  ratios	
  of	
  51:49	
  and	
  

55:45	
  with	
  an	
  average	
  read	
  depth	
  of	
  120	
  and	
  64	
  reads	
  per	
  SNP.	
  For	
  WFS1	
  the	
  alleles	
  

showed	
  approximately	
  equal	
  expression	
  of	
  eight	
  SNPs	
  with	
  a	
  read	
  depth	
  of	
  

approximately	
  42	
  reads	
  per	
  SNP	
  with	
  a	
  ratio	
  of	
  58:42.	
  Reads	
  from	
  the	
  control	
  cell	
  

lines	
  were	
  also	
  show	
  to	
  be	
  present	
  in	
  equal	
  frequency	
  with	
  a	
  ratio	
  of	
  54:46	
  and	
  

51:49	
  in	
  the	
  controls	
  with	
  average	
  read	
  depths	
  of	
  49	
  and	
  24	
  reads	
  per	
  SNP	
  (Table	
  

3).	
  

C.	
  Correlation	
  of	
  chromatin	
  and	
  expression	
  analysis	
  

Integration	
  of	
  the	
  data	
  from	
  the	
  chromatin	
  and	
  expression	
  assays	
  

demonstrates	
  that	
  the	
  300-­‐kb	
  region	
  adjacent	
  to	
  the	
  breakpoint	
  is	
  enriched	
  in	
  

heterochromatin	
  and	
  associated	
  with	
  the	
  decreased	
  EVC	
  expression.	
  This	
  region	
  

encompasses	
  several	
  genes;	
  however,	
  the	
  only	
  gene	
  that	
  is	
  expressed	
  in	
  

lymphoblastoid	
  cell	
  lines	
  is	
  EVC,	
  which	
  is	
  expressed	
  primarily	
  from	
  one	
  allele	
  in	
  the	
  

cell	
  line	
  with	
  the	
  relocated	
  telomere.	
  Beyond	
  this	
  region	
  the	
  chromatin	
  environment	
  

is	
  similar	
  between	
  the	
  deletion	
  cell	
  line	
  and	
  the	
  control	
  cell	
  lines,	
  and	
  genes	
  are	
  

expressed	
  at	
  similar	
  levels	
  of	
  relative	
  gene	
  expression	
  in	
  a	
  biallelic	
  manner.	
  	
  

For	
  the	
  cell	
  line	
  with	
  the	
  4p	
  deletion	
  there	
  was	
  a	
  greater	
  amount	
  of	
  

heterochromatin	
  on	
  one	
  allele.	
  This	
  same	
  allele	
  had	
  a	
  paucity	
  of	
  reads	
  from	
  RNA,	
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showing	
  that	
  the	
  decrease	
  of	
  expression	
  was	
  correlated	
  with	
  the	
  increase	
  of	
  

heterochromatin	
  (Figure	
  5).	
  The	
  control	
  cell	
  line	
  show	
  approximately	
  equal	
  reads	
  

from	
  both	
  alleles	
  from	
  DNA	
  amplified	
  from	
  H3K9me3	
  enrichment	
  and	
  RNA	
  across	
  

WFS1,	
  the	
  gene	
  within	
  a	
  similar	
  net	
  chromatin	
  environment	
  between	
  the	
  deletion	
  

and	
  the	
  control	
  cell	
  line.	
  Both	
  cell	
  lines	
  showed	
  similar	
  levels	
  of	
  heterochromatin	
  

enrichment	
  and	
  gene	
  expression	
  from	
  both	
  WFS1	
  alleles.	
  	
  These	
  allele-­‐specific	
  

changes	
  unique	
  to	
  the	
  deletion	
  cell	
  would	
  allow	
  us	
  to	
  believe	
  that	
  the	
  change	
  

suggest	
  that	
  they	
  are	
  present	
  on	
  the	
  chromosome	
  with	
  the	
  deletion,	
  which	
  is	
  

consistent	
  with	
  the	
  new	
  telomere	
  exerting	
  a	
  cis-­‐effect	
  on	
  the	
  nearby	
  genomic	
  region.	
  

D.	
  Differences	
  on	
  other	
  chromosome	
  ends	
  

Analysis	
  of	
  the	
  chromatin	
  environment	
  and	
  gene	
  expression	
  near	
  other	
  

terminal	
  deletion	
  breakpoints	
  allows	
  comparison	
  of	
  the	
  effects	
  of	
  a	
  relocated	
  

telomere	
  on	
  different	
  genomic	
  environments.	
  In	
  total,	
  I	
  studied	
  eight	
  cell	
  lines	
  with	
  

terminal	
  deletions	
  on	
  six	
  different	
  chromosome	
  ends	
  (Figure	
  1,	
  Table	
  1).	
  As	
  

determined	
  by	
  ChIP-­‐chip,	
  the	
  only	
  cell	
  line	
  with	
  obvious	
  heterochromatin	
  spreading	
  

from	
  the	
  telomere	
  was	
  the	
  cell	
  line	
  with	
  the	
  deletion	
  of	
  4p.	
  The	
  analysis	
  of	
  these	
  

chromosome	
  ends	
  can	
  help	
  to	
  identify	
  factors	
  that	
  are	
  present	
  in	
  the	
  4p	
  deletion	
  cell	
  

line	
  that	
  allow	
  for	
  TPE.	
  	
  

In	
  one	
  case,	
  existing	
  chromatin	
  organization	
  was	
  affected.	
  Proximal	
  to	
  the	
  

breakpoint	
  of	
  a	
  4.5-­‐Mb	
  deletion	
  on	
  chromosome	
  21	
  was	
  a	
  large	
  organized	
  region	
  of	
  

H3K9me3	
  in	
  normal	
  cell	
  lines.	
  When	
  we	
  analyzed	
  ChIP-­‐chip	
  data	
  from	
  a	
  wild	
  type	
  

cell	
  line	
  there	
  was	
  a	
  highly	
  organized	
  1-­‐Mb	
  region	
  of	
  H3K9me3.	
  Analysis	
  of	
  

H3K9me3	
  enrichment	
  in	
  this	
  deletion	
  showed	
  disorganized	
  levels	
  H3K9me3	
  near	
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the	
  breakpoint,	
  including	
  disruption	
  of	
  an	
  organizatized	
  region	
  of	
  the	
  H3K9me3-­‐

associated	
  region	
  (Figure	
  6A).	
  Disruption	
  of	
  the	
  organization	
  in	
  this	
  region	
  could	
  

result	
  in	
  loss	
  of	
  heterochromatin	
  across	
  genes	
  in	
  the	
  region	
  and	
  allow	
  for	
  gene	
  

expression.	
  However,	
  DSCAM,	
  the	
  gene	
  that	
  is	
  located	
  within	
  this	
  heterochromatic	
  

region,	
  was	
  not	
  expressed,	
  nor	
  was	
  there	
  any	
  allele-­‐skewing	
  in	
  the	
  three	
  genes	
  with	
  

heterozygous	
  SNPs	
  out	
  of	
  six	
  expressed	
  genes	
  near	
  the	
  breakpoint.	
  This	
  included	
  

the	
  gene	
  C2CD2,	
  which	
  is	
  the	
  closest	
  expressed	
  gene	
  to	
  the	
  breakpoint	
  which	
  

showed	
  similar	
  relative	
  expression	
  levels	
  by	
  FPKM	
  in	
  the	
  deletion	
  as	
  compared	
  to	
  

the	
  control	
  to	
  the	
  control,	
  0.56	
  and	
  0.60	
  respectively.	
  Allele-­‐specific	
  anaylsis	
  

demonstrated	
  minor	
  skewing	
  with	
  a	
  ratio	
  of	
  61:39	
  across	
  6	
  SNPs;	
  however,	
  one	
  of	
  

the	
  two	
  control	
  lines	
  had	
  the	
  same	
  ratio,	
  with	
  61:39	
  and	
  other	
  had	
  a	
  less	
  skewed	
  

ratio	
  of	
  55:45.	
  

In	
  six	
  cases,	
  ChIP-­‐chip	
  data	
  did	
  not	
  reveal	
  any	
  difference	
  between	
  the	
  

chromatin	
  environment	
  between	
  the	
  control	
  cell	
  lines	
  and	
  the	
  terminal	
  deletion	
  cell	
  

lines.	
  These	
  included	
  a	
  1.3-­‐Mb	
  deletion	
  of	
  the	
  long	
  arm	
  of	
  chromosome	
  9,	
  two	
  

deletions	
  of	
  the	
  long	
  arm	
  of	
  chromosome	
  12	
  (1.9-­‐Mb	
  and	
  4.8-­‐Mb),	
  a	
  2.0-­‐Mb	
  deletion	
  

of	
  the	
  short	
  arm	
  of	
  chromosome	
  16,	
  a	
  300-­‐kb	
  deletion	
  of	
  chromosome	
  21,	
  and	
  a	
  

130-­‐kb	
  deletion	
  of	
  chromosome	
  22.	
  For	
  one	
  of	
  these	
  cell	
  lines,	
  the	
  4.8	
  Mb	
  deletion	
  of	
  

chromosome	
  12,	
  the	
  breakpoint	
  was	
  located	
  within	
  a	
  region	
  of	
  enrichment	
  for	
  

H3K9me3.	
  The	
  boundaries	
  of	
  this	
  region	
  remained	
  the	
  same.	
  In	
  the	
  130-­‐kb	
  deletion	
  

of	
  22q	
  deletion,	
  the	
  breakpoint	
  was	
  located	
  at	
  a	
  breakage	
  hotspot,	
  with	
  the	
  same	
  

deletion	
  as	
  the	
  previous	
  report	
  looking	
  for	
  TPE.	
  Our	
  finding	
  of	
  a	
  lack	
  of	
  change	
  in	
  

H3K9me3	
  enrichment	
  complements	
  the	
  previous	
  report	
  of	
  biallelic	
  expression	
  of	
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ARSA,	
  a	
  gene	
  ~55-­‐kb	
  from	
  the	
  breakpoint,	
  by	
  RFLP	
  analysis	
  (44).	
  Since	
  analysis	
  of	
  

two	
  independent	
  deletions	
  revealed	
  a	
  lack	
  of	
  change	
  in	
  different	
  factors	
  involved	
  in	
  

position	
  effect	
  it	
  can	
  be	
  surmised	
  that	
  position	
  effect	
  does	
  not	
  play	
  a	
  role	
  in	
  patients	
  

with	
  this	
  deletion.	
  

In	
  two	
  of	
  these	
  cases	
  we	
  had	
  RNA-­‐seq	
  data	
  that	
  did	
  not	
  identify	
  changes	
  in	
  

gene	
  expression	
  levels	
  or	
  allele-­‐skewing.	
  One	
  example	
  was	
  a	
  1.9-­‐Mb	
  deletion	
  on	
  the	
  

long	
  arm	
  of	
  chromosome	
  12	
  that	
  was	
  located	
  in	
  a	
  gene	
  poor	
  region.	
  This	
  breakpoint	
  

of	
  this	
  deletion	
  was	
  located	
  near	
  two	
  regions	
  of	
  organized	
  heterochromatin	
  with	
  of	
  

H3K9me3	
  enrichment,	
  but	
  these	
  were	
  not	
  altered	
  in	
  this	
  deletion	
  cell	
  line	
  (Figure	
  

6B).	
  In	
  another	
  case	
  there	
  was	
  a	
  1.3-­‐Mb	
  deletion	
  on	
  the	
  long	
  arm	
  of	
  chromosome	
  9	
  

that	
  was	
  located	
  in	
  a	
  gene-­‐rich	
  region	
  with	
  the	
  nearest	
  gene	
  ~34-­‐kb	
  from	
  the	
  

breakpoint.	
  Neither	
  the	
  H3K9me3	
  localization	
  nor	
  the	
  gene	
  expression	
  were	
  altered	
  

in	
  the	
  deletion	
  cell	
  line.	
  (Figure	
  6C).	
  

The	
  changes	
  associated	
  with	
  a	
  new	
  telomere	
  vary	
  between	
  different	
  

deletions.	
  Based	
  on	
  our	
  ChIP-­‐chip	
  experiments	
  most	
  terminal	
  deletions	
  do	
  not	
  show	
  

signs	
  of	
  classical	
  TPE.	
  There	
  are	
  also	
  different	
  manners	
  in	
  which	
  deletions	
  can	
  affect	
  

nearby	
  chromatin	
  environment.	
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Figure	
  1:	
  Terminal	
  deletions	
  in	
  study	
  
A	
  schematic	
  showing	
  the	
  locations	
  of	
  breakpoints	
  of	
  the	
  patients	
  involved	
  in	
  
this	
  study	
  in	
  relationship	
  to	
  each	
  other.	
  Each	
  red	
  line	
  indicates	
  the	
  location	
  of	
  
a	
  breakpoint	
  where	
  a	
  new	
  telomere	
  was	
  added.	
  Each	
  patient	
  has	
  a	
  single	
  
truncated	
  chromosome.	
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Figure	
  2:	
  An	
  increase	
  of	
  H3K9me3	
  enrichment	
  next	
  to	
  the	
  breakpoint	
  in	
  
4p	
  deletion	
  cell	
  line	
  
Data from ChIP-chip for enrichment of H3K9me3 is plotted on the UCSC 
browser for the deletion cell line and the control cell line. The bracket 
represents the deleted region. The orange and blue lines represent the 
data of H3K9me3 enrichment. Positive values (orange) indicate an 
chromatin enriched for H3K9me3 over the input. Negative values (blue) 
are regions where there is little or no H3K9me3 bound to the chromatin. 
The region of enrichment is indicted by the red box. RefSeq genes are 
indicated in blue, with the genes EVC and WFS1 highlighted.	
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Figure	
  3:	
  Increased	
  enrichment	
  for	
  H3K9me3	
  is	
  allele	
  specific.	
  
This	
  shows	
  the	
  plot	
  of	
  the	
  frequency	
  of	
  a	
  single	
  allele	
  in	
  enriched	
  chromatin	
  
in	
  the	
  UCSC	
  genome	
  browser.	
  Each	
  point	
  represents	
  a	
  different	
  SNP.	
  The	
  
allele	
  plotted	
  for	
  each	
  SNP	
  is	
  the	
  allele	
  with	
  the	
  greatest	
  frequency	
  in	
  the	
  
chromatin	
  enriched	
  for	
  H3K9me3	
  in	
  the	
  4p	
  deletion.	
  Allelic	
  frequencies	
  
shown	
  from	
  chromatin	
  enriched	
  from	
  H3K9me3	
  and	
  H4K20me3	
  in	
  the	
  4p	
  
deletion	
  cell	
  line.	
  The	
  data	
  from	
  the	
  control	
  comes	
  from	
  two	
  different	
  cell	
  
lines	
  that	
  have	
  two	
  full-­‐length	
  copies	
  of	
  chromosome	
  4.	
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Figure	
  4:	
  EVC	
  expression	
  is	
  decreased	
  in	
  an	
  allele	
  specific	
  manner.	
  
A.	
  This	
  plot	
  shows	
  the	
  relative	
  expression	
  of	
  EVC	
  and	
  WFS1	
  calculated	
  by	
  
FPKM.	
  The	
  values	
  for	
  each	
  gene	
  are	
  shown	
  as	
  normalized	
  to	
  GAPDH.	
  The	
  4p	
  
deletion	
  is	
  shown	
  as	
  compared	
  to	
  two	
  control	
  cell	
  lines.	
  B.	
  This	
  is	
  a	
  
representation	
  of	
  the	
  RNA-­‐seq	
  reads	
  of	
  the	
  4p	
  deletion	
  in	
  IGV	
  at	
  the	
  3’	
  UTR	
  of	
  
EVC.	
  Each	
  asterisk	
  represents	
  one	
  of	
  the	
  heterozygous	
  SNPs	
  analyzed	
  in	
  both	
  
RNA-­‐seq	
  and	
  chromatin	
  allelic	
  frequency	
  assays.	
  C.	
  Plots	
  showing	
  the	
  
frequencies	
  of	
  both	
  alleles	
  of	
  EVC	
  and	
  WFS1	
  in	
  the	
  4p	
  deletion	
  and	
  two	
  
control	
  cell	
  lines.	
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Figure	
  5:	
  The	
  allele-­‐specific	
  increase	
  of	
  heterochromatin	
  and	
  decrease	
  
of	
  gene	
  expression	
  are	
  on	
  the	
  same	
  chromosome.	
  
A.	
  A	
  graphic	
  representation	
  of	
  how	
  the	
  reads	
  mapped	
  to	
  the	
  3’	
  UTR	
  of	
  EVC	
  in	
  
the	
  4p	
  deletion	
  cell	
  line.	
  B.	
  Plotting	
  the	
  frequency	
  of	
  one	
  of	
  the	
  alleles	
  for	
  EVC	
  
in	
  the	
  4p	
  deletion	
  and	
  control	
  cell	
  line	
  for	
  chromatin	
  enrichment	
  and	
  RNA	
  
levels.	
  C.	
  Allele-­‐frequency	
  plots	
  for	
  WFS1.	
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Figure	
  6:	
  Other	
  cell	
  lines	
  do	
  not	
  have	
  atypical	
  or	
  no	
  TPE	
  near	
  their	
  
breakpoints.	
  
A.	
  ChIP-­‐chip	
  data	
  for	
  H3K9me3	
  chromatin	
  enrichment	
  in	
  a	
  4.5-­‐Mb	
  21q	
  
deletion	
  cell	
  line	
  and	
  a	
  control	
  cell	
  line	
  plotted	
  in	
  the	
  UCSC	
  genome	
  browser.	
  
Enrichment	
  is	
  shown	
  by	
  positive	
  values	
  plotted	
  in	
  orange,	
  where	
  as	
  negative	
  
values	
  in	
  blue	
  show	
  little	
  to	
  no	
  enrichment.	
  The	
  red	
  line	
  indicates	
  the	
  
breakpoint,	
  with	
  the	
  region	
  to	
  the	
  right	
  deleted	
  on	
  one	
  chromosome.	
  B.	
  	
  
ChIP-­‐chip	
  data	
  near	
  the	
  breakpoint	
  of	
  a	
  1.9-­‐Mb	
  deletion	
  of	
  12q	
  deletion	
  in	
  the	
  
patient	
  and	
  the	
  control	
  cell	
  line	
  plotted	
  in	
  the	
  UCSC	
  browser.	
  C.	
  ChIP-­‐chip	
  
data	
  from	
  a	
  1.3-­‐Mb	
  9q	
  deletion	
  cell	
  line	
  in	
  the	
  patient	
  and	
  the	
  control	
  cell	
  
line.	
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Table	
  1:	
  Breakpoints	
  of	
  deletion	
  cell	
  lines	
  included	
  in	
  study.	
  

Patient	
   Breakpoint	
  
Deletion	
  
length	
  

Patient	
  ID	
  
(45,	
  46)	
  

4p	
  deletion	
   chr4:5559710	
   5.5	
  Mb	
   LM208	
  
9q	
  deletion	
   chr9:139872801	
   1.3	
  Mb	
   LM206	
  

12q	
  deletion	
  1	
  
chr12:131929173-­‐
131929185	
   4.8	
  Mb	
   LM213	
  

12q	
  deletion	
  2	
   chr12:129007844	
   1.9	
  Mb	
   LM203	
  
16p	
  deletion	
   chr16:1934888	
   1.2	
  Mb	
   LM204	
  
21q	
  deletion	
  1	
   chr21:43592803	
   4.5	
  Mb	
   EGL205	
  
21q	
  deletion	
  2	
   chr21:46645614	
   130	
  kb	
   LM216	
  
22q	
  deletion	
  	
   	
  chr22:51122204	
   130	
  kb	
   P31	
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TABLE	
  2:	
  Allelic	
  frequency	
  of	
  SNPs	
  enriched	
  for	
  heterochromatin	
  marks	
  near	
  
the	
  4p	
  deletion	
  breakpoint.	
  Starred	
  SNPs	
  are	
  located	
  within	
  the	
  3’	
  UTR	
  of	
  
either	
  EVC	
  or	
  WFS1,	
  and	
  correspond	
  with	
  data	
  from	
  the	
  RNA-­‐seq	
  experiments	
  

SNP	
  

Distance	
  from	
  
breakpoint	
  
(bp)	
  

4p	
  Deletion	
  
H3K9me3	
  

4p	
  Deletion	
  
H4K20me3	
  

Control	
  
H3K9me3	
   Input	
  

rs13113867	
   	
  3,486	
  	
   66.0%	
   	
  	
   41.7%	
   53.0%	
  
rs7670299	
   	
  16,430	
  	
   71.0%	
   	
  	
   55.7%	
   50.8%	
  
rs7684204	
   	
  58,597	
  	
   83.0%	
   83.3%	
   	
  	
   53.4%	
  
rs1078758	
  	
   	
  69,588	
  	
   63.0%	
   69.0%	
   42.0%	
   48.1%	
  
rs11727214	
   	
  151,658	
  	
   60.5%	
   	
  	
   	
  	
   49.3%	
  
rs6811132	
   	
  231,496	
  	
   79.0%	
   79.0%	
   	
  	
   55.9%	
  
rs2291151*	
   	
  253,068	
  	
   59.0%	
   64.0%	
   47.0%	
   	
  	
  
rs3733186*	
   	
  255,671	
  	
   53.0%	
   65.0%	
   53.0%	
   	
  	
  
rs10937681	
  	
  	
  	
  	
  	
   	
  261,051	
  	
   83.0%	
   75.0%	
   	
  	
   47.2%	
  
rs7356507	
   	
  301,196	
  	
   67.0%	
   74.0%	
   	
  	
   	
  	
  
rs6838020	
   	
  307,109	
  	
   62.0%	
   	
  	
   48.0%	
   52.3%	
  
rs6839295	
   	
  407,091	
  	
   61.4%	
   	
  	
   45.2%	
   52.4%	
  
rs4512066	
   	
  581,027	
  	
   51.2%	
   36.7%	
   36.9%	
   43.4%	
  
rs4688970	
   	
  615,688	
  	
   52.3%	
   49.7%	
   45.3%	
   50.6%	
  
rs885420	
   	
  626,106	
  	
   54.5%	
   47.8%	
   51.3%	
   45.6%	
  
rs1877762	
   	
  631,341	
  	
   	
  	
   55.5%	
   38.6%	
   48.1%	
  
rs4688982	
   	
  707,291	
  	
   59.0%	
   	
  	
   53.9%	
   55.3%	
  
rs4689391	
   	
  720,739	
  	
   50.0%	
   	
  	
   40.2%	
   51.4%	
  
rs10001190	
   	
  724,923	
  	
   62.0%	
   	
  	
   61.4%	
   59.8%	
  
rs1801206*	
   	
  742,997	
  	
   29.0%	
   44.0%	
   46.5%	
   54.0%	
  
rs1046314*	
   	
  744,245	
  	
   61.0%	
   53.0%	
   46.5%	
   49.0%	
  
rs1046320*	
   	
  744,634	
  	
   63.0%	
   40.0%	
   46.0%	
   53.0%	
  
rs4688999	
   	
  824,082	
  	
   58.0%	
   40.0%	
   63.0%	
   62.2%	
  
rs2240268	
   	
  832,632	
  	
   62.0%	
   51.0%	
   42.4%	
   38.1%	
  
rs9654056	
   	
  986,723	
  	
   65.0%	
   63.0%	
   53.0%	
   55.0%	
  
rs3088248	
   	
  1,063,622	
  	
   61.5%	
   47.8%	
   	
  	
   49.0%	
  
rs4689510	
   	
  1,120,867	
  	
   56.9%	
   50.7%	
   53.4%	
   34.5%	
  
rs34762772	
   	
  1,776,512	
  	
   49.0%	
   52.4%	
   46.0%	
   46.5%	
  
rs4495038	
   	
  1,913,495	
  	
   59.0%	
   62.0%	
   43.0%	
   40.7%	
  
rs16840670	
   	
  2,055,667	
  	
   33.0%	
   33.0%	
   41.0%	
   55.4%	
  
rs11724048	
   	
  2,113,075	
  	
   52.0%	
   45.0%	
   38.0%	
   49.0%	
  
rs4689838	
   	
  2,161,124	
  	
   58.0%	
   61.0%	
   52.0%	
   65.2%	
  
rs2240055	
   	
  2,205,333	
  	
   	
  	
   55.0%	
   45.0%	
   45.1%	
  
rs28622214	
   	
  2,319,730	
  	
   71.0%	
   42.0%	
   43.5%	
   38.5%	
  
rs11732351	
   	
  2,395,778	
  	
   50.0%	
   65.0%	
   55.0%	
   56.1%	
  
rs1281142	
  	
   	
  2,666,778	
  	
   42.9%	
   43.2%	
   	
  	
   48.1%	
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Table	
  3:	
  FPKM	
  values	
  for	
  4p	
  deletion	
  

	
  	
   4p	
  deletion	
   control	
  1	
   control	
  2	
  
EVC	
   48,544.2	
   114,848.0	
   82,484.2	
  
WFS1	
   69,162.6	
   81,225.9	
   54,305.6	
  
GAPDH	
   82,544.9	
   99,361.3	
   73,073.7	
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Table	
  4:	
  Allelic	
  frequencies	
  of	
  SNPs	
  from	
  RNA-­‐seq	
  data.	
  The	
  total	
  number	
  of	
  
reads	
  across	
  each	
  SNP	
  and	
  the	
  frequency	
  of	
  one	
  of	
  the	
  alleles	
  are	
  shown.	
  Data	
  
is	
  only	
  shown	
  for	
  heterozygous	
  SNPs.	
  The	
  asterisks	
  mark	
  SNPs	
  that	
  were	
  
interrogated	
  in	
  analysis	
  of	
  chromatin	
  and	
  expression.	
   	
  

	
  
	
  	
   4p	
  Deletion	
   Control	
  1	
   Control	
  2	
  

	
  
	
  	
  

Total	
  
Reads	
   Allele	
  1	
  

Total	
  
Reads	
   Allele	
  1	
  

Total	
  
Reads	
   Allele	
  1	
  	
  

EVC	
  

rs2291151*	
   37	
   30%	
   119	
   53%	
   75	
   76%	
  
rs543591683	
   	
  	
   	
  	
   107	
   49%	
   69	
   38%	
  
rs6840435	
   24	
   25%	
   125	
   52%	
   69	
   55%	
  
rs12501119	
   33	
   18%	
   	
  	
   	
  	
   	
  	
   	
  	
  
rs67547790	
   39	
   18%	
   	
  	
   	
  	
   	
  	
   	
  	
  
rs4261923	
   25	
   24%	
   	
  	
   	
  	
   	
  	
   	
  	
  
rs6848370	
   	
  	
   	
  	
   115	
   41%	
   54	
   54%	
  
rs3733186*	
   38	
   21%	
   121	
   50%	
   72	
   69%	
  
rs3733189	
   	
  	
   	
  	
   138	
   47%	
   	
  	
   	
  	
  
rs3733187	
   	
  	
   	
  	
   121	
   30%	
   62	
   65%	
  
rs3733188	
   	
  	
   	
  	
   113	
   30%	
   52	
   42%	
  
rs3733189	
   	
  	
   	
  	
   	
  	
   	
  	
   55	
   44%	
  

WFS1	
  

rs1801214	
   40	
   48%	
   	
  	
   	
  	
   24	
   33%	
  
rs148028521	
   	
  	
   	
  	
   62	
   53%	
   	
  	
   	
  	
  
rs1805069	
   	
  	
   	
  	
   42	
   43%	
   	
  	
   	
  	
  
rs2230721	
   	
  	
   	
  	
   36	
   44%	
   	
  	
   	
  	
  
rs734312	
   	
  	
   	
  	
   49	
   43%	
   	
  	
   	
  	
  
rs1801206*	
   	
  	
   	
  	
   48	
   40%	
   	
  	
   	
  	
  
rs1046314*	
   26	
   69%	
   47	
   49%	
   	
  	
   	
  	
  
rs1046316	
   44	
   36%	
   	
  	
   	
  	
   	
  	
   	
  	
  
rs565619703	
   37	
   59%	
   	
  	
   	
  	
   17	
   47%	
  
rs1046319	
   44	
   36%	
   	
  	
   	
  	
   23	
   57%	
  
rs1046319	
   38	
   39%	
   	
  	
   	
  	
   28	
   57%	
  
rs1046322	
   	
  	
   	
  	
   74	
   57%	
   	
  	
   	
  	
  
rs1046320*	
   41	
   51%	
   	
  	
   	
  	
   28	
   57%	
  
rs573433508	
   	
  	
   	
  	
   	
  	
   	
  	
   	
  	
   	
  	
  
rs9457	
   42	
   38%	
   51	
   37%	
   	
  	
   	
  	
  
rs3200	
   	
  	
   	
  	
   32	
   44%	
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CHAPTER	
  3:	
  DISCUSSION	
  

1.	
  Telomere	
  position	
  effect	
  seen	
  in	
  4p	
  deletion	
  

This	
  study	
  demonstrates	
  the	
  first	
  example	
  of	
  classical	
  TPE	
  on	
  a	
  human	
  

chromosome	
  end,	
  as	
  seen	
  by	
  heterochromatin	
  spreading	
  from	
  the	
  repositioned	
  

telomere	
  and	
  gene	
  silencing	
  within	
  the	
  region	
  of	
  the	
  heterochromatin	
  spreading.	
  In	
  

the	
  cell	
  line	
  with	
  a	
  4p	
  deletion,	
  allele-­‐specific	
  sequencing	
  of	
  chromatin	
  revealed	
  

heterochromatin	
  marks	
  that	
  extend	
  300-­‐kb	
  from	
  the	
  telomere	
  on	
  the	
  chromosome	
  

with	
  the	
  deletion.	
  Analysis	
  of	
  expression	
  of	
  the	
  gene	
  EVC,	
  within	
  the	
  region	
  of	
  the	
  

heterochromatin	
  showed	
  decreased	
  expression.	
  Another,	
  WFS1,	
  that	
  is	
  outside	
  this	
  

region,	
  showed	
  no	
  change	
  in	
  expression	
  compared	
  with	
  expression	
  in	
  control	
  cell	
  

lines.	
  	
  These	
  results	
  suggest	
  that	
  heterochromatin	
  spreading	
  from	
  the	
  telomere	
  is	
  

responsible	
  for	
  decreased	
  expression	
  gene	
  expression.	
  	
  	
  This	
  is	
  shown	
  as	
  a	
  model	
  in	
  

Figure	
  7.	
  

Ellis-­‐van	
  Crevald	
  syndrome	
  is	
  an	
  autosomal	
  recessive	
  syndrome	
  caused	
  by	
  

mutations	
  in	
  either	
  EVC	
  or	
  EVC2(53,	
  54).	
  This	
  syndrome	
  presents	
  with	
  skeletal	
  

dysplasia,	
  polydactyly,	
  and	
  cardiac	
  malformations,	
  most	
  frequently	
  an	
  atrial	
  septal	
  

defect	
  (55,	
  56).	
  In	
  the	
  literature,	
  a	
  father	
  and	
  daughter	
  with	
  an	
  atrial	
  septal	
  defect	
  

and	
  polydactyly	
  have	
  been	
  reported	
  to	
  each	
  carry	
  a	
  heterozygous	
  missense	
  

mutation	
  in	
  EVC	
  (53).	
  In	
  the	
  4p	
  deletion	
  cell	
  line	
  we	
  showed	
  a	
  decrease	
  in	
  EVC	
  

expression.	
  The	
  phenotype	
  of	
  the	
  patient	
  in	
  the	
  study	
  included	
  intellectual	
  disability	
  

and	
  an	
  atrial	
  septal	
  defect.	
  While	
  this	
  patient	
  was	
  not	
  diagnosed	
  with	
  Ellis-­‐van	
  

Crevald	
  syndrome,	
  it	
  is	
  possible	
  that	
  the	
  decrease	
  in	
  EVC	
  expression	
  led	
  to	
  his	
  heart	
  

defect.	
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While	
  TPE	
  was	
  evident	
  in	
  the	
  4p	
  deletion	
  cell	
  line,	
  it	
  remains	
  unclear	
  why	
  

this	
  was	
  the	
  only	
  cell	
  line	
  out	
  of	
  the	
  eight	
  to	
  show	
  spreading	
  of	
  heterochromatin	
  by	
  

ChIP-­‐chip.	
  The	
  21q	
  cell	
  line	
  showed	
  the	
  possibility	
  of	
  disruption	
  of	
  normal	
  

chromatin	
  organization	
  near	
  the	
  breakpoint.	
  There	
  is	
  large	
  region	
  of	
  organized	
  

H3K9me3	
  located	
  near	
  the	
  breakpoint	
  in	
  normal	
  cell	
  lines	
  located	
  ~1.1	
  Mb	
  from	
  the	
  

breakpoint.	
  

	
  In	
  the	
  21q	
  deletion	
  cell	
  line	
  the	
  H3K9me3	
  enrichment	
  is	
  more	
  diffuse	
  and	
  

lacks	
  the	
  organized	
  boundaries	
  present	
  in	
  normal	
  chromosomes	
  21	
  (see	
  Figure	
  6	
  of	
  

Chapter	
  2).	
  In	
  order	
  to	
  fully	
  understand	
  how	
  the	
  chromatin	
  is	
  affected	
  in	
  these	
  cell	
  

lines	
  it	
  would	
  be	
  necessary	
  to	
  more	
  precisely	
  analyze	
  the	
  differences	
  in	
  chromatin	
  in	
  

an	
  allele-­‐specific	
  manner	
  as	
  these	
  ChIP-­‐chip	
  assays	
  do	
  not	
  define	
  a	
  clear	
  pattern	
  of	
  

how	
  the	
  chromatin	
  is	
  organized	
  in	
  the	
  deletion	
  chromosome.	
  	
  

Interrogation	
  of	
  this	
  region	
  in	
  an	
  allele-­‐specific	
  manner	
  might	
  allow	
  for	
  the	
  

distinction	
  of	
  how	
  the	
  new	
  telomere	
  affects	
  the	
  local	
  chromatin	
  environment.	
  

However,	
  due	
  to	
  disruption	
  of	
  the	
  H3K9me3	
  region,	
  it	
  is	
  possible	
  that	
  the	
  deletion	
  

chromosome	
  has	
  a	
  decrease	
  of	
  heterochromatin	
  in	
  some	
  regions	
  and	
  an	
  increase	
  in	
  

heterochromatin	
  in	
  regions	
  adjacent	
  to	
  it.	
  To	
  properly	
  understand	
  the	
  boundary	
  of	
  

the	
  disrupted	
  region	
  would	
  require	
  exact	
  determination	
  of	
  which	
  chromosome	
  each	
  

allele	
  was	
  on,	
  rather	
  than	
  just	
  understanding	
  that	
  there	
  was	
  an	
  allelic	
  imbalance.	
  In	
  

the	
  few	
  cases	
  in	
  which	
  parents	
  are	
  available	
  it	
  is	
  possible	
  to	
  determine	
  which	
  allele	
  

of	
  heterozygous	
  SNPs	
  were	
  inherited	
  from	
  each	
  parent	
  when	
  at	
  least	
  one	
  parent	
  is	
  

homozygous	
  for	
  the	
  allele(57).	
  This	
  would	
  allow	
  for	
  the	
  each	
  allele	
  to	
  be	
  assigned	
  to	
  

the	
  chromosome	
  with	
  or	
  without	
  the	
  deletion	
  present.	
  If	
  parents	
  are	
  not	
  available	
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there	
  are	
  methods	
  to	
  sequence	
  each	
  individual	
  chromosome	
  from	
  an	
  individual	
  

using	
  a	
  fosmid	
  library	
  to	
  determine	
  the	
  haplotype,	
  but	
  this	
  is	
  not	
  a	
  feasible	
  

approach(58).	
  

2.	
  A	
  new	
  method	
  for	
  assessing	
  TPE	
  in	
  human	
  cells	
  

The	
  clustered,	
  regularly	
  interspaced,	
  short	
  palindromic	
  repeat	
  (CRISPR)	
  

technology	
  provides	
  a	
  new	
  method	
  of	
  genomic	
  editing	
  involving	
  RNA	
  guided	
  

nucleases(59).	
  Use	
  of	
  this	
  technique	
  would	
  allow	
  for	
  the	
  creation	
  of	
  cell	
  lines	
  with	
  

terminal	
  deletions	
  from	
  an	
  existing	
  control	
  cell	
  line.	
  This	
  would	
  allow	
  for	
  the	
  

overcoming	
  some	
  of	
  the	
  obstacles	
  that	
  are	
  associated	
  with	
  the	
  nature	
  of	
  the	
  current	
  

study	
  including	
  determination	
  that	
  changes	
  seen	
  in	
  the	
  chromatin	
  environment	
  and	
  

gene	
  expression	
  are	
  a	
  product	
  of	
  the	
  deletion	
  and	
  not	
  the	
  effects	
  of	
  human	
  variation.	
  

However,	
  it	
  would	
  not	
  affect	
  our	
  inability	
  to	
  determine	
  whether	
  changes	
  are	
  a	
  direct	
  

result	
  of	
  the	
  new	
  telomere.	
  There	
  remains	
  the	
  possibility	
  that	
  the	
  deletion	
  of	
  

elements	
  that	
  regulate	
  gene	
  expression	
  or	
  chromatin	
  environment	
  could	
  result	
  in	
  

changes	
  on	
  the	
  other	
  side	
  of	
  the	
  breakpoint.	
  It	
  would	
  also	
  be	
  possible	
  to	
  choose	
  a	
  

cell	
  line	
  with	
  known	
  parents,	
  which	
  would	
  allow	
  for	
  the	
  determination	
  of	
  which	
  

allele	
  was	
  inherited	
  from	
  each	
  parent.	
  That	
  it	
  would	
  be	
  possible	
  to	
  perform	
  allele-­‐

specific	
  assays	
  linking	
  each	
  allele	
  to	
  the	
  deleted	
  or	
  non-­‐deleted	
  chromosome.	
  While	
  

it	
  was	
  not	
  necessary	
  to	
  determine	
  which	
  chromosome	
  the	
  alleles	
  in	
  the	
  4p	
  deletion	
  

were	
  associated	
  with	
  this	
  was	
  a	
  large	
  increase	
  in	
  heterochromatin	
  across	
  multiple	
  

SNPs	
  suggested	
  that	
  they	
  were	
  on	
  the	
  same	
  allele.	
  Linking	
  SNPs	
  to	
  the	
  same	
  

chromosome	
  would	
  allow	
  for	
  the	
  understanding	
  of	
  effects	
  beyond	
  the	
  simple	
  

spreading	
  of	
  heterochromatin	
  as	
  seen	
  in	
  the	
  4p	
  deletion.	
  It	
  would	
  also	
  allow	
  for	
  the	
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detection	
  of	
  smaller	
  effects	
  that	
  might	
  not	
  be	
  seen	
  under	
  the	
  assumption	
  that	
  the	
  

alleles	
  with	
  the	
  higher	
  allele	
  frequency	
  were	
  on	
  the	
  same	
  chromosome.	
  

Further,	
  the	
  ability	
  to	
  control	
  the	
  terminal	
  deletions	
  would	
  allow	
  for	
  the	
  

creation	
  of	
  deletions	
  at	
  specific	
  genomic	
  locations	
  rather	
  than	
  limiting	
  the	
  study	
  to	
  

patients	
  that	
  are	
  willing	
  to	
  enroll	
  in	
  the	
  study.	
  This	
  would	
  enable	
  the	
  correlation	
  of	
  

effects	
  with	
  the	
  distance	
  of	
  a	
  repositioned	
  telomere.	
  In	
  the	
  case	
  of	
  the	
  4p	
  deletion	
  it	
  

would	
  be	
  possible	
  to	
  interrogate	
  whether	
  a	
  larger	
  or	
  a	
  smaller	
  deletion	
  would	
  have	
  

similar	
  effects.	
  This	
  would	
  allow	
  for	
  determination	
  of	
  the	
  role	
  of	
  the	
  genomic	
  

elements	
  near	
  the	
  deletion	
  in	
  comparison	
  with	
  the	
  role	
  of	
  distance	
  from	
  the	
  

telomere.	
  	
  

3.	
  	
  Telomere	
  length	
  as	
  a	
  factor	
  

	
   One	
  factor	
  that	
  could	
  play	
  a	
  role	
  in	
  why	
  we	
  did	
  not	
  see	
  TPE	
  in	
  some	
  of	
  our	
  

cell	
  lines	
  might	
  be	
  due	
  to	
  telomere	
  length,	
  which	
  has	
  not	
  been	
  measured	
  here.	
  

Previous	
  reports	
  have	
  shown	
  the	
  strength	
  of	
  silencing	
  in	
  TPE	
  was	
  proportional	
  to	
  

the	
  length	
  of	
  the	
  telomere.	
  HELA	
  cells	
  whose	
  telomeres	
  were	
  lengthened	
  to	
  14	
  kb	
  

from	
  5	
  kb	
  showed	
  an	
  increase	
  of	
  silencing	
  associated	
  with	
  the	
  telomere(16).	
  Short	
  

telomeres	
  could	
  account	
  for	
  the	
  fact	
  that	
  we	
  do	
  not	
  observe	
  TPE	
  in	
  some	
  of	
  our	
  cell	
  

lines.	
  	
  

Although	
  LCLs	
  are	
  considered	
  “immortalized”	
  they	
  have	
  a	
  finite	
  division	
  rate	
  

since	
  there	
  is	
  no	
  mechanism	
  for	
  telomere	
  lengthening	
  as	
  opposed	
  to	
  other	
  true	
  

immortal	
  cell	
  lines	
  (60).	
  Data	
  from	
  analyses	
  studying	
  the	
  rapid	
  shortening	
  in	
  

patients	
  with	
  a	
  mutation	
  in	
  a	
  component	
  of	
  telomerase	
  demonstrated	
  that	
  

telomeres	
  in	
  control	
  LCLs	
  were	
  not	
  shortened	
  as	
  compared	
  to	
  other	
  human	
  subjects	
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(61,	
  62).	
  Further	
  after	
  four	
  weeks	
  of	
  passaging	
  there	
  was	
  not	
  a	
  significant	
  decrease	
  

in	
  telomere	
  length	
  in	
  these	
  cells.	
  

	
  If	
  the	
  cell	
  lines	
  that	
  we	
  studied	
  behave	
  as	
  other	
  LCLs	
  we	
  should	
  not	
  expect	
  

them	
  to	
  have	
  abnormally	
  shortened	
  telomeres.	
  While	
  telomere	
  length	
  is	
  an	
  

important	
  factor	
  in	
  TPE	
  it	
  is	
  unlikely	
  the	
  primary	
  cause	
  of	
  why	
  we	
  see	
  differences	
  

between	
  our	
  cell	
  lines.	
  	
  

4.	
  Genomic	
  targeting	
  to	
  the	
  nuclear	
  lamina	
  as	
  a	
  possible	
  explanation	
  of	
  TPE	
  in	
  

4p	
  deletion	
  cell	
  line	
  

A	
  study	
  analyzed	
  the	
  effects	
  of	
  different	
  insulators	
  in	
  relieving	
  the	
  effects	
  of	
  

TPE	
  by	
  inserting	
  different	
  DNA	
  elements	
  between	
  two	
  reporter	
  genes.	
  These	
  data	
  

showed	
  the	
  greatest	
  increase	
  of	
  gene	
  expression	
  and	
  reversal	
  of	
  silencing	
  of	
  the	
  

proximal	
  gene	
  were	
  matrix	
  attachment	
  regions(63).	
  This	
  makes	
  sense	
  because	
  

telomeres	
  are	
  localized	
  to	
  the	
  nuclear	
  periphery,	
  which	
  is	
  associated	
  with	
  silent	
  

genes,	
  and	
  regions	
  of	
  the	
  genome	
  near	
  the	
  new	
  telomere	
  would	
  be	
  expected	
  to	
  be	
  

displaced	
  from	
  their	
  normal	
  nuclear	
  location	
  (64,	
  65).	
  Regions	
  of	
  the	
  genome	
  that	
  

are	
  associated	
  with	
  the	
  nuclear	
  lamina	
  show	
  localization	
  of	
  large	
  regions	
  

H3K9me3(66).	
  However,	
  genes	
  that	
  are	
  adjacent	
  to	
  the	
  nuclear	
  lamina	
  have	
  active	
  

expression	
  due	
  to	
  the	
  insulating	
  regions	
  at	
  these	
  junctions.	
  	
  

It	
  would	
  follow	
  that	
  when	
  in	
  a	
  terminal	
  deletion	
  the	
  effect	
  of	
  the	
  newly	
  

positioned	
  telomere	
  would	
  be	
  dependent	
  on	
  nearby	
  genomic	
  features	
  and	
  the	
  

normal	
  chromatin	
  state.	
  According	
  to	
  studies	
  in	
  lung	
  fibroblast	
  cells,	
  the	
  4p	
  deletion	
  

breakpoint	
  is	
  located	
  within	
  a	
  region	
  associated	
  with	
  the	
  nuclear	
  lamina	
  (Figure	
  8)	
  

(67).	
  Since	
  this	
  region	
  has	
  a	
  propensity	
  to	
  interact	
  with	
  the	
  nuclear	
  lamina	
  it	
  is	
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possible	
  that	
  the	
  addition	
  of	
  a	
  telomere	
  near	
  this	
  region	
  provides	
  the	
  stabilization	
  

for	
  attachment,	
  which	
  would	
  otherwise	
  remain	
  unbound.	
  	
  

Similarly,	
  in	
  the	
  21q	
  deletion	
  cell	
  line	
  the	
  region	
  of	
  organized	
  H3K9me3	
  

enrichments	
  has	
  been	
  identified	
  as	
  a	
  LAD.	
  Since	
  it	
  is	
  known	
  that	
  telomeres	
  are	
  able	
  

interact	
  with	
  genomic	
  regions	
  that	
  are	
  several	
  megabases	
  it	
  is	
  likely	
  that	
  this	
  

disorganization	
  could	
  be	
  due	
  to	
  changes	
  to	
  a	
  cis-­‐effect	
  from	
  the	
  new	
  telomere	
  (35).	
  

Further	
  examination	
  of	
  the	
  changes	
  exerted	
  by	
  the	
  new	
  telomere	
  in	
  that	
  deletion	
  

would	
  allow	
  for	
  a	
  better	
  understanding	
  of	
  how	
  or	
  whether	
  telomeres	
  have	
  the	
  

ability	
  to	
  affect	
  nearby	
  LADs.	
  

Since	
  the	
  two	
  deletions	
  with	
  altered	
  chromatin	
  structure	
  are	
  located	
  at	
  or	
  

near	
  LADs,	
  TPE	
  may	
  only	
  occur	
  in	
  terminal	
  deletions	
  when	
  the	
  breakpoint	
  is	
  located	
  

near	
  a	
  region	
  that	
  already	
  has	
  the	
  ability	
  to	
  interact	
  with	
  the	
  nuclear	
  lamina.	
  

Whereas,	
  in	
  terminal	
  deletions	
  that	
  are	
  located	
  in	
  a	
  large	
  region	
  of	
  active	
  chromatin	
  

the	
  telomere	
  has	
  little	
  effect	
  on	
  the	
  state	
  of	
  the	
  chromatin.	
  	
  

5.	
  Conclusion	
  

In	
  conclusion,	
  a	
  new	
  telomere	
  at	
  the	
  end	
  of	
  a	
  terminal	
  deletion	
  can	
  exert	
  

changes	
  in	
  chromatin	
  environment	
  and	
  gene	
  expression.	
  Although	
  TPE	
  is	
  not	
  

evident	
  in	
  all	
  cases,	
  one	
  must	
  consider	
  positional	
  effects	
  of	
  intact	
  genes	
  outside	
  of	
  

the	
  deletion	
  playing	
  a	
  role	
  in	
  phenotype.	
  Further	
  study	
  is	
  necessary	
  to	
  fully	
  

understand	
  the	
  extent	
  of	
  TPE	
  in	
  terminal	
  deletions,	
  and	
  uncover	
  the	
  factors	
  that	
  

elicit	
  heterochromatin	
  spreading	
  in	
  this	
  type	
  of	
  CNV.	
  Further,	
  this	
  study	
  shows	
  that	
  

deletions	
  have	
  the	
  ability	
  to	
  have	
  cis-­‐effects	
  that	
  are	
  near,	
  but	
  not	
  at,	
  the	
  breakpoint.	
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In	
  addition,	
  position	
  effects	
  are	
  likely	
  to	
  affect	
  other	
  CNVs	
  that	
  do	
  not	
  involve	
  the	
  

telomere.	
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Figure	
  7:	
  Model	
  of	
  the	
  chromosomes	
  in	
  the	
  4p	
  deletion	
  cell	
  line.	
  
In	
  this	
  representation	
  of	
  the	
  data	
  in	
  the	
  4p	
  deletion	
  cell	
  line	
  there	
  are	
  allele-­‐
specific	
  heterochromatin	
  marks	
  and	
  decrease	
  in	
  EVC	
  expression.	
  These	
  are	
  
located	
  to	
  the	
  chromosome	
  with	
  the	
  deletion.	
  The	
  genes	
  EVC	
  and	
  WFS1,	
  and	
  
the	
  plus	
  signs	
  represent	
  the	
  relative	
  amount	
  of	
  gene	
  expression.	
  The	
  
presence	
  of	
  heterochromatin	
  is	
  seen	
  as	
  the	
  red	
  box.	
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Figure	
  8:	
  The	
  4p	
  deletion	
  is	
  located	
  near	
  laminin	
  associated	
  domains	
  
(LAD).	
  
A	
  plot	
  from	
  the	
  UCSC	
  genome	
  browser	
  of	
  2	
  Mb	
  around	
  the	
  4p	
  deletion	
  
breakpoint	
  showing	
  the	
  ChIP-­‐chip	
  data	
  as	
  depicted	
  before.	
  The	
  red	
  box	
  
surrounds	
  the	
  region	
  of	
  heterochromatin	
  enriched	
  in	
  the	
  deletion	
  cell	
  line,	
  
with	
  the	
  breakpoint	
  at	
  the	
  left	
  side	
  of	
  the	
  box	
  in	
  dark	
  red.	
  The	
  orange	
  regions	
  
representing	
  enrichment	
  of	
  H3K9me3.	
  The	
  orange	
  regions	
  represent	
  	
  
increased	
  H3K9me3	
  enrichment	
  and	
  the	
  blue	
  regions	
  represent	
  little	
  to	
  no	
  
enrichment.	
  The	
  UCSC	
  genes	
  are	
  shown.	
  The	
  NKI	
  LADs	
  track	
  shows	
  
previously	
  published	
  data	
  of	
  regions	
  of	
  the	
  genome	
  that	
  are	
  bound	
  to	
  
LaminB(67).	
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