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Abstract  
In vitro characterization of Gene Regulatory Innovations in the 

Human Genome 
 

David B. Greenberg 

   

 The Human Genome Project has generated 3 Giga base pairs (bp) of DNA that 

can be visualized and analyzed on the UCSC Genome Browser. A major challenge in 

the post-genomics era is to functionally annotate this map of our genome. Uniquely 

human features at the DNA level can be interrogated and likely hold the secrets to 

human evolution of specific traits as well as disease. When comparing the human 

genome to related primate or mammalian genomes two major classes change are: 

single base pair substitutions and larger structural rearrangements such as insertion of 

new DNA.  During my thesis work I investigated in detail examples of each. 

 Human Accelerated Region 1 (HAR1) is defined as the region of the human 

genome most significantly changed since we diverged from chimpanzees as it 

contains 18 substitutions in a 118bp region that has been conserved in our genomes 

from chicken to chimpanzee at 96% identity.  This small genomic region adopts a 

stable RNA secondary structure and is included in a long non-coding RNAs 

expressed in during neural development.  I used molecular, genetic and biochemical 

methods to assign HAR1 RNAs a cellular function, and to test the hypothesis that the 

HAR1 containing RNAs contribute to human specific features of brain development.  

Transposable elements (TEs) are an important source of gene regulatory 

elements and are abundant and active in our genome, but new insertions can be 
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deleterious to the host. Like integrated viral DNA, TEs are transcriptionally silenced 

by the host, and must evolve to evade host transcriptional silencing mechanisms to 

maintain their ability to mobilize. KRAB domain Zinc Finger Proteins (KZNFs) are 

candidate transcription factors for recognizing viral or mobile element DNA and 

recruiting transcriptional repression complexes in primates. Humans have ~150 

primate-specific KZNFs that could recruit KAP1-corepressor complex through their 

KRAB domain to target active or recently active mobile elements for transcriptional 

repression. We show that human KZNFs ZNF91 and ZNF93 bind and 

transcriptionally repress two prominent mobile element types that have recently 

expanded in apes: SVA and L1 mobile elements, respectively. We demonstrate that 

human ZNF93 recognizes L1PA4, and show that in the last common ancestor of 

humans and gorilla, a new family of L1, L1PA2, evaded this response by loss of the 

ZNF93 binding site. Ancestral reconstruction of the ZNF91 locus shows two 

duplication events that added 7 Zinc fingers to ZNF91 conferred robust protection 

against SVA over a contemporary period during primate evolution. We	  find that these 

new zinc fingers are important for binding the VNTR region of SVA, which in our 

experiments is necessary and sufficient for ZNF91-mediated repression. By extension 

of these and related findings, we propose that restriction of mobile element insertions 

in a mammalian genome is mediated in part by the presence of KZNFs evolved to 

recognize sequences within active TE families, and that the arms race created by this 

process has lead to the exceptional proliferation of lineage-specific ZNF genes in 

different mammalian lineages. 
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Chapter 1 

Background 

1.	  Background	  

1.A.	  Landscape	  of	  DNA	  elements	  at	  the	  nucleotide	  resolution	  

Genome	  sequencing	  began	  in	  1976	  with	  MS2	  bacteriophage	  RNA	  at	  only	  

3.5kilo	  bases	  (kb)	  in	  length(Fiers	  et	  al.,	  1976).	  In	  1977	  Walter	  Gilbert(Maxam	  

and	  Gilbert,	  1977)	  and	  Fred	  Sanger(Sanger	  and	  Nicklen,	  1977)	  developed	  

methods	  for	  DNA	  sequencing	  that	  allowed	  scientists	  to	  create	  annotated	  genetic	  

maps	  to	  base	  pair	  resolution.	  Protein	  coding	  genes	  were	  able	  to	  be	  recorded	  in	  

literature,	  named,	  and	  investigated	  in	  detail,	  for	  instance	  the	  ampicillin	  

resistance	  gene	  on	  a	  bacterial	  plasmid(Sutcliffe,	  1978).	  Since	  Sanger-‐sequencing,	  

the	  total	  amount	  of	  DNA	  and	  cost	  to	  sequence	  a	  given	  length	  	  has	  evolved	  faster	  

than	  the	  early	  days	  of	  the	  computer	  industry	  when	  the	  density	  of	  transistors	  was	  

doubling	  every	  two	  years(Sboner	  et	  al.,	  2011).	  The	  large	  amount	  of	  DNA	  

sequence	  data	  in	  recent	  history	  has	  required	  special	  computing	  platforms	  it	  is	  so	  

immense(Schatz	  et	  al.,	  2010).	  	  

Despite	  this	  large	  amount	  of	  data,	  there	  is	  a	  knowledge	  gap	  in	  functionally	  

annotating	  the	  sequence.	  In	  silico	  predictions	  and	  annotations	  are	  now	  abundant	  

from	  protein	  coding	  Known	  Genes(Hsu	  et	  al.,	  2006)	  to	  decayed	  mobile	  element	  

fragments	  that	  have	  become	  exapted	  by	  the	  host(Lowe	  et	  al.,	  2007)	  and	  can	  be	  



	   2	  

visualized	  on	  the	  UCSC	  Genome	  Browser(Karolchik	  et	  al.,	  2013).	  However,	  

functional	  characterization	  of	  these	  auto-‐annotated	  genes	  and	  putative	  

regulatory	  elements	  is	  largely	  lacking.	  This	  is	  no	  small	  task.	  55%	  of	  the	  genes	  in	  

the	  	  4.6	  Mega	  base	  pairs	  E.coli	  genome(Blattner,	  1997)	  have	  experimental	  

evidence	  to	  support	  annotation(Karp	  et	  al.,	  2002)(Keseler	  et	  al.,	  2013).	  In	  

comparison,	  the	  3	  Giga	  Base	  pairs	  of	  DNA	  in	  the	  human	  genome(Lander	  et	  al.,	  

2001),	  is	  an	  open	  frontier	  for	  understanding	  biology(Lander,	  2011).	  Most	  genes	  

that	  we	  understand	  come	  from	  classic	  genetic	  studies.	  In	  classic	  forward	  

genetics,	  the	  scientist	  starts	  with	  a	  trait	  or	  phenotype	  and	  works	  backwards	  to	  

figure	  out	  the	  (mutant)	  gene	  responsible	  for	  the	  mutant	  phenotype	  of	  an	  

organism.	  Forward	  genetics	  has	  been	  successful	  for	  identifying	  and	  

characterizing	  important	  genes	  both	  in	  the	  model	  organisms	  

drosophila(Nüsslein-‐Volhard	  and	  Wieschaus,	  1980),	  and	  clinical	  

genetics(Amberger	  et	  al.,	  2009).	  However,	  a	  germline	  mutagenesis	  screen	  in	  

primates	  or	  humans	  is	  unethical	  and	  slow,	  and	  waiting	  around	  for	  OMIM	  hit	  to	  

my	  favorite	  DNA	  region	  will	  take	  some	  time.	  So,	  the	  approach	  I	  took	  in	  my	  thesis	  

work,	  is	  called	  reverse	  genetics.	  I	  began	  with	  an	  interesting	  DNA	  sequence	  as	  a	  

starting	  point	  to	  investigate	  gene	  function.	  Therefore,	  genome	  sequence	  

annotation	  set	  the	  stage	  for	  my	  thesis	  work	  because	  it	  provided	  interesting	  

regions	  to	  interrogate.	  	  

1.B.	  Genome	  evolution,	  non-‐coding	  regulatory	  elements:	  evidence	  for	  their	  



	   3	  

function	  and	  evolution.	  

What	  makes	  a	  region	  interesting	  enough	  to	  characterize	  in	  the	  human	  

genome?	  1.5%	  of	  the	  human	  genome	  represents	  21,000	  protein	  coding	  genes.	  

~45%	  of	  the	  human	  genome	  is	  derived	  from	  transposable	  elements.	  6%	  of	  the	  

genome	  is	  under	  purifying	  negative	  selection	  and	  therefore	  thought	  to	  be	  

functionally	  important.	  	  Positive	  selected	  regions	  are	  rare	  and	  thought	  to	  

underlie	  trait	  differences	  between	  species.	  An	  example	  of	  an	  element	  class	  under	  

negative	  selection	  is	  Ultra	  Conserved	  Elements(Bejerano	  et	  al.,	  2004)(Katzman	  

et	  al.,	  2007),	  which	  are	  481	  regions	  >200	  base	  pairs	  long	  that	  are	  100%	  

conserved.	  As	  a	  class,	  most	  of	  these	  and	  related	  elements	  seem	  to	  be	  

enhancers(Pennacchio	  et	  al.,	  2006)(Visel	  et	  al.,	  2008)	  and	  some	  are	  the	  source	  of	  

enhancers	  and	  non-‐protein-‐coding	  RNAs	  relevant	  to	  brain	  development(Feng	  et	  

al.,	  2006)	  and	  cancer(Calin	  et	  al.,	  2007).	  Some	  UCEs	  have	  been	  investigated	  

through	  gene	  knock	  out	  analysis	  in	  laboratory	  mice(Ahituv	  et	  al.,	  2007),	  and	  the	  

authors	  concluded	  UCEs	  are	  dispensable	  for	  viability,	  adding	  more	  mystery	  to	  

what	  these	  regions	  are	  regulating.	  Furthermore,	  the	  nearest	  gene	  is	  not	  

necessarily	  the	  gene	  an	  enhancer	  is	  acting	  upon.	  Also,	  redundancy	  could	  mask	  

the	  function	  in	  the	  mouse	  knock-‐out	  experiment.	  Some	  believe	  the	  UCEs	  are	  

important	  for	  chromosome	  counting(Chiang	  et	  al.,	  2008).	  	  A	  recent	  study	  

underlie	  features	  that	  might	  be	  important,	  yet	  subtle	  such	  as	  facial	  

development(Attanasio	  et	  al.,	  2013)(Rohner	  et	  al.,	  2014).	  So,	  although	  there	  are	  
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examples	  of	  in	  silico	  predicted	  elements	  yielding	  a	  biological	  phenotype,	  and	  

they	  may	  underlie	  profound	  features	  of	  the	  cell	  and	  the	  organism	  there	  are	  also	  

examples	  where	  group’s	  efforts	  have	  not	  been	  fruitful.	  There	  is	  no	  guaranteed	  

method	  to	  prioritize	  elements	  that	  are	  functional	  from	  those	  that	  may	  not	  give	  

an	  observable	  phenotype,	  however	  ChiP-‐seq	  for	  enhancer	  specific	  factors	  such	  s	  

p300	  is	  a	  great	  indication	  of	  DNA	  enhancer	  function	  (Visel	  et	  al.,	  2009).	  It	  clearly	  

depends	  on	  the	  assay	  being	  used	  to	  examine	  the	  element(Dickel	  et	  al.,	  2014).	  

One	  interesting	  finding	  was	  that	  cardiac	  enhancers	  are	  actually	  less	  

conserved(May	  et	  al.,	  2012),	  and	  so	  too	  stringent	  cut	  offs	  in	  silico	  can	  direct	  

research	  away	  from	  potentially	  interesting	  elements.	  Conserved	  or	  negatively	  

selected	  elements	  tell	  us	  what	  is	  in	  common	  to	  all	  vertebrates	  or	  mammals,	  

however,	  positive	  selection	  gives	  us	  clues	  as	  to	  elements	  that	  could	  be	  

responsible	  for	  human	  specific	  traits.	  

The	  question	  of	  what	  makes	  humans	  unique,	  relative	  to	  other	  primates,	  

has	  been	  asked	  before	  by	  Darwin	  (1871,	  Descent)	  and	  primatologists	  such	  as	  

Jane	  Goodall.	  However	  a	  molecular	  blueprint	  for	  human	  and	  primates	  was	  

missing	  for	  comparison	  until	  only	  the	  last	  decade.	  After	  completion	  of	  the	  

Human	  Genome,	  there	  was	  anticipation	  to	  compare	  it	  to	  the	  chimp	  genome	  

(Carroll,	  2003)	  to	  look	  for	  key	  genes	  that	  might	  explain	  trait	  differences.	  	  The	  

chimp	  genome	  showed	  that	  Alu	  mobile	  elements	  were	  more	  active	  in	  humans	  

and	  certain	  known	  protein	  coding	  genes	  were	  rapidly	  evolving(Sequencing	  and	  
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Consortium,	  2005).	  In	  addition,	  a	  few	  genes	  with	  SVAs	  in	  their	  promoters	  

showed	  divergent	  expression(Khaitovich	  et	  al.,	  2005).	  One	  finding	  was	  that	  

duplicated	  genes	  seemed	  to	  have	  a	  greater	  impact	  then	  nucleotide	  

substitutions(Cheng	  et	  al.,	  2005).	  A	  set	  of	  rapidly	  evolving	  regions,	  called	  Human	  

Accelerated	  Regions	  were	  discovered	  by	  Katherine	  Pollard	  who	  had	  worked	  on	  

the	  chimpanzee	  genome	  as	  a	  post	  doc	  in	  the	  Haussler	  lab(Pollard	  et	  al.,	  2006a).	  

The	  chimpanzee	  is	  our	  closest	  living	  relative,	  with	  DNA	  being	  99%	  identical.	  The	  

big	  question	  was	  what	  are	  the	  genetic	  differences	  between	  chimps	  and	  humans	  

that	  give	  rise	  to	  the	  characteristic	  traits	  we	  observe	  between	  the	  species.	  

Characterization	  of	  HAR1	  showed	  it	  was	  part	  of	  an	  RNA	  expressed	  during	  early	  

brain	  development	  in	  specific	  cells(Pollard	  et	  al.,	  2006b)	  and	  an	  analysis	  of	  	  

HAR2	  showed	  it	  acts	  as	  an	  a	  enhancer	  in	  the	  thumb	  and	  wrist(Prabhakar	  et	  al.,	  

2008)(Cotney	  et	  al.,	  2013).	  	  

With	  the	  sequence	  of	  the	  Human	  Accelerated	  Regions	  in	  hand,	  it	  seemed	  

one	  only	  needed	  a	  clever	  experiment	  to	  unravel	  this	  mystery	  of	  mysteries	  

hidden	  in	  a	  molecule.	  However,	  other	  scientists	  have	  broken	  their	  sword	  on	  this	  

question	  as	  the	  function	  of	  the	  HARs	  remain	  largely	  unexplored	  rigorously	  in	  

vivo,	  although	  many	  are	  now	  considered	  enhancers(Capra	  et	  al.,	  2013b).	  There	  

has	  also	  been	  work	  showing	  that	  the	  substitutions	  which	  lead	  to	  the	  discovery	  of	  

the	  HARs	  are	  the	  result	  of	  Biased	  Gene	  Conversion,	  a	  process	  that	  may	  actually	  

be	  non-‐adaptive	  and	  even	  deleterious	  to	  a	  previously	  conserved	  region	  in	  the	  

genome(Berglund	  et	  al.,	  2009)(Capra	  et	  al.,	  2013a;	  Dreszer	  et	  al.,	  2007;	  Katzman	  
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et	  al.,	  2010;	  Pollard	  et	  al.,	  2006a).	  During	  my	  thesis	  work	  I	  have	  investigated	  the	  

function	  of	  HAR1	  RNA	  and	  HAR2	  enhancer:	  two	  genetic	  elements	  that	  were	  

identified	  on	  the	  basis	  of	  human	  specific	  substitutions.	  I	  used	  mouse	  and	  human	  

embryonic	  stem	  cells	  (mESCs	  and	  hESCs)	  as	  well	  as	  mice	  models	  and	  

biochemical	  methods	  to	  investigate	  HAR1	  function.	  HAR1	  was	  defined	  as	  the	  

region	  of	  the	  human	  genome	  most	  significantly	  changed	  since	  we	  diverged	  from	  

chimpanzees.	  This	  small	  genomic	  region	  adopts	  a	  stable	  RNA	  secondary	  

structure	  and	  is	  expressed	  in	  the	  human	  cortex	  during	  early	  fetal	  development	  

[Pollard,	  2006].	  Early	  cortical	  development,	  including	  HAR1	  expression,	  can	  be	  

recapitulated	  by	  differentiating	  ES	  cells	  into	  cortical	  neurons	  in	  vitro.	  

Identification	  of	  targets	  of	  HAR1	  may	  provide	  a	  novel	  insight	  into	  the	  regulation	  

underlying	  differentiation	  of	  hESCs	  into	  human	  cortical	  neurons.	  These	  

experiments	  directly	  test	  for	  a	  causative	  role	  for	  a	  ncRNA	  speculated	  to	  ‘make	  us	  

human’	  [Pollard,	  2009]	  at	  the	  genetic	  level	  based	  on	  the	  evolutionary	  signature	  

of	  the	  HAR1	  genomic	  region.	  To	  test	  HAR2	  function,	  I	  used	  mouse	  KO	  and	  KI	  

models	  to	  determine	  whether	  HAR2	  affects	  gene	  expression	  in	  the	  developing	  

limb	  in	  support	  of	  HAR2	  being	  a	  functional	  enhancer	  element.	  

DNA	  regulatory	  elements	  function	  by	  recruiting	  specific	  transcription	  

factors	  or	  repressors	  to	  the	  locus	  thereby	  effecting	  gene	  expression	  of	  the	  

protein-‐coding	  gene.	  Where	  does	  regulatory	  DNA	  arise	  from?	  How	  is	  an	  

enhancer	  born?	  One	  source	  of	  regulatory	  DNA	  is	  from	  endogenous	  viral	  
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elements	  which	  mobilize	  in	  the	  germline	  and	  jump	  to	  new	  locations(Kazazian,	  

2004).	  	  

1.C.	  Mobile	  elements	  and	  genome	  evolution	  

About	  half	  of	  the	  human	  genome	  was	  invaded	  at	  some	  point	  in	  vertebrate	  

evolution	  and	  ‘junked’	  by	  retroviral	  Transposable	  Element	  (TE)	  insertions	  

[Zamudio	  and	  Bourchis,	  2010].	  To	  restrict	  new	  retroviral	  infections	  as	  well	  as	  

repress	  endogenous	  retrovirus	  TEs,	  the	  mammalian	  cell	  has	  evolved	  genome	  

defense	  machinery,	  including	  Kruppel	  Class	  (C2H2)	  Zinc	  Finger	  proteins	  and	  

TRIM	  proteins	  to	  repress	  TE	  expression	  and	  thus	  limit	  their	  ability	  to	  invade	  our	  

genome	  (Goff,	  2004;	  Nisole	  et	  al.,	  2005).	  Despite	  this	  genome	  defense	  system,	  

retroviral	  elements	  have	  still	  integrated	  into	  host	  genomes.	  These	  integrated	  TE	  

sequences	  should	  undergo	  degradation	  in	  the	  host	  over	  many	  generations	  under	  

the	  model	  of	  neutral	  drift.	  However,	  if	  the	  integrated	  TE	  persists	  as	  a	  conserved	  

element	  in	  the	  host,	  it	  is	  presumed	  that	  the	  element	  now	  serves	  a	  functional	  role	  

in	  the	  host	  and	  the	  TE	  is	  considered	  exapted	  [Lowe	  et	  al.,	  2007].	  Direct	  evidence	  

for	  exaptation	  of	  a	  retroviral	  TE	  was	  shown	  for	  the	  syncytin-‐A	  gene	  that	  is	  

required	  for	  placenta	  development	  in	  the	  mouse	  [Dupressoir,	  2009].	  	  

The	  Kruppel	  (C2H2	  Zinc	  Finger)	  associated	  box	  (KRAB)	  class	  of	  

transcription	  factors	  (KZNFs)	  are	  the	  best	  candidates	  for	  the	  sequence-‐based	  

targeting	  mechanism	  for	  the	  histone	  modifications	  associated	  with	  chromatin	  
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silencing	  at	  the	  site	  of	  a	  TE	  [Rowe	  et	  al,	  2010].	  The	  KRAB	  domain	  of	  a	  KZNF	  

interacts	  with	  the	  co-‐repressor	  KAP1.	  Support	  for	  this	  hypothesis	  came	  from	  a	  

study	  showing	  the	  stem	  cell-‐specific	  retroviral	  restriction	  factor	  ZFP809,	  a	  

mouse	  KZNF,	  binds	  to	  integrated	  viral	  DNA	  and	  the	  co-‐repressor	  KAP1[Wolf	  	  and	  

Goff,	  2009].	  In	  another	  study,	  KAP1	  was	  shown	  to	  bind	  to	  the	  chromatin	  

modifying	  enzyme	  LSD1	  [Macfarlan	  et	  al.,	  2011].	  Loss	  of	  the	  KAP1	  silencing	  

complex,	  via	  LSD1	  knockout	  in	  mESCs,	  results	  in	  overexpression	  of	  endogenous	  

TEs	  and	  also	  misexpression	  of	  zygotically	  restricted	  genes.	  Although	  this	  work	  

only	  provides	  evidence	  for	  co-‐option	  of	  endogenous	  TEs	  at	  the	  blastocyst	  stage,	  

we	  hypothesize	  this	  mechanism	  of	  gene	  regulation	  applies	  in	  embryonic	  tissues	  

and	  adult	  differentiated	  cells.	  Specifically,	  I	  tested	  whether	  this	  mechanism	  of	  

gene	  regulation	  occurs	  in	  hESCs.	  It	  was	  formally	  shown	  that	  KZNF-‐KAP1	  

mediated	  silencing	  can	  repress	  transcription	  at	  a	  promoter	  up	  to	  15kb	  from	  a	  

targeted	  site	  [Groner	  et	  al.,	  2010].	  	  

It	  is	  known	  that	  both	  TEs	  and	  KZNFs	  have	  expanded	  during	  primate	  and	  

human	  evolution	  [Emerson	  and	  Thomas,	  2009;	  Hamilton	  et	  al.,	  2006;	  Nowick	  et	  

al.	  2010,	  2011;	  Huntley	  et	  al.	  2006].	  However,	  which	  specific	  KZNF	  recognizes	  

and	  represses	  which	  specific	  integrated	  TE	  has	  not	  been	  shown.	  It	  has	  been	  

speculated	  that	  the	  arms	  race	  between	  the	  TE	  integrations	  and	  the	  proteins	  that	  

repress	  them	  was	  a	  driver	  for	  KZNF	  evolution	  such	  that	  in	  a	  given	  gene	  

duplication	  one	  KZNF	  retains	  the	  ancestral	  function,	  whereas	  the	  other	  KZNF	  

diverges	  in	  some	  of	  the	  ZF	  domains	  to	  recognize	  new	  sequences.	  Recently,	  a	  
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computational	  team	  reported	  that	  there	  is	  a	  strong	  correlation	  between	  the	  

number	  of	  TEs	  and	  the	  number	  of	  KZNFs	  throughout	  vertebrate	  evolution	  

[Thomas	  and	  Schneider,	  2011].	  Their	  study	  provides	  a	  phylogenetic	  resource	  of	  

candidate	  KZNFs	  and	  exapted	  TEs	  that	  I	  investigated	  in	  my	  thesis	  work	  using	  

hESCs,	  mESCs,	  a	  hybrid	  human-‐transchromosmic	  mESC	  line	  and	  reporter	  assays.	  	  

In	  this	  thesis	  I	  will	  provide	  evidence	  for	  the	  function	  of	  recently	  emerged	  

features	  of	  the	  human	  genome	  that	  were	  predicted	  in	  silico,	  and	  discuss	  the	  

internal	  arm’s	  race	  that	  drives	  genome	  evolution.	  	  
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Chapter 2 

Characterization of Human Accelerated Region1 RNA and Human Accelerated 

Region 2 Enhancer 

Introduction 

 Comparison of the human and chimpanzee genome provided the first 

opportunity to search for DNA regions that distinguish the two species. It is thought 

that changes in human regulatory regions have contributed to phenotypic 

changes(King and Wilson, 1975)(Carroll et al., 2008). Human Accelerated Region 1 

(HAR1) is a 118 nucleotide DNA region in the human genome that most rapidly 

changed since we diverged from chimpanzees(Pollard et al., 2006a).  HAR1 is 

expressed early in macaque and human gestation, as part of HAR1F, a ~3kb long 

non-coding RNA (lncRNA) in migrating neurons and co-expressed with Reelin in 

Cajal-Retzius neurons of the neocortex(Pollard et al., 2006b). HAR1 RNA forms a 

clover-leaf secondary structure(Pollard et al., 2006b)(Beniaminov et al., 2008). At the 

DNA level the HAR1 locus is repressed by REST in HEK293 and U373 (human 

glioblastoma derived) cell lines, but not in mouse or patients with Hunitngton’s 

Disease(Johnson et al., 2010).  

 LncRNAs are beginning to become functionally characterized as functionally 

relevant molecules involved in gene regulation based on studies in mouse (Guttman et 

al., 2011)(Sauvageau et al., 2013) and cancer cell lines (Gupta et al., 2010)(Huarte et 

al., 2010) as well as human fibroblast(Rinn et al., 2007).  However, the cellular 
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function of HAR1 and the significance of the 18 substitutions between human and 

chimpanzee remains an open question in biology.  Here, I show that Human HAR1F 

RNA interacts with KSRP and up-regulates mature miR-137. I found that HAR1 

RNA is enriched in the nucleus and that interaction with the Sm complex suggests 

this is the mechanism of HAR1 nuclear localization. Also, I show that HAR1 RNA-

KSRP interaction is present in week 10 human neurospheres, providing a model 

system to further study this gene. Furthermore, I characterized mouse HAR1 

expression during neural differentiation and found that mouse HAR1 ~1.5Kb region 

can act as a neural enhancer in-vivo. Bioinformatic analysis also suggests that gain of 

HIF1-alpha site is one consequence of the substitutions between chimp and human at 

the DNA level. I propose that the HAR1 element is a conserved neural enhancer that 

evolved into a functional RNA in the primate neocortex.  

 

Results  

mHAR1 is active in the developing mouse brain 

During human embryonic brain development, HAR1F is highly expressed and 

detectable by in situ hybridization (ISH) with antisense RNA probes, whereas 

HAR1R is expressed at 10 fold lower levels and is only detectable by quantitative 

Reverse-Transcriptase PCR (qPCR)(Pollard et al., 2006b). HAR1F is co-expressed in 

the dorsal cortex with reelin, a specific marker of Cajal-Retzius neurons, which are 

necessary for proper cortical development. In order to further understand the role of 
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HAR1 ncRNAs in the mammalian brain, I used the mouse and mouse embryonic 

stem cells (mESCs) as model systems to study the function of ancestral (mouse) 

HAR1 ncRNAs. We hypothesized that mHAR1F and mHAR1R (an antisense 

lncRNA to HAR1F from the same locus) are functional lncRNAs important for 

mESC neural differentiation. To test this hypothesis I performed qPCR on embryonic 

time points to determine which cell types express mHAR1 RNAs. I found that in 

general expression was low compared to reelin expression. (Fig. 2.1 a). mHAR1F 

expression was detected at E9.5, peaked at E10.5, and continues at E11.5 and E12.5. 

We surveyed mHAR1 expression at E11.5 and E12.5 by ISH on sectioned 

brain tissue. Expression was detected at both dorsal and ventral sites of neural 

progenitor cells, the dorsal pallium (DP) and ventral structures, the medial and lateral 

ganglionic eminence (MGE, LGE) (Fig. 2.1 b, c). These regions produce neural 

progenitor cells that migrate and populate the cortex(Marín and Rubenstein, 2001, 

2003). Enhancer-reporter studies in the mouse embryo (Fig. 2.1 d-h), using the mouse 

mHAR1F region to direct LacZ reporter expression, suggests that the HAR1 locus is 

active in the mouse brain, either as an enhancer or an RNA or both. Work from the 

Greenberg lab at Harvard has shown that mice treated with KCl express HAR1 as an 

‘enhancer RNA’ (Kim et al., 2010). This is not the first mammalian enhancer-

associated lncRNA in the brain.  In fact, Evf-2(Feng et al., 2006) represents this class 

as a classical example of a functional enhancer-associated lncRNA(Ponting et al., 

2009) and is also expressed in the MGE. Taken together, these results suggest that 

mouse HAR1 locus is active in the mouse brain in an enhancer assay, and also as an 
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RNA transcript that is produced at low levels. 
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Figure 2.1: mHAR1 is active in the developing mouse brain. 	  
a, Expression of mHAR1F in whole mouse embryo by qPCR. n=1 embryo per 
timepoint. b, c,  In situ hybridization on mouse coronal brain section illustrating 
endogenous mouse HAR1 expression. d,  UCSC Genome Browser view of HAR1 
region tested in LacZ enhancer assay (‘1601 enhancd’ and ‘1523bp’). Red dash bar 
indicates HAR1 element. e-h Hsp68-LacZ reporter activity visualized in blue by X-
gal staining of HAR1-injected embryos. Arrows indicate consistent patterns of 
activity between replicates. 
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mHAR1 RNAs are expressed in neural precursors derived from mouse 

embryonic stem cells 

 For biochemical and functional studies of HAR1, we chose a cell culture 

model, mESC neural differentiation(Gaspard et al., 2009). I profiled expression of 

mHAR1F throughout neural diffentiation as well as Sox1, a marker of 

neuralectodermal precursors and found HAR1 expression coincides with Sox1, 

peaking between day 7 and day 14 (Fig 2.2a). These mESC derived neuronal cultures 

gave rise to cortical neurons based on antibody staining of Tuj1, RELN, Ctip2, and 

Calretinin at day 21 (Fig 2.2b,c). At day 5, both OCT4 positive mESCs as well as 

Tuj1 positive neurons are present (Fig 2.2d,e). To determine if mHAR1F and 

mHAR1R are present in these earliest neuralectodermal precursors, or if they 

partition to differentiated neurons, I took advantage of a mESC line in which the 

Sox1-promoter drives GFP expression(Ying et al., 2003)Flourescence Activated Cell 

Sorting (FACS) was carried out to selected Sox1-GFP+, Sox1-GFP- fractions. I found 

that both mHAR1F and mHAR1R transcripts were enriched in the Sox1-GFP 

population by qPCR (Fig. 2.2f). Since the mouse ISH showed mHAR1 expression in 

both dorsal and ventral domains, I wondered whether dorsalizing the culture with the 

SHH antagonist cyclopamine or ventralizing the culture with SHH would enrich for 

HAR1. By RT-PCR, I found that treatment with cyclopamine inceased the dorsal 

marker Emx1 and decreased Nkx2.1 (Fig 2.2g), a ventral marker for Medial 

Ganglionic Eminence (MGE), but also decreased HAR1 expression (Fig 2.2h). I 

concluded the best source of HAR1 in vitro was to use a 10 day differentiation 
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protocol without the addition of cyclopamine. These results suggest that HAR1F in 

mouse is enriched in ventral structures which agrees with our ISH data and binding 

site predictions of Nkx2.1.  
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Figure	  2.2:	  mHAR1	  RNAs	  are	  expressed	  in	  neural	  precursors	  derived	  from	  
mouse	  embryonic	  stem	  cells.	  	  
a,	  qPCR	  analysis	  of	  mHAR1F	  and	  Sox1	  during	  neural	  differentiation	  of	  mESCs.	  b-‐
c,	  IF	  staining	  of	  day	  21	  mESC	  derived	  neurons.	  d-‐e,	  IF	  staining	  of	  Sox1-‐GFP	  
reporter	  in	  46c	  cells	  and	  neural	  (Tuj1)	  and	  ES	  (OCT4)	  markers	  present	  in	  day	  5	  
NPCS.	  f,	  qPCR	  after	  FACS	  for	  mHAR1F	  and	  mHAR1R.	  	  g,	  semi-‐quantitative	  RT-‐
PCR	  for	  dorsal	  and	  ventral	  transcription	  factors	  (markers)	  in	  day	  10	  NPCS	  cells	  
with	  treatment.	  SHH,	  Sonic	  Hedgehog;	  cyclo;	  Cyclopamine;	  NT,	  no	  treatment.	  h,	  
qPCR	  at	  day	  10	  for	  mHAR1F	  following	  treatment	  of	  NPCs	  .	  
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HAR1 RNAs are localized to the nucleus 
 Now that we had an endogenous source of HAR1, we wanted to explore 

where in these neuralectodermal cells it localized. Using a nuclear and cytoplasmic 

fractionation technique (Rooke and Underwood, 2003) followed by qPCR, we found 

mHAR1F and mHAR1R transcripts are enriched in the nucleus (Fig 2.3a). This raised 

the possibility that HAR1 function is tied to a nuclear role such as gene expression. 

To test if mHAR1F could effect gene expression, I created a mHAR1F 

overexpressing dox-inducible cell line KH2-mHAR1F, in which mHAR1F is 

integrated at the ColA1 locus on mouse chr11, in addition to the endogenous copy on 

chr2. At the same time, I created other alleles of HAR1: human HAR1F (hHAR1F), 

mHAR1R. To test inducible levels, I measured hHAR1F levels after addition of dox 

and found that peak levels occurred at 12 hours after dox (Fig 2.3 d). Similar to 

mHAR1F, nuclear fractions were enriched for hHAR1F (Fig 2.3 e). To explore 

localization further, we used RNA-FISH(Raj et al., 2008) to visualize HAR1 

transcripts in the cell. Using our overexpressing KH2-mHAR1F mESCs, RNA-FISH 

we found that mHAR1F was localized to 1-3 foci per nuclei, in contrast to the 

abundant and ubiquitous localization of U2 RNA (Fig 2.3 b, c). Using overexpressed 

mHAR1F let us confirm our probes worked and so we could look for endogenous 

HAR1. To visualize endogenous mHAR1F, neural cultures were examined by RNA 

FISH, and displayed several low intensity dots that seemed to be both nuclear and 

cytoplasmic in contrast to the overexpressed lines (Fig 2.3 f-i). Together these data 

suggest HAR1F is enriched in the nucleus, and supports the hypothesis that HAR1F is 

involved in gene regulation.  
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Figure	  2.3:	  HAR1	  RNAs	  are	  localized	  to	  the	  nucleus	  
a,	  qPCR	  of	  nuclear	  or	  cytoplasmic	  fractions	  of	  NPCs	  for	  mHAR1F	  or	  mHAR1R	  and	  
controls.	  b,	  RNA	  FISH	  for	  endogenous	  	  U2	  in	  mESCs.	  c,	  	  RNA	  FISH	  for	  
overexpressed	  mHAR1F.	  d,	  qPCR	  for	  overexpressed	  hHAR1F	  after	  dox	  induction	  
in	  mESCs.	  e,	  RT-‐PCR	  for	  hHAR1F	  in	  nuclear	  (lanes	  1,2)	  or	  cytoplasmic	  (lanes	  3,4)	  
after	  dox	  induction.	  f,	  trace	  of	  pixel	  intensity	  for	  nuclear	  RNA	  in	  RNA	  FISH	  image	  
g	  of	  day	  10	  NPCS.	  	  g,	  RNA	  FISH	  for	  control	  probe.	  White	  Bar	  indicates	  region	  
analyzed	  in	  f.	  h,	  i,	  same	  as	  f,	  g	  except	  detecting	  endogenous	  mHAR1F	  in	  day	  10	  
NPCs.	  
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mHAR1F overexpression microarray analysis 

 To determine if mouse HAR1F overexpression has an effect on gene 

expression, KH2-mHAR1F cell lines were differentiated into day 10 

neuralectodermal precursors and subjected to microarray analysis using biological 

duplicates comparing the + dox and – dox condition. Data were sorted by a Student’s 

Paired t-test and plotted based on fold change. One interesting gene that was 

repressed 25% was Sox8. (Fig 2.4 a,b). The locus where mHAR1F was integrated, 

Col1a1, is presented as a negative control. In vitro neural differentiation is stochastic 

and differences in the culture dish may dominate any subtle effect of our 

overexpressed mHAR1F transgene. Therefore, Sox8 could be an artifact from the 

differentiation and analysis procedure. Another interpretation is the Sox8 differential 

expression could represent a strong signal in a select subset of neurons or NPCs being 

muddled by a heterogeneous culture. Further investigations into mHAR1F and Sox8 

are need to be taken to validate this potential interaction. As Sox8 is also expressed in 

the brain and testis and regulates gene expression, a subtle effect by mHAR1F, or by 

speculation hHAR1F, could have important implications.  
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Figure	  2.4:	  mHAR1F	  overexpression	  microarray	  analysis	  
a,	  Bar	  graph	  of	  downregulated	  neural	  genes	  from	  microarray	  expression	  data	  for	  
mouse	  RNA	  at	  day	  10	  NPCs.	  n=2	  +dox	  mHAR1F	  overexpressed	  and	  –dox	  	  control	  
conditions.	  Error	  bars	  are	  standard	  deviation.	  Col1a1	  is	  shown	  as	  control.	  b,	  
Gene	  list	  >	  or	  <	  25%	  differentially	  expressed	  genes	  with	  a	  p-‐value	  (paired	  t-‐test)	  
<0.05	  from	  microarray	  analysis.	  Sox8	  is	  bold	  to	  indicate	  interesting	  candidate	  
based	  on	  literature	  and	  co-‐expression	  with	  endogenous	  mHAR1F.	  
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HAR1 elements contain a Nkx2-1 binding site, except megabat  

 To investigate the mechanism of HAR1 activity in the brain and the impact of 

the 18 substitutions in human HAR1 relative to other sequenced vertebrates, we 

examined transcription factor binding motifs in the HAR1 element at the DNA level. 

It is possible that substitutions could have resulted in gain of function, loss of 

function, or repurposed function. Biased Gene Conversion could result in loss of 

activity, whereas adaptive positive selection could be the gain of new activity. 

Differences in the sequence could direct changes in HAR1 expression. 

One interesting discovery was that megabat HAR1 element has two deletions 

relative to the other species and zebrafinch has two insertions (Fig. 2.5a). This 

suggested HAR1 was not essential for mammalian brain development. Alternatively, 

the RNA structure underwent a functional lineage specific change.  Our predictions 

suggest at least there was shuffling of DNA binding sites within the element at the 

DNA level.  

To test the hypothesis that changes in DNA binding sites occurred, we 

performed a scan of binding site gain on the 118bp HAR1 element using a previously 

described comparative TRANSFAC based approach (Chen et al., 2007). We made 

several observations with this DNA sequence analysis. First, that megabat gained a 

Nkx5.1 binding site (Fig. 2.5b), a transcription factor expressed ventrally to the MGE 

in the preoptic area (POA) that gives rise to cells that migrate to the cortex(Gelman et 

al., 2009). Second, human HAR1 has binding site gains of IRF8, a blood interferon 
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transcription factor; CREB (cyclic AMP response element binding protein) that has 

functions in memory; and HIF-1alpha (hypoxia inducible factor) an important master 

responder to low oxygen conditions. Third, human HAR1 lost OCT6 (Pou3f1/TST-1) 

binding site. This binding site loss prediction is interesting because OCT6 is brain and 

stem cell expressed gene and binds to an enhancer located in the mouse nestin intron 

(Josephson et al., 1998) and is required for mylenation(Bermingham et al., 1996). A 

binding site for HELIOS, an Ikaros related zinc finger transcription factor, is present 

in all of the HAR1 elements in this group, however as HELIOS is not known to be 

expressed in the brain(Hosokawa et al., 1999), the significance of this predicted site is 

not clear. Interestingly, a manual analysis of the sequence revealed that Human, 

Chimp, mouse and chicken all share an Nkx2.1 binding site (Fig 2.5c) except that 

Human HAR1 has 1 substitution at this predicted binding site. Nkx2.1 is a marker of 

the MGE, a site of mouse HAR1F expression. Taken together, megabat is predicted to 

use the new Nkx5.1 site to drive ventral brain expression of ptHAR1F. Further, the 

substitutions in human HAR1 results in the gain of 4 new transcription factor binding 

sites including CREB and HIF-1alpha.  
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Figure 2.5: HAR1 elements contain a Nkx2-1 binding site, except megabat  
a, Multiple sequence alignment (MSA) of HAR1 element from species including two 
new species (genome not present during HAR1 discovery): megabat, zebrafinch. Blue 
shading indicates sequence conservation in the alignment. b, Bar graph showing 
prediction score for binding sites gained or lost in each HAR1 sequence. c, Nkx2.1 
and other motifs identified from HAR1 DNA sequence analysis.  
  

 
 
 
 
 
 
            1           OCT6                                    HIF1a CREB 60 
human_HAR1  TGAAACGGAG GAGACGTTAC AGCAACGTGT CAGCTGAAAT GATGGGCGTA GACGCACGTC 
chicken_HA  TGAAATGGAG GAGAAATTAC AGCAATTTAT CAACTGAAAT TATAGGTGTA GACACATGTC 
chimp_HAR1  TGAAATGGAG GAGAAATTAC AGCAATTTAT CAACTGAAAT TATAGGTGTA GACACATGTC 
mouse_HAR1  TAAAATGGAG GAGAAATTAC AGCAATTTAT CAGCTGAAAT TATAGGTGTA GACACATGTC 
  
            61     STAT1             ICSBP                    NKX2.1    118 
human_HAR1  AGCGGCGGAA ATGGTTTCTA TCAAAATGAA AGTGTTTAGA GATTTTCCTC AAGTTTCA 
chicken_HA  AGCAGTAGAA ACAGTTTCTA TCAAAATTAA AGTATTTAGA GATTTTCCTC AAATTTCA 
chimp_HAR1  AGCAGTGGAA ATAGTTTCTA TCAAAATTAA AGTATTTAGA GATTTTCCTC AAATTTCA 
mouse_HAR1  AGCCGTGGAA ATGGTTTCTA TCAAAATTAA AGTATTTAGA GATTTTCCTC AAATTTCA 
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hHAR1F RNA binds to the nuclear localizing Sm-complex  

 Large nuclear RNAs are known to interact with hNRNPs(Huarte et al., 2010) 

and can be targeted to the nucleus via an Sm motif, a U-rich sequence flanked by 

purines and just 3’ of a RNA secondary structure, via the Sm complex(Mattaj and De 

Robertis, 1985). HAR1 has a predicted Sm motif and we hypothesized that this is the 

mechanism for HAR1 nuclear localization. To test if Sm complex interacts with 

HAR1, I performed and RNA-Immuno-Precipitation (RIP) with anti-Sm (Y12) 

antibody followed by qPCR for HAR1 (Fig. 2.6).  I found that HAR1 RNA does 

interact with Sm complex, which could explain the HAR1 nuclear localization we 

observed.  
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Figure	  2.6:	  hHAR1F	  RNA	  binds	  to	  the	  nuclear	  localizing	  Sm-‐complex	  	  
RIP-‐qPCR	  of	  anti-‐Sm	  (Y12	  antibody).	  RIP,	  RNA	  Immunopreciptitation;	  T7	  (T7	  tag	  
antibody)	  control.	  Duplicate	  RIP	  experiments	  are	  shown	  as	  RIP_1	  and	  RIP_2.	  	  
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Overexpression of hHAR1F results in an increase of mature miR-137 

Since, HAR1 RNA is retained in the nucleus, we hypothesized it could be 

regulating transcription or RNA processing. One clue came from studies in Joan 

Steitz’s lab where a herpesvirus derived U-RNA, HSUR, was shown to interact with 

Sm and miRNAs(Cazalla et al., 2010). Similarly, Phil Sharp has proposed the concept 

of the miRNA-sponge, where an RNA base pairs with miRNAs(Ebert and Sharp, 

2010)(Ma et al., 2010). If a miRNA-sponge could sequester a miRNA, then in theory 

it could also serve as a scaffold for processing.  To test if hHAR1F could base pair 

with miRNAs, I chose miRNAs from the literature that were shown to be expressed 

and characterized in the brain(Fineberg, 2010), downloaded their sequence from 

miRBase (www.mirbase.org) and used RNAhybrid(Rehmsmeier et al., 2004) 

(http://bibiserv.techfak.uni-bielefeld.de/rnahybrid) to predict interacting miRNA 

targets. I found that several miRNAs in this set had minimum free energy (MFE) 

scores <-20kcal/mol, which is a good predictor of functional interactions (Fig 2.7.a). 

Since many miRNAs are conserved, I could use the endogenous mouse miRNAs to 

profile the effect of hHAR1F overexpression. To test the hypothesis that hHAR1F 

could function like HSUR as a miRNA sponge, I analyzed mature miRNA counts 

directly from RNA using a Nanostring(Geiss et al., 2008) miRNA assay in NPCs that 

overexpress hHAR1F for 24hrs at day 10 (Fig 2.7b). Raw nCounter data was 

normalized with Nanostride(Brumbaugh et al., 2011) by normalizing to 4 

housekeeping mRNA genes and using a t-test to create p-values. Unexpectedly, I 

found three neuronal miRNAs, miR-137, miR-7c, miR-125a-3p, that met a p-value of 
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<0.05 and were upregulated >2fold upon the addition of hHAR1F. miR-137 was the 

top hit as it increased 7.3 fold. Mature miR-137 is predicted to base pair with 

hHAR1F RNA almost perfectly with one bulged G in the predicted hairpin (see 

Figure 2.7) at MFE score -25.4kcal/mol. miR-137 is a neuronal miRNA that when 

expressed inhibits proliferation in glioblastoma multiforme (GBM) and causes neural 

differentiation(Silber et al., 2008), a feature also shared with miR-124, a miRNA 

located ~80Kb from HAR1 locus. It is tempting to speculate that these two miRNAs 

crosstalk via a feedback loop involving HAR1. These results suggested that hHAR1F 

was having an effect on miR-137 by directly contributing to miRNA biogenesis into 

mature miRNAs.  
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Figure	  2.7:	  Overexpression	  of	  hHAR1F	  results	  in	  an	  increase	  of	  mature	  miR-‐
137	  
a,	  MFE	  scores	  for	  predicted	  hHAR1F	  RNA:	  neuronal	  miRNA	  hybrid.	  b,	  Bar	  Graps	  
of	  Nanostring	  miRNA	  counts	  from	  day	  10	  NPCs	  showing	  3	  mature	  miRNAs	  that	  
were	  differentially	  present	  in	  the	  +dox	  (hHAR1F)	  sample	  and	  met	  a	  t-‐test	  p-‐
value	  of	  <0.05.	  Also	  pictured	  is	  predicted	  MFE	  score	  (-‐25.4	  kcal/mol)	  and	  
predicted	  hybrid	  of	  hHAR1F:miR-‐137	  RNAs.	  	  
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KSRP interacts with hHAR1F 

To find a protein partner of hHAR1F RNA, I took an unbiased approach and 

used HeLa nuclear extract as a source for an in vitro RNAse assisted-RNA Affinity 

Chromatography assay(Michlewski and Cáceres, 2010a) followed by mass 

spectrometry to determine the proteins that make up the HAR1 ribo-nucleoprotein 

complex (RNP). Initially, a band absent in control RNA, but present in both hHAR1F 

118nt RNA and chimp HAR1 118nt RNA samples was cut out and found to be Far 

upstream binding protein 1 FUBP1/FBP1(Fig 2.8a). I confirmed this by western blot 

(Fig 2.8b). This protein is known to bind to the MYC promoter and regulate 

proliferation, however it is also characterized as a single-stranded DNA binding 

protein(Duncan et al., 1994). Furthermore, it is highly related to KSRP/FUBP2, a KH 

domain containing protein that binds to RNAs. Both proteins have been shown to 

bind the fibronectin EDA exon mRNA(Buratti et al., 2004) (Michlewski and Cáceres, 

2010b) using HeLa nuclear extracts. Other hNRPs have been shown to bind to the 

stem loop of miRNAs(Michlewski et al., 2008) including KSRP which binds to the 

GGG motif in miRNA stem loops and promotes miRNA biogenesis (Trabucchi et al., 

2009). hHAR1F 118nt RNA has just such a GGG in the motif GAUGGGCGU in the 

D stem of hHAR1F(Pollard et al., 2006b).  

To determine the strength of this interaction, I repeated the RNA affinity 

chromatography experiment under stringent conditions, (1M KCl wash). For human, 

chimp, and chicken HAR1 RNAs, I detected KSRP binding by western blot. 
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However, I did not observe a strong KSRP western blot signal mouse HAR1F RNA 

or either scrambled hHAR1F or a 5’splice site (GR1) control RNAs (Fig 2.8 c,d). 

This suggests that the KSRP-hHAR1F interaction is strong and not present in mouse. 

Interestingly, mouse HAR1F 118nt does not have a GGG, possibly explaining the 

lack of KSRP binding this RNA. To confirm the relevance of this interaction in vivo, 

I performed RNA-ImmunoPrecipitation-RT-PCR with anti-KSRP antibody on human 

embryonic stem cell (hESC) derived neurospheres at week 10. I found that 

endogenous human hHAR1F interacted with KSRP in human neurospheres (Fig 

2.8e). However, FUBP1 antibody reagent does not exist that can IP, although it does 

western blot. Since KSRP and FUBP1 are highly similar, it seems that both are 

possible candidate interacting proteins for HAR1. However they are abundant RNA 

binding proteins found to be ‘sticky’ and seeminly non-specific in RIP experiments. 

Still, the dependence of the interaction on the GGG motif argues in favor of a specific 

interaction of hHAR1F and KSRP in neurospheres. 
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Figure 2.8: KSRP interacts with hHAR1F 
a, Silver stain gel showing proteins bound to 5’ss (splice site) control, Hs HAR1F 
(Human), or Pt HAR1F (Chimp) after standard (250mM KCl wash) RNA Affinity 
Chromatography(RAC). Red box around FBP1 protein found in HAR1 RNAs but not 
control RNA lane identified by Mass Spec. b, western blot for FBP1 or related 
protein KSRP from samples shown in ‘a’. c, Silver stain gel after stringent (1M KCl) 
wash to detect high affinity HAR1 binding partners after RAC. d, western blot for 
FBP1 and KSRP following RAC in ‘c’. Mm, mouse; Gg, chicken. e, RT-PCR for 
hHAR1F after RIP in week 10 human ES derived neurospheres with anti-T7 control, 
anti-KSRP, or protein G dynabeads control. NTC, no DNA template control reaction. 
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HAR2 

Human HAR2 Ki mice have increased expression of Prrx1 and Gremlin in the 

forelimb 

 The second fastest evolving region in the human genome by standards set by 

Pollard  (Pollard et al., 2006a) or the fastest, called HACNCS1 (Human Acclerated 

Conserved Non-coding Sequence 1) by Eddy Rubin’s lab is reported to be an 

enhancer in the limb(Prabhakar et al., 2008). Both the HACNSC1 

discovery(Prabhakar et al., 2006) and the enhancer effect are the subject of 

debate(Duret and Galtier, 2009)(Sumiyama and Saitou, 2011) related to Biased Gene 

Conversion(Kostka et al., 2012). The enhancer hypothesis is supported by activity 

driven in the wrist and thumb using Human HAR2, but not rhesus or chimpanzee 

orthologues in a mouse HSP68-LacZ enhancer reporter system. These experiments 

were motivated on the basis of finding evidence in support of HAR2 had an effect on 

a neighboring gene or not and if this had functional consequences for the organism. 

Indeed, recent experiments using ChiP-seq for an enhancer mark in mice, primates, 

and humans see activity at HACSN1/HAR2(Cotney et al., 2013). 

I compared wild type and Human Har2-Knock-in  (HAR2Ki) forelimbs from 

mice at E11.5 and performed a custom Nanostring(Geiss et al., 2008) RNA 

expression analsysis (Figure 2.8a). Custom Nanostring probes were designed for 

genes 2Mb up or downstream (chr1:89,128,058-93,766,696), as enhancers are shown 

to effect up to ~1Mbp from a promoter(Sagai et al., 2005) in mice. I also profiled 
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forelimb and hindlimb marker genes. These experiments test the hypothesis that an 

enhancer should enhance a gene, thus a gain of ehancer activity should result in 

increased expression of the gene under regulation. There was no obvious 

morphological phenotype in our mice.  

In my analysis I did not find anything striking within the 2Mb region. 

However, a control gene on the same chromosome as HAR2, but at a distance of 

~70Mbp, Prrx1 (MHox, Prx1) increased. Interestingly, an enhancer element near 

Prrx1(Martin and Olson, 2000) had a similar expression to the HAR2 human 

enhancer activity (Prabhakar et al., 2008). Prrx1 KO mice display truncated limb 

phenotypes(Martin et al., 1995), therefore subtle modulation of this gene could have 

functional consequences in humans however no clinical forelimb phenotypes have 

been reported in OMIM. Further, this very long distance seems theoretically possible 

based on chromatin architecture. Evidence for this interaction between Prrx1 and 

HAR2Ki enhancer would require a long range enhancer-promoter chromatin 

conformation capture approach(Zhang et al., 2013) and many tissue samples(Visel et 

al., 2009). It is also possible that the Prxx1 effect is indirect and HAR2 enhancer is 

having a direct effect on a gene responsible for cell fate in this region such as Twist2 

or Hes6 and their effect masked by the sample preparation. In situ hybridization 

analysis of Ki animals could resolve this possibility. Gremlin, a related maker 

gene(Verheyden and Sun, 2008), but not present on chromosome 1, also changed (Fig 

2.9). I controlled for dissection artifacts with housekeeping genes and Tbx5 and Hox 

gene expression profiling. (Fig 2.8b). Importantly, my results rule out CentG2, the 
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gene harboring HAR2, as a candidate gene at this timepoint, as it is not differentially 

expressed between the samples. Furthermore, Gbx2, the gene whose promoter is 

closest to HAR2, is not detectable at this stage and can be ruled out at E11.5.  
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Figure 2.8 Human HAR2 Ki mice have increased expression of Prrx1 and 
Gremlin in the forelimb 
a, Bar Graphs of Nanostring nCounter expression of wild type or HAR2Ki E11.5 
forelimbs. Data is normalized to four housekeeping genes listed in ‘b’ and to the 
forelimb transcription factor Tbx5. Red bars indicate genes with modest, but 
differential expression. b, control genes not within 4Mb of HAR2 grouped by tissue. 
Shh and Emx2 are also expressed in the forelimb. The two differential genes are 
listed in bold. 
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Methods 

qPCR 

RNA was extracted using the Trizol reagent (Invitrogen) per manufacturers 

recommendations. For cell culture, cells were washed 1x with PBS and a cell scraper 

was used to remove cells after lysis. RNA was DNAsed, First strand cDNA was 

created with random hexamer primers (Roche N6) and Super Script III (Invitrogen) 

Reverse Transcriptase. Corbett qPCR machine was used for all qPCR reactions. Each 

reaction was run as a technical triplicate. Where possible a plasmid dilution was used 

to calculate copy number, otherwise relative levels were reported as (2^Ct delta-

Expt/2^Ct delta-Norm) method with a fixed threshold.  Normalizing to housekeeping 

genes (i.e. GAPDH, Actin, B2M).  Primers used in this study are listed in table 1. 

LacZ Embryo Processing 

Following injection of purified linearized HAR1-Hsp68-LacZ reporter 

constructs(Kothary et al., 1989) whole embryos were dissected and individually 

genotyped in 6-well plate. Rinse in PBS. Fix for 30 minutes in 4% paraformaldehyde. 

Wash 3 x in Wash Buffer (2mL of 1M MgCl2, 10mL of 1% Deoxycholate, 10ml 

2%NP40, 978mL 0.1 M Phosphate buffer pH 7.3 (23mL 1M mobobasic sodium 

phosphate, 77mL 1M dibasic sodium phosphate, H20 to 1 L. Filter sterilize). Add X-

gal staining solution (0.8mL of 40mg (50mg/ml) X-Gal in DMF, 1mL of 200mM K-

ferrocyanide, 1mL of 200mM K-ferricyanide, 1mL of 1M Tris pH7.5, 46mL of Wash 
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buffer and cover plate with aluminum foil. Rock over night in cold room.  The next 

day remove the staining solution, wash 3x with PBS, and post fix with 4% 

paraformaldehyde overnight in the cold room. 

Neural differentiation 

46c(Ying et al., 2003) mouse embryonic cells and KH2 mouse embryonic cells were 

grown on gelatin in GMEM ES media + LIF, except when creating a stable knock in 

dox-inducible KH2 cell lines (Clonetech, (Beard et al., 2006). Neural differentiation 

followed the protocol from the Vanderhaeghen lab(Gaspard et al., 2009) with and 

without cyclopamine. Cells were harvested at day 10 for most analysis without 

replating. For IF of later stage neurons and RNA samples for HAR1 profiling, cells 

were replated onto poly-lysine/laminin coated dishes on day 12.  

IF Staining 

Tissue culture cells, mESCs or NPCs, were fixed in 4% paraformaldehyde for 

15minutes. Wash with PBS 3x 5 mintues. Block (96mL PBS, BSA 3g, 1mL 10% 

triton) . Primary antibodies in 250ul block buffer. Add and incubate overnight in cold 

room with rocking. Next day 3x wash, secondary for 1.5 hours. Wash 3x PBS, 

coverslip with DAPI-slow fade. Generally 1:250 primary was used and 1:1000 

secondary-488/FITC, cy3 or cy5 were used. 

Nuclear RNA Fractions 
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Nuclear and cytoplasmic fractions were obtained from cells with a sucrose cushion 

protocol from the Black lab(Rooke and Underwood, 2003). Nuclear fraction was 

sonicated. Fractions were processed with Trizol extraction and DNAse treated.  

RNA FISH 

RNA FISH probes were designed as DNA oligos and synthesized with a 5’-AMN 

modification that was used to attach a flourophore. In this way, different probe sets 

could be used to profile distinch regions of the HAR1 transcript. Conjugated probe-

flourophores were gel purified. For staining, cells were washed with PBS, Fixed with 

4% paraformaldehyde + 10% Acetic Acid solution for 10 minutes, washed 3x with 

PBS, permeabilized with 0.5% triton-100 for 5 minutes, washed 3xPBS, 30 minutes 

in prehybridization buffer at 30C. 20ng of each probe is added into 100ul of 

hybridization buffer, heated to 80C for 5 minutes to denature probes. 100ul of probe 

was used per well (24 well plate with coverslips). Incubate at 30C for 2-3 days. Wash 

with formamide 10%, 2xssc 30C, then with 2xssc alone both 3x10 minute. Final wash 

with PBS and coverslip with DAPI. 

Identifying	  overrepresented	  transcription	  factor	  binding	  sites	  in	  HAR1 
 

Z-‐scores(significances	  expected	  based	  on	  the	  genomic	  

background	  distribution)	  were	  calculated	  using	  the	  transcription	  factor	  binding	  

analysis	  method(Chen	  et	  al.,	  2007).	  	  A	  score	  of	  1.64	  roughly	  corresponds	  to	  P	  

<	  0.05,	  and	  2.32	  to	  P	  <	  0.01.	  	  	  Reported	  here	  are	  differential	  (gained	  or	  lost	  in	  

human)	  transcription	  factors	  with	  Z-‐scores	  of	  1.64	  or	  higher.	  
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scores	  at	  least	  1.64	  in	  at	  least	  one	  of	  the	  species.	  	  

RNA	  Immunoprecipitation	  	  

RIP	  was	  performed	  either	  native	  conditions	  for	  Y12	  (Sm,	  Steitz	  lab)	  or	  KSRP	  

antibodies	  (Bethyl).	  mESCs	  for	  overexpressed	  hHAR1F	  were	  profiled	  for	  Y12	  

under	  native	  conditions.	  hESC	  derived	  neurospheres(Eiraku	  et	  al.,	  2008)	  were	  

RIPed	  for	  human	  for	  endogenous	  HAR1F	  under	  Native	  conditions.	  Cells	  were	  

lysed	  in	  RSB-‐100	  at	  350ul	  RSB-‐100/10cm	  dish	  x	  6	  dishes.	  Cells	  were	  passed	  

through	  a	  25g	  needle.	  Lysate	  spun	  at	  10kxg10min	  and	  cleared	  lysates	  were	  

incubated	  with	  antibody	  to	  IP	  1hr	  in	  cold	  room	  on	  rotating	  wheel.	  (200ul	  RSB	  +	  

800ul	  RIP	  IP).	  Input	  for	  RNA	  and	  western	  blot	  material	  are	  saved	  prior	  to	  IP.	  

After	  IP,	  wash	  8x	  with	  RSB100.	  RNA	  is	  collected	  for	  qPCR.	  200ul	  of	  sample	  +	  

800ul	  G-‐50	  buffer	  +200ul	  proteinase	  K	  is	  used	  to	  extract	  RNA	  and	  remove	  

protein	  for	  42C	  at	  15minutes	  shaking.	  	  Then,	  RNA	  was	  extracted	  with	  trizol	  and	  

analyzed	  by	  qPCR	  as	  outlined	  above.	  	  

RNA	  Affinity	  Chromatography	  

Splicing	  competent	  HeLa	  nuclear	  extract	  was	  obtained	  from	  10L	  HeLa	  cells.	  

HAR1	  RNA	  was	  transcribed	  with	  T7	  Megascript	  kit	  (Epicentre)	  and	  gel	  purified.	  

Adipic	  Acid	  beads	  were	  used	  to	  attach	  the	  RNA	  to	  a	  bead	  slurry	  column.	  Nuclear	  

extract	  was	  incubated	  with	  the	  RNA	  and	  beads	  and	  eluted	  with	  increased	  KCl	  

washes	  and	  with	  RNAse	  as	  described(Michlewski	  and	  Cáceres,	  2010a).	  Protein	  
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was	  TCA	  precipitated	  and	  silver	  staining	  was	  performed	  to	  detect	  differential	  

bands	  for	  Mass	  Spec	  analysis.	  

Table	  2.1	  Primers	  used	  in	  HAR1	  and	  HAR2	  studies	  

Gene name Forward primer sequence Reverse primer sequence 
HAR1 
Human GAAAGAGCATGAAACGGAGGAG GAAAACGGGATTCGCCTCATT 

HAR1LacZ1 GATATCCCCTGGTGAGAACAGCTTCAAGGA TGACTCCCTCTTTTGGTCTCCATAGGCATC 

Pax6  GACATGTCAGGTTCACTCCCG TCCGCACATGCAAACACACA 

Nkx2.1 AACCTGGGCAACATGAGCGAGCTG ATCTTGACCTGCGTGGGTGTCAGG 

Emx1 AACCCCCTCACTCTTTCTTCAGC CTCCCACCACGTAGTGATTCTTCTC 

Foxg1 CAAGAAGAACGGCAAGTACGAGAAG GAAGCACTTGTTGAGGGACAGGTT 

Sox1 CCAACCAGGATCGGGTCAAG CGCGGCCGGTACTTGTAATC 

Hes5 CCGGTGGTGGAGAAGATG TAGCCCTCGCTGTAGTCCTG 

Nanog ATTCTGGGAACGCCTCATC ACAGTCCGCATCTTCTGCTT 

HAR1LacZ2 ATTCCTAGTAAGCCTGCAATTAAAGC CCGTGTGCCATGACACCTGGTGTATGC 

   
HAR2 CGCGGCTAATGACAGGAAGG TCCAACCTCCGCAAACTCCTATT 

   
Cre gcattaccgggtcgatgcaacgagtgatgag gagtgaacgaacctggtcgaaatcagtgcg 
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3 ZNFs and Mobile Elements 

This	  chapter	  is	  a	  shared	  first	  authorship	  collaboration	  with	  Frank	  Jacobs	  and	  is	  
under	  review	  at	  Nature.	  Frank	  MJ	  Jacobs	  ,	  Ngan	  Nguyen,	  Maximillian	  Haeussler,	  
Adam	  D	  Ewing,	  Sol	  Katzman,	  Benedict	  Paten,	  Sofie	  R	  Salama,	  David	  Haussler	  all	  
made	  contributions	  to	  this	  project.	  
	  
	  
An	  evolutionary	  arms	  race	  between	  zinc	  finger	  proteins	  
ZNF91/93	  and	  SVA/L1	  retrotransposons	  
	  
Summary  

Throughout evolution, primate genomes have been dramatically modified by 

waves of retrotransposon insertions(Cordaux and Batzer, 2009; Kazazian, 2004). As a 

result, at least 45% of the human genome is derived from retrotransposon 

DNA(Lander et al., 2001). Host species eventually find effective ways to repress 

retrotransposon transcription and prevent further insertions. In mouse embryonic stem 

cells, retroviral DNAs are recognized by the KRAB domain containing zinc finger 

protein (KZNF) ZFP809(Wolf and Goff, 2009), which via the KRAB domain recruits 

TRIM28/KAP1(Wolf and Goff, 2007) and it’s associated repressive chromatin 

remodelers to establish transcriptional silencing. Similarly, silencing of Intracisternal 

A-particles (IAPs), a rodent-specific class of LTR retrotransposons,(Rowe et al., 

2010) is mediated through KAP1. KZNFs are one of the fastest growing gene families 

in primates and of ~400 loci in the human genome(Birtle and Ponting, 2006), around 

170 emerged in the primate lineage(Huntley et al., 2006),(Thomas and Schneider, 

2011). This vast expansion of KZNF genes has been hypothesized to enable primates 
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to respond to newly emerged transposable elements as they appear(Lukic and Chen, 

2011; Thomas and Schneider, 2011), but experimental proof that KZNF proteins 

recognize and repress retrotransposons in primates, or non-LTR retrotransposons in 

any species, is absent. Here we show that two primate-specific KZNF genes, ZNF91 

and ZNF93, have evolved during the last 25 million years to repress distinct 

retrotransposon families that emerged during this time period. ChIP-seq analysis in 

human embryonic stem cells (hESCs) reveals that KAP1 is predominantly recruited 

to SINE-VNTR-Alu (SVA) and a subset of primate-specific Long Interspersed 

Nuclear Element-1 (L1) elements, which are among the most recently emerged 

primate retrotransposon classes and are currently active in primate genomes. These 

elements are re-activated in aneuploid mouse ESCs that harbor a copy of human 

chromosome 11, suggesting mice lack the genes required for the transcriptional 

repression of these human retrotransposons. Through systematic selection and 

screening of a large set of primate-specific KRAB-ZNF genes we identified ZNF91 

and ZNF93 as repressors of SVA and L1PA6-3 elements respectively. Our data 

supports a model where KZNF gene expansion in primates limits the retrotransposon 

activity of newly emerged classes of transposable elements, followed by mutations in 

retrotransposons to evade repression, a cycle of events that could explain the rapid 

expansion of KZNF genes.   
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Main text 

Interference with Kap1 expression in mouse embryonic stem cells results in 

wide-spread de-repression of retrotransposons, showing the essential role for the 

KAP1-associated repressive machinery to protect the germline from uncontrolled 

retrotransposon activity(Rowe et al., 2010). To determine whether transposable 

elements are bound by KZNF/KAP1 in the human genome, we performed ChIP-seq 

analysis to map KAP1 binding sites in human ESCs (Extended Data Fig. 3S1).  

We found that KAP1 associates with several classes of retrotransposons including 

classes still active in the human genome such as SVAs and L1 elements(Hancks and 

Kazazian, 2012; Khan et al., 2006; Wang et al., 2005) (Fig. 1a). Similarly, in mouse 

ESCs, KAP1 predominantly associates with active mouse-lineage specific 

retrotransposon classes such as IAP and L1Md_A/T elements(Dewannieux et al., 

2004; Rowe et al., 2010; Sookdeo et al., 2013) (Extended Data Fig. 3S2).  

Although lineage-specific elements like human SVAs and mouse IAPs have no DNA 

sequences in common, both are marked by KAP1. This supports a model in which 

species-specific KZNFs recruit KAP1 to species-specific retrotransposon classes, and 

suggests that KAP1 has the pivotal role of mediating repression of retrotransposon 

classes that recently invaded the host’s genome. To test this model, we analyzed the 

fate of primate-specific retrotransposons on human chromosome 11 in aneuploid 

mouse E14(hChr11)(Kai et al., 2009) cells, mouse ESCs that contain a copy of human 

chromosome 11, hereafter termed Trans-Chromosomic 11 (TC11) cells. As shown 

previously for human chromosome 21(Ward et al., 2013), a set of primate-specific 
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retrotransposons including SVA, LTR12C and L1PA elements gain activating 

H3K4me3 histone marks in TC11 cells (Fig. 3.1b, c). In addition, SVA and LTR12C 

elements become a source of aberrant transcription that spreads ~20 kb up- and 

downstream (Fig. 3.1b black boxes). These findings suggest primate-specific 

retrotransposons harbor a regulatory potential that is repressed in the presence of yet-

to-be-defined primate-specific factors, possibly having bystander repression effects 

on neighboring genes.   
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Figure	  3.1	  KAP1	  associates	  with	  recently	  emerged	  transposable	  elements:	  a,	  
Distribution	  of	  retrotransposon	  classes	  among	  KAP1-‐ChIP	  peaks	  from	  hESCs	  
(left)	  or	  genome	  wide	  (right)	  b,	  KAP1-‐	  and	  H3K4me3-‐ChIP-‐seq	  and	  RNA-‐seq	  
coverage	  tracks	  for	  a	  region	  on	  human	  chromosome	  11	  in	  hESCs	  (white-‐,	  grey-‐
shaded)	  and	  mouse	  transchromosomic	  TC11	  ESCs	  (yellow-‐shaded).	  Blue	  arrows:	  
de-‐repressed	  retrotransposons;	  black	  arrows:	  re-‐activated	  transcription;	  Red	  
shading:	  reactivated	  SVAs;	  orange	  shading:	  reactivated	  LTR12C.	  Blue	  upward	  
indicates	  forward	  and	  tan	  downward	  indicates	  reverse	  strand	  transcription	  in	  
RNA-‐Seq	  tracks.	  c,	  Details	  for	  a	  selection	  of	  primate-‐specific	  retrotransposons	  
de-‐repressed	  in	  mouse	  transchromosomic	  TC11	  ESCs	  (yellow)	  relative	  to	  human	  
ESCs	  (grey).	  Promoter:	  EED	  promoter	  region;	  LCA:	  last	  common	  ancestor.	  

Figure 1 
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The main candidates for protecting the human genome against insertional 

mutagenesis by these retrotransposons is a set of ~170 KZNF genes that emerged 

during primate evolution(Thomas and Schneider, 2011) (Extended Data Fig. S3A). 

We reasoned that a KZNF gene responsible for protecting germ line integrity must be 

highly expressed in human ESCs and therefore focused on 14 highly expressed, 

recently evolved KRAB ZNF genes for detailed study (Extended Data Fig S3b). 

Our first target was SVA, the youngest of the three active primate-specific 

retrotransposon families, first appearing in great apes 18-25 MYA(Wang et al., 2005). 

Two human-specific classes, SVA-E and –F, are polymorphic in the human genome 

and some new insertions cause human disease(Hancks and Kazazian, 2012). To 

identify KRAB-ZNF genes targeting SVA elements, we conducted a luciferase assay-

based screen in mouse ESCs in which an SVA element is cloned upstream of a 

minimal SV40 promoter driving luciferase. SVA cloned upstream of the SV40 

promoter strongly enhanced luciferase activity, even exceeding activity of the OCT4 

enhancer (Extended Data Fig. 3S4a).  

We next co-expressed the 14 recently evolved highly-expressed primate-

specific KZNF-cDNAs and determined the effect of each KZNF on SVA-driven 

luciferase activity. ZNF91 most dramatically decreased SVA-driven luciferase 

activity, reducing activity to 16 +/- 4% relative to EV-transfected control (Fig. 3.2a). 

ZNF460 and ZNF589 also had a statistically significant effect on SVA-driven 

luciferase activity, but because these ZNFs also reduced the activity of an OCT4-

luciferase construct, we suspect that these may act nonspecifically. Through deletion 
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analysis we determined that the variable number tandem repeat (VNTR) region of 

SVA is required for the ZNF91-mediated repression of luciferase activity (Extended 

Data Fig. 3S5), and the ability of ZNF91 to silence a hybrid VNTR-OCT4 enhancer-

luciferase construct shows that VNTR is sufficient for ZNF91-mediated repression of 

luciferase expression (Extended Data Fig. 3S4b). ZNF91 emerged in the Catherrine 

lineage and has undergone significant structural changes during the last 9-14 MYA of 

primate evolution(Bellefroid et al., 1995). It contains 36 ZNF-domains, an unusually 

large number. More complete sequencing and comparative analysis revealed that 

three structural changes in ZNF91 occurred after the divergence of orangutan, but 

before the divergence of chimp and gorilla from the human lineage. (Fig. 3.2b, 

Extended Data Fig. 3S6). 1) An intragenic segmental duplication of zinc fingers 18-

23 followed by a duplication of zinc finger 6 resulted in the addition of 7 zinc fingers 

(zinc fingers 6-12) (Extended Data Fig. 3S7a). 2) An AluY insertion in exon 4 

resulted in a premature stop codon and the loss of 3 C-terminal zinc fingers. 3) The 

contact residues of zinc fingers 18, 21, 24 and 25 have changed and are predicted to 

affect the DNA-binding characteristics(Persikov et al., 2009). To see whether the 

structural changes from this time period have contributed to the affinity of human 

ZNF91 for SVA, we tested the ancestral structure, as present today in macaque 

ZNF91, in the luciferase assay. Under the same conditions where human ZNF91 

repressed the SVA-SV40-Luciferase reporter, overexpressed macaque ZNF91 did not 

show significant repression of luciferase activity (102 +/- 25%) (Fig. 3.2c, Extended 

Data Fig. 3S7b). In contrast, a truncated human ZNF91 protein, harboring just zinc 
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fingers 1-11 was able to repress luciferase activity to 44 +/- 7% (Extended Data Fig. 

3S7c), suggesting that the intragenic segmental duplications, adding 7 zinc fingers to 

human ZNF91, increased the protein’s ability to bind SVA. To directly test whether 

ZNF91 can rescue repression of deregulated SVAs on human chromosome 11 in 

mouse TC11 cells, we performed H3K4me3 ChIP-seq analysis and RNA-seq analysis 

on TC11 cells transfected with human ZNF91. Introduction of ZNF91 caused a 

dramatic decrease of aberrant H3K4me3 at SVAs, but did not affect other de-

repressed elements such as L1HS or L1PAs (Fig. 3.2d, Extended Data Fig. S8a). In 

addition, we found a significant reduction of RNA-seq reads derived from SVA 

repeats in ZNF91 transfected mESCs compared to EV control, indicating that ZNF91 

mediates transcriptional silencing of SVAs.. (Extended Data Fig. 3S8b). No such 

effects were observed for other primate ZNFs reintroduced in TC11 cells, validating 

the specificity of ZNF91-SVA interaction (Extended Data Fig. 3S8c). The nature of 

the specific binding interactions between the newly minted zinc fingers in ape ZNF91 

and the VNTR region of SVA remains a mystery. The predicted preferred DNA 

sequence for these zinc fingers is 35% GC (zf.princeton.edu), while the DNA in the 

VNTR is 70% GC, so these interactions may be non-canonical(Nunez et al., 2011). 

However, these data show that ZNF91 has evolved to suppress SVA activity in the 

human genome.  

The identification of ZNF91 as a suppressor of SVAs allowed us to determine the 

impact of SVA insertions on nearby host gene expression. Uncontrolled SVA 

elements exhibit strong enhancer activity that can act long range(Savage et al., 2013) 
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and recruitment of KRAB ZNF-KAP1 complexes near promoters has a repressive 

effect on transcription of nearby genes(Groner et al., 2010). Although the target is 

SVA, bystanders get repressed as well. Indeed, all seven human chromosome 11 

genes that were differentially expressed showed decreased expression in ZNF91-

transfected TC11 cells relative to the vector control and contain an SVA element 

nearby (Fig. 3.2e). In all cases, the reduced gene expression was accompanied by loss 

of H3K4me3 signal at the associated SVA element. Furthermore, when the distance 

to an SVA is plotted against change in expression in TC11 cells after addition of 

ZNF91 for all genes on chromosome 11, a significant, smoothly decreasing 

correlation is observed out to 100kb, showing that distance is the major factor in 

governing the amount of bystander repression (Fig. 3.2f). These data suggest that 

gene expression change caused by host response to retrotransposon insertion should 

be common, and given the very large number of insertions, could have significantly 

contributed to the evolution of host gene expression patterns.  
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Fig	  3.2	  SVA	  elements	  are	  repressed	  by	  primate-‐specific	  ZNF91.	  a,	  Relative	  
luciferase	  activity	  on	  a	  SVA_D-‐SV40-‐luciferase	  reporter	  after	  transfection	  of	  
KZNFs	  in	  mESCs.	  Error	  bars:	  stdev.	  **p	  =	  4.83E-‐19	  b,	  ZNF91	  structural	  evolution.	  
Red	  stripes:	  duplicated	  zinc	  fingers;	  blue	  stripes:	  zinc	  fingers	  with	  changed	  
contact	  residues	  in	  the	  LCA	  of	  gorilla/chimp/human	  (dark	  blue)	  or	  other	  
lineages	  (light	  blue).	  Blue	  arrows:	  duplications.	  c,	  Relative	  luciferase	  activity	  for	  
human	  and	  macaque	  ZNF91,	  and	  human	  ZNF91(1-‐11).	  d,	  H3K4me3-‐ChIP-‐seq	  
coverage	  for	  a	  selection	  of	  retrotransposons.	  Error	  bars:	  SEM.	  e,	  Expression	  of	  
chromosome	  11	  genes	  repressed	  by	  ZNF91	  in	  TC11	  cells	  and	  H3K4me3-‐ChIP-‐
seq	  coverage	  of	  nearby	  SVAs.	  f,	  Expression	  change	  (ZNF91/EV),	  for	  genes	  with	  
(blue	  circles)	  or	  without	  (gray	  crosses)	  an	  SVA	  in	  their	  genomic	  environment.	  
Red	  data	  points:	  p-‐adj<0.05,	  EV:	  empty	  vector.	  	  
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Figure 3.2  
Figure 2 
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L1PA1 (L1HS) is currently active in the human genome, whereas older L1PA 

families are retrotranspositionally silent(Khan et al., 2006; Levin and Moran, 2011). 

To investigate which KZNF genes are involved in repression of L1PA elements, we 

performed the luciferase assay using an L1PA4 element, a class of recently expanded 

L1 elements. We found that the activity of L1PA4 is significantly reduced by ZNF93 

to 62 +/- 10%, whereas none of the other ZNFs tested had a significant reduction 

(Fig. 3a). To validate these findings in human ESCs, we determined the genome-wide 

binding of ZNF93 by ChIP analysis, using a KRAB-ZNF (ab104878) antibody that 

recognizes ZNF93 (Extended Data Fig S9a, b, c). This analysis showed binding of 

ZNF93 to the 5’end of L1PA4 and revealed binding to its direct predecessors L1PA6 

and L1PA5 and in a subset of its direct successor L1PA3 as well (Fig 3b). No ZNF93 

binding was detected for older L1PA subtypes, L1PA7 and L1PA8, or to L1PA2 and 

L1HS, the most recently evolved L1 elements. We found that the latter is explained 

by a 129 bp deletion in the 5’-UTR of a subset of L1PA3 (L1PA3-129del), L1PA2 

and L1HS, resulting in the loss of the ZNF93 binding site (Fig. 3c). The consensus 

DNA sequence under the KZNF ChIP peak on L1PA4 displays strong similarity to 

the predicted recognition motif of zinc fingers 8-13 of human ZNF93(Persikov et al., 

2009) over a stretch of 18 bp (Fig. 3d). To validate these observations, we used the 

luciferase assay to test L1PA4 fragments that either contained the 129 bp deletion, or 

a mutant where we substituted the 18 bp in the predicted ZNF93 binding site (Fig. 

3e).  
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Fig	  3.3	  L1PA	  elements	  are	  repressed	  by	  primate-‐specific	  ZNF93.	  a,	  Relative	  
luciferase	  activity	  on	  a	  L1PA4-‐SV40	  luciferase	  reporter	  after	  transfection	  of	  14	  
KZNFs	  in	  mESCs.	  b,	  KZNF	  ChIP-‐seq	  peak-‐summits	  (blue,	  shaded	  green)	  mapped	  
to	  consensus	  L1HS	  and	  L1PA2-‐8	  elements.	  Black	  horizontal	  bars:	  Alignment	  
relative	  to	  L1PA4,	  red	  lines	  indicate	  divergent	  positions.	  Arrows:	  deletions	  in	  
L1PA2	  and	  L1HS.	  c,	  Repeat	  browser	  detail	  of	  L1PA4	  showing	  KZNF-‐ChIP	  and	  
KAP1-‐ChIP	  MACS	  summits.	  Black	  box:	  central	  30	  bp	  sequence.	  d,	  Central	  
sequence	  of	  KZNF	  ChIP-‐seq	  peak	  summits	  for	  L1PA4,	  aligned	  with	  the	  predicted	  
ZNF93	  binding-‐site	  weblogo.	  e,	  Relative	  luciferase	  activity	  for	  L1PA4,	  L1PA4	  
mutant	  elements,	  and	  L1HS	  5’UTR.	  Error	  bars:	  stdev.	  *=	  p<0.01;	  n.s.	  =	  not	  
significant	  (p>0.05).	  
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Fig 3.3  
Figure 3 
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Both changes significantly reduced ZNF93’s ability to repress L1PA4-

luciferase activity.  Furthermore we generated a ZNF93 variant that has all contact 

residues in zinc fingers 8-13 replaced by Serine residues(ZNF93serF), a modification 

that abolishes DNA binding selectivity(Moore et al., 2001), to test the involvement of 

these fingers in repressing L1PA4. We found that ZNF93serF lost specific ability to 

bind to the 129bp element, and instead had off target binding to Oct4Enh control (Fig 

3.3F). These data suggest that fingers 8-13 of ZNF93 bind and repress L1PA6-3 

elements, which expanded in the primate genome between 26.8 and 12.5 MYA 

(Extended Data Fig. 3S10a), by binding a site within a 129 bp region of the 5’ UTR, 

but deletion of this binding site in L1PA3-129del likely formed a advantage of this 

variant,  allowing a new and ongoing wave of L1PA2 and L1HS expansion in the 

human genome. To test this, we created a L1HS element that carries the 129 bp 

sequence of L1PA4 in its 5’UTR or two scrambled version of this sequence as 

controls, and compared their ability to retrotranspose in an in vitro 

retrotranspositioning assay (Figure 3.3G). This was done in HEK293FT cells, in the 

absence and presence of over-expressed ZNF93 to determine the influence of ZNF93 

on retrotranspositioning activity of the L1HS mutants. Surprisingly, the L1HS 

element containing the L1HS-129bp mutant shows a (~2.7x fold) higher 

retrotranspositioning activity compared to wild type L1HS and the scrambled control 

mutants. This suggests that the 129bp element by itself is beneficial to the rate of 

retrotranspositioning of L1 elements. Furthermore, the higher activity of the L1HS-
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129bp mutant was completely abolished and brought down to just ~20 % of wild type 

L1HS in the presence of ZNF93, whereas over-expression of ZNF93 in combination 

with wild type L1HS or the L1HS scrambled controls did not significantly alter 

retrotranspositioning activity.  These data suggest that the 129bp sequence as it once 

existed in L1PA4 may have been beneficial to the L1 retrotranspositioning rate, but 

loosing the element and thereby the ZNF93 binding site contained in it, has formed an 

even bigger advantage for the L1-lineage and may have propagated a new wave of L1 

insertions in great ape genomes.  
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Figure 3.3 F. ZNF93 binds to 129bp sequence in L1PA4 and L1PA3 and require 
fingers 8-13 for this interaction. Luciferase assay of 129bp binding site from 
L1PA4 in an OCT4Enh SV40 reporter construct. Luciferase activity is normalized 
relative to TK transfection control and to Empty Vector (pCAG EV) per each 
OCT4Enh Construct. S1, Scrambled 129bp control #1. n=6.   
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Figure 3.3G. Resurected L1PA3/L1PA4 129bp binding site inhibits 
retrotransposition in the presence of ZNF93. Retrotransposition assay (Ostertag et 
al., 2000) in HEK293FT cells for L1HS, L1HS with 129bp binding site from 
L1PA3/4, or a scrambled control (scr). Y-axis represents the Ratio of GFP+ cells such 
that ZNF93 transfected wells are normalized to empty vector control. L1HS jumping 
is set to 100%. n=4.  
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Consistent with this, we found that the L1 insertion rate has been almost twice 

as high in humans (5095 insertions; Khan et al., 2006) compared to macaque (2591 

insertions; Han et al., 2007) after the timepoint that L1PA2 first emerged about 7.6 

MYA(Khan et al., 2006), whereas numbers of L1PA6 elements, which expanded 

before the split with old world monkeys, are very similar in the human and macaque 

genome (Extended Data Fig. 3S10b). These results suggest that loss of the ZNF93 

binding site in L1PA2 has propagated a new wave of L1 insertions in great ape 

genomes. 

ZNF93 has undergone a great number of changes throughout primate 

evolution (Figure 3.3H). Reconstruction of the evolutionary history of ZNF93 

suggests that the most dramatic changes took place after divergence from Gibbon, 

before the speciation event of Orangutan, between 18 and 14 MYA. Changes include 

the loss of 4 zinc fingers and a great number of substitutions that affect DNA-binding 

residues. To verify the evolutionary history analysis, we designed ZNF93 variants as 

they exist in OWM, and as they likely existed in the common ancestors of human-

chimp-gorilla-orangutan (HCGO) and human-chimp-gorilla (HCG) and tested their 

ability to repress L1PA4 in the luciferase assay.  

DISCUSSION The surgical removal of the ZNF93 binding site between ~18 and 14 

MYA likely relieved the L1PA-lineage from ZNF93 repression. This event seems to 

have taken place around the same time that ZNF93 had a series of structural changes, 

suggesting it may have in response to improved host repression at this locus.  In a 

similar fashion, the structural changes in ZNF91 allowing it to repress SVA elements 
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were answered by the further evolution of new and different SVA-subtypes in gorilla, 

chimpanzee and human. In contrast, SVAs in orangutan, which branched off before 

these ZNF91 structural changes in the human-chimp-gorilla ancestor, continued to 

expand as SVA-A subtypes. (Extended Data Fig. 3S10c, d). It is not known what the 

human host’s response was to the most recently evolved human SVA families, SVA-

E and SVA-F. Further, it is not clear what the host response was to the deletion of the 

ZNF93 binding site in L1PA3 and its successors, L1PA2 and L1HS, although 

proteomic approaches have found inhibitors of L1HS retrotransposition at steps after 

transcription(Goodier et al., 2013; Taylor et al., 2013). Possibly other ZNFs are 

involved or an alternate host control system for retrotransposons took over, governed 

by PIWI RNAs(Marchetto et al., 2013). The full story of the host’s evolving 

repression of L1PAs is likely to include older stages as well, as there is ample 

evidence for repeated turnover of the 5’ UTR in early L1PA evolution(Khan et al., 

2006), previously thought to be associated with competition for host factors rather 

than avoidance of host factors. KZNFs accumulate rather get replaced and older 

binding sites in now inactive retrotransposons are often conserved between 

species(Lowe et al., 2007). Perhaps older KZNFs are retained to bind to older 

transposon-derived binding sites in order to regulate nearby genes. It is now clear that 

in human evolution, and likely in other mammals, new families of retrotransposons 

drove the development of new KRAB ZNF genes to repress them, which in turn has 

lead to newer families of retrotransposons, in a continuing arms race. This battle is 

likely responsible for one of the most dramatic gene expansions in our recent 
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evolution, spawning new proteins with novel DNA recognition capability. These 

KZNFs have likely been co-opted for other functions that persisted long after the 

original transposon invasion subsided, fueling the relentless evolution of more 

complex gene regulatory networks. 
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Figure	  3.3H.	  Evolutionary	  history	  of	  ZNF93.	  Shematic	  of	  fingers	  lost	  and	  
gained	  in	  ZNF93	  from	  macaque	  to	  human	  in	  primate	  sequenced	  primate	  
genomes	  for	  available	  assemblies.	  ZNF93	  in	  Gibbon	  (white	  cheeked)	  reference	  
has	  a	  13	  finger	  assembly.	  We	  have	  ruled	  this	  as	  unlikely	  by	  PCR	  of	  gDNA.	  More	  
samples	  are	  being	  analyzed	  to	  confirm	  this	  from	  other	  Gibbon	  (white-‐cheeked)	  
individuals	  and	  related	  species:	  pileated,	  red-‐cheeked	  and	  others	  available	  from	  
Corriel	  and	  OHSU	  (kind	  gift	  from	  Lucia	  Carbone	  lab).	  	  
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Extended Data Figure Legends 

Extended	  Data	  Figure	  3S1:	  KAP1	  ChIP-‐seq	  summary	  a,	  Immunoblot	  incubated	  
with	  anti-‐KAP1	  antibody	  loaded	  with	  1%	  input	  and	  eluates	  of	  KAP1-‐ChIP	  or	  IgG-‐
ChIP	  derived	  from	  human	  ESC	  lysates.	  b,	  Diagram	  showing	  numbers	  of	  KAP1	  
peaks	  identified	  in	  two	  independent	  biological	  replicates	  and	  common	  peaks.	  c,	  
Distribution	  of	  9174	  KAP1-‐ChIP-‐seq	  peaks	  over	  various	  DNA	  elements.	  sup:	  
supernatant;	  Rep:	  biological	  replicate;	  	  TSS:	  transcription	  start	  site.	  
	  
	  
	   	  



	   65	  

	  
	  
	  
	  
	  

Extended Data Figure 1 
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Extended	  Data	  Figure	  3S2:	  Mouse	  KAP1	  associates	  with	  mouse-‐specific	  
retrotransposons	  in	  mouse	  ESCs.	  a,	  Distribution	  of	  KAP1-‐ChIP-‐Seq	  reads	  from	  
mouse	  ESCs	  (left)	  and	  the	  mouse	  genome	  (right)	  for	  retrotransposon	  families.	  b,	  
UCSC	  Browser	  image	  displaying	  ChIP-‐seq	  tracks	  for	  input	  	  (grey	  shading)	  and	  
KAP1	  (red	  shading)	  as	  well	  as	  repeat	  element	  tracks	  for	  a	  region	  on	  mouse	  
chromosome	  1.	  Blue	  shading:	  KAP1-‐positive	  active	  mouse	  L1-‐subtypes;	  Purple	  
shading:	  KAP1-‐positive	  active	  IAP	  retrotransposons.	  RMSK:	  percentages	  of	  
Repeat	  Masker-‐identified	  elements	  in	  the	  given	  family	  (Smit	  AFA,	  Hubley	  R,	  
Green	  P.	  RepeatMasker	  Open-‐3.0.	  http://www.repeatmasker.org.	  1996-‐2010.)	  
TEs:	  transposable	  elements;	  IAP:	  Intracisternal	  A-‐particle.	  
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Extended Data Figure 2 
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Extended	  Data	  Figure	  3S3:	  Selection	  of	  primate-‐specific	  KRAB	  ZNFs	  genes	  
with	  high	  expression	  in	  hESCs.	  a,	  Schematic	  of	  primate-‐specific	  KRAB	  zinc	  
finger	  genes	  subdivided	  in	  different	  clades	  based	  on	  previous	  analysis(Thomas	  
and	  Schneider,	  2011).	  b,	  DESeq-‐calculated	  basemean	  expression	  levels	  for	  the	  17	  
highest	  expressed	  KRAB	  zinc	  finger	  genes	  in	  hESCs	  (dark	  blue)	  and	  macaque	  
ESCs	  (light	  blue),	  subdivided	  by	  clades.	  
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Extended Data Figure 3 
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Extended	  Data	  Figure	  3S4:	  The	  SVA	  VNTR	  domain	  is	  sufficient	  for	  ZNF91-‐
mediated	  repression	  of	  luciferase	  activity.	  a,	  Schematic	  of	  SV40-‐Luciferase	  
constructs	  used	  and	  relative	  luciferase	  activities	  after	  transfection	  with	  EV	  in	  
mESCs.	  Error	  bars:	  stdev.	  Comparing	  OCT4Enh	  to	  SVA_D	  P	  =	  1.73E-‐19	  using	  t-‐
test	  (n	  =	  42	  biological	  replicates).	  b,	  Schematic	  of	  SV40-‐Luciferase	  constructs	  
used	  and	  relative	  luciferase	  activities	  after	  transfection	  of	  EV	  or	  ZNF91	  in	  
mESCs.	  Error	  bars:	  stdev.	  *p	  =	  0.005	  (n	  	  =	  6	  biological	  replicates)	  between	  EV	  
and	  ZNF91	  for	  VNTR-‐OCT4Enh-‐SV40.	  **p	  =	  4.82E-‐19	  (n	  	  =	  42	  for	  EV	  and	  n	  	  =	  17	  
for	  ZNF91	  biological	  replicates)	  between	  EV	  and	  ZNF91	  for	  SVA_D-‐SV40.	  	  



	   71	  

	   	  

Extended Data Figure 4 
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Extended	  Data	  Figure	  3S5:	  The	  SVA	  VNTR	  domain	  is	  required	  for	  ZNF91-‐
mediated	  repression	  of	  luciferase	  activity.	  	  Schematic	  of	  SV40-‐Luciferase	  
constructs	  used	  (Full	  length	  and	  A-‐N)	  and	  relative	  luciferase	  activities	  after	  
transfection	  of	  EV	  or	  ZNF91	  in	  mESCs.	  Error	  bars:	  stdev.	  	  
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Extended Data Figure 5 

  



	   74	  

	  
Extended	  Data	  Figure	  3S6:	  Multiple	  Species	  Alignment	  of	  ZNF91.	  Multiple	  
sequence	  alignment	  of	  the	  ZNF91	  protein	  in	  human	  (hu)	  chimpanzee	  (ch),	  gorilla	  
(go),	  orangutan	  (or),	  gibbon	  (gi),	  rhesus	  (rh)	  and	  baboon	  (ba).	  Duplicated	  
regions	  (only	  present	  in	  human,	  chimpanzee	  and	  gorilla)	  containing	  zinc	  fingers	  
7-‐12	  are	  indexed	  "_1"	  to	  distinguish	  them	  from	  the	  other	  copy,	  zinc	  fingers	  18-‐
23,	  indexed	  "_2",	  and	  are	  placed	  in	  three	  separate	  rows.	  A	  second	  duplication	  of	  
zinc	  finger	  7	  to	  create	  finger	  6	  necessitates	  a	  refinement	  of	  this	  indexing	  in	  which	  
finger	  6	  is	  indexed	  as	  "_1.1"	  and	  fingers	  7-‐12	  as	  "_1.2".	  It	  also	  necessitates	  three	  
additional	  rows	  in	  the	  multiple	  alignment	  for	  finger	  6.	  The	  36	  fingers	  are	  labeled	  
below	  the	  alignment	  as	  f1D,	  f2,	  …	  f36.	  Highlighted	  in	  light	  blue	  are	  regions	  
corresponding	  to	  the	  ape	  zinc	  finger	  domains,	  in	  dark	  blue	  are	  the	  canonical	  
protein-‐DNA	  contact	  residues	  within	  these	  fingers,	  in	  red	  are	  nucleotides	  that	  
are	  different	  from	  the	  column	  consensus	  (majority	  rule),	  and	  in	  green	  is	  the	  
inserted	  Alu	  element.	  The	  “XX”	  region	  highlighted	  in	  black	  with	  the	  label	  "BP"	  
indicates	  the	  breakpoint	  in	  human,	  chimpanzee,	  and	  gorilla	  where	  the	  duplicated	  
regions,	  e.g	  hu_1.1	  (finger	  6)	  and	  hu_1.2,	  (fingers	  7-‐12)	  ,were	  cut	  out	  and	  aligned	  
back	  to	  fingers	  18-‐23	  as	  separate	  rows.	  
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Extended Data Figure 6 
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Extended	  Data	  Figure	  3S7:	  Evolutionary	  history	  	  of	  	  ZNF91.	  a,	  The	  
phylogenetic	  tree	  used	  in	  multiple	  sequence	  alignment	  and	  ancestral	  
reconstruction	  of	  ZNF91.	  As	  in	  Figure	  S6,	  "hu	  1.1",	  "ch	  1.1"	  and	  "go	  1.1"	  
represent	  human,	  chimpanzee	  and	  gorilla	  domain	  6,	  respectively,	  	  "hu	  1.2",	  "ch	  
1.2",	  "go	  1.2"	  represent	  human,	  chimpanzee	  and	  gorilla	  domains	  7-‐12,	  
respectively,	  and	  "hu	  2",	  "ch	  2"	  and	  "go	  2"	  represent	  ZNF91	  sequence	  from	  start	  
to	  domain	  5,	  a	  breakpoint,	  and	  from	  domain	  13	  to	  the	  end	  (see	  
Methods).	  	  Ancestors	  are	  labeled	  with	  first	  letters	  of	  leaf	  species	  below	  them,	  e.g.	  
HCG	  is	  human-‐chimp-‐gorilla	  ancestor.	  b,	  	  Immunoblot	  incubated	  with	  anti-‐HA	  
antibody	  on	  lysates	  of	  46C	  mESCs	  transfected	  with	  Macaque	  pCAG-‐ZNF91-‐HA	  or	  
ZNF90-‐HA	  expression	  vectors.	  c,	  ZNF91	  domain	  deletion	  analysis	  showing	  
relative	  luciferase	  activities	  on	  the	  SVA_D-‐SV40	  luciferase	  reporter	  after	  
transfection	  of	  EV	  or	  ZNF91	  deletion	  constructs	  in	  mESCs.	  Error	  bars:	  stdev.	  
Numbers	  in	  parenthesis	  indicate	  zinc	  fingers	  present	  in	  the	  ZNF91	  deletion	  
construct.	  *P<	  0.05;	  **P<0.001.	  Biological	  replicates:	  EV	  (n	  =	  42):	  ZNF91	  (1-‐11)	  
(n	  	  =	  4);	  ZNF91	  (1-‐24)	  (n	  =	  7);	  ZNF91	  (1-‐30)	  (n	  =4	  );	  ZNF91	  (1,2;	  23-‐36)	  (n	  =	  3).	  
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Extended Data Figure S7 
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Extended	  Data	  Figure	  3S8:	  SVA	  is	  repressed	  in	  vivo	  by	  ZNF91,	  but	  not	  by	  
other	  primate	  ZNFs	  tested.	  a,	  Details	  for	  a	  selection	  of	  primate-‐specific	  
retrotransposons	  showing	  ChIP-‐seq	  peaks	  for	  KAP1	  and	  H3K4me3	  for	  hESCs	  
(white	  and	  gray	  shading)	  and	  mouse	  transchromosomic	  TC11	  ESCs	  transfected	  
with	  empty	  vector	  (yellow	  shading)	  or	  ZNF91	  rescue	  (red	  shading).	  Promoter:	  
EED.	  b,	  ZNF91/EV	  ratios	  of	  RNA	  expression	  for	  a	  selection	  of	  retrotransposons.	  
Error	  bars:	  SEM.	  	  c,	  UCSC	  browser	  images	  for	  an	  SVA	  element,	  a	  promoter	  and	  an	  
L1PA,	  showing	  H3K4me3	  ChIP-‐seq	  signal	  for	  hESC	  (grey)	  transchromosomic	  
TC11	  mouse	  ESCs	  transfected	  with	  EV	  (yellow),	  primate	  specific	  KRAB	  zinc	  
fingers	  ZNF443/ZNF519/ZNF544	  or	  ZNF90/ZNF486/ZNF826	  (green),	  and	  
ZNF91	  (red).	  	  
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Extended Data Figure 8 
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Extended	  Data	  Figure	  3S9:	  ChIP-‐seq	  based	  analysis	  of	  genome-‐wide	  ZNF93	  
binding	  in	  hESCs.	  a,	  Immunoblot	  showing	  ChIP	  with	  antibody	  ab104878	  
predominantly	  reacts	  with	  a	  protein	  of	  ~70	  kDA	  (left	  panel)	  and	  co-‐
immunoprecipitates	  KAP1	  (right	  panel).	  b,	  Immunoblot	  demonstrating	  	  that	  
ChIP	  with	  ab104878	  detects	  overexpressed	  ZNF93	  in	  mouse	  46c	  ESCs	  as	  a	  ~70	  
kDA	  protein.	  c,	  Repeat	  Browser	  	  displaying	  ChIP-‐seq	  coverage	  tracks	  for	  ZNF93	  
(yellow	  shading)	  and	  KAP1	  (blue	  shading)	  for	  a	  selection	  of	  KAP1-‐bound	  
retrotransposons.	  Lower	  tracks	  are	  retrotransposons	  uniquely	  enriched	  by	  
KAP1-‐ChIP.	  HC:	  heavy	  chain	  of	  IgG.	  
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Extended Data Figure 9 
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Extended	  Data	  Figure	  3S10:	  Distribution	  of	  L1PA-‐	  and	  SVA-‐subtypes	  in	  great	  
apes.	  a,	  Schematic	  of	  L1PA-‐lineage	  evolution.	  b,	  Bargraphs	  displaying	  numbers	  
of	  insertion	  events	  for	  L1PA6	  and	  L1PA	  families	  that	  expanded	  during	  the	  last	  
7.6	  million	  years	  in	  human	  and	  macaque.	  MYA:	  million	  years	  ago.	  c,	  d,	  	  Bargraphs	  
(c)	  and	  table	  (d)	  showing	  the	  distribution	  	  of	  SVA-‐A	  through	  SVA-‐F	  in	  great	  ape	  
species.	  	  
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Extended Data Figure 10 
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Methods 

Embryonic Stem Cell culture and ZNF overexpression analysis 

Human (H9, Thompson) ESC colonies were maintained as described 

(http://www.wicell.org). Colonies were manually passaged at a 1:3 ratio onto plates 

containing mitomycin-C-treated mouse embryonic fibroblasts that were seeded at a 

density of 35 k cells/cm2 on 0.25% gelatin coated plates (porcine; Sigma) the day 

before. Mouse transchromosomic E14(hChr11) (TC11) embryonic stem cells were 

cultured on mouse embryonic fibroblast feeder layers as described14. For 

transfections, cells were cultured on gelatin for 2 passages and transfected with 24 ug 

of ZNF and 1 ug of GFP expression vectors per 10 cm plate of cells, using 

lipofectamine 2000 (Invitrogen). Cells were cultured for an additional 40 hours, 

harvested with trypleE reagent (Life technologies) and washed three times and 

collected in FACS buffer (1 x PBS, 2% fetal bovine serum (FBS), 5 mM EDTA). 

GFP-positive cells were sorted using a FACSAria III (BD Biosciences) and samples 

were used for RNA isolation and ChIP analysis.   

RNA-seq library preparation 

RNA was treated with RQ1 DNAseI (Promega) for 1 hour at 37 C and total RNA was 

cleaned up using the RNAeasy Mini kit (Qiagen). For each sample, the non-ribosomal 

fraction of 5 ug of total RNA was isolated using a Ribo-Zero rRNA removal Kit 

(Epicentre) following the manufacturer’s protocol (Lit. #309-6/2011). For the non-

ribosomal fraction of RNA, double stranded (ds) cDNA was synthesized as described 

previously(Parkhomchuk et al., 2009) using dUTP in the second strand synthesis and 



	   85	  

USER digest before amplification to retain strand specificity. Clean-up steps were 

performed using RNA Clean & Concentrator or DNA Clean & Concentrator kits 

(Zymo research). Double stranded cDNA was used for library preparation following 

the Low Throughput guidelines of the TruSeq DNA Sample Preparation kit 

(Illumina), with the following additions. Size selections were performed before and 

after cDNA amplification on an E-gel Safe Imager (Invitrogen) using 2% E-gel 

SizeSelect gels (Invitrogen). The cDNA fraction of 300-400 bp in size (including 

adapters) was isolated and purified. For adapter ligations, 1 ul instead of 2.5 ul of 

DNA Adapter Index was used. Indexed libraries were pooled and sequenced on the 

Illumina HiSEQ platform. 

Mapping and analysis of RNA-seq data 

All samples were mapped using Tophat2(Kim et al., 2013) using Bowtie2(Langmead 

and Salzberg, 2012) as the underlying alignment tool. The input Illumina fastq files 

consisted of paired end reads with each end containing 100bp. The target genome 

assembly for the human samples was GRCh37/UCSC hg19 for hESCs, or a hybrid 

target genome of mm9-hChr11 for TC11 cells, and Tophat was additionally supplied 

with a gene model (using its “-GTF” parameter) with data from the hg19 UCSC 

KnownGenes track(Hsu et al., 2006). For multiply-mapped fragments, only the 

highest scoring mapping determined by Bowtie2 was kept. Only mappings with both 

read ends aligned were kept. Potential PCR duplicates (mappings of more than one 

fragment with identical positions for both read ends) were removed with the samtools 

“rmdup”(Li et al., 2009) function, keeping only one of any potential duplicates. The 
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final set of mapped paired end reads for a sample were converted to position-by-

position coverage of the relevant genome assembly using the bedtools 

“genomeCoverageBed”(Quinlan and Hall, 2010) function. To determine the count of 

fragments mapping to a gene, the position-by-position coverage was summed over the 

exonic positions of the gene. This gene total coverage was divided by the factor 200, 

to account for the 200 bp of coverage induced by each mapped paired end fragment 

(100bp from each end), and rounded to an integer. For the human samples, this was 

calculated for each gene in the UCSC Known Gene set. For input to DESeq(Anders 

and Huber, 2010) all genes with non-zero counts in any sample were considered. Two 

replicates of each samples were combined per the DESeq methodology.  

For Figure 2e, the averaged fold change in expression (ZNF91/EV, vertical axis) for 

genes with an SVA element within some distance (blue circles) and genes without an 

SVA element within the same distance (gray crosses) were plotted against the up or 

downstream distance from each gene. Points were computed every 5 kbp, For every 

window size starting at 5kbp up to 500kbp in 5kbp intervals upstream and 

downstream of genes on chromosome 11, we identified the set of genes with and 

without at least one SVA element in the window. For the two sets at every window 

size we calculated the average fold change in gene expression (ZNF91/EV) using the 

DESeq results from Tc11 cells transfected with either ZNF91 or empty vector (EV). 

We assessed significant differences between expression values with and without SVA 

by Wilcoxon rank-sum test and reported Bonferroni-corrected p-values less than 0.05 

as significant (red points in Fig 2e). 
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Chromatin immunoprecipitation (ChIP) and ChIP-seq library preparation 

Human and mouse ESCs were crosslinked in 1% formaldehyde for 10 minutes on ice 

by adding 1/10 volume of freshly prepared 11X cross-linking solution (50 mM Hepes 

(pH 8.0); 0.1 M NaCl; 1 mM EDTA; 0.5 mM EGTA; 11% formaldehyde). The 

crosslinking reaction was quenched by adding glycine to a final concentration of 

0.125 M and incubating for 5 minutes on ice. For KAP1-ChIP and ZNF486-ChIP, 

cells were washed 3x in PBS + 0.1% BSA and dissolved in 10 packed cell volumes 

0.3 % SDS-lysis buffer (10 mM Tris (pH 8.0); 1 mM EDTA (pH 8.0); 0.3% (w/v) 

SDS + Complete proteinase inhibitor cocktail (Roche). Cells were incubated on ice 

for 20 minutes and cells were lysed in a pre-chilled dounce homogenizer by ten 

strokes with pestle B. Cell lysate was transfered to a 15 ml conical (human ESC) or 

1.5 ml tube (mouse ESC) and chromatin was sheared to an average size of ~500 bp in 

a Bioruptor Sonicator (Diagenode) (settings: HIGH; 30” on; 60” off; 10-12 cycles). 

Sonicated lysate was transferred to 2 ml tubes and 3 volumes of immunoprecipitation 

buffer (50 mM Tris-HCl (pH 8.0); 150 mM NaCl; 5 mM MgCl; 0.5 mM EDTA; 0.2% 

NP-40; 5% glycerol; 0.5 mM DTT; Complete Protease Inhibitor Cocktail was added. 

Debris was pelleted by centrifugation for 15 minutes at 12,000 g at 4C and 

supernatant was transferred to a new 2 ml vial. Supernatant was precleared with 50 ul 

of Sheep-anti-Rabbit (M-280) Dynabeads (Invitrogen) for 4 hours at 4C. Dynabeads 

(Invitrogen) were blocked with BSA according to the Dynabeads manual. Precleared 

lysate was incubated with 10 ul of dynabeads suspension pre-bound for 4 hours with 
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an excess of anti-KAP1 antibody (ab10484), or anti-KRAB ZNF-antibody 

(ab104878). Immunoprecipitation was performed overnight at 4C on a rotator. 

Immune-complexes were washed 6 times in freshly prepared RIPA buffer (50 mM 

Hepes (ph8.0); 1 mM EDTA (ph8.0); 1% (v/v) NP40; 0.7% (w/v) deoxycholate; 0.5 

M LiCl; Complete Proteinase Inhibitor Cocktail) and 1 x in TE buffer (10 mM Tris-

HCl (pH 8.0); 1 mM EDTA (pH 8.0). H3K4me3-ChIP was performed as described 

previously by the Ren Lab (http://commonfund.nih.gov/sites/default/files/ 

ChIP_Broad_ChIP_REMC_Protocol_v01B.pdf). Immune-complexes were eluted 

from the beads by incubation at 67 C for 20 minutes in ChIP elution buffer (TE + 1% 

SDS) and vortexing every 2 minutes and cross-linking was reversed by incubation at 

67 C overnight. ChIP DNA was treated with RNAse A/T for 2 hours at 37 C and 

Proteinase K for 2 hours at 55 C. NaCl was added to a final concentration of 200 mM 

and ChIP DNA was extracted twice with Phenol/Chloroform/Iso-amyl-alcohol 

(25:24:1) and twice with Chloroform/Iso-amyl-alcohol (24:1). DNA was ethanol 

precipitated and dissolved in nuclease free water. DNA was cleaned up one extra time 

using ZYMO PCR purifiication columns. ChIP DNA was used for library preparation 

following the Low Throughput guidelines of the TruSeq DNA Sample Preparation kit 

(Illumina), with the following minor additions. Size selections were performed before 

and after amplification on an E-gel Safe Imager (Invitrogen) using 2% E-gel 

SizeSelect gels (Invitrogen). The ChIP-DNA fraction of 300-400 bp in size (including 

adapters) was isolated and purified. For adapter ligations, 1 ul instead of 2.5 ul of 
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DNA Adapter Index was used. Indexed libraries were pooled and sequenced on the 

Illumina HiSEQ platform. 

To determine the genome-wide binding of ZNF93, we performed chromatin 

immunoprecipitation (ChIP) analysis, using a KRAB ZNF antibody (ab104878) 

which was originally raised against a peptide in ZNF486 that displays 88% identity to 

ZNF93 and we show is capable of recognizing ZNF93 (Extended Data Fig S9a, b). 

Notably, the size of the protein immunoprecipitated by ChIP from human ESC lysates 

corresponds to the size of ZNF93 and not ZNF486, arguing that this antibody 

predominantly immunoprecipitates the highly expressed ZNF93.   

MACS ChiP-seq peak calling  

All samples were mapped using Bowtie(Langmead and Salzberg, 2012) using input 

Illumina fastq files consisting of paired end reads. The human samples were mapped 

to the NCBI37/UCSC hg19 genome assembly.  Only fully paired end, uniquely 

mapping reads were kept. Potential PCR duplicates (mappings of more than one 

fragment with identical positions for both read ends) were removed with the samtools 

“rmdup”(Li et al., 2009) function, keeping only one of any potential duplicates. Based 

on the paired end mappings, the median length of the fragments was determined for 

each sample. For input to MACS 1.4(Zhang et al., 2008) only the read1 mappings 

were used and the median fragment length was used to determine the “-shiftsize” 

parameter. For each ChIP sample mappings, the corresponding input DNA sample 

mappings were used as a control. The UCSC table browser(Karolchik, 2004) was 

used to select MACS peaks that were called in both biological replicates.    
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Repeat Browser 

We constructed a consensus sequence of SVA_D and L1PA elements. To remove 

extremely short and long copies, we first eliminated the longest 2% of their copies in 

the genome, then took the 50 longest sequences annotated by repeatmasker 

(www.repeatmasker.org) in the UCSC genome(Kent et al., 2002), aligned them with 

muscle and constructed a consensus sequence from the multiple alignment. We 

created a version of the UCSC genome browser using this consensus as a reference 

sequence. MACS summits of KZNF-ChIP seq and KAP1-ChIP-seq were mapped to 

the Repeat browser for Figure 3b and 3c.  

Immunoblotting 

Human ESC (H9) and ZNF-transfected mouse transchromosomic ES cells were lysed 

in 50 mM Tris-HCl (pH 8.0); 150 mM NaCl; 5 mM MgCl; 0.5 mM EDTA; 0.2% NP-

40; 5% glycerol; 0.5 mM DTT and Complete protease inhibitor cocktail (Roche) and 

centrifuged at max speed for 10 minutes at 4C to remove debris. Cleared lysates were 

subjected to SDS-PAGE on Nupage (Invitrogen) 4-12% protein gels for SDS-PAGE 

and transferred to nitrocellulose as described in the Nupage manual. Blots were 

incubated overnight in 5% non-fat dried milk in PBS-T and incubated with 1:1000 

anti-KAP1 antibody (ab10484), 1:1000 anti-KRAB ZNF antibody (ab104878) or 

1:1000 anti-HA (ab9110) antibody in PBS for 3 hours and Goat-anti-rabbit-HRP 

secondary antibody for 30 minutes at room temperature (RT). Blots were incubated 

with SuperSignal West Dura Extended Duration Substrate (Thermo Scientific) and 

visualized on a Biorad Chemidoc MP system. 
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Plasmids  

Synthesized L1PA4 (gBLOCk, IDT) was cloned into pENTR-D/TOPO (Invitrogen) 

and transferred by GATEWAY reaction to pGL4CP-SV40 in which an rfB cassette 

(Invitrogen) was introduced at a blunted BglII upstream of SV40 to give pL1PA4-

SV40-luciferase reporter. Synthesized pUC57-SVA_D (Genescript) was EcoRV 

digested and ligated directly to pGL4CP-SV40 at a blunted EcoRI, upstream of SV40. 

SVA_D and L1PA4 domain analysis was performed with a combination of restriction 

enzymes and gBLOCK synthesized fragments. ~1500bp OCT4 human enhancer 

region was PCR cloned from gDNA and ligated upstream of SV40 at the EcoRI 

blunted site. VNTR-OCT4Enh-pGL4CP-SV40 was created by removing a 545bp, 

13.5 repeat-containing VNTR subunit fragment between PflMI and XcmI. Selected 

KRAB ZNFs were obtained from cDNA, synthesized by Genscript, or subcloned 

from I.M.A.G.E. vector through ATCC and ligated into pCAG_EN (Cepko Lab, 

Addgene) either directly at EcoRI blunt site or through Gateway ENTRY cloning 

using pCAG_EN with an rfA cassette integrated at the EcoRI site. Plasmids and 

primers used are available upon request. Domain deletion analysis of ZNF91 was 

performed at XmaI (ZNFs 1-11), NsiI (ZNFs 1-30), AleI (ZNFs 1-24), or SacI sites 

(ZNFs 1-2; 23-36) present in the gene-optimized synthesized ZNF91 (Genscript) after 

it was ligated into pCAG. 

Luciferase Assay  
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Luciferase assay was carried out according to Promega dual-luciferase kit instructions 

and as previously published(Onodera et al., 2012). 46c mESCs were plated in the 

afternoon at 3.0E4/cm2. The next morning, media was changed and 200ng of pCAG 

ZNF was co-transfected with 20ng of SV40-Luciferase reporter and 2ng of pRL-TK-

Renilla (a 10:1 firefly to Renilla ratio) per 24-well using Lipofectamine2000 in 

duplicate wells. 24 hours after transfection, wells were washed 1x with PBS, 

harvested with 100ul of Passive Lysis Buffer for 15 minutes on a room temperature 

rocker. Each well is then read in duplicate as 40ul of lysate was transferred twice to a 

96 well white opti-plate and combined with 50ul of LARII substrate and read on a 

Perkin-Elmer luminometer and Wallace Victor Light software counting 1s/well. Next, 

lysate and substrate was combined with 50ul of Stop & Glo reagent to quench and 

measure Renilla activity to control for transfection efficiency. Data was normalized in 

Microsoft Excel by dividing firefly/renilla and the average of 4 technical replicate 

measurements was taken as a raw value of activity. This activity was further 

normalized against SV40-Luciferase control for each ‘Rescue’ pCAG construct. Final 

values are displayed where for each biological replicate, pCAG EV (empty vector) is 

set to 100%. 

Multi-species ZNF91 nucleotide sequence identification. 

Using BLAT from the UCSC genome browser toolset to align the human 

ZNF91  (ENST00000300619) genomic nucleotide sequence (UCSC hg19 

chr19:23,539,498-23,579,269, from 1 kb upstream to 1 kb downstream), we identified 

best reciprocal hit ZNF91 sequences in the chimpanzee (panTro4), gorilla (gorGor3), 
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orangutan (ponAbe2), gibbon (nomLeu3), rhesus (rheMac2) and baboon (papAnu2) 

genomes. Of note, for rhesus, we used the rheMac2 assembly because we have 

identified a potential assembly error in the ZNF91 exon 4 region of the latest 

assembly, rheMac3, which resulted in an early stop codon. The ZNF91 sequence 

obtained from rheMac2 was validated by RNA-seq data. 

 

Closing gaps in the Orangutan and Gorilla assemblies and correcting sequencing 

errors in the Orangutan assembly overlapping ZNF91 exon 4. 

 Alignments of both translated amino-acid and nucleotide sequences revealed that the 

identified Orangutan and Gorilla sequences had scaffold gaps within the fourth exon 

of the gene, which includes crucial zinc fingers and possible problems with the 

orangutan assembly. To fill in the gaps and correct assemblies we used gDNA from 

orangutan and gorilla fibroblasts (Coriell, San Diego Zoo), and  performed PCR using 

a selection of primers including a set described previously16. Cloned PCR-products 

were Sanger sequenced and sequences were aligned to the corresponding assemblies 

as well as to the human genome using BLAT. Only clones that mapped uniquely with 

at least 90% coverage to the corresponding regions were kept.  

 

Reconstructing the evolutionary history of ZNF91.  

Multiple sequence alignments revealed a 588 base pair subsequence containing 7 

extra zinc fingers in the human, chimpanzee and gorilla genomes that is not present in 
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the orangutan, gibbon, rhesus and baboon genomes. This additional sequence 

corresponds to zinc fingers 6-12 of the human protein. Using BLAT to align the 

human copy of this sequence to the human genome, human zinc fingers 7-12 (2-7 of 

the subsequence) have best-reciprocal homology to zinc fingers 18-23 of human 

ZNF91, indicating that the subsequence was initially created by a local segmental 

duplication. Further analysis revealed human zinc finger 6 (the first zinc finger of the 

additional subsequence) is a near exact, best-reciprocal tandem duplication of human 

zinc finger 7 (the 2nd zinc finger of the additional sequence), indicating that after the 

initial intra-gene segmental duplication there was a secondary tandem duplication of 

the first zinc finger. Blat analysis revealed the additional subsequence is not present 

anywhere in the orangutan and other outgroup genomes.  To reconstruct a 

parsimonious nucleotide level evolutionary history of ZNF91, we constructed a 

global multiple sequence alignment using PRANK (http://tinyurl.com/prank-‐

msa), which simultaneously aligns the sequences and infers the ancestral sequences 

using a realistic model of insertion, deletion and substitution evolution. To include the 

two inferred duplication events in this history we created edited versions of the 

human, chimpanzee and gorilla sequences with the additional duplicated sequence 

removed and included, for each species, as two extra input nucleotide sequences, one 

of the first additional zinc finger (zinc finger 6 in the human protein), and the second 

of the subsequent 6 additional zinc fingers (zinc fingers 7-12 in the human protein). 

As PRANK requires a phylogenetic tree, we gave it a tree that reflects the accepted 

species phylogeny, but which included the additional duplications branching off after 
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the speciation from orangutan (Supplementary Figure S7a). There were 4 amino 

acid changes in DNA-contacting residues in the relatively short critical time 13-7 

MYA after orangutan branched off and before the human-chimpanzee-gorilla split. 

This together with the duplications mentioned above gives an indication of positive 

selection. The full multiple species alignment is available at 

http://hgwdev.cse.ucsc.edu/~nknguyen/znf91/znf91aaMSA.html 
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