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ABSTRACT  

ISGF3-Mediated  Chromatin  Dynamics  and  Regulation  of  
Type  I  Interferon-Stimulated  Genes  

  
Nancy  Au-Yeung  

歐陽詠詩 

  

Type  I   interferon  (IFN)  is  the  primary  antiviral  cytokine  establishing  a  broad  and  

potent  antiviral  response  to  protect  mammalian  cells  from  virus  infection.    The  functional  

repertoire   of   IFN   extends   to   innate   and  adaptive   immunity,   neoplastic   transformation,  

resistance  and  cancer  immunotherapy.    IFN  functions  are  primarily  mediated  through  the  

Janus   kinase   (JAK)   and   signal   transducers   and   activators   of   transcription   (STAT)  

signaling   pathway.      Stimulation   of   the   IFN-JAK-STAT   signaling   cascade   drives   the  

expression  of  hundreds  of  diverse   IFN-stimulated  gene  (ISG)  effectors  underlying   IFN  

functions.      

Similar  to  other  mammalian  genes,  ISGs  are  encoded  within  a  chromatin  structure  

in  the  human  genome.    ISG  expression  is  activated  primarily  by  the  trimeric  transcription  

factor  complex,  ISG  factor  3  (ISGF3),  consisting  of  STAT1,  STAT2,  and  IRF9  proteins.    

ISGF3   engages   target   gene   promoters   and   recruits   coactivators,   Mediator,   and   RNA  

polymerase  II  machinery.    To  access  the  native  gene  template  and  induce  transcription,  

ISGF3  must  engage  with  chromatinized  ISG  promoters.    ISGF3-associated  coactivators  

with  chromatin  modifying  functions  support  the  notion  of  a  dynamic  chromatin  regulation  

in  ISG  activation;;  thus,  necessitating  recruitment  of  specialized  factors  to  modulate  gene  

accessibility  during  the  IFN  response.    However,  our  characterization  of  the  dynamic  ISG  

chromatin  environment  is  insufficient  to  understand  the  interplay  between  ISGF3  and  ISG  
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chromatin.      In   particular,   the   chromatin   architecture   at   ISG   promoters   and   dynamic  

alterations  following  IFN  stimulation  remain  relatively  unexplored.      

To   advance   our   understanding   of   the   dynamic   ISG   chromatin   architecture   in  

relation  to  ISGF3,  I  generated  genome-wide  maps  of  ISGF3  occupancy  to  accompany  

high-resolution   nucleosome  maps   for   20   representative   ISGs  during   steady   state   and  

following  IFN  stimulation.    Characterization  of  the  relationship  between  ISGF3  and  ISG  

promoter  nucleosomes  led  to  uncovering  a  previously  unknown  role  for  the  histone  variant,  

H2A.Z,   in   ISG   transcription.     H2A.Z   is  present  at   ISG  promoters,  but   rapidly   removed  

following  IFN.    H2A.Z  eviction  from  ISG  promoter  nucleosomes  was  inversely  correlated  

with   ISGF3   recruitment   and   was   found   to   require   the   activity   of   the   histone  

acetyltransferase,  GCN5,  and  the  bromodomain  protein,  BRD2.    Reduction  of  H2A.Z  led  

to   enhanced   ISGF3   recruitment,   increased   ISG   expression   and   potentiated   antiviral  

protection,  implicating  a  suppressive  role  for  H2A.Z  nucleosomes  in  the  IFN  response.    

Proper   gene   accessibility   is   essential   to   the   homeostasis   of   the   IFN   response   in  

establishing  a  protective  environment  during  infection,  while  preventing  adverse  effects  

of  a  prolonged  IFN  response.    Coordinately  controlled  H2A.Z  removal  and  incorporation  

at  ISG  promoter  nucleosomes  is  an  essential  component  for  the  activation  and  repression  

of  ISG  effectors  for  cellular  protection  and  homeostatic  integrity.  
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OVERVIEW  

   Within  hours  of  a  viral  infection,  host  mammalian  cells  mount  a  broad  and  powerful  

antiviral  response  to  protect  cells  from  virus  infection.    The  mysterious  factor  orchestrating  

this  potent  response  was  discovered  in  1957.  Virus-infected  cells  released  an  unknown  

substance  into  the  media  that  conferred  antiviral  protection  to  uninfected  cells,  eventually  

identified  as  the  host-secreted  type  I  interferon  (IFN)  cytokine  (Isaacs  and  Lindenmann,  

1957).    IFN  is  the  primary  antiviral  cytokine,  capable  of  signaling  to  virtually  all  cell  types  

(Borden  et  al.,  2007).    This  ubiquitous  signaling  ability  also  enables  IFN  to  modulate  the  

professional   immune   system.      IFN-driven   responses   have   broad   cellular   impacts   that  

extend   beyond   its   recognized   antiviral   properties,   to   neoplastic   transformation,  

autoimmune  diseases  and  immunotherapy  (Gonzalez-Navajas  et  al.,  2012;;  Parker  et  al.,  

2016;;  Zitvogel  et  al.,  2015).    Thus,  investigation  of  the  mechanisms  underlying  the  IFN  

response  are  important  to  understanding  human  health  and  antiviral  biology.    

The  IFN  response   is  mediated  by  a  Janus  kinase  (JAK)  and  signal   transducers  

and   activators   of   transcription   (STAT)   signaling   pathway   that   generates   an   antiviral  

transcription   factor,   IFN-stimulated   gene   factor   3   (ISGF3)   (Stark   and   Darnell,   2012).    

While  much  is  known  about  the  IFN-induced  formation  of  ISGF3,  less  is  known  about  how  

this  factor  engages  native  chromatin,  recruits  and  activates  RNA  polymerase  II  (Pol  II),  

giving  rise  to  antiviral  ISGs.    In  addition  to  being  a  key  factor  for  immune  regulation,  ISGF3  

transcriptional   regulation   of   IFN-stimulated   genes   (ISGs)   is   an   outstanding  model   for  

studying   inducible   transcription   in  eukaryotes.     The  contemporary  view  of   transcription  

has   evolved   to   the   point   that   supports   a   functional   and   dynamic   role   of   chromatin,  
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motivating   the   broad   question   of   how   a   transcription   factor   engages   chromatin.    

Specifically,   this   thesis   aims   to   understand   how   ISGF3   engages   ISG   chromatin   and  

mediates   chromatin   dynamics   to   activate   ISG   transcription   during   the   IFN   antiviral  

response.      

Here  in  Chapter  1,  the  major  discoveries  that  have  established  the  IFN  production  

and  the  activation  of  ISGF3  in  the  IFN-stimulated  JAK-STAT  pathway  will  be  highlighted  

along  with   the   established   knowledge  on   ISG  chromatin   regulation   prior   to   this   thesis  

project.    Complementing  these  prior  studies  is  the  featured  thesis  project  in  Chapters  2  

and   3   to   advance   our   understanding   of   ISGF3-mediated   chromatin   dynamics   and  

chromatin   regulation   of   type   I   IFN-stimulated   genes   (ISGs).      Relative   to   the   detailed  

understanding   of   the   IFN-JAK-STAT   signaling   events,  much   less   is   known   about   the  

ISGF3   target  chromatin  and   interplay  of   ISGF3  with  chromatin  or  nucleosomes.     This  

thesis   project   provides   an   in-depth   analysis   on   the   native   ISG   promoter   nucleosome  

environment  and  ISGF3-mediated  chromatin  dynamics  before  and  after  IFN  stimulation.  
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TYPE  I  INTERFERON-JAK-STAT  SIGNAL  TRANSDUCTION    

Type  I  Interferon  

Since  its  initial  discovery  as  a  soluble  antiviral  factor  secreted  from  virus-infected  

cells  (Isaacs  and  Lindenmann,  1957),  type  I   interferon  (IFN)  is  now  known  to  govern  a  

multitude   of   biological   processes   related   to   innate   and   adaptive   immunity,   neoplastic  

transformation  (Parker  et  al.,  2016),  efficacy  of  cancer  therapies  (Zitvogel  et  al.,  2015),  

and   immuno-modulatory  processes  (Gonzalez-Navajas  et  al.,  2012).           IFN  refers   to  a  

family   of   cytokine  proteins   that   share   a   common   transmembrane   receptor,   IFN   alpha  

receptor  1  and  2  (IFNAR1/2),  ubiquitously  expressed  on  the  cellular  surface  of  virtually  

all  cell  types.    This  family  of  cytokines  includes  13  IFNa  subtypes  (a1,  a2,  a4,  a5,  a6,  a7,  

a8,  a10,  a13,  a14,  a16,  a17  and  a21),  IFNb,  IFNe,  IFNk,  and  IFNw1  (Hoffmann  et  al.,  

2015).    Their  expression  levels  differ  between  cell  types  with  IFNb  ubiquitously  produced  

and  IFNa  subtypes  expressed  most  highly  in  leukocytes.      

IFN  is  the  primary  antiviral  cytokine  produced  in  response  to  a  virus  infection  and  

has   co-evolved   with   viruses   in   what   is   often   called   an   arms   race,   where   mutual  

antagonism  between  the  two  in  their  natural  host  achieves  a  balance  over  time  (Hoffmann  

et  al.,  2015).    Among  IFN,  IFNb  and  certain  IFNa subtypes  (i.e.  IFNa6,  8)  have  undergone  

strong  purifying  selection,  wherein  little  to  no  difference  in  the  nucleotide  sequence  can  

be  seen  within  the  human  population.    The  nucleotide  sequence  constraints  of  IFNb  and  

these  IFNa  subtypes  in  the  human  population  support  their  essential  roles  in  the  antiviral  

response  as  non-redundant  proteins  (Manry  et  al.,  2011).    In  fact,  viruses  employ  many  
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strategies   to   antagonize   the   host   mammalian   system   to   prevent   IFN   production   and  

signaling  (Garcia-Sastre,  2017).  

IFN  not  only  activates  a  robust  antiviral  program,  it  is  known  to  mediate  adaptive  

immune  responses  and  is  implicated  in  many  human  diseases  (Gonzalez-Navajas  et  al.,  

2012;;  Parker  et  al.,  2016;;  Rodero  and  Crow,  2016;;  Zitvogel  et  al.,  2015).    Its  ability  to  

signal   to   virtually   all   cell   types   in   an   autocrine   and   paracrine   manner   is   the   conduit  

ensuring  cell-to-cell  communication  that  protects  cells  from  infection.    It  was  also  among  

the   earliest   anticancer   therapy   regimens   and   continues   to   be   used   in   cancer  

immunotherapy  and   treatment  of  disease   types  such  as  multiple  sclerosis   (Reder  and  

Feng,  2014;;  Sudhakar,  2009;;  Zitvogel  et  al.,  2015).    The  underlying  mechanism  behind  

its   anticancer   and   antiviral   prowess   began   to   be   uncovered   in   the   1980s   with   the  

discovery  of  the  IFN-induced  JAK-STAT  signaling  cascade  (Aaronson  and  Horvath,  2002;;  

Stark   and   Darnell,   2012).      However,   in   addition   to   the   positive   contributions   of   IFN  

signaling,  the  adverse  effects  of  prolonged  IFN  exposure  underlie  several  autoimmune  

and  autoinflammatory  diseases  -  some  known  as  interferonopathies  (Rodero  and  Crow,  

2016;;  Trinchieri,  2010).    Thus,  the  inactivation  and  activation  of  IFN  signaling  are  equally  

important.    Since  all  the  actions  of  IFN  are  predominantly  mediated  by  the  transcription  

factor  complex,  ISGF3,  it  is  essential  to  investigate  how  ISGF3  operates  to  understand  

complex  human  diseases  and  improve  therapeutic  applications  related  to  IFN  signaling.      
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IFN  production:  A  model  for  inducible  transcription  regulation  

   In  response  to  a  virus  infection,  cytoplasmic  pattern  recognition  receptors  from  the  

RIG-I-like   receptor   (RLR)   family   detect   and   bind   to   pathogen-associated   molecular  

pattern  (PAMP)  substrates,  such  as  double-stranded  RNA  (Bruns  and  Horvath,  2012).    

This  initial  PAMP  recognition  induces  a  series  of  signaling  events  that  converge  in  the  

activation   and   nuclear   translocation   of   transcription   factors,   NFkB   and   phosporylated  

IRF3  dimers,  to  activate  transcription  of  IFN  (Freaney  et  al.,  2013)  (Figure  1.1).    Within  

the  IFN  family,  IFNb   is  the  best  characterized  gene  and  serves  as  a  general  model  for  

gene  transcription  activation  and  regulation.    The  IFNb  gene  promoter  contains  a  +1  and  

-1  nucleosome  that  flank  a  nucleosome-free  enhancer  region  specifically  recognized  by  

NFkB  and  IRF3  (Agalioti  et  al.,  2000;;  Lomvardas  and  Thanos,  2002).    Similar  to  IFNb,  

the  promoters  of   the   IFNa  subtypes  also   feature  a  +1  and  -1  nucleosome  architecture  

(Freaney  et  al.,  2014).    The  position  of  the  +1  nucleosome  obscures  the  TATA  box  and  

transcription  start  site  (TSS),  preventing  Pol  II  recruitment  to  activate  IFNb  transcription.    

During   virus   infection,   nuclear-translocated   NFkB   and   IRF3,   along   with  

transcription  factor  ATF2/cJun  and  architectural  protein  HMG  I(Y),  bind  to  their  respective  

positive  regulatory  domain  (PRD)  element  in  the  enhancer  region;;  together,  they  form  the  

enhanceosome  complex  required  for  IFNb  transcription  activation  (Thanos  and  Maniatis,  

1995).      The   enhanceosome   recruits   specialized   coactivators   including   histone  

acetyltransferases  GCN5  and  CBP/p300  and  SWI/SNF  chromatin  remodeler  BRG1   to  

modify   and   evict   the   +1   nucleosome   (Agalioti   et   al.,   2000;;   Freaney   et   al.,   2014).    

Recruitment  of  specialized  remodeling  machinery  by  the  enhanceosome  alleviates  the  +1  
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nucleosome  barrier,  enabling  Pol  II  access  to  the  TSS  and  IFNb  gene  transcription.    Once  

IFN   is   expressed  and   secreted   from   the   cell,   it   signals   in   an  autocrine   and  paracrine  

manner   through   the   JAK-STAT   signaling   cascade   to   activate   the   transcription   factor  

ISGF3  and  ISG  transcription  (Stark  and  Darnell,  2012).         
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Figure  1.1:  RIG-I-like  receptor  signaling  pathway  for  IFN  production  
Illustration  of  the  cell  during  steady  state  (uninfected)  and  following  virus  infection.    (Left)  
During  steady  state,  RIG-I-like  receptors  (RLRs)  are  present  in  the  cytoplasm,  along  with  
transcription  factors  IRF3  and  NFkB  (bound  to  its  inhibitor  IkB).    Inside  the  nucleus,  the  
IFNb  promoter  region  is  depicted  with  a  -1  and  +1  nucleosome  flanking  a  nucleosome-
free  region.    (Right)  Following  virus  infection,  viral  substrates  are  recognized  and  bound  
by  RLR  family  members  and  lead  to  IRF3  and  NFkB  activation  and  translocation  into  the  
nucleus.      In   the   nucleus,   IRF3  homodimer   and  NFkB  bind   to   their   respective   positive  
regulatory   domain   (PRD),   along   with   ATF2/cJun,   to   form   the   IFNb   enhanceosome.    
Enhanceosome  recruitment  of  chromatin-modifying  factors  lead  to  the  eviction  of  the  +1  
nucleosome,  exposing  the  transcription  start  site  (TSS)  and  enabling  Pol  II  recruitment  
and  IFNb  transcription.  
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ISGF3  transcription  factor  complex  (STAT1,  STAT2,  IRF9)  

ISGF3   is   the   predominant   transcription   factor   complex   that   regulates   ISG  

transcriptional  activation  in  the  IFN-induced  JAK-STAT  signaling  pathway  (Borden  et  al.,  

2007;;  Fu  et  al.,  1990;;  Levy  et  al.,  1989).    It  is  formed  through  a  heterotrimeric  association  

of  STAT1,  STAT2  and  IRF9  (IFN-regulatory  factor  9)  proteins.    STAT1  and  STAT2  are  

prototypes   of   the   STAT   family   of   transcription   factors   (Figure   1.2).      Seven   proteins  

(STAT1,  2,  3,  4,  5a,  5b,  6)  constitute  the  STAT  family,  sharing  structurally  and  functionally  

similar  domains  that  allow  them  to  function  as  both  signal  transducers  and  transcription  

activators;;   these   domains   include   the   N-terminal   domain,   coiled-coil   domain,   DNA-

binding  domain,  linker  domain,  Src  homology  2  (SH2)  domain  and  transactivation  domain  

(TAD)  (Lim  and  Cao,  2006).      STAT2  is  also  the  only  STAT  factor  pre-associated  with  an  

IRF   transcription   factor,   IRF9   (Figure   1.2).      Thus,   ISGF3   is   unique   among   STAT  

complexes  because  of  the  association  with  IRF9  and  contributions  from  the  STAT1  and  

STAT2   C-terminal   transactivation   domains   (CTDs)   that   provide   specific   coactivator  

interactions.  

  Basal  levels  of  the  ISGF3  components,  STAT1,  STAT2,  and  IRF9,  are  present  in  

the  cytoplasm  during  steady  state  (Cimica  and  Reich,  2013;;  Reich,  2013).    Monomeric  

STAT1   and   STAT2   contain   a   nuclear   export   signal   (NES)   that   retains   them   in   the  

cytoplasm.    IRF9  contains  a  bipartite  nuclear  localization  signal  (NLS)  that  allows  IRF9  

and  pre-associated  STAT2-IRF9  to   transiently   translocate   into   the  nucleus  (Lau  et  al.,  

2000).     The  nuclear  residence  for   IRF9  associated  with  STAT2   is   transient  due  to   the  
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strong   STAT2   NES.      However,   following   IFN   stimulation   of   the   JAK-STAT   signaling  

cascade,  STAT1  and  STAT2  are  activated  and  can  stably  translocate  into  the  nucleus.  

  
  

  
Figure  1.2:  STAT1,  STAT2,  and  IRF9  protein  structure  domains  

In   each   diagram,   the   protein   structure   and   functional   domains   of   human   STAT1a,  
STAT1b,  STAT2,  and  IRF9  are  depicted.    Alternative  mRNA  splicing  generates  the  longer  
STAT1a  and  shorter  STAT1b  isoforms.  Above  each  diagram  the  functional  domains  are  
listed  including  the  N-Terminal,  Coiled-coil,  DNA  Binding,  Linker,  Src  homology  2  (SH2),  
Phosphotyrosyl   tail   segment   (Y),   and   Transactivation   Domain   (TAD).   The   numbers  
indicate   the   amino   acid   residue   boundary   of   the   domains.   Below   each   diagram,   the  
notable   areas   of   functional   interaction   are   highlighted.      For   STAT1   and   STAT2,   the  
nuclear  localization  signal  (NLS)  and  interaction  site  with  Importins  and  with  one  another  
are  shown.  For  STAT2,  the  nuclear  export  signal  (NES)  and  its  binding  site  to  Exportin  
are  also  depicted.  For  IRF9,  the  NLS  and  the  binding  site  with  Importins  and  STAT2  are  
indicated.      
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ISGF3  formation  and  activation  through  the  IFN-stimulated  JAK-STAT  pathway  

The  JAK-STAT  signaling  cascade  is  a  paradigm  for  transmission  of  extracellular  

information   from   specific   ligands   (i.e.   IFN)   to   intracellular   gene   products   (Stark   and  

Darnell,  2012).    Through  both  ligand-specific  transmembrane  receptors  and  the  family  of  

JAK   and   STAT   proteins,   target   gene   products   are   expressed   and   function   in   diverse  

biological  processes  (i.e.  antiviral  response).    The  mammalian  JAK-STAT  signaling  model  

is  formed  on  the  basis  of  the  seven  STAT  factors  and  four  JAK  kinases  (JAK1,  2,  3  and  

Tyk2).      Unique   JAK   and   STAT  proteins   are   activated   in   a   ligand-dependent  manner.    

When   ligands   bind   to   their   cognate   receptor   and   induce   oligomerization,   receptor-

associated  JAK  kinases  phosphorylate  receptor  tyrosine  residues;;  this  in  turn  creates  a  

phosphotyrosine-SH2  recruitment  site  to  activate  latent  STATs.    Phosphorylation  of  STAT  

proteins  induces  a  SH2-domain-mediated  homodimerization  for  all  STATs  except  STAT2,  

which   typically  heterodimerizes,  resulting   in  active  STAT  transcription   factors  (Lim  and  

Cao,  2006).    Activated  STAT  dimers  translocate  into  the  nucleus  to  induce  the  expression  

of  target  genes  such  as  ISGs.    

IFN   is   a   prototype   cytokine   that   activates   JAK-STAT   signaling   and   ISGF3  

assembly   to   induce   ISG   transcription   (Ivashkiv   and   Donlin,   2014).      In   the   canonical  

pathway,   IFN   binds   to   ubiquitously-expressed   extracellular   receptor   chains   IFN   alpha  

receptor   1   and   2   (IFNAR1/2)   and   induces   the   oligomerization   of   the   receptor   chains  

(Borden   et   al.,   2007).      Receptor   oligomerization   brings   the   cytoplasmic   receptor-

associated   JAK   kinases   JAK1   and   TYK2   into   close   proximity,   where   they   undergo  

reciprocal  phosphorylation  and  phosphorylate  the  intracellular  receptor  tyrosines  (Figure  
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1.3).      Receptor   phospho-tyrosine   serve   as   SH2   domain   docking   sites   that   recruit  

transcription  factors  STAT1  and  STAT2  for  phosphorylation.    Tyrosine  phosphorylation  of  

STAT1   Tyr701   and   STAT2   Tyr690   enable   reciprocal   SH2-domain-mediated   protein  

docking  and  heterodimerization  of  STAT1  and  STAT2.    Along  with  the  STAT2-associated  

IRF9   transcription   factor,   the   predominant   transcription   factor   complex   ISGF3   is  

assembled  in  the  cytoplasm.    STAT1  and  STAT2  heterodimers  acquire  a  non-typical  NLS,  

enabling  ISGF3  to  bind  to  the  importin-a5:importin-b1 nuclear  transporter  and  translocate  

into  the  nucleus  (Melen  et  al.,  2003;;  Reich,  2013).    In  fact,  the  newly  formed  NLS  from  

STAT1-STAT2   heterodimers   coupled   with   the   IRF9   NLS   could   increase   the   nuclear  

translocation  efficiency  of  ISGF3  (Luo  et  al.,  2004).      

  

ISGF3  transcriptional  activation  of  ISGs  

Once  ISGF3  is  translocated  into  the  nucleus,  ISGF3  is  directed  to  ISGs  through  a  

specific   interaction   with   a   consensus   DNA   sequence   encoded   at   ISG   promoters,   5’-

AGTTTCNNTTTCNC/T-3’,  termed  IFN-stimulated  response  element  (ISRE)  (Table  1.1,  

Figure  1.3)  (Au-Yeung  et  al.,  2013).    The  ISRE  motif  is  a  feature  shared  amongst  primary  

target   ISGs   and   is   typically   found   at   the   gene   promoter   region.      This   sequence  was  

discovered  in  the  late  1980s  from  studying  classical  ISGs  such  as  IFIT2/ISG54  and  ISG15  

(Levy  et  al.,  1988;;  Reich  et  al.,  1987).    Verification  of  an  ISRE  at  every  known  ISGs  has  

not  been  explicitly  documented,  but  numerous  independent  studies  have  confirmed  the  

presence  of  one  or  more   ISRE  DNA  motifs   flanking   ISG  promoters  (Table  1.1).      IRF9  

recognizes  the  core  sequence  of  the  ISRE,  5’-TTCNNTTT-3’,  while  STAT1  interacts  with  
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the  3’  TTT  motif,  and  STAT2  associates  generally  with  GC  nucleotides  (Qureshi  et  al.,  

1995).      Related   to   the   ISRE   motif   is   the   IRF-E   sequence,   5’-AANNGAAA-3’;;   it   is  

recognized  by  IRF  transcription  factors,  including  IRF9  and  is  also  the  core  sequence,  5’-

TTTCNNTT-3’,  of   the   ISRE   (Tamura  et  al.,  2008).     Although   these  binding  sites  were  

generally  known,  a  recent  structural  analysis  strengthens  much  of  what  was  previously  

known  (Horvath  et  al.,  1996;;  Qureshi  et  al.,  1995;;  Rengachari  et  al.,  2018).    The  combined  

biochemical  and  structural  information  deepens  our  molecular  view  on  the  specificity  of  

the  ISGF3-ISRE  interaction  once  ISGF3  is  recruited  to  the  ISG  promoter  and  docks  with  

specific  DNA  residues  within  the  ISRE.    However,  since  the  ISG  promoter  does  not  exist  

as  naked  DNA  in   the  cell,   it   is  necessary   to   investigate   the  native  chromatin  structure  

ISGF3  interacts  with  at  ISG  promoters  to  understand  the  physiological  interaction  during  

the  IFN-JAK-STAT  signaling  cascade.    

In  addition  to  binding  to  the  ISRE,  ISGF3  also  recruits  coactivators  to  ISGs  as  a  

part  of  its  transcriptional  regulation  of  ISGs  (Au-Yeung  et  al.,  2013;;  Ivashkiv  and  Donlin,  

2014).      A   variety   of   co-regulators   that   function   to   alter   chromatin   and  mediate   Pol   II  

assembly   are   known   to   be   recruited   by   ISGF3   including   histone   acetyltransferases,  

chromatin   remodeling   factors  and  Mediator   (Figure  1.3).     Coactivator   interactions  with  

ISGF3  are  primarily  mediated  through  the  STAT2  CTD.    However,  the  STAT1a  isoform  

can  also  associate  with  coactivators  with  its  analogous  CTD  (Figure  1.2).      (Jamieson  et  

al.,   2012;;   Lim   and   Cao,   2006).      Since   ISGF3-recruited   co-activators   are   primarily  

associated   through   STAT2   and   ISGF3   is   the   major   STAT   complex   during   the   IFN  

response,  it  is  not  critical  whether  the  ISGF3  complex  contains  the  STAT1a  or  STAT1b  
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isoform,  which   lacks   the   transactivation  domain  (Bluyssen  and  Levy,  1997).     This   is   in  

contrast   to   the   minor   STAT1   homodimer,   IFNa-   activated   factor   (AAF),   formed   in  

response   to   IFN   (Decker   et   al.,   1991).      AAF   relies   on   having   at   least   one   copy   of  

STAT1a to  provide  the  transactivation  domain  for  co-activator  recruitment.    Thus,  ISGF3  

functions  as  the  predominant  transcription  factor  complex  to  activate  ISG  transcription  by  

associating  with  both  transcription  coactivators  and  the  ISRE  at  ISG  promoters.    The  gene  

products  of  ISGs  consists  of  diverse  antiviral  effectors  and  are  essential  to  establishing  

an  antiviral  state  that  protects  the  cell  from  virus  infection  (Table  1.2).      
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Figure  1.3  JAK-STAT  signaling  pathway  
Illustration   of   the   steady   state   (unstimulated)   and   type   I   interferon-stimulated   cellular  
environment.    (Left)  During  steady  state,  transmembrane-associated  IFNAR1/2  receptor  
chains  are  associated  with  TYK2  and  JAK1  kinases,   respectively.     Latent   transcription  
factors  STAT1  and  STAT2  pre-associated  with   IRF9  are  present   in   the  cytoplasm  and  
transiently  translocate  in  and  out  of  the  nucleus,  where  transcriptionally  silent  ISGs  are  
encoded  in  the  chromatin  template.    (Right)  IFN  binding  to  the  IFNAR1/2  receptor  induces  
oligomerization  and  phosphorylation  of  the  receptor  chains  by  the  associated  TYK2  and  
JAK1  kinases.    The  phospho-IFNAR1/2  receptors  provide  a  docking  site  to  phosphorylate  
STAT2   Y690   and   STAT1   Y701.      Phosphorylated   STAT1   and   STAT2   undergo   SH2-
mediated  dimerization   forming   the   canonical   ISGF3   complex,   along  with   IRF9.   ISGF3  
translocates  into  the  nucleus,  where  it  recruits  coactivators  (GCN5,  HDACs,  CBP,  RVB1,  
RVB2,  BRG1)  and  binds  to  the  ISRE  DNA  at  ISG  promoters.         
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Table  1.1:  ISGs  and  their  associated  ISRE  sequence(s)  
Gene   ISRE  sequence   Relevant  source(s)  
ISG15   CGGGAAAGGGAAACCGAAA   (Levy   et   al.,   1988;;  

Reich  et  al.,  1987)  

IFIT1/ISG56   TAGTTTCACTTTCCC   (Grandvaux   et   al.,  
2002)  

IFIT2/ISG54   TAGTTTCACTTTCCC   (Levy  et  al.,  1988)  
6-16   GAGTTTCATTTTCCC   (Levy  et  al.,  1988)  
MX1   A/GAGTTTCATTTCTT(G)C   (Ronni  et  al.,  1998)  
IFITM1/9-27   AAGTTTCTATTTCCT   (Reid  et  al.,  1989)  

IFITM3/1-8U   C/TAGTTTCCTTTTCCT,  
TAGTTTCGGTTTCTC  

(Lewin  et  al.,  1991)  

OAS1   TGGTTTCGTTTCCTC   (Rutherford   et   al.,  
1988)  

CXCL10/IP10   AGGTTTCACTTTCCA   (Levy  et  al.,  1988)  
G1P2   CAGTTTCGGTTTCCC   (Levy  et  al.,  1988)  

G1P3   GAGTTTCATTTTCCC,  
CAGTTTCATTTTCCC  

(Porter  et  al.,  1988)  

ADAR1   CGCTTTCGTTTCCTC   (George  and  Samuel,  
1999)  

PRKR/PKR   CAGTTTCGTTTTCCC     

INDO   TGGTTTCAGTTTTCC,  
TGGTTTCATTTTCTA  

(Konan   and   Taylor,  
1996)  

BF   CAGTTTCTGTTTCCT   (Huang  et  al.,  2001)  
ISG20   CTGTTTCAGTTTCTA   (Gongora  et  al.,  2000)  
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Table  1.2  ISG  cellular  and  antiviral  functions  
IFN-stimulated  gene  effector(s)   Function(s)   References  
IFITM  proteins   Inhibits  endocytic-fusion  

(Schneider  et  
al.,  2014;;  
Schoggins  and  
Rice,  2011)  

MX1   Blocks  endocytic  traffic  of  
incoming  virus  and  
ribonucleocapsid  uncoating  

IFIT  proteins   Inhibits  protein  translation  and  
viral  RNA  degradation  

ISG15   Inhibits  viral  translation,  
trafficking,  and  replication  

OAS  proteins   Detects  foreign  RNA  and  
generates  2’-5’  adenylic  acid  to  
activate  RNaseL  

AIM2/IFI16   Detects  viral  DNA    
MX2   Inhibits  nuclear  entry  of  

reverse-transcribed  genome;;  
exhibits  antiretroviral  properties  

PKR   Degrades  viral  RNA  
TRIM22   Inhibits  viral  replication  and  

viral  protein  trafficking  
CH25H   Affects  viral  protein  maturation  
ADAR   Modifies  viral  and  cellular  RNA  
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FUNDAMENTALS  OF  MAMMALIAN  GENE  REGULATION  IN  THE  IFN  SYSTEM  

Many   of   the   central   principles   of   eukaryotic   transcription   regulation   govern  

inducible  mammalian  gene  regulation  (Venters  and  Pugh,  2009).    Eukaryotic  genes  are  

packaged  within  a  chromatin  structure,   featuring  a  unique  DNA  activator  element  and  

initiator  or  TATA-box  DNA  element  in  its  promoter.  These  elements  direct  the  recruitment  

of  specific   transcription   factors  and  transcription  machinery,  respectively.     The  specific  

transcription  factors  recruit  coactivators  to  remodel    and/or  modifiy  the  chromatin  as  well  

as  Mediator  to  engage  Pol  II  for  gene  transcription  activation.  

IFN-stimulated  genes   (ISGs)   are   a   group  of  hundreds  of   transcriptionally   silent  

genes   during   steady   state,   distributed   on   all   23   chromosomes   in   a   human   cell,   and  

simultaneously  induced  by  IFN  for  transcription  (Schneider  et  al.,  2014).    Here,  steady  

state  refers  to  wild-type  cells  that  are  not  stimulated  with  IFN.    Similar  to  other  mammalian  

gene  counterparts,  ISGs  exist  within  a  chromatin  structure  that  is  configured  in  arrays  of  

nucleosome  particles  where  each  nucleosome  consists  of  a  DNA-histone  octamer  (Luger  

et  al.,  2012).    Nucleosomes  can  regulate  gene  accessibility  as  a  physical  unit  occluding  

DNA  access  or   chemically   through  nuanced  histone   interactions.      To   transcriptionally  

activate  ISGs,  the  predominant  IFN-activated  STAT  transcription  factor  complex,  ISGF3,  

must  interact  with  the  chromatinized  ISG  core  promoter  and  recruit  coactivators,  Mediator  

and   Pol   II   machinery.      ISGF3,   primarily   through   STAT2,   facilitates   the   assembly   of  

histone-modifying   and   chromatin-remodeling   coactivators   to   alter   the   local   chromatin  

landscape  in  favor  of  Pol  II  transcriptional  machinery  binding  and  transcriptional  activation.    
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The  current  understanding  of  several  co-activator  classes  in  the  IFN  system  is  reviewed  

here.  

  

ISGF3  recruitment  of  coactivators  to  activate  ISG  transcription  

  
ISGF3  association  with  histone  modifying  factors    

Histone  acetyltransferases   (HATs)   and  histone  deacetylases   (HDACs)   catalyze  

acetylation  and  deacetylation  activities,  respectively  (Verdin  and  Ott,  2015).    Traditional  

models   of   transcription   regulation   associate   histone   acetylation   with   transcription  

activation,   and   histone   deacetylation  with   transcription   repression.      Since  HATs  were  

found   to   be   cofactors   for   transcription   activators   and   HDACs   were   found   in   several  

repressor  complex,   this  notion  was   logical  and  generally  accepted.     However,   for   ISG  

transcription  activation  both  histone  acetylation  and  deacetylation  activity  are   required  

(Chang  et  al.,  2004;;  Nusinzon  and  Horvath,  2003;;  Paulson  et  al.,  2002;;  Sakamoto  et  al.,  

2004).      

The  ISG  transcription  requirement  for  histone  acetylation  activity  is  consistent  with  

the  traditional  model,  where  histone  acetylation  promotes  transcription  activation.    HAT  

factors,  CBP/p300  and  GCN5,  have  been  implicated  for  ISG  activation  and  are  recruited  

to  ISGs  through  STAT2  association  (Paulson  et  al.,  2002).    Yet,  GCN5  activity  was  found  

to  be  required   for  STAT2  function,  but  not  CBP/p300,  suggesting  specificity   in  histone  

acetyltransferase  usage  (Paulson  et  al.,  2002).    Both  HATs  have  been  shown  to  acetylate  

various  histone  residues.    Consistent  with  HAT  acetylation  activity,  total  histone  H3  and  

H4  acetylation  have  been  shown  to  increase  during  the  IFN  response  (Patel  et  al.,  2013;;  
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Paulson  et  al.,  2002).      Collectively,  the  association  with  HATs  and  increase  in  acetylation  

demonstrate  the  need  for  HAT  activity  during  the  IFN  response  

In   contrast,   it   was   surprising   that   ISG   transcription   also   required   the   opposing  

histone   deacetylation   activity,   as   HDACs   are   associated   with   transcription   repressor  

complexes,  and  this  phenomenon  contradicted  with  the  traditional  model    (Chang  et  al.,  

2004;;  Kelly  and  Cowley,  2013;;  Nusinzon  and  Horvath,  2003).    This  original  model  was  

also  supported  by  the  notion  that  histone  acetylation  would  destabilize  the  histone-DNA  

contact,   which   then   enables   access   to   the   DNA   for   transcription.      Instead,   for   ISGs  

inhibition  of  HDAC  activity  abrogated  ISG  expression  and  prevented  both  STAT2  and  Pol  

II   recruitment   to   ISGs   (Sakamoto   et   al.,   2004).      Specifically,   HDAC1   was   shown   to  

associate  with  STAT2  and  negatively  regulates  ISG  expression.    These  data  indicated  

that   histone   deacetylation  was   required   for   ISG   transcription.      In   agreement   with   the  

requirement  for  HDAC  activity,  histone  H3  and  H4  acetylation  levels  decreased  after  1  hr  

IFN  treatment  (Nusinzon  and  Horvath,  2003)        Another  factor,  pp32,  has  also  been  shown  

to  associate  with  STAT2  and  affects  the  maximal  levels  of  ISG  expression  (Kadota  and  

Nagata,  2011).    It  associates  with  HDACs  both  in  vitro  and  in  vivo,  binds  to  unacetylated  

or  hypoacetylated  histones,  and  is  a  subunit  of  the  Inhibitor  of  Acetyltransferase,  INHAT,  

complex,  but  little  is  known  about  pp32  (Zeng  and  Zhou,  2002).    Continued  investigation  

is  necessary   to  elucidate   the   intricacies  of  acetylation  and  deacetylation  activities,  but  

these  studies  to  date  have  already  uncovered  the  requirement  of  both  HATs  and  HDACs  

in   ISG   regulation.      Furthermore,   the   requirement   of   HDAC   activity   for   positive   ISG  
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transcription   has   contributed   to   the   reconciliation   of   the   role   of   HDACs   beyond  

transcription  repression.  

  

Chromatin  remodelers  in  the  IFN  response  

IFN-activated   ISGF3   is   also   known   to   engage   proteins   involved   in   chromatin  

remodeling   (Figure   1.3).      Remodeling   subunits   from   the   SWI/SNF   or   mammalian  

BAF/pBAF   complex   including   BRG1,   BAF200,   and   BAF47   are   required   for   ISG  

transcription  (Chi,  2004;;  Cui  et  al.,  2004;;  Huang  et  al.,  2002;;  Yan  et  al.,  2005).    Specifically,  

the  ATPase  subunit  BRG1  interacts  with  STAT2  and  is  required  for  the  transcription  of  a  

subset  of  ISGs  indicating  differential  ISG  regulation.    Bromodomain-containing  proteins  

such   as   BRG1   can   bind   to   acetylated   histone   substrates,   and   consequently,   their  

recruitment  can  be  influenced  by  the  acetylated  status  of  the  histone  environment  (Zeng  

and  Zhou,  2002).    This  interplay  between  chromatin  remodelers  and  histone  acetylation  

has  already  been  observed  in  the  IFNb  gene  model,  where  acetylated  templates  in  vitro  

increased   BRG1   recruitment,   likely   due   to   binding   of   the   BRG1   bromodomain   to   the  

acetylated   substrate   (Agalioti   et   al.,   2002;;   Lomvardas   and   Thanos,   2002).      At   ISGs,  

association   of   the   bromodomain   protein   BRD4   is   essential   for   recruitment   of   the  

transcription  elongation  factor  pTEFb  to  promote  ISG  transcription  progression  (Patel  et  

al.,  2013).    On  the  other  hand,  chromatin  remodelers  can  influence  the  histone  acetylation  

status.      At   ISGs,   knockdown   of   the   BAF47   subunit   led   to   a   decrease   in   histone   H4  

acetylation  (Cui  et  al.,  2004),  which  could  alternatively  be  interpreted  as  a  consequence  

of  replacing  an  acetylated  H4  with  a  non-acetylated  H4.    These  examples  demonstrate  
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the   cooperativity   between   the   ATP-dependent   chromatin   remodelers   and   histone  

acetylation  and  deacetylation  activities  to  regulate  ISG  transcription  (Agalioti  et  al.,  2000).      

Chromatin   remodelers   RVB1   and   RVB2   are   subunits   of   several   chromatin  

remodeling  complexes,  including  SRCAP,  TIP60,  URI,  and  INO80  (Jha  and  Dutta,  2009).    

RVB1   and   RVB2   are   required   for   ISG   expression   and   associate   through   STAT2  

(Gnatovskiy  et  al.,  2013).    RVB1  was  found  to  be  necessary  for  the  recruitment  of  Pol  II,  

but  not   for  STAT2.     However,   the  chromatin   remodeling  complexes   that  are  known   to  

contain  RVB1  and  RVB2  subunits  were  not  required  for  ISG  transcription.    Both  RVB1  

and  RVB2  feature  AAA+  ATPase  and  Dexh  box  helicase  domains,  suggesting  ATPase  

and   helicase   functions   may   be   necessary   for   their   activity,   though   their   role   in   ISG  

regulation  and  their  associated  chromatin  remodeling  complex  remain  confounded.  

  

Recruitment  of  Mediator  and  Pol  II  to  ISGs  

Mediator  is  a  multisubunit  complex  that  physically  bridges  and  relays  site-specific  

transcription   factor   signals   to  Pol   II  machinery   for  gene  activation   (Malik   and  Roeder,  

2005).    Up  to  30  subunits  are  known  to  comprise  Mediator,  constituting  three  modules  

with  a  head,  middle,  and  tail;;  and  a  transient  association  with  a  CDK8  module  (Soutourina,  

2018).        For  ISG  transcription  activation,  ISGF3  has  been  shown  to  interact  with  Mediator  

subunits,   MED14   and   MED17   (also   called   DRIP150   and   DRIP77),   through   STAT2  

association   (Lau   et   al.,   2003).      Specifically,   MED14   enhances   ISG,   IFIT2/ISG54,  

expression   in   an   ISRE-driven   transcription   activity   assay   following   IFN   stimulation.    

Structural  studies  have  now  demonstrated  MED14  connects  the  head,  middle,  and  tail  
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modules  of  Mediator,  supporting  the  importance  of  the  ISGF3  association  with  Mediator  

complex  through  MED14  at  ISG  promoters  to  recruit  the  Pol  II  complex.  

  Physical  interactions  through  general  transcription  factors  (GTFs),  such  as  TFIID,  

connect  Mediator  with  the  Pol  II  complex  (Soutourina,  2018).    TFIID  contains  the  TATA  

binding  protein  (TBP)  subunit,  which  binds  to  the  TATA  box  in  the  promoter  region  in  one  

of  the  first  steps  for  Pol  II  assembly  at  gene  promoters.    Interestingly,  TBP  is  not  required  

for  ISG  transcription,  despite  the  presence  of  a  TATA  box  at  the  IFIT2/ISG54  promoter  

(Paulson  et  al.,  2002).    An  important  consequence  of  this  transcriptional  nuance  for  ISGs  

is  protection  against  poliovirus,  which  is  known  to  target  TBP  (Paulson  et  al.,  2002).    Thus,  

recruitment  of  a  TBP-free,  Pol  II  transcription  unit  is  unique  for  promoting  ISG  expression.  

Evaluation  of  the  Pol  Il  recruitment  to  ISGs  generally  supports  the  presence  of  a  

de  novo  Pol   II,   in  contrast   to  an   inactive  Pol   II   (or  paused  Pol   II)  present  at   the  gene  

promoter  prior  to  stimulation  (Adelman  and  Lis,  2012;;  Freaney  et  al.,  2013;;  Mostafavi  et  

al.,   2016).      Following   IFN   stimulation,   Pol   II   is   recruited   to   ISGs   and   activated   by  

phosphorylation  of  its  C-terminal  domain  tail  by  positive  transcription  elongational  factor  

pTEFb  through  bromodomain  protein  BRD4  association.  (Adelman  and  Lis,  2012;;  Patel  

et  al.,  2013).    This  results  in  the  release  of  the  Pol  II-associated  repressors  NELF  and  

DSIF,   which   negatively   regulates   ISG   transcription,   and   enables   Pol   II   transcription  

elongation  to  transcribe  ISGs  (Patel  et  al.,  2013).    The  gene  products  of  ISGs  function  in  

diverse  biological  processes  and  create  an  antiviral  cellular  environment  that  protects  the  

cell  from  virus  infection.  
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MOTIVATION  FOR  THE  THESIS  PROJECT  

Similar  to  ISGs,  the  IFNb  gene  described  earlier  is  transcriptionally  silent  during  

steady  state  and  activated  in  response  to  specific  stimuli.    Expression  of  IFNb  and  ISGs  

are   critical   to   the   cell-autonomous  antiviral   system  and   regulated  at  multiple   levels   to  

prevent   promiscuous   activation,   while   ensuring   specific   transcriptional   initiation   in  

response   to   cognate   stimuli.     For   IFNb,   access   to   the   gene  promoter   region   is   highly  

regulated  by   a   positioned  +1  nucleosome  and   specific   transcription   factors,   IRF3  and  

NFkB.      For   ISGs,   relatively   little   was   known   about   its   nucleosome   and   chromatin  

landscape,  notably  at  the  promoter  region  where  the  ISGF3  transcription  factor  complex  

binds   in  response  to   IFN  stimulation   to  activate   ISG  transcription.    Yet,   the  native   ISG  

chromatin  organization  underlies  how  chromatin  and  nucleosomes  regulate  access  to  the  

ISRE  and  the  ISG  DNA  for  transcription  activation.      

The   aim   of   this   thesis   was   to   examine   both   the   ISGF3-mediated   chromatin  

dynamics  at  ISG  promoters  and  the  ISG  chromatin  regulation  during  the  IFN  response  

compared   to   the   steady   state.      At   the   outset   of   this   thesis   project,   genome-wide  

nucleosome   occupancy   in   human   cells   was   just   uncovered   (Schones   et   al.,   2008;;  

Valouev  et   al.,  2011)   and   little   information  was  available   on  histone  post-translational  

modifications   during   IFN   stimulation.      Furthermore,   examples   of   differential   nuclease  

sensitivity   at   two   ISG   promoters,   IFITM1/9-27   and   IFITM3/1-8U,   during   steady   state  

compared  to  an  IFN-induced  state  indicated  IFN-induced  nucleosome  alteration  (Cui  et  

al.,   2004;;   Liu   et   al.,   2002).   These   data   provided   glimpses   of   the   potential   chromatin  

landscape  at  ISGs  primarily  during  steady  state.      
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A   series   of   publicly   available   genome-wide   deep   sequencing   data   (mainly  

chromatin  immunoprecipitation  sequencing  (ChIP-Seq))  in  human  cells  became  available  

in   the   early   2010s   (Consortium,   2012),   owing   to   the   advent   of   commercial   deep  

sequencing   technology.      These   data   provided   more   information   on   the   steady-state  

chromatin   architecture   through  ChIP-Seq   data   of   histone   variant   H2A.Z   and   common  

histone  modifications   (i.e.  H3K4me,  H3K9ac)   from  one  or  more  human   cell   lines   (i.e.  

HeLa).    However,  information  on  the  chromatin  architecture  and  dynamics  transitioning  

from  the  steady  state  to  an  IFN-stimulated  state  remained  relatively  unexplored.    Since  

the  transcription  factor  complex  ISGF3  must  engage  with  the  chromatinized  template  that  

its  target  genes  are  configured  in,  determining  the  chromatin  landscape  during  the  steady  

state  and  the  IFN-stimulated  state  is  essential  to  understand  the  interaction  and  regulation  

that  enables  transcriptional  activation  of   ISGs.     This   lack  of   information  on   the  steady-

state  and  IFN-stimulated  ISG  nucleosome  landscape  motivated  the  research  described  

in  Chapter  2  on  the  dynamics  of  the  primary  transcription  factor  complex  ISGF3  and  ISG  

nucleosomes.      Discoveries   from   Chapter   2   prompted   an   in-depth   examination   of   the  

composition  of  ISG  promoter  nucleosomes  and  led  to  an  investigation  of  an  unknown  role  

for  histone  variant  H2A.Z  in  the  IFN  response,  described  in  Chapter  3.       
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CHAPTER  2.    

ISGF3  AND  ISG  NUCLEOSOME  DYNAMICS
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INTRODUCTION  

Hundreds  of  transcriptionally  silent  genes  are  activated  following  IFN  stimulation  

and   are   collectively   called   IFN-stimulated   genes   (ISGs;;   (Schneider   et   al.,   2014;;  

Schoggins  and  Rice,  2011).    Their  gene  products  perform  diverse  cellular  functions  that  

protect  the  cell  from  virus  infection,  including  inhibiting  viral  replication,  nuclear  trafficking,  

nucleocapsid  unraveling,  etc.  (Table  1.2;;  (Schneider  et  al.,  2014).    A  common  feature  at  

ISG   promoters   is   the   consensus  DNA  motif,   AGAAANNNAAATA,   known   as   the   IFN-

stimulated  response  element  (ISRE;;  (Levy  et  al.,  1988;;  Reich  et  al.,  1987).    To  activate  

ISGs,  the  transcription  factor  complex  ISGF3  must  translocate  into  the  nucleus;;  bind  to  

the   promoter   ISRE   DNA   element;;   and   assemble   coactivators,   Mediator,   and   Pol   II  

machinery.      ISGF3  navigates   the  genome,  amidst  ~60,000  genes,   to   locate   the   ISRE  

regulatory  element  unique  to  at  least  a  few  hundred  ISGs  (GENCODE,  2017).    The  human  

genome   is   organized   by   an   array   of   nucleosome   particles,   which   are   packaged   into  

chromatin.    While  this  efficient  mode  of  packaging  enables  the  3  billion  base  pairs  (bp)  of  

DNA   to   fit   into   the   confines  of   the  nuclear   compartment,   the   naked   ISRE  DNA   is   not  

readily   accessible.      In   order   for   ISGF3   to   bind   to   the   ISRE,   it   must   engage   the  

chromatinized  ISG  promoter.    This  dynamic  interaction  between  ISGF3  and  the  chromatin  

structure  is  essential  to  gaining  access  to  the  ISRE  DNA  to  activate  ISG  transcription.      

Little  is  known  about  how  chromatin  structure  and  nucleosome  dynamics  influence  

ISGF3  promoter  engagement  at  ISGs  during  steady  state  and  especially  following  IFN  

stimulation.      Recruitment   of   chromatin   remodeling   and   histone   modifying   factors   by  

STAT2,   with   support   from   STAT1,   suggests   chromatin   alteration   is   essential   to   the  
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transcriptional  activation  of  ISGs  (Gnatovskiy  et  al.,  2013;;  Huang  et  al.,  2002;;  Nusinzon  

and  Horvath,   2003;;   Paulson  et   al.,   2002).      To   investigate   ISGF3-mediated   chromatin  

dynamics,   examination   of   the   chromatin   changes   at   sites   corresponding   to   ISGF3  

recruitment  is  necessary.  

ISGF3  is  distinguished  from  other  STAT  transcription  factor  complexes  through  the  

heterodimerization  of  STAT1  and  STAT2  and  the  presence  of  IRF9  (Lim  and  Cao,  2006).    

Microarray   chromatin   immunoprecipitation   (ChIP-chip)   data   examining   STAT1   and  

STAT2  occupancy  on  chromosome  22  following   IFNa  stimulation  was  available  at   the  

beginning  of   this   thesis   project   (Hartman  et  al.,   2005).      In   addition   to   identifying   sites  

occupied   by   both   STAT1   and   STAT2,   the   ChIP-chip   analysis   on   chromosome   22  

identified  STAT1  sites  independent  of  STAT2.    Many  of  these  STAT2-independent  STAT1  

sites  contained  a  related  gamma-interferon-associated  site  (GAS)  motif  specific  to  type  II  

IFNg   target   genes.     GAS   sites   utilize   STAT1   homodimers,   which   can   also   be   formed  

during  IFNa  signaling  as  the  minor  species  AAF  (Decker  et  al.,  1991).    Despite  the  lack  

of  STAT2,  some  of  these  STAT1-only  or  AAF  targets  had  upregulated  gene  expression  

indicating  some  ISGs  may  not  be  ISGF3  targets.    In  fact,  without  the  detection  of  IRF9,  

even  sites  co-occupied  by  STAT1  and  STAT2  cannot  be  confirmed  to  be  ISGF3  targets.    

Therefore,   to   unambiguously   identify   ISGF3   targets,   presence  of   STAT1,   STAT2   and  

IRF9  is  necessary.    However,  no  genome-wide  data  examining  all  three  ISGF3  factors  at  

ISGs  had  been  performed  at  the  time  of  this  thesis  project.    This  gap  has  now  been  filled  

with  STAT1,  STAT2,  and  IRF9  chromatin  immunoprecipitation  deep  sequencing  (ChIP-

Seq)  data  presented  in  Chapter  2.  
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With  the  timely  advent  of  next  generation  sequencing  at  the  start  of  this  project,  

genome-wide   studies   became   feasible.      At   the   time,   ChIP-Seq   of   the   related   STAT1  

homodimer   complex   in   the   type   II   IFNg   systems   was   a   prototype   for   examining  

mammalian  transcription  factors  (Robertson  et  al.,  2007).    Simultaneously,  genome-wide  

methods  for  nucleosome  occupation  were  being  pioneered  in  lower  eukaryotes  with  small  

genomes   (Kaplan   et   al.,   2009;;   Lee   et   al.,   2007);;      the   size   of   the   yeast   genome   is  

approximately  12.1  Mbp,  while  the  human  genome  is  3300  Mbp  which  is  over  270  times  

larger.      These  methods   were   promising   for   the   examination   of   ISGF3   genome-wide;;  

however,  they  could  not  couple  sites  of  ISGF3  recruitment  with  nucleosome  occupancy  

changes   during   the   IFN   response   to   enable   correlation   of   ISGF3   with   IFN-mediated  

chromatin  changes.    The  standard  sequencing  yield  at  the  time  was  about  10-20  million  

unique  sequencing  reads  per  experiment  and  was  sufficient  depth  for  transcription  factor  

coverage   in   the  genome  (Consortium,  2012;;  Kchou  et  al.,  2017).     On   the  other  hand,  

nucleosomes  occupy  ~75-90%  of  the  genome  and  to  achieve  a  sequencing  depth  of  16-

28  times  the  human  genome  required  about  300-600  million  reads  (Richmond  and  Davey,  

2003;;  Valouev  et  al.,  2011).    Although  this  level  of  16-28  times  the  sequencing  coverage  

was   sufficient   for   determining   steady   state   nucleosome  occupancy,   it  may   still   not   be  

sufficient   for   examining   and   quantifying   subtle   IFN-induced   nucleosome   changes   in  

human  cells.  

A  novel  method  developed  by  Erbay  Yigit  in  Jonathan  Widom’s  lab  at  the  time  was  

the  state-of-the-art  solution  to  overcome  this  challenge  of  sequencing  coverage  and  depth  

(Yigit  et  al.,  2013).    This  method  utilized  bacterial  artificial  chromosomes  (BAC)  to  directly  



  

  

44  

  

select   and   enrich   for   specific   genomic   target   regions   and   was   named   BAC-Enriched  

Mono-nucleosomal   DNA   sequencing   (BEM-seq)   (Appendix   C).      Through   the   direct  

selection   method   coupled   with   micrococcal   nuclease   (MNase)   deep   sequencing,  

individual  ISG  genomic  regions  could  be  enriched  hundreds  of  fold  higher,  enabling  more  

confident  assignment  to  IFN-induced  nucleosome  dynamics.    Furthermore,  adaptation  of  

this  procedure  to  the  IFN  locus  was  ongoing  in  the  lab  (Freaney  et  al.,  2014).  

To   investigate   ISGF3-mediated   interactions   with   the   native   chromatin,   ISGF3  

localization   at   ISGs  and   nucleosome   organization  was   characterized   using   chromatin  

immunoprecipitation   sequencing   (ChIP-Seq)   and   targeted   high-resolution   nucleosome  

position  analysis  of  20  representative  ISGs,  respectively.    ChIP-quantitative  PCR  (qPCR)  

assays   of   STAT1,   STAT2,   and   IRF9   recruitment   was   performed   to   identify   ISGF3  

recruitment  at  a  relevant  snapshot  of  time  during  the  IFN  response.    Parallel  analyses  of  

ISGF3  ChIP-Seq  and  nucleosome  profiles  at  individual  ISGs  correlate  ISGF3  activity  to  

the  corresponding  nucleosome  alterations  during  ISG  transcriptional  activation.    Together,  

these  experiments  could  identify  genomic  target  sites  that  undergo  IFN-induced,  ISGF3-

mediated  chromatin  remodeling  to  activate  ISG  transcription.  
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RESULTS  

  
IFN-INDUCED  ISGF3  RECRUITMENT  GENOME-WIDE  

  
Temporal  analysis  of  ISGF3,  Pol  II,  and  ISG  dynamics  

The  response  to  IFN  signaling  is  rapid  from  the  onset  of  IFN  engaging  its  cellular  

surface  receptor  to  the  attenuation  of  the  primary  ISG  transcriptional  activity  (Stark  and  

Darnell,   2012).      Examining   chromatin   dynamics   mediated   by   ISGF3   during   the   IFN  

response  from  a  snapshot  in  time  requires  determining  the  temporal  recruitment  of  ISGF3  

and  ISG  transcription  initiation.    A  time  course  of  IFN-induced  STAT1,  STAT2  and  IRF9  

recruitment   to   a   representative   ISG,  OAS3,  was   performed   to   delineate   the   temporal  

dynamics  of  ISGF3  recruitment.    Low  levels  of  ISGF3  recruitment  can  be  seen  as  early  

as  15  min  to  1  hr  (Figure  2.1A-C).    These  initial  recruitment  events  likely  represent  the  

earliest  assembled  ISGF3  complexes  bound  to  chromatin  and  corroborate  with  the  timing  

of   the   preceding   events   identified   from   previous   studies   -   assembly   of   ISGF3   and  

translocation   into   the  nucleus  happens  within  30  min  of   IFN  stimulation   (Larner  et  al.,  

1984;;  Levy  et  al.,  1989).    The  ChIP-qPCR  time  course  experiments  demonstrate  maximal  

levels  of   ISGF3  recruitment   to  OAS3  occur  after  2  hr   IFNa   treatment,  and  continue  at  

least  until  4  hr  IFNa  treatment  (Figure  2.1A-C).    Attenuation  is  observed  after  6  hr  IFNa  

treatment  for  STAT1,  STAT2,  and  IRF9  at  OAS3  (Figure  2.1A-C).      

Interestingly,  maximal  levels  of  all  three  ISGF3  components  to  OAS3  are  achieved  

within   a   similar   time   frame   of   2-6   hr,   but   their   respective   maxima   differ.      While   the  

recruitment   of  STAT1  and  STAT2  occurs  maximally   after   2   hr   of   IFN   stimulation,   the  
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maximum   recruitment   of   IRF9  was  not   achieved  until   4   hr   post-IFN.     Since   IRF9   can  

readily  translocate  in  and  out  of  the  nucleus  due  to  an  NLS  (Lau  et  al.,  2000),  its  retention  

time  or  nuclear  presence  may  be  extended  and  appear   longer   in   the  ChIP-qPCR  time  

course  assays.    An  attenuated  STAT1  and  STAT2  signal  after  6  hr  IFN  corresponds  to  

dephosphorylated  STAT1  and  STAT2  and  the  nuclear  export  of   the  dephosphorylated  

ISGF3  complex  (Banninger  and  Reich,  2004;;  Lee  et  al.,  1997).      

Correspondingly,   the   temporal   patterns   of   Pol   II   association   at   OAS3   are   in  

accordance  with  ISGF3  recruitment  dynamics  with  increased  Pol  II  occupancy  from  1-4  

hr   IFNa   treatment  and  attenuating  by  6  hr   (Figure  2.1D).     This   is   further  confirmed  by  

gene   expression   patterns   of   three   representative   ISGs,   OAS3,   IFIT1/ISG56,   and  

IFITM1/9-27,  with  an  evident  upregulation  around  1-2  hr  IFNa  treatment  and  increasing  

until   its   peak   expression   generally   around   6-8   hr   IFNa   stimulation   (Figure   2.1E).    

Cumulatively,   these   data   suggest   ISGF3-mediated   activation   of   ISG   transcription  

operates  within  a  time  frame  of  ~30  min  to  6  hr.    Maximal  levels  of  the  key  ISGF3  and  Pol  

II  recruitment  occurs  between  2-4  hrs.    Thus,  to  examine  maximal  recruitment  of  ISGF3  

genome-wide  and   associate   ISGF3-mediated   chromatin   dynamics   during   the   relevant  

transcription  initiation  processes,  IFN-induced  nucleosome  dynamics  should  be  observed  

at  2  hr  based  on  the  ChIP-qPCR  time  course  assays.    These  results  set  the  parameters  

for  ISGF3  ChIP-Seq  and  ISG  nucleosome  analyses.  
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Figure  2.1  IFN-stimulated  ISGF3  recruitment  

ChIP   analysis   of   IFNa-induced   (A)   STAT1,   (B)   STAT2,   and   (C)   IRF9   at   the   OAS3  
promoter  locus  in  HeLa  cells  after  mock  treatment  (0  min)  or  IFNa  stimulation  for  15  min,  
30  min,  1  hr,  2  hr,  4  hr,  6  hr  and  12  hr.  (D)  ChIP  analysis  of  IFNa-induced  Pol  II  CTD  
recruitment   as   in   (A-C).   (E)   Gene   expression   analysis   of   OAS3,   IFIT1/ISG56   and  
IFITM1/9-27  after  mock  treatment  (0  hr)  or  1  hr,  2  hr,  4  hr,  6  hr,  8  hr,  10  hr,  or  12  hr  IFNa  
treatment.    Relative  gene  expression  abundance  is  normalized  to  GAPDH.    
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ChIP-Seq  sample  library  generation  

Utilizing  the  temporal   information  from  the  previously  described  ChIP-qPCR  and  

mRNA  analyses  (Figure  2.1),  a  genome-wide  analyses  of  ISGF3  was  carried  out  using  

the   mock-   and   2   hr   IFNa-treated   STAT1,   STAT2   and   IRF9   ChIP-Seq   libraries.    

Examination   of   ISGF3   recruitment   after   2   hr   of   IFN   treatment   would   yield   maximal  

detection  of  ISGF3  at  ISG  targets  compared  to  steady  state  (mock).    Briefly,  as  depicted  

in  Figure  2.2A,  5  x  107  –  1  x  108  HeLa  cells  were  crosslinked  with   formaldehyde  and  

chemically  lysed  to  isolate  the  chromatin-containing  nuclei  (Appendix  C).    The  chromatin  

was  sonicated  to  ≤1000  bp,  immunoprecipitated  with  STAT1,  STAT2,  and  IRF9  antisera  

conjugated  to  magnetic  beads,  and  then  the  ChIP  DNA  was  eluted.    The  ChIP  DNA  was  

subjected   to  reverse  crosslinking  and  purified  (Figure  2.2A).     Approximately  3%  of  the  

ChIP   DNA   was   tested   to   verify   and   select   the   sample   with   the   maximal  

immunoprecipitation   of   target   loci,   prior   to   generating   a   sequencing   library   with   the  

remaining  sample    (Figure  2.1-2.2).      

To  generate  the  ChIP  library  for  sequencing  on  the  SOLiD  5500xl  platform,  ChIP  

DNA   was   prepared   according   to   the   ABI   SOLiD   5500xl   library   preparation   protocol.    

Generally,   the   ChIP   DNA   ends   were   digested   (end-polished)   to   generate   blunt-end  

fragments  and  size-selected  to  more  accurately  represent  the  regions  bound  by  STAT1,  

STAT2,  and  IRF9.    Too  large  of  DNA  fragments  could  inadvertently  misconstrue  the  true  

binding  site  for  these  transcription  factors.    Though  the  size  of  DNA  fragments  could  be  

further  reduced  by  increasing  the  sonication  time  or  power,  the  drawback  is  the  potential  

disruption  of  STAT1,  STAT2  or  IRF9  bound  to  the  chromatin.    Following  size  selection,  a  
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dA-tail  is  added  to  generate  an  overhang  that  enables  ligation  of  a  corresponding  SOLiD  

5500xl  DNA  adaptors,  dT-tailed  P1  and  barcoded  P2.    Using  a  primer  specific  to  the  P1  

adaptor,  11-13  cycles  of  PCR  was  performed  to  amplify  the  DNA  sample.    These  samples  

were  analyzed  on  the  Bioanalyzer  as  a  quality  check  for  an  appropriate  range  of  DNA  

products  (~250  bp)  for  deep  sequencing.  
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Figure  2.2:  Chromatin  immunoprecipitation  and  library  generation  procedure  

Illustration   of   the   procedure   to   generate   a   chromatin   immunoprecipitation   sequencing  
library.      (A)  HeLa  cells  are  mock-treated  or   IFN-treated   for  2  hrs  and  crosslinked  with  
formaldehyde  prior   to  cellular   lysis  and  nuclear   isolation.     Disruption  of   the  nuclei  and  
shearing   of   the   chromatin   by   sonication   is   followed   by   STAT1,   STAT2   or   IRF9  
immunoprecipitation   of   the   corresponding   protein-bound   chromatin   fragments.    
Chromatin   immunoprecipitated   (ChIP)   DNA   was   isolated   following   elution   at   65ºC,  
digestion   of   RNA   and   proteins   by   RNase   A   and   Proteinase   K,   respectively,  
phenyl:chloroform  extraction  and  ethanol  precipitation.    (B)  Following  the  ChIP  procedure  
depicted  in  (A),  ChIP  DNA  is  digested  to  blunt  ends,  size  selected,  then  ligated  with  a  dA-
tail  followed  by  addition  of  SOLiD  adaptors  P1  and  P2  to  generate  the  library  for  SOLiD  
5500xl  deep  sequencing.  
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ISGF3  genome-wide  occupancy  and  characterization  

ChIP  DNA  was   subjected   to   next   generation   sequencing  on   the  SOLiD  5500xl  

sequencer  and  reads  were  aligned  to  the  human  genome  (hg19/GR37  build)  using  the  

Bioscope  software  (Figure  2.3,  Appendix  C).    Only  uniquely  mapped  reads  were  retained  

for  further  analysis.    Peaks  were  identified  using  the  MACS  software  (p-value  ≤  1  x  10-5  ;;  

(Zhang  et  al.,  2008).    Further  analysis  of  ChIP  STAT1,  STAT2,  and  IRF9  (ISGF3)  target  

sites  were  performed  with  the  HOMER  software  and  visualized  using  Galaxy  tools  and  

the  UCSC  genome  browser  (Afgan  et  al.,  2016;;  Heinz  et  al.,  2010;;  Kent  et  al.,  2002).    

Approximately  13-22  million  sequencing  reads  were  obtained  among   the   three   ISGF3  

factors  (Table  2.1).      

  

Figure  2.3:  Bioinformatic  analysis  procedure  for  ISGF3  ChIP-Seq  data  analysis    
Flowchart  of  bioinformatic  data  processing  workflow  following  SOLiD  5500xl  single-end  
DNA  sequencing.  
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Table  2.1:  ChIP-Seq  results  of  STAT1,  STAT2  and  IRF9  reads  
ChIP  sequencing  reads  and  peaks  identified  from  MACS  software  analysis  of  ChIP  

STAT1,  STAT2,  and  IRF9  samples  from  mock-  and  2  hr  IFNa-treated  HeLa  cells.  
  

  

  

  

  
  
  

  

  
  

     

   STAT1   STAT2   IRF9   INPUT  
   Mock   IFN   Mock   IFN   Mock   IFN     

Total  Reads  
Mapped   13,586,577   22,440,449   17,324,511   15,590,548   16,242,700   13,510,886   17,927,477  

Unique  Reads   8,081,674   13,144,306   11,344,570   10,344,514   9,528,712   7,980,137   N/A  

Peaks  (4-fold  
over  INPUT)   617   5714   2262   4158   1511   3212   N/A  

Diff  peak  (2-fold  
over  Mock)   2531   3209   2129   N/A  
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Specific  recruitment  of  ISGF3  was  observed  throughout  the  genome  following  IFN  

stimulation,  with  STAT1,  STAT2  and  IRF9  recruitment   to  2531,  3209,  2129  target   loci,  

respectively,   based   on   a   2-fold   increase   over   Mock   samples   (Table   2.1,   Figure   2.4,  

Appendix  C).    A  strong  localization  at  the  IFN-stimulated  target  peak  center  is  apparent  

in  IFN-stimulated  samples  compared  to  Mock  samples  (Figure  2.4A).    During  steady  state,  

STAT1,  STAT2,  and  IRF9  reside  in  the  cytoplasm  with  only  transient  nuclear  translocation  

(Lau  et  al.,  2000;;  Lim  and  Cao,  2006),  thus  little  to  no  signal  at  any  specific  genomic  site  

would   be  expected.     Sequence   reads  detected   in  mock   samples   represent   a   random  

population  of  DNA,  where  no  specific  DNA  is  enriched  over  another  and  serve  as   the  

background  signal.    In  contrast,  in  IFN-treated  samples  STAT1,  STAT2  and  IRF9  have  

translocated   into   the   nucleus  and  are   bound  at   target   chromatin.     Higher   sequencing  

reads  observed  at  the  IFN-treated  over  mock-treated  samples  for  all  three  factors  confirm  

efficient  ChIP  signal  over  background  signal,  providing  confidence  for  further  analysis  and  

characterization  of  ISGF3  binding  (Figure  2.4A,  Table  2.1).    

The  most  frequent  de  novo  motif  discovered  for  STAT1,  STAT2,  and  IRF9  was  the  

ISRE,  further  validating  the  specificity  of  ISGF3  to  ISRE  target  sites  (Figure  2.4B).    The  

ISRE   motif   is   referred   interchangeably   in   literature   as   AGTTTCNNTTTCNC/T   or   its  

complementary  TCAAAGNNAAAGNG/A.    In  addition  to  the  ISRE  motif,  other  significant  

motifs  were  discovered  (Table  2.2).    In  particular,  both  STAT2  and  IRF9  bound  to  a  similar  

percent  of  targets  with  the  TGANTCA  motif.  This  motif  was  not  detected  for  STAT1,  but  

may   reflect   the   higher   efficiency   of   the   STAT2   and   IRF9   antibody   during   the  

immunoprecipitation.  The  TGANTCA  motif   is  identified  as  a  Fra1/bZIP  motif.  The  bZIP  
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motif   is  structurally  recognized  by  basic  region  leucine  zipper  (bZIP)  proteins  including  

the  FRA1  transcription  factor  from  the  Fos  family  of  proteins  which  includes  AP-1,  JunD,  

etc  (Mechta-Grigoriou  et  al.,  2001).    The  Fos  family  of  proteins  have  implicated  roles  in  

the  immune  response  and  oncogenesis.  

Similar   to   other   human   transcription   factors,   IFN-activated   STAT1,   STAT2  and  

IRF9  occupy  a  large  number  of  loci  annotated  as  intergenic  and  intronic  regions  (Fig  2.4C)    

(Freaney  et  al.,  2013;;  Schmidt  et  al.,  2010).    Whether  these  intergenic  and  intronic  sites  

bound  by  STAT1,  STAT2  or   IRF9  represent  functional  sites  remain   to  be   investigated.    

Notably,  a  greater  proportion  of  STAT2  and  IRF9  mapped   to  TSS   loci   compared  with  

STAT1  and  may  reflect  the  unique  and  obligatory  association  of  STAT2  and  IRF9  in  gene  

regulation  (Banninger  and  Reich,  2004).      
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Figure  2.4:  STAT1,  STAT2  and  IRF9  (ISGF3)  ChIP-Seq  characterization  

(A)   Normalized   sequencing   tag   density   of   mock-treated   (dashed   line)   and   IFNa-
stimulated  (solid  line)  reads  from  STAT1  (top),  STAT2  (middle)  and  IRF9  (bottom)  binding  
at   2531,   3209   and   2129   genomic   loci   representing   sites   with   a   ≥   2-fold   increase   in  
occupancy   after   IFNa   treatment.      Tag   density   is   computed   2500   bp   upstream   and  
downstream  of  the  peak  center  and  is  grouped  into  10  bp  bins.  (B)  DNA  sequence  logo  
of  the  most  frequent  de  novo  motif  identified  from  2531  STAT1  peaks  (top),  3209  STAT2  
peaks   (middle)   and   2129   IRF9   peaks   (bottom)   as   described   in   Table   2.1.   For   each  
position,   the   sequence   logo  bit  height   corresponds   to   its   relative   frequency  within   the  
sequence.     The  associated  motif  name  and  p-value  are   identified  above   the   logo.   (C)  
Distribution  of  specific  annotated  DNA  (intergenic,  intron,  promoter-TSS,  exon,  5’  UTR,  3’  
UTR,  non-coding)  and  the  corresponding  number  of  peaks  from  2531  STAT1  peaks  (top),  
3209  STAT2  peaks  (middle),  and  2129  IRF9  peaks  (bottom).  
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Table  2.2:  De  novo  motif  analysis  of  STAT1,  STAT2,  and  IRF9  
De  novo  motifs  identified  from  ChIP  STAT1,  STAT2,  and  IRF9  sequencing  reads  using  
the  HOMER  software.    
  
Rank   STAT1  Motif   p-value   %  of  Targets   %  of  Background  

1  
  

1e-51   2.88%   0.24%  

2  
  

1e-20   10.15%   5.46%  

3  
  

1e-19   14.90%   9.18%  

4  
  

1e-17   44.25%   35.85%  

The  rank  is  based  on  the  p-value  of  the  most  significant  motifs  bound.    The  corresponding  p-value  and  percent  (%)  of  
the  reads  in  the  target  and  background  for  each  motif  is  listed.  
  
Rank   STAT2  Motif   p-value   %  of  Targets   %  of  Background  

1  
  

1e-972   30.91%   1.47%  

2  
  

1e-155   28.17%   11.02%  

3  
  

1e-144   15.61%   4.05%  

4  
  

1e-43   24.71%   15.28%  

The  rank  is  based  on  the  p-value  of  the  most  significant  motifs  bound.    The  corresponding  p-value  and  percent  (%)  of  
the  reads  in  the  target  and  background  for  each  motif  is  listed.  
  
Rank   IRF9  Motif   p-value   %  of  Targets   %  of  Background  

1  
  

1e-571   29.50%   1.65%  

2  
  

1e-94   17.61%   5.16%  

3  
  

1e-39   36.92%   24.03%  

4  
  

1e-32   11.60%   4.99%  

The  rank  is  based  on  the  p-value  of  the  most  significant  motifs  bound.    The  corresponding  p-value  and  percent  (%)  of  
the  reads  in  the  target  and  background  for  each  motif  is  listed.     
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IFN-MEDIATED  NUCLEOSOME  DYNAMICS  AT  ISGS  

ISGF3   access   to   the   ISRE   DNA   element   requires   interaction   with   the  

chromatinized   ISG   promoter   template.      Several   studies   have   implicated   chromatin-

remodeling   factors   and   histone-modifying   factors   as   ISGF3   coactivators.      These  

coactivators   are   commonly   recruited   by   the   strong   STAT2   transcriptional   activation  

domain,   often  with   support   from  STAT1   (Chang  et   al.,   2004;;  Gnatovskiy   et   al.,  2013;;  

Huang  et  al.,  2002;;  Nusinzon  and  Horvath,  2003;;  Paulson  et  al.,  2002).    Employment  of  

these   specialist   factors   suggests   alteration   of   the   chromatin   landscape   is   required.    

However,   little   is  known  about   the  chromatin  dynamics  and  regulation  at   ISGF3  target  

genes.     To  determine   the  nucleosome  changes  within   the   ISG  chromatin  environment  

and   ensure   sufficient   signal   enrichment   is   achieved,   BAC-based   direct   selection  

micrococcal  nuclease  (MNase)  sequencing  (also  referred  as  BEM-seq)  was  performed.  

  

Direct  selection  MNase  sequencing  library  generation  and  quality  control    

Ten  BACs  were   used   to   enrich   for   the   genomic   loci   of   20   representative   ISGs  

(Appendix   C).      These   ISGs   were   selected   based   on   several   criterion   including   well-

characterized  ISGs,  differential  requirement  based  on  previous  studies  and/or  clustered  

within  a  genomic  region  encoded  by  a  single  BAC  (Table  2.3;;  Gnatovskiy  et  al.,  2013;;  

Huang   et   al.,   2002;;   Tenoever   et   al.,   2007).     Mononucleosomes   from  mock   and   IFN-

treated  samples  were  isolated  following  MNase  digestion,  BAC  hybridization,  and  adaptor  

ligation   to   generate   barcoded   genomic   loci   of   20   representative   ISGs   (Figure   2.5,  

Appendix  C).     To  ensure   the  barcoded  sample  contains  directly  selected   ISG  regions,  
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approximately  1  µl  of  the  barcoded  sample  was  cloned  into  a  TOPO  vector,  transformed  

into   DH5a   bacteria   and   ~50   bacterial   colonies   were   sequenced   to   verify   ISG   direct  

selection   efficacy   for   deep   sequencing.      Most   of   the   colonies   sequenced   (~86-92%)  

contained  a  sequence  that  matched  one  of  the  ten  BAC-encoded  regions  (Table  2.4).  

  

  
Table  2.3:  Direct  selection  nucleosome  selection  criteria  and  summary    

Summary  of   the  rationale   in  selecting  20  representative   ISGs  for  nucleosome  profiling  
and  characterization  of   the   ISG  nucleosome  composition  (total  nucleosomes,  average  
nucleosome  per  bp).      

Gene  
Known  
ISGF3  
Targets  

Cluster      Locus   Gene  
Size  (bp)  

Total  
Nucleosomes  

Nucleosomes  
per  bp  

IFIT1  (ISG56)   ✓   ✓      chr10:91,152,322-91,163,742   11,420   64   0.0056  
IFIT2  (ISG54)   ✓      chr10:91,061,706-91,069,032   7,326   35   0.0048  
IFIT3  (ISG60)   ✓      chr10:91,092,239-91,100,724   8,485   47   0.0055  

IFIT5            chr10:91,174,325-91,180,758   6,433   21   0.0033  
ISG15   ✓         chr1:948,847-949,915   1,068   6   0.0056  

IFITM1  (9-27)   ✓   ✓      chr11:313,991-315,271   1,280   6   0.0047  
IFITM2         chr11:308,107-309,409   1,302   9   0.0069  

IFITM3  (1-8U)   ✓      chr11:319,673-320,914   1,241   10   0.0081  
IFITM5         chr11:298,203-299,526   1,323   7   0.0053  
OAS1   ✓   ✓      chr12:113,344,739-113,357,711   12,972   66   0.0051  
OAS2   ✓      chr12:113,416,274-113,449,527   33,253   172   0.0052  
OAS3   ✓      chr12:113,376,249-113,411,052   34,803   177   0.0051  
MX1   ✓   ✓      chr21:42,797,978-42,831,140   33,162   165   0.0050  
MX2   ✓      chr21:42,733,950-42,780,869   46,919   227   0.0048  
STAT1            chr2:191,833,762-191,878,976   45,214   222   0.0049  
STAT2            chr12:56,735,384-56,753,909   18,525   85   0.0046  
IFI6  (6-16)   ✓         chr1:27,992,572-27,998,724   6,152   23   0.0037  
AIM2      ✓      chr1:159,032,275-159,046,647   14,372   61   0.0042  
IFI16         chr1:158,979,682-159,024,943   45,261   204   0.0045  
IFI27   ✓         chr14:94,577,079-94,583,033   5,954   30   0.0050  
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Figure  2.5:  Direct  selection  micrococcal  nuclease  sequencing   library  generation  
workflow  
Diagram  of  direct  selection  of  mononucleosomal  DNA  and  library  generation  for  SOLiD  
5500xl  deep  sequencing.    (Top  left)  Isolated  genomic  DNA  is  digested  with  micrococcal  
nuclease  (MNase)  into  nucleosomal  fragments.    Mononucleosome-sized  (~147-167  bp)  
fragments  were  purified  and  subjected  to  a  series  of  library  preparatory  steps  including  
dA-tail  addition  and   ligation  of  barcoded  DNA  adaptors.  To  directly  select   for  genomic  
regions   corresponding   to   20   specific   ISGs,   the   barcoded  mononucleosome  DNA  was  
hybridized  to  (Top  right)  10  corresponding  bacterial  artificial  chromosomes  (BACs)  that  
were  P32-label  and  biotinylated  and  suppressed  with  Cot-1  DNA  for  repetitive  regions.    
(Bottom)  Hybridized   ISG  matches  were   pulled   down  with   the   biotinylated  BACs  using  
streptavidin-conjugated  magnetic   beads.      Hybridized   or   direct   selection   genomic   ISG  
DNA  were  eluted  from  the  streptavidin-biotin  BAC  and  PCR  amplified.    A  sample  of  the  
eluted   DNA   library   was   colony   sequenced   to   ensure   enrichment   of   the   BAC   regions  
corresponding  to  the  20  ISGs.    The  verified  DNA  library  was  subjected  to  SOLiD  5500xl  
deep  sequencing.
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Table  2.4:  Number  of  positive  colonies  sequenced  containing  BAC  region  

  

  

  

     

   #  positive  colonies  out  total  sequenced  
Mock   43  out  of  48  

2  hr  IFNa   44  out  of  48  
6  hr  IFNa   51  out  of  59  
10  hr  IFNa   37  out  of  42  
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Direct  selection  MNase  deep  sequencing  and  bioinformatic  analysis  

Taking  advantage  of  the  BAC-based  direct  selection  MNase  sequencing  method  

enabled  direct  selection  and  enrichment  of  gene  regions  of  interest  to  achieve  sufficient  

sequencing  depth  of  mononucleosomal  ISG  DNA  (Figure  2.5).    Following  alignment  of  

the   sequencing   reads   to   the   human   reference  genome  hg19/GR37,   uniquely  mapped  

sequencing  reads  were  retained  for  further  analysis.    Nucleosome  maps  were  generated  

using   the   Dynamic   Analysis   of   Nucleosome   Positioning   and   Occupancy   Software  

(DANPOS)  software  or  center-weighted  algorithm  and  visualized  with  the  UCSC  genome  

browser   (Chen   et   al.,   2013;;   Freaney   et   al.,   2014;;   Kent   et   al.,   2002).      Changes   in  

nucleosome  occupancy   from  IFN  treatment  were  quantified   from  the  unique  sequence  

reads  using  the  DANPOS  software  (Figure  2.6).    Enrichment  of  the  genomic  loci  of  20  

ISGs  achieved  over  400-fold   read   coverage   (Table   2.5).     High-resolution   nucleosome  

maps   of   20   representative   ISGs   during   steady   state   and   after   IFN   stimulation   were  

generated  (Figure  2.7-2.9).     Nucleosome  profiles   following  2  hr,  6  hr  and  10  hr  of   IFN  

stimulation  were  determined  to  correlate  with  the  recruitment  and  attenuation  kinetics  of  

ISGF3  and   ISG   transcription.  Selection  of   the   IFN   treatment   timing  was  based  on   the  

temporal  information  of  ISGF3  recruitment  and  transcription  activity  that  guided  the  ISGF3  

ChIP-Seq  experiments  (Figure  2.1,  2.4).    Well-positioned  nucleosomes  were  found  at  the  

20  ISGs  in  HeLa  cells  at  steady  state  and  were  similar  to  data  from  other  cell  lines  (i.e.  

GM,  K562)  available  on  the  UCSC  genome  database  (Figure  2.7-2.9;;  Consortium,  2012).
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Figure  2.6:  Bioinformatic  pipeline  of  direct  selection  nucleosome  sequencing  data  
analysis  
Flowchart   of   the   bioinformatic   data   processing  workflow   following  SOLiD  5500xl  DNA  
sequencing.     Sequencing   reads  were  aligned   to   the  human  genome  build  hg19/GR37  
using   Bowtie   software   for   paired-end   sequencing   reads.      Uniquely   mapped   reads   of  
approximately  137-157  bp  were  retained  for   further  analysis.     Nucleosome  maps  were  
generated  via  a  center-weighted  algorithm  or  the  DANPOS  software  and  loaded  onto  the  
UCSC   genome   browser   directly   or   via   the   Galaxy   online   interface.      Nucleosome  
occupancy  changes  were  quantified  using  the  DANPOS  software.
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Table   2.5:   Direction   selection  nucleosome   sequencing   reads  and   fold   coverage  
summary  
Total  and  unique  sequencing  reads  from  each  sample  and  the  read  coverage  enrichment  
calculated  from  (number  of  reads  x  147  bp)/(1758135  bp  length  of  BACs).  

  

   Total  reads   Unique  reads   137-157  bp  reads   Read  coverage  (fold)  
Mock   104,796,614   55,463,526   6,720,135   562  

2  hr  IFNa   106,756,227   56,949,366   4,302,688   360  
6  hr  IFNa   94,274,867   51,243,148   5,050,067   422  
10  hr  IFNa   103,862,266   55,437,595   7,280,912   608  
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Nucleosome  profiles  and  ISGF3  occupancy  of  20  representative  ISGs  

To  correlate   ISG  nucleosome  dynamics  with  sites  of   ISGF3   interaction,  STAT1,  

STAT2,   and   IRF9   ChIP-Seq   data   (Figure   2.4)   were   used   to   accompany   the   ISG  

nucleosome  profiles  in  genome  browser  maps  (Figure  2.7-2.9).    Comparing  mock-treated  

and   IFN-stimulated   nucleosome   samples   over   time   allows   observation   of   ISGF3  

recruitment  and  corresponding  changes  to   the  nucleosome  positions.     Consistent  with  

contemporary   models   of   nucleosome   positioning   (Radman-Livaja   and   Rando,   2010),  

most  of  the  20  ISGs  were  found  to  have  well-positioned  nucleosomes  in  the  ISRE  region  

at  steady  state,  with  varying  degrees  of  promoter  demarcation  by  nucleosome-depleted  

regions  (NDRs;;  Figure  2.7-2.9).    Unlike  textbook  depictions  of  a  +1  nucleosome  located  

directly   downstream   the   TSS   and   occupying   approximately   150   bp,   variations   of   the  

positioning   of   nucleosomes   relative   to   the   TSS   are   observed.      These   variations  may  

reflect  the  differential  packaging  and  compaction  unique  to  each  ISG.      

Gene-specific   variations   include   those   with   well   positioned   +1   and   NDR  

nucleosomes  (Figure  2.7A),  +1  and  -1  nucleosomes  (Figure  2.7B),  only  -1  nucleosomes  

(Figure   2.8A),   and  genes  with  no  apparent  NDR   (Figure   2.8B),  or   those  with   only   +1  

nucleosomes  (Figure  2.8C).    The  -1  and  +1  positions  are  defined  here  as  approximately  

150  bp  (nucleosome  size)  upstream  or  downstream  of  the  TSS.    Additionally,  some  ISG  

promoters  did  not  contain  a  common  +1  or  -1  nucleosome  category  and  had  relatively  

lower  nucleosome  signal  compared  to  adjacent  nucleosomes  in  the  5’  intergenic  region  

(Figure   2.9).      Accumulating   literature   suggests   genomic   regions   that   are   devoid   of   a  

nucleosome  signal  or  feature  a  characteristic  NDR  might  not  truly  lack  nucleosomes,  but  
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instead  may  represent  fragile  nucleosomes  more  susceptible  to  nuclease  digestion  (Kubik  

et   al.,   2015;;  Voong  et   al.,  2016).      In   all   cases,   IFN   stimulation   resulted   in   decreased  

nucleosome  positioning  strength,  with  clear  disruption  over  the  course  of  IFN  treatment  

followed  by  a  return  to  steady  state.    In  most  cases  this  is  evident  from  a  loss  of  an  ISRE-

proximal  nucleosome  (arrows  in  Figure  2.7-2.9).      
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To  quantify  the  nucleosome  loss,  the  DANPOS  software  (Chen  et  al.,  2013)  was  

used  to  indicate  changes  to  nucleosome  positions  with  a  p-value  ≤  1  x  10-5  following  IFN  

stimulation.    The  normalized  tag  counts  between  mock-treated  and  IFN-treated  samples  

confirmed  statistically  significant  nucleosome  loss  at  ISG  promoters  that  propagated  over  

time  throughout  the  gene  bodies  (red  bars  in  Figure  2.7-2.9).    Similar  to  an  analogous  

ATAC-seq  dataset  quantifying  chromatin  accessibility  following  IFNb  induction  in  B  cells  

(Mostafavi  et  al.,  2016),  increased  chromatin  accessibility  was  observed  at  the  TSS  for  

IFN-induced   ISGs.      Specifically,   within   the   20   ISGs   examined   the   most   prominent  

chromatin   alterations   coincided   with   strong   ISGF3   peaks   and   well-positioned  

nucleosomes  (i.e.  OAS1),  but  not  strictly  at  the  TSS  (i.e.  ISG15).  
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Figure  2.7:  IFN-stimulated  nucleosome  reorganization  at  ISGs  with  +1  and  NDR  or  
-1  and  +1  nucleosome  configuration  
Genome  browser  diagram  of  IFN-induced  ISGF3  recruitment  and  nucleosome  dynamics  
at  select  ISGs  within  2000  bp  +/-  TSS.  (A)  ISGs,  OAS1  and  IFIT1/ISG56,  with  a  +1  and  
nucleosome  depleted  region  (NDR).  (B)   ISGs,  OAS2,   IFIT3/ISG60,  MX2,   IFIT2/ISG54,  
IFI6,  and  IFITM3/1-8U,  with  -1  and  +1  nucleosomes.  (A-B)  (Top)  5’  end  of  gene  depicted  
with  the  black  arrow  depicting  the  direction  of  transcription,  the  small  and  large  black  bars  
represent  untranslated  and  exonic  regions,  respectively,  and  the  line  represents  intronic  
regions.    (Middle)  ChIP-Seq  density  of  STAT1,  STAT2  and  IRF9  occupancy  after  mock  
or  2  hr  IFNa  treatment  in  HeLa  cells.    (Bottom)  Nucleosome  occupancy  after  mock,  2  hr,  
6  hr,  or  10  hr   IFNa   treatment   in  HeLa  cells.    Red  arrows  highlight  nucleosome   loss  at  
ISGF3-ISRE  proximal  regions.    Red  bars  beneath  nucleosome  maps  denote  nucleosome  
loss  due  to  2  hr,  6  hr,  or  10  hr  IFNa  treatment  compared  to  Mock  (p-value  ≤  1x10-5).    All  
sequencing  reads  are  normalized  to  10  million  reads.  
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Figure  2.8:  IFN-stimulated  nucleosome  reorganization  at  ISGs  with  -1,  no  NDR,  or  
+1  nucleosome  configuration  
Genome  browser  diagram  of  IFN-induced  ISGF3  recruitment  and  nucleosome  dynamics  
at  select  ISGs  within  2000  bp  +/-  TSS.  (A)  ISGs,  OAS3,  ISG15,  IFIT5,  and  IFI27,  with  a    
-1  nucleosome.  (B)  ISGs,  IFITM1/9-27  and  IFI16,  with  no  apparent  nucleosome  depleted  
region   (NDR).   (C)   ISG,   STAT2,   with   a   +1   nucleosome.   (A-C)   (Top)   5’   end   of   gene  
depicted  with  the  black  arrow  depicting  the  direction  of  transcription,  the  small  and  large  
black   bars   represent   untranslated   and   exonic   regions,   respectively,   and   the   line  
represents   intronic   regions.      (Middle)   ChIP-Seq   density   of   STAT1,   STAT2,   and   IRF9  
occupancy   after   mock   or   2   hr   IFNa   treatment   in   HeLa   cells.      (Bottom)   Nucleosome  
occupancy  after  mock,  2  hr,  6  hr,  or  10  hr   IFNa   treatment   in  HeLa  cells.     Red  arrows  
highlight   nucleosome   loss   at   ISGF3-ISRE   proximal   regions.      Red   bars   beneath  
nucleosome  maps  denote  nucleosome   loss  due  to  2  hr,  6  hr,  or  10  hr   IFNa  treatment  
compared  to  Mock  (p-value  ≤  1x10-5).    All  sequencing  reads  are  normalized  to  10  million  
reads.  
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Figure   2.9:   IFN-stimulated   nucleosome   reorganization   at   ISGs   with   little  
nucleosome  change  or  low  distribution  of  nucleosome  signal  
Genome  browser  diagram  of  IFN-induced  ISGF3  recruitment  and  nucleosome  dynamics  
at  select  ISGs  within  2000  bp  +/-  TSS.    (A)  ISGs,  IFI16  and  AIM2,  with  well-positioned  
nucleosomes  and  little  nucleosome  loss  or  change.  (B)  ISGs,  STAT1,  IFITM2,  MX1,  and  
IFITM5,  are  relatively  devoid  of  nucleosome  signal.    (A-B)  (Top)  5’  end  of  gene  depicted  
with  the  black  arrow  depicting  the  direction  of  transcription,  the  small  and  large  black  bars  
represent  untranslated  and  exonic  regions,  respectively,  and  the  line  represents  intronic  
regions.    (Middle)  ChIP-Seq  density  of  STAT1,  STAT2,  and  IRF9  occupancy  after  mock  
or  2  hr  IFNa  treatment  in  HeLa  cells.    (Bottom)  Nucleosome  occupancy  after  mock,  2  hr,  
6  hr.  or  10  hr   IFNa   treatment   in  HeLa  cells.    Red  arrows  highlight  nucleosome   loss  at  
ISGF3-ISRE  proximal  regions.    Red  bars  beneath  nucleosome  maps  denote  nucleosome  
loss  due  to  2  hr,  6  hr,  or  10  hr  IFNa  treatment  compared  to  Mock  (p-value  ≤  1x10-5).    All  
sequencing  reads  are  normalized  to  10  million  reads.  
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IFN  induction  increases  chromatin  susceptibility  and  reorganization  

The  previous  section  demonstrates  well-positioned  nucleosomes  at  ISGs  during  

steady   state   followed   by   IFN-induced   nucleosome   alterations.      Unexpectedly,   IFN  

stimulation  not  only  induced  nucleosome  occupancy  level  changes  at  ISGs,  but  also  at  

adjacent   genes   and   intergenic   regions   that   were   within   the   BAC   direct   selection  

boundaries  (Figure  2.10).     These  results  suggest   IFN   induction   leads   to  a  widespread  

nucleosome  reorganization.    To  test  this  hypothesis,  mock  and  IFN-treated  nuclei  were  

subjected  to  a  time  course  of  DNase  I  digestion  (Figure  2.11A).    IFNa  treatment  for  2  hr  

and  10  hr   led   to   increased  sensitivity   to  DNase  I  digestion,  evidenced  by  shorter  DNA  

fragments.    To  examine  whether  this  was  unique  to  IFN  treatment,  cells  that  were  treated  

with   the   type   II   IFNg   or   heat-shocked   at   42ºC   were   subjected   to   the   same   DNase   I  

digestion  conditions  and  compared  to  IFNa  treatment  (Figure  2.11B).    Although  10  hrs  of  

heat  shock  and  type  II  IFNg  treatment  resulted  in  some  sensitivity  to  DNase  I  digestion,  it  

was   less   extensive   compared   to   IFN.      This   suggests   IFN   stimulation   induces   a  

comprehensive   chromatin   reorganization   that   renders   genomic  DNA   to   become  more  

susceptible  to  nuclease  cleavage.      

IFN  stimulation  simultaneously  activates  the  transcription  of  hundreds  and  possibly  

thousands   of   ISGs   encoded   in   the   genomic   DNA.      Simultaneous   ISG   transcription  

activation   is   achieved   by   ISRE-directed   recruitment   of   ISGF3   to   ISG   target   sites   and  

ISGF3-mediated  associations  with  coactivators  and  Pol   II  machinery.     Since   ISGs  are  

encoded  throughout  the  human  genome,  one  hypothesis  is  that  simultaneously  occurring  

transcription  and  chromatin-modifying  activities  at  ISG  sites  manifest  to  extensive  regions  
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of  exposed  DNA  for  digestion  (Figure  2.12).    However,  further  investigation  is  needed  to  

determine  the  underlying  mechanism.  

  

Figure  2.10:  IFN-stimulated  nucleosome  loss  extends  beyond  ISG  boundaries  
Genome   browser   map   of   the   IFN-stimulated   nucleosome   loss   at   the   RPH3A   gene,  
adjacent  to  the  OAS  genes,  and  at  intergenic  regions.  Nucleosome  occupancy  after  mock,  
2  hr,  6  hr,  or  10  hr  IFNa  treatment  in  HeLa  cells.    Red  bars  beneath  nucleosome  maps  
denote  nucleosome  loss  due  to  2  hr,  6  hr,  or  10  hr  IFNa  treatment  compared  to  Mock  (p-
value  ≤  1x10-5).    All  sequencing  reads  are  normalized   to  10  million  reads.      (Left   inset)  
Zoomed   in   view   of   RPH3A   gene   region   of   ~800   bp.   (Right   inset)   Zoomed   in   view   of  
intergenic  region  of  ~1100  bp  at  chr12:113452133-113453242
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Figure  2.11:  IFN-stimulated  comprehensive  chromatin  reorganization  
Genomic  DNA  from  HeLa  nuclei  were  digested  with  DNase  I,  purified  and  visualized  by  
ethidium  bromide  agarose  gel  electrophoresis.  (A)  Lane  1,  17:  1kb+  ladder,   lane  2-16:  
nuclei/chromatin   from   mock-treated   and   2   hr   or   10   hr   IFNa-treated   HeLa   cells   were  
digested  with  DNase  I  for  15  hr,  23  hr,  38  hr,  43  hr  and  46  hr.    (B)  Lane  1  and  12:  1kb+  
ladder;;   lane  2:  untreated  and  undigested  mock  DNA;;  lane  3-11:  nuclei-chromatin  DNA  
following  0  hr,  2  hr  or  10  hr  IFNa (lane  3-5),  IFNg (lane  6-8),  or  42°C  heat-shock  (lanes  6-
8)  treatment  digested  with  50  units  of  DNase  I  per  5  x  107  cells  for  43  hr.  
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Figure  2.12:  ISGs  are  distributed  throughout  the  human  genome  
Distribution   of   300+   ISGs   encoded   in   the   human   genome   are   mapped   onto   the  
cytogenetic  ideogram  representation  of  human  chromosomes.  
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DISCUSSION  

Transcriptional   initiation   of   ISGs   is   regulated   at   the   chromatin   level   by   the  

transcription   factor   complex   ISGF3   and   its   interaction  with   chromatinized   ISG   targets  

during  the  IFN  response.    While  many  classic  ISGs  (i.e.  IFIT2/ISG54)  are  known  to  be  

transcriptionally  activated  by  ISGF3  following  IFN  stimulation,  most  ISGs  are  presumed  

to  be  targets  of  ISGF3.    Through  ChIP-Seq  analysis  of  the  ISGF3  components  (STAT1,  

STAT2,  and  IRF9),  thousands  of  genomic  loci  including  classic  ISGs  were  identified  to  be  

ISGF3   targets   following   IFN   stimulation.      These   data   not   only   demonstrate   ISGF3  

recruitment   to   specific   target   loci,   it   also   enables   correlation   of   the   ISGF3-mediated  

interactions  to  ISG  loci.  

During   ISG   transcription   initiation,   ISGF3  recruits  coactivators   that  can  remodel  

chromatin   or  modify  histones,   suggesting   a   role   for   chromatin   in   regulating   ISGs.      To  

better  understand  the  contribution  of  chromatin  and  nucleosome  dynamics  to  mammalian  

antiviral  transcription  regulation,  the  chromatin  architecture  and  nucleosome  organization  

of  ISG  loci  were  characterized  to  correlate  IFN-mediated  changes  with  the  activation  of  

ISGF3  components,  STAT1,  STAT2,  and  IRF9.    Overall,  stable  steady-state  nucleosome  

positions   at   ISG   loci   were   rearranged   by   IFN   stimulation,   giving   rise   to   a   transient  

alteration  in  chromatin  structure  during  the  response.    These  alterations  were  particularly  

evident   at   ISGF3-ISRE   promoter   regions,   supporting   the   notion   that   ISGF3-mediated  

recruitment  of  chromatin-modifying  enzymes  serves  to  remodel  chromatin.  

Parallel   visualization   of   the   IFN-induced   ISGF3   occupancy   and   nucleosome  

profiles   at   ISG   promoters   reveals   diversity   in   the   nucleosome   configuration   of   20  
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representative   ISGs,   which   are   simultaneously   activated   during   the   IFN   response.    

Generally,  we  observe  well-positioned  nucleosomes  and  IFN-induced  nucleosome  loss  

that  correlates  with  the  activities  of  ISGF3.    Many  of  the  classical  ISGs  were  confirmed  to  

strongly   recruit   ISGF3,  but   anomalies   such  as   the   IFI16/AIM2   family   of   ISGs   suggest  

some  ISGs  may  be  targeted  by  ISGF3  or  an  alternate  STAT  complex.    Since  IFI16  and  

AIM2  are  recognized  antiviral  ISG  effectors  in  viral  DNA  sensing,  their  activation  may  also  

be  redundantly  mediated  by  other  immune  regulators  in  the  TLR  or  cGAS/STING  pathway.    

In  contrast,  in  the  case  of  the  STAT1  promoter,  a  strong  recruitment  of  ISGF3  is  found  

approximately  6000  bp  upstream,  suggesting  regulation  of  STAT1  may  occur  at  a  distal  

enhancer  or  through  chromatin  looping.      

In  addition   to   the   IFN-induced  nucleosome   loss  observed  at   ISG  promoter  and  

gene  body  regions,   the  nucleosome   loss  extended  beyond  ISGs  to  neighboring  genes  

and   intergenic   regions.      Independent   experiments   demonstrated   IFN-induced   nuclei  

subjected   to   DNase   I   digestion   were   more   susceptible   to   nuclease   digestion,  

corroborating  with  widespread  nucleosome  loss  observed  from  the  IFN-stimulated  high-

resolution  nucleosome  data.     Though   the  mechanism  driving   this  phenotype  genome-

wide  remains  to  be  elucidated,  two  hypotheses  are  proposed.    Since  ISGs  are  encoded  

throughout  the  genome  (Figure  2.12),  one  possibility  is  the  widespread  nucleosome  loss  

and  increased  nuclease  sensitivity  reflect  a  high  level  of  transcriptional  and  remodeling  

activity   induced  by   IFN  stimulation.     Another  postulation   is   the  potential  prevalence  of  

“fragile  nucleosomes,”  which  are  more  susceptible   to  nuclease  digestions,  among  ISG  

nucleosomes.      Given   the   thousands   of   IFN-induced   ISGF3   targets,   simultaneous  
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transcription   could   increase   the   abundance  of   highly   nuclease-sensitive   nucleosomes  

and   yield   increased   regions   of   cleaved   DNA   observed   in   the   DNase   I   assays.      The  

prevalence  of  IFN-stimulated  ISGF3  recruitment  genome-wide,  notably  at  the  ISRE  and  

ISG  promoter  region,  correlates  with  the  dynamic  activity  observed  at  IFN-induced  ISG  

promoter  nucleosomes  and   supports   its  predominant   role   in   IFN-induced   transcription  

activation.  
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CHAPTER  3.    

HISTONE  H2A.Z  REGULATION  IN  THE  IFN  RESPONSE  
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INTRODUCTION  

In   Chapter   2,   we   observed   nucleosome   occupancy   levels   at   ISGs   decreased  

following  IFN  stimulation  and  recovered  at  later  IFN  treatment  times.    The  most  prominent  

nucleosome  reorganization  occurred  at  the  promoter  region,  coinciding  with  or  near  sites  

bound  by  ISGF3.    Although  it  is  well  known  that  ISGF3  binds  to  the  promoter  DNA  element  

to   activate   ISG   transcription,   how   ISGF3   engages   the   chromatin   to   access   the   ISRE  

remains  largely  unknown.    Little  is  known  about  how  chromatin  structure  and  nucleosome  

dynamics   influence   ISGF3   promoter   engagement,   transcriptional   activity,   and   innate  

immunity,  but  several  studies  have  implicated  chromatin-remodeling,  histone-modifying,  

and  polymerase-activating  factors  as  ISGF3  co-activators  (Gnatovskiy  et  al.,  2013;;  Huang  

et  al.,  2002;;  Kadota  and  Nagata,  2014;;  Nusinzon  and  Horvath,  2003;;  Patel  et  al.,  2013;;  

Paulson  et  al.,  2002).      

ISGF3   has   been   linked   to   many   transcription   co-activators   that   are   commonly  

recruited  by  the  strong  STAT2  transcriptional  activation  domain,  often  with  support  from  

STAT1.    Notably,  ISGF3  has  an  absolute  requirement  for  histone  deacetylase  (HDAC)  

activity   for   transcriptional  stimulation,  and  STAT2   interacts  with  HDAC1   (Chang  et  al.,  

2004;;  Nusinzon  and  Horvath,  2003;;  Sakamoto  et  al.,  2004).     Conversely,   ISGF3  also  

engages  histone  acetyltransferase  (HAT)  activities   from  CBP/p300  and  GCN5   for   ISG  

transcription  via  STAT2  (Bhattacharya  et  al.,  1996;;  Gnatovskiy  et  al.,  2013;;  Paulson  et  

al.,  2002).    Through  STAT2,  ISGF3  has  been  linked  to  the  SWI/SNF  (human  BAF/pBAF)  

and  INO80  chromatin  remodeling  complexes  via  specific  interaction  partners,   including  

BRG1,  RVB1,  and  RVB2  (Bhattacharya  et  al.,  1996;;  Cui  et  al.,  2004;;  Gnatovskiy  et  al.,  
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2013;;  Huang  et  al.,  2002;;  Liu  et  al.,  2002;;  Patel  et  al.,  2013;;  Paulson  et  al.,  2002).    HDAC  

and  HAT  activity  are  linked  to  recruitment  of  the  bromodomain  protein  BRD4  to  control  

Pol  II  elongation  through  association  with  positive  elongation  factor  pTEFb  and  release  

of  elongation  repressors,  NELF  and  DSIF  (Patel  et  al.,  2013).    STAT2  association  with  

Mediator  subunits  and  general  transcription  factors  (GTFs)  directly  connect  ISGF3  to  Pol  

II  initiation  and  elongation  machinery  (Lau  et  al.,  2003;;  Paulson  et  al.,  2002).    Together,  

the   patterns   of   co-activator   and   remodeler   recruitment   are   consistent   with   a   highly  

regulated  general  and  gene-specific   ISGF3-mediated  transcriptional  activation  process  

for  ISGs,  and  suggest  a  role  for  chromatin  in  IFN-stimulated  antiviral  gene  regulation.    

Nucleosome  positioning  and  reorganization  regulate  gene  activation  by  controlling  

DNA  accessibility   (Bell  et  al.,  2011).     Current  evidence   indicates   that  most  eukaryotic  

promoters   feature   positioned   nucleosomes   flanking   regions   that   contain   regulatory  

elements  for  the  assembly  of  transcription  regulators,  Pol  II,  and  essential  or  gene  specific  

co-activators  (Huminiecki  and  Horbanczuk,  2017;;  Venters  and  Pugh,  2009).    In  addition  

to  nucleosomes  composed  of  an  octamer  of  the  core  histones  H2A,  H2B,  H3,  and  H4  

wrapped  with  ~147bp  of  DNA,  less  abundant  nucleosomes  contain  histone  variants  that  

are  associated  with  specific  regulatory  phenomena.    Histone  variants  are  thought  to  allow  

for   greater   control   of   DNA   replication,   repair,   or   transcription,   and   contribute   to   the  

efficiency  of  Pol  II  elongation,  termination,  and  processivity  (Buschbeck  and  Hake,  2017).      

  
Histone  variant,  H2A.Z  

Histone  H2A.Z  is  a  variant  of  H2A  that  is  enriched  at  eukaryotic  gene  promoters  

and  can  also  be  found  at  heterochromatin  boundaries,  sites  of  DNA  damage  repair,  and  
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in  segregating  chromosomes  (Buschbeck  and  Hake,  2017).    H2A.Z  is  conserved  across  

many  species,  but  its  role  remains  contextual:  having  both  positive  and  negative  functions  

in  transcription  and  association  with  active,  repressed,  and  silent  chromatin  (Zlatanova  

and  Thakar,  2008).    For  example,  depletion  of  H2A.Z  can  result  in  increased  expression  

of  the  p21  gene  and  decreased  expression  of  estrogen  receptor  target  genes  in  human  

cells   (Gevry  et  al.,  2007;;  Gevry  et  al.,  2009;;  Marques  et  al.,  2010).      In  Mus  musculus  

(mouse),   Tetrahymena   thermophile   (ciliate),   Drosophila   melanogaster   (fly),   Xenopus  

leavis   (frog),   H2A.Z   deficiency  was   found   to   be   embryonic   lethal,   while   yeast   lacking  

H2A.Z  survived  but  had  growth  defects  (Clarkson  et  al.,  1999;;  Faast  et  al.,  2001;;  Iouzalen  

et  al.,  1996;;  Jackson  and  Gorovsky,  2000;;  Liu  et  al.,  1996;;  Ridgway  et  al.,  2004;;  van  Daal  

and  Elgin,  1992).    Even  though  H2A.Z  is  conserved  across  species,  there  are  differences  

between  species  that  need  to  be  considered  while  evaluating  its  role.    Fly  H2A.Z  (called  

H2AvD)  resembles  both  H2A.Z  and  another  histone  H2A  variant,  H2A.X  (Redon  et  al.,  

2002;;  van  Daal  and  Elgin,  1992).    Mice  and  human  encode  two  non-allelic  H2A.Z  genes,  

H2A.Z.1  and  H2A.Z.2,  compared  with  one  H2A.Z  gene  in  other  organisms  (i.e.  yeast,  fly).    

H2A.Z.1  (h2afz)  knockout  mice  are  embryonic   lethal  and  the  presence  of   the  H2A.Z.2  

gene  (h2afv)  did  not  rescue  the  lethality,  suggesting  non-redundant  or  unique  roles  for  

the  H2A.Z  products  of   these  two  non-allelic  genes  (Faast  et  al.,  2001;;  Matsuda  et  al.,  

2010).    Here,  H2A.Z  generally  refers  to  the  H2A.Z.1  encoded  by  the  h2afz  gene,  as  it  is  

the  essential  H2A.Z   in   the  viability  of  embryonic  mice  and   the  principal  component  of  

H2A.Z  enriched  at  mammalian  gene  promoters  (Consortium,  2012;;  Faast  et  al.,  2001;;  

Subramanian  et  al.,  2013).      
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The  extended  acidic  patch  of  H2A.Z  compared  to  histones  H2A  and  H2A.B  

H2A.Z   differs   from   H2A   by   approximately   40%   at   the   sequence   level,   but   is  

structurally   similar   except   for   an   extended   acidic   patch.      At   the   nucleosome   surface,  

histone  H2A   contributes  most   of   the   negatively   charged   residues   via   its   acidic   patch  

(Luger  et  al.,  1997;;  Millar,  2013).    H2A.Z  has  an  extended  acidic  patch  and  this  extension  

results   in   increased   nucleosome   array   compaction   (Bonisch   and   Hake,   2012).    

Conversely,  the  H2A  variant,  H2A.B,  has  a  truncated  acidic  region  and  presence  of  H2A.B  

reduces   the  nucleosome  array  compaction  compared   to  H2A   (Fan  et  al.,  2004).     This  

suggests   that   even  a  minor   structural   difference   in   the   acidic   patch   that   distinguishes  

H2A.Z   from   H2A   can   alter   the   nucleosome   packaging   density.   Despite   the   structural  

similarity   between   H2A   and   H2A.Z,   contrasting   information   from   in   vitro   and   in   vivo  

suggests  H2A.Z  can  stabilize  or  destabilize  the  nucleosome  compared  to  H2A  (Bonisch  

and  Hake,  2012).  

  

H2A.Z  nucleosome  positioning  and  gene  regulation  

Although  H2A.Z   is   commonly   found   at   active   gene   promoters,   it   was   originally  

associated  with  silent  heterochromatin  and  colocalization  with  HP1a,  a  heterochromatin  

associated  protein  (Dhillon  and  Kamakaka,  2000;;  Guillemette  et  al.,  2005;;  Raisner  et  al.,  

2005).      This   seemingly   inconsistent   association   with   heterochromatin   is   attributed   to  

H2A.Z   presence   at   heterochromatin   boundaries,   where   it   might   function   to   prevent  

heterochromatin  spread  (Meneghini  et  al.,  2003).    H2A.Z  is  also  found  at  silent  (repressed)  

or  inducible  eukaryotic  genes  and  in  yeast  is  found  at  genes  sensitized  by  prior  exposure  
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to  carbon  sources,  further  confounding  the  function  of  H2A.Z  in  gene  regulation  (Brickner  

et  al.,  2007;;  Surface  et  al.,  2016;;  Zanton  and  Pugh,  2006).    Dissection  of  the  properties  

of   nucleosome   positioning   and   histone   modifications   related   to   H2A.Z   and   H2A.Z-

containing  nucleosomes  have  begun  formulating  hypotheses  that  in  time  may  reconcile  

its  seemingly  contradictory  roles  in  eukaryotic  gene  regulation.  

Evaluation   of   the   nucleosome   position   H2A.Z   occupies   has   continuously   been  

used   to   correlate   with   its   positive   or   negative   impact   on   gene   activation.      H2A.Z   is  

commonly  found  at  the  +1,    -1,  or  +1  and  -1  nucleosome  positions  relative  to  the  TSS  

(Guillemette   and   Gaudreau,   2006).      The   +1   H2A.Z-containing   nucleosome   in   flies   is  

thought   to   lower   the  barrier   for  Pol   II  elongation  and  H2A.Z  has  been  associated  with  

destabilizing   the   +1   nucleosome   (Guillemette   et   al.,   2005;;   Jin   and   Felsenfeld,   2007;;  

Meneghini   et   al.,   2003).      In   contrast   to   fly   and  Schizosaccharomyces   pombe   (fission  

yeast),  the  -1  nucleosome  is  relatively  enriched  in  Saccharomyces  cerevisiae  (budding  

yeast)  and  human  (Millar,  2013).    Recent  studies  on  the  repressed  mesenchymal  genes  

and  active  epithelial  genes  in  MDCK  cells  demonstrated  the  presence  of  H2A.Z  at  the  +1  

position  correlates  with  gene  repression  (Dai  et  al.,  2017;;  Domaschenz  et  al.,  2017).    A  

similar  correlation  was  observed   in  plants  where   the  +1  H2A.Z  nucleosome  correlated  

with  high  gene  accessibility  and  the  -1  nucleosome  with  low  gene  accessibility  (Dai  et  al.,  

2017).      These   and   other   developments   are   beginning   to   reconcile   the   differential  

regulation  H2A.Z  imparts  by  incorporating  multiple  components  of  the  H2A.Z-containing  

nucleosome  to  modulate  the  transcriptional  outcome  (Subramanian  et  al.,  2015).  
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H2A.Z  regulation  by  histone  post-translational  modifications    

Acetylated   H2A.Z   is   commonly   associated   with   active   gene   promoters   and  

ubiquitylated  H2A.Z  with  repressed  genes  (Ku  et  al.,  2012;;  Sevilla  and  Binda,  2014).    In  

addition   to   acetylation   and  ubiquitylation  modifications,  H2A.Z   can  be  methylated  and  

sumoylated  (Sevilla  and  Binda,  2014).    Post-translational  modifications  (PTMs)  of  H2A.Z  

and  its  nucleosomal  histone  partners  influence  protein  interactions  at  H2A.Z-containing  

nucleosomes.    For  example,  monoubiquitylated  H2A.Z  has  been  shown  to  influence  the  

binding  of  the  polycomb  repressor  complex  (PRC)  in  mouse  embryonic  stem  cells,  while  

inhibiting  binding  of  the  bromodomain  protein  BRD2  (Surface  et  al.,  2016).    Bromodomain  

proteins,   including  BRD2,  bind   to  acetylated  substrates  and  BRD2  has  been  shown  to  

preferentially  associate  with  H2A.Z  rather  than  H2A  nucleosomes  (Cheung  et  al.,  2017;;  

Draker  et  al.,  2012).    In  another  example,  monoubiquitination  of  H2B  prevents  H2A.Z  from  

being  evicted  at  enhancers   (Segala  et  al.,  2016).     These  examples   implicate  both   the  

PTM  status  of  H2A.Z  and  its  intranucleosomal  histones  in  regulating  H2A.Z  nucleosome  

dynamics  and  interactions  with  cofactors.  

  

H2A.Z  deposition  and  removal  

The  precise  machinery  required  for  deposition  of  H2A.Z  was  identified  in  yeast  to  

be  the  chromatin  remodeling  complex,  SWR1,  and  was  described  by  three  independent  

groups  (Billon  and  Cote,  2013;;  Kobor  et  al.,  2004;;  Krogan  et  al.,  2003;;  Mizuguchi  et  al.,  

2004;;  Papamichos-Chronakis  et  al.,  2011).    Conversely,  removal  of  H2A.Z  in  yeast  was  

attributed   to   the  chromatin  remodeling  complex,   INO80,  but   later  studies  show   INO80  
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does  not  account  for  most  H2A.Z  loss  (Alatwi  and  Downs,  2015;;  Jeronimo  et  al.,  2015;;  

Tramantano  et  al.,  2016).    In  mice,  the  ANP32E  factor  was  implicated  as  a  H2A.Z  histone  

chaperone,   but   closer   examination   reveals   that   similar   to   INO80,   ANP32E   does   not  

account  for  all  of  the  H2A.Z  loss  (Obri  et  al.,  2014).    H2A.Z-specific  remodelers  continue  

to  be   investigated   in  more  complex  organisms.     Thus,  while   the  H2A.Z  histone  variant  

has  been  investigated  in  diverse  systems  and  organisms,  its  precise  function(s)  and  the  

cellular  machinery  used   to  deposit  or   remove  H2A.Z   is  difficult   to  generalize  between  

organisms  and  within  specific  contexts  in  an  individual  organism.  

   The  accumulating  data  on  H2A.Z  regulation  and  transcriptional  outcome  continues  

to   be   context-dependent,   yet   patterns   are   emerging.      For   the   first   time,   the   role   and  

dynamics  of  H2A.Z  was  evaluated  in  the  IFN  response  system.    Evidence  is  presented  

here   indicating   that   ISG  promoters   are   decorated  with   the   variant   histone  H2A.Z.      In  

particular,  the  role  and  mechanism  of  H2A.Z  regulation  at  ISGs  was  examined  in  detail,  

focusing   on   its   impact   on   ISG   transcription   and   dynamics   during   the   IFN   antiviral  

response.  
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RESULTS  

  
IFN-induced  histone  dynamics  at  ISG  promoters  

In  Chapter  2,  IFN  stimulation  led  to  a  reduction  and  reorganization  of  ISG  promoter  

nucleosomes.    To  investigate  potential  mechanisms  underlying  nucleosome  dynamics  at  

ISGs  observed  in  Chapter  2,  the  presence  of  core  histones  was  examined  using  ChIP-

qPCR  and  primers  specific  to  either  the  ISRE  region  of  the  promoter  or  distal  regions  of  

the  gene  bodies  of  OAS3,  IFIT1/ISG56,  and  IFITM1/9-27  (Figure  3.1,  Appendix  Figure  1).    

In  the  gene  bodies,  all  four  core  histones  (H2A,  H2B,  H3,  and  H4)  were  present  at  steady  

state   (mock-treated)   and   remained   relatively   constant   following   a   2   hr   IFN   treatment  

(Figure  3.1A-C,  Appendix  Figure  1A-C  and  G-I).    In  contrast,  while  the  core  histones  H2B,  

H3,  and  H4  were  readily  detected  at  ISG  promoters,  H2A  was  notably  underrepresented.    

Instead,   the  histone  variant  H2A.Z  was  detected  at   the   ISG  promoters  (Figure  3.1D-F,  

Appendix  Figure  1D-E  and  J-L).     Stimulation  with   IFN  decreased  promoter-associated  

histones,   observed   most   dramatically   for   H2A.Z,   consistent   with   the   observed  

nucleosome   reorganization   identified   at   ISG   promoters.      H2A.Z   is   well   known   for   its  

association   with   the   promoter-TSS   region   and   colocalization   with   specific   histone  

modification  marks  (i.e.  H3K4me3)  in  a  variety  of  biological  systems,  including  genes  that  

respond  to  environmental  stimuli  (Barski  et  al.,  2007;;  Hu  et  al.,  2013;;  Ku  et  al.,  2012).    As  

such,   the   presence   of   H2A.Z   at   ISG   promoters   provides   a   tractable   system   for  

investigating  H2A.Z  dynamics  and  biological  impact  in  mammalian  cells.      
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Figure  3.1:  IFN-stimulated  loss  of  histones  H2A.Z,  H2B,  H3  and  H4  at  ISG  promoters  

(A-F)  ChIP  analysis  of  histones  H4,  H3,  H2B,  H2A  and  H2A.Z  occupancy  at   the  gene  
body   (A-C)  or  gene  promoter  (D-F)  of  OAS3,   IFIT1/ISG56,   IFITM1/9-27  during  steady  
state  (Mock)  and  after  2  hr  IFNa  stimulation.    The  position  of  the  gene  body  and  promoter  
specific  primers  and  their  relative  distance  are  indicated  in  the  upper  panel  of  (A-C).  Error  
bars  denote  standard  deviation  of  technical  replicates.  Histone  occupancy  is  computed  
based  on  the  percent  input  method.  See  Appendix  Figure  1.     
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H2A.Z  is  inversely  correlated  with  ISGF3  recruitment  

The  previously  unrecognized  association  of  H2A.Z  with  ISG  promoters  suggested  

this  histone  variant  might  be  a  more  general  feature  of  ISGF3  target  genes.        To  test  this  

idea,  a  HeLa  cell  H2A.Z  ChIP-Seq  dataset  (Consortium,  2012;;  Rosenbloom  et  al.,  2013)  

was  compared  to  the  top  250  IFN-induced  STAT2  targets  (Figure  3.2A).    During  steady  

state  STAT2/ISGF3  is  absent  and  only  recruited  to  these  loci  after  IFN  stimulation.    These  

same  genomic  regions  are  packaged  in  H2A.Z-containing  nucleosomes  during  the  steady  

state.    A  clear  correlation  was  found  between  the  IFN-activated  target  genes  and  H2A.Z  

occupancy   at   steady   state   (R2=0.83),   and   examination   of   target   promoter   regions  

indicates  that  peaks  of  H2A.Z  deposition  closely  overlap  with  STAT2-binding  ISRE  sites  

(Figure   3.2B).     Strictly   speaking,   the   presence  of  H2A.Z   inversely   correlates  with   IFN  

stimulation,   and   this   relationship   is   further   verified   by   IFN   stimulation   and   recovery  

experiments.    H2A.Z  is  lost  from  ISG  promoters  while  ISGF3  is  active,  but  recovers  by  8  

hr  post-stimulation  when  ISGF3  is  inactivated  (Figure  3.2C).    H2A.Z  has  been  shown  to  

colocalize   at   active   genes   with   H3K4me3   and   at   bivalent   promoters   containing   both  

H3K4me3  and  H3K27me3  marks  (Ku  et  al.,  2012).    Consistent  with  this  observation,  the  

top   STAT2   targets   also   bear   the   active   mark   H3K4me3   (Figure   3.2A),   which   is  

coordinately   lost   from   ISGs  OAS3   and   IFIT1/ISG56   following   IFN   stimulation   (Figure  

3.2D).    
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Figure  3.2:  Histone  variant,  H2A.Z.,  is  a  dynamic  component  of  ISG  promoters  

(A)   Heatmap   depicting   steady   state   and   IFNa-recruited   STAT2   occupancy   (in-house  
ChIP-Seq)   compared  with   steady   state  H2A.Z,   H3K4me3   and  H3K27me3   occupancy  
(ENCODE  ChIP-Seq)  at   the  top  250  enriched  STAT2  target   loci  spanning  +/-  2500  bp  
from  the  STAT2  peak  center.    H2A.Z  and  STAT2  occupancy  at  these  loci  had  a  Pearson  
correlation  coefficient  of  R2  =  0.83.   (B)  Genome  browser  view  of  H2A.Z  occupancy  at  
steady  state  and  STAT2  occupancy  after  2  hr   IFNa   stimulation  at   three   ISGs,  OAS3,  
IFIT1/ISG56  and  IFITM1/9-27.  (C)  ChIP  analysis  of  H2A.Z  removal  and  recovery  after  3  
hr  IFNa  followed  by  recovery  without  IFNa  for  0  hr  or  8  hr  at  the  OAS3,  IFIT1/ISG56,  and  
IFITM1/9-27   promoters.      Error   bars   denote   standard   deviation   of   technical   replicates.  
Histone  occupancy  is  computed  based  on  the  percent  input  method.  (D)  ChIP  analysis  of  
steady  state  and  IFN-stimulated  H3K4me3  at  OAS3  and  IFIT1/ISG56  promoters.    
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Coupling  IFN  pre-treatment-siRNA  demonstrates  H2A.Z  negatively  regulates  ISGs  

The  uniform  decoration  of  ISG  promoters  with  H2A.Z,  and  its  IFN-induced  loss  and  

recovery,  suggested  a  potential  role  for  H2A.Z  in  ISG  regulation  and  biological  activity.    

To   examine   the   impact   of   H2A.Z   in   ISG   transcription,   knockdown   experiments   were  

conducted  in  cells  harboring  siRNA  against  H2A.Z  or  a  non-targeting  control  sequence.    

H2A.Z-siRNA   reduced   the   H2A.Z   gene   expression   in   both   mock-   and   IFN-treated  

samples  (Figure  3.3A).      ISG  expression  analysis  of   ISGs  OAS3  and   IFI6  with  reverse  

transcriptase-quantitative  PCR   (RT-qPCR)  demonstrated   little   to   no  difference   in   their  

transcript   abundance  between  H2A.Z-siRNA  cells   and   control   siRNA   (Figure   3.3B-C).    

Although  this  data  suggests  disrupting  H2A.Z  expression  does  not  produce  an  effect  on  

ISG  transcription,  this  result  does  not  consider  that  the  knockdown  with  siRNA  may  not  

have  affected  the  insoluble  H2A.Z  population  deposited  within  the  chromatin.    A  lack  of  

H2A.Z  disruption  at  the  chromatin  level  in  H2A.Z-siRNA  cells  would  therefore  be  similar  

to   the  chromatin  status  of  H2A.Z   in  control  siRNA  or  wild-type  cells.      In   that  case,  we  

expect  to  observe  little  difference  on  ISG  transcription  between  H2A.Z-siRNA  and  siRNA  

control  cells,  as  they  both  contain  intact  H2A.Z  nucleosomes  at  ISG  chromatin.  
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Figure   3.3:   Targeting   H2A.Z   via   siRNA   is   insufficient   to   observe   the   effects   of  
chromatinized  H2A.Z  on  ISG  expression  
Gene  expression  analysis  of  the  relative  abundance  of  (A)  H2A.Z,  (B)  OAS3,  and  (C)  IFI6  
from  HeLa  cells  transfected  with  siRNA  against  H2A.Z  for  48  hr  followed  by  either  3  hr  
mock   or   IFN   treatment.   Error   bars   denote   standard   deviation   of   technical   replicates.  
Relative  abundance  was  normalized  to  GAPDH.    
  

With   two   populations   of   H2A.Z   to   consider   in   the   cell,   the   newly   synthesized  

soluble  H2A.Z  and  the   insoluble  H2A.Z  deposited   into  chromatin,  employing  a  method  

that  can  target  both  populations  is  essential  to  observe  the  effect  of  H2A.Z  nucleosomes  

on   ISG   transcription.     However,   knockout   cell   lines  were   not   available   to   ensure   total  

H2A.Z  was  eliminated,  as  the  lack  of  H2A.Z  is  embryonic  lethal  in  mammalian  cells  (Faast  

et  al.,  2001).    Since  IFN  treatment  can  result  in  removal  of  the  chromatin  H2A.Z  from  ISG  

promoters,  an  alternative  method  using  IFN  coupled  with  H2A.Z-siRNA  was  devised  to  

reduce  both  the  chromatin-based  H2A.Z  protein  and  the  newly  synthesized  H2A.Z  (Figure  

3.4).  As  depicted  in  Figure  3.4,  cells  were  subjected  to  an  IFN  pretreatment  to  remove  

H2A.Z  nucleosome(s),   followed  by  RNA   interference  with  siRNA   to  knockdown  H2A.Z  

mRNA  and  prevent  newly  synthesized  H2A.Z  from  being  deposited  into  the  chromatin.    

The  modified  experimental  setup  with  IFN  pre-treatment  led  to  a  reduction  of  H2A.Z  at  

the  chromatin  in  mock  and  IFN  cells  compared  to  cells  with  no  pre-treatment  (Figure  3.5).    
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H2A.Z  mRNA  levels  were  reduced  following  IFN  pre-treatment  coupled  with  H2A.Z-siRNA  

knockdown  in  both  mock-  and  IFN-treated  cells  (Figure  3.6).    IFN  pre-treatment  coupled  

with  siRNA  did  not  disrupt  ISGF3-dependent  transcription,  but  instead  resulted  in  higher  

ISG  mRNA  levels  (Figure  3.6).    These  findings  for  the  first  time  link  H2A.Z  to  IFN  and  ISG  

responses,   and  are   consistent  with   a   repression   function   for  H2A.Z   in   IFN-stimulated  

gene  expression.    However,  the  use  of  IFN  stimulation  as  a  prerequisite  to  investigate  

ISG  regulation  called  for  a  complementary  strategy  to  test  this  preliminary  conclusion.  
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Figure  3.4:  Schematic  of  the  IFN  pre-treatment  coupled  with  siRNA  procedure  for  
H2A.Z  depletion  
In  the  first  phase,  HeLa  cells  are  pretreated  with  IFN  for  3  hr  to  remove  the  chromatin-
incorporated  H2A.Z.    During  the  second  phase  following  IFN  pre-treatment,  a  smartpool  
of   four  siRNA   targeting  H2A.Z  are   transfected   into  HeLa  cells   for  48  hr   to  knockdown  
H2A.Z   expression   and   prevent   newly   synthesized   H2A.Z   protein.      Cells   that   have  
undergone   the  dual-phase  H2A.Z  depletion  procedure   are   treated  with   2-6   hr   IFN   for  
further  analysis.  
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Figure  3.5:  IFN  pre-treatment  reduces  H2A.Z  occupancy  
HeLa  cells  subjected  to  mock  (-)  or  IFN  (+)  pre-treatment  are  subsequently  assayed  using  
ChIP-qPCR  for  H2A.Z  occupancy  levels  at  the  promoters  of  A)  OAS3  or  B)  IFIT1/ISG56  
during   mock   (steady   state)   or   following   IFN   stimulation.   Error   bars   denote   standard  
deviation  of   technical   replicates.  H2A.Z  occupancy   is  computed  based  on   the  percent  
input  method.    
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Figure  3.6:  IFN  pre-treatment  coupled  with  siH2A.Z  demonstrates  H2A.Z  negatively  
regulates  ISG  expression  
(A-D)   Using   the   same   procedure   outlined   in   Figure   3.4,   HeLa   cells   that   were   IFN  
pretreated  and   transfected  with   either   siRNA  against   control   or  H2A.Z   for   48   hr  were  
analyzed  for  mRNA  expression  of  A)  H2A.Z,  B)  OAS3,  C)  IFIT1/ISG56,  or  D)  IFIT2/ISG54  
in  HeLa  cells  mock-  or  IFN-treated  for  3  or  6  hr.    Error  bars  denote  standard  deviation  of  
technical  replicates.  Relative  gene  expression  was  normalized  to  GAPDH.    
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Lentivirus-mediated  shRNA  targeting  H2A.Z  enhances  ISG  response  

  
Loss  of  H2A.Z  increases  ISG  mRNA  induction  

Previously,  the  use  of  an  IFN  pre-treatment  coupled  with  H2A.Z-siRNA  knockdown  

scheme  achieved  disruption  of  H2A.Z  at  the  chromatin  and  led  to  an  upregulation  of  ISG  

expression   during   the   IFN   response   compared   to   control   cells,   indicating   H2A.Z  

negatively   regulates   ISG   transcription.      However,   being   able   to   demonstrate   this  

phenomenon  in  the  absence  of  IFN  pre-treatment  would  eliminate  the  dual  IFN  treatments.    

In   contrast   to   the   transient   knockdown   siRNA   (Bartlett   and   Davis,   2006),   lentivirus-

packaged  shRNA  is   incorporated   into   the  genome  providing  a  more  stable  and  robust  

knockdown   system.      Therefore,   as  an  alternative  method   to   investigate   the   impact  of  

H2A.Z   in   the   IFN   response   and   ISG   transcription,   knockdown   experiments   were  

conducted  in  HeLa  cells  harboring  lentivirus-mediated  shRNA  targeting  H2A.Z  or  a  non-

silencing  control  sequence  (Figure  3.7).    H2A.Z  mRNA  levels  did  not  change  due  to  IFN  

stimulation  and  shRNA  expression  resulted  in  a  significant  decrease  in  H2A.Z  mRNA  (70-

78%)  (Figure  3.8A,  Appendix  Figure  2A,  2C,  and  2E).    Cells  harboring  lentivirus-H2A.Z-

shRNA  reduced  H2A.Z  protein  levels  by  64-67%  (Figure  3.8B).    ISG  mRNA  levels  were  

measured  by  RT-qPCR  in  H2A.Z-shRNA  and  control  cells  (Figure  3.8C,  Appendix  Figure  

2B,  2D,  and  2F).    For  all  loci  tested,  increased  ISG  mRNA  levels  (2-6  fold)  were  observed  

in  H2A.Z-shRNA  cells  compared  to  control  cells.    This  data  indicates  H2A.Z  negatively  

regulates  ISG  transcription  and  supports  the  initial  conclusion  derived  from  the  IFN  pre-

treatment  coupled  with  H2A.Z-siRNA  experiment  (Figure  3.6).  
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Figure  3.7:  Schematic  of  control  and  H2A.Z  knockdown  using  lentivirus-mediated  
shRNA  interference  
Lentivirus  packaging  plasmids,  pUC-MDC  and  pD8.91,  and  either  shRNA  plasmid  against  
control  (top)  or  H2A.Z  (bottom)  were  transfected  into  293T  cells.    Lentivirus  containing  
control  or  H2A.Z  shRNA  from  293T  cells  were  harvested  after  24  hr  and  used  to  transduce  
target  HeLa  or  2fTGH  cells  for  24  hr.  HeLa  or  2fTGH  cells  were  transduced  with  fresh  
lentivirus  after  20-24  hrs  for  up  to  3-4  times.    H2A.Z  or  control  knockdown  cells,  containing  
either  a  reduced  or   intact  abundance  of  H2A.Z,   respectively,  were  harvested  after  3-4  
times  of  transduction  for  further  analysis.  
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Figure  3.8:  H2A.Z  suppresses  ISG  mRNA  expression  

HeLa  cells  were   transduced  with  an  shRNA  vector   targeting  H2A.Z  or  a  non-targeting  
control.  (A)  H2A.Z  mRNA  levels  were  quantified  by  RT-qPCR  in  unstimulated  and  10  hr  
IFNa-stimulated  H2A.Z  knockdown  or  control  cells.  (B)  Immunoblot  of  protein  expression  
in  control  or  H2A.Z  knockdown  HeLa  cells  with  or  without  1  hr  IFNa  treatment.  Error  bars  
denote  standard  deviation  of  technical  replicates.  H2A.Z  expression  level  normalized  to  
GAPDH  indicated  at  %  of  control.  (C)  Levels  of  ISG  mRNAs,  IFIT1/ISG56,  IFIT2/ISG54,  
IFITM1/9-27,  OAS3,  ISG15,  and  LOC100419583  were  measured  as  in  A.  See  Appendix  
Figure  2.     
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Loss  of  H2A.Z  enables  greater  ISGF3  recruitment  

The   predominant   transcription   factor   that   activates   ISG   transcription   is   ISGF3  

(STAT1,  STAT2,  IRF9).    The  increased  ISG  expression  observed  in  H2A.Z-shRNA  cells  

suggested   the   possibility   of   altered   ISGF3  occupancy.      In  H2A.Z   shRNA-incorporated  

cells,  ChIP  assays  of  STAT2  occupancy  demonstrated  that  depletion  of  H2A.Z  results  in  

increased  levels  of  STAT2  occupancy  at  ISG  promoters  after  IFN  stimulation,  compared  

to  control  cells  (Figure  3.9A,  Appendix  Figure  3),  resulting  in  a  51-98%  increase  in  ChIP  

signals  at   individual   ISG   loci.     This  observation  was  not  only  observed  at  classic   ISG  

promoters  (i.e.  IFIT1/ISG56),  but  also  at  sites  with  a  strong  recruitment  of  ISGF3  including  

LOC100419583  (Figure  2.4,  Figure  3.9A,  Appendix  Figure  3).    Similar  levels  of  total  and  

tyrosine-phosphorylated  STAT1  and  STAT2  were  found  in  control  and  knockdown  cells,  

confirming   that  H2A.Z  knockdown  did  not  alter   IFN-JAK-STAT  signaling  (Figure  3.9B).    

These   results   indicate   H2A.Z-containing   nucleosomes   restrict   maximal   IFN-induced  

ISGF3  occupancy  at  ISG  promoters.    The  increase  in  ISGF3  occupancy  due  to  H2A.Z  

deficiency  results  in  increased  ISG  mRNA  expression  (Figure  3.8C).  

  

  



  

  

100  

  

  

Figure  3.9:  H2A.Z  suppresses  ISGF3  occupancy  

HeLa  cells  were   transduced  with  an  shRNA  vector   targeting  H2A.Z  or  a  non-targeting  
control.  (A)  ChIP  analysis  of  STAT2  occupancy  in  H2A.Z  knockdown  or  control  HeLa  cells  
with  or  without  1  hr  IFNa  stimulation  at  promoters  of  IFIT1/ISG56,  IFIT2/ISG54,  IFITM1/9-
27,  OAS3,  ISG15,  and  LOC100419583.    %  indicates  the  increased  percentage  of  STAT2  
occupation  in  shH2A.Z  cells  compared  to  non-targeting  control  cells.    Error  bars  denote  
standard  deviation  of  technical  replicates.  STAT2  occupancy  is  computed  based  on  the  
percent  input  method.  (B)  Immunoblot  of  STAT1,  phospho-tyrosine  701  STAT1,  STAT2,  
and   phospho-tyrosine   690   STAT2   protein   expression   in   control   or   H2A.Z   knockdown  
HeLa  cells  with  or  without  1  hr  IFNa  treatment.  See  Appendix  Figure  3.    
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Loss  of  H2A.Z  enhances  the  IFN-stimulated  antiviral  response  

The  IFN-stimulated  transcriptional  response  is  the  primary  cell-autonomous  innate  

antiviral   response   that   inhibits  virus  replication   (Stark  and  Darnell,  2012).     To   test   the  

overall  phenotypic  impact  of  H2A.Z  deficiency  in  the  IFN  response,  a  biological  response  

assay  was  used  to  assess  a  role  for  H2A.Z  in  IFN-induced  antiviral  protection.    H2A.Z-

shRNA  and  control  shRNA  cells  were  stimulated  with  IFN  for  9  hr  to  establish  an  antiviral  

state,   then   challenged   with   vesicular   stomatitis   virus   (VSV)   infection,   overlayed   with  

agarose,   and   quantified   the   viral   plaques.      Virus   replication   was   virtually   identical   in  

H2A.Z-shRNA  or  control  shRNA  cells  in  the  absence  of  IFN  stimulation,  irrespective  of  

H2A.Z  depletion  (Figure  3.10A).    In  contrast,  IFN-mediated  virus  interference  was  clearly  

increased   in   the  H2A.Z-shRNA  cells  compared  to  control  cells,   resulting   in  2-5x   fewer  

plaques   in   the   absence   of   H2A.Z   in   2fTGH   (Figure   3.10B-C)   and  HeLa   cells   (Figure  

3.10D).    This  increased  antiviral  protection  observed  under  reduced  H2A.Z  conditions  is  

consistent   with   increased   ISGF3   recruitment   and   ISG   transcription,   and   supports   the  

conclusion  that  H2A.Z  acts  as  a  negative  regulator  of  antiviral  responses  in  human  cells.  
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Figure  3.10:  H2A.Z  suppresses  IFN-mediated  antiviral  protection  

(A)   Plaque   assay   in   2fTGH   cells   harboring   a   non-targeting   control   shRNA   or   H2A.Z  
shRNA.    Cells  were  inoculated  with  a  VSV  titration  for  1.5  hr  with  no  IFN  stimulation  and  
overlaid  with   2%  DMEM-agar   at  37ºC   for   24   hr   before   staining  with   crystal   violet.   (B)  
Plaque  assay  of  2fTGH  cells  harboring  shRNA  non-targeting  control  or  H2A.Z  shRNA.    
Cells  were  treated  for  9  hr  with  IFNa  before  inoculation  with  VSV,  then  incubated  for  48  
hr  before  staining  with  crystal  violet.  (C)  Plaque  assay  in  2fTGH  cells  harboring  control  
shRNA   or   H2A.Z   shRNA.      Cells   were   treated   for   9   hr   with   IFNa,   followed   by   1.5   hr  
inoculation  with  a  titration  of  vesicular  stomatitis  virus  (VSV),  then  overlaid  with  DMEM-
agar  at  37ºC  for  72  hr  before  staining  with  crystal  violet.  (D)  Same  as  C,  but  in  control  or  
H2A.Z-deficient  HeLa  cells.       
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IFN-stimulated  H2A.Z  eviction  requires  ISGF3  

The   findings   from   the   previous   section,   where   reduction   of   H2A.Z   expression  

results  in  the  enhancement  of  IFN-stimulated  antiviral  protection,  ISGF3  occupancy,  and  

ISG  expression,   implicate  a  negative  role   for  H2A.Z   in   IFN  signaling.     To  complement  

these   functional   studies,   I   sought   to   characterize   the   cellular   machinery   required   for  

H2A.Z  remodeling  by  IFN.    During  the  IFN  response,  ISGF3  mediates  the  recruitment  of  

coactivators  that  function  to  modify  histones  and  remodel  chromatin.    Furthermore,  IFN-

induced   H2A.Z   removal   coincides   temporally   with   ISGF3   recruitment   (Figure   3.2),  

suggesting  that  ISGF3  may  recruit  cofactors  that  remodel  H2A.Z  nucleosomes  following  

IFN   stimulation.     To  determine  whether   IFN-induced  H2A.Z  dynamics   requires   ISGF3  

activity,  H2A.Z   loss  was  examined   in  a  series  of  cell   lines  with  single  gene  defects   in  

ISGF3   components   STAT1,   STAT2,   or   IRF9   (John   et   al.,   1991;;   Leung   et   al.,   1995;;  

McKendry  et  al.,  1991).      In   the  IFN-responsive  parent  2fTGH  cells,  H2A.Z   localized  at  

ISG  promoters  and  was  lost  following  IFN  stimulation  (Figure  3.11A).    In  contrast,  in  the  

daughter  cell  lines  U3A,  U6A,  and  U2A,  with  defects  in  either  STAT1,  STAT2,  or  IRF9,  

H2A.Z   remained   at   ISG   promoters   following   IFN   stimulation,   indicating   that   ISGF3   is  

required  for  efficient  H2A.Z  removal  (Figure  3.11B-D).    
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Figure  3.11:  H2A.Z  removal  requires  ISGF3  
(A)  ChIP  analysis  of  H2A.Z   in  2fTGH  cells  with   intact   ISGF3  at   the  promoter  region  of  
OAS3,  IFIT1/ISG56  and  IFITM1/9-27  with  mock  or  3  hr  IFNa  treatment.  Error  bars  denote  
standard  deviation  of  technical  replicates.  (B)  Same  as  A  but  with  STAT2-deficient  U6A  
cells.  (C)  Same  as  A  but  with  STAT1-deficient  U3A  cells.  (D)  Same  as  A  but  with  IRF9-
deficient  U2A  cells.     
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Investigating  Candidate  Factors  Facilitating  the  IFN-induced  H2A.Z  Eviction  
Several   histone   and   chromatin   modifying   activities   have   been   linked   to  

transcriptional  activation  by  IFN  signaling  and  ISGF3,  including  HATs,  HDACs,  and  the  

remodeling   machines   related   to   BAF/pBAF   (termed   SWI/SNF   in   yeast)   and   INO80  

(Bhattacharya  et  al.,  1996;;  Chang  et  al.,  2004;;  Cui  et  al.,  2004;;  Gnatovskiy  et  al.,  2013;;  

Huang  et   al.,   2002;;   Liu  et   al.,   2002;;  Nusinzon  and  Horvath,   2003;;  Patel   et   al.,  2013;;  

Paulson  et  al.,  2002;;  Sakamoto  et  al.,  2004).    In  lower  eukaryotes  homologous  machinery  

has  been  implicated  in  H2A.Z  deposition  and  removal;;  the  yeast  chromatin  remodeling  

complexes  SWR1  (human  SRCAP)  and  INO80  have  been  implicated  in  H2A.Z  deposition  

and  removal,  respectively,  (Kobor  et  al.,  2004;;  Mizuguchi  et  al.,  2004;;  Yen  et  al.,  2013).    

In   mouse,   the   ANP32E   factor   is   recognized   as   a   histone   H2A.Z   chaperone   at   some  

genomic   loci   (Obri  et  al.,  2014).     These  factors  are  associated  with  the   IFN  response,  

H2A.Z  regulation,  or  both  and  are  potential  candidates  to  evaluate  for  facilitating  the  IFN-

induced  eviction  of  H2A.Z.  

  

RVB1  and  RVB2  do  not  alter  IFN-induced  H2A.Z  eviction  in  siRNA  experiments  
In  mammals,  the  RVB1  (RUVBL1)  and  RVB2  (RUVBL2)  proteins  that  are  subunits  

of  chromatin  remodeling  complexes,  BAF,  INO80,  SWR1  (SRCAP),  and  TIP60  (Huen  et  

al.,  2010),  were  found  to  cooperate  with  STAT2  and  regulate  ISGF3  transcriptional  activity,  

but  through  an  unknown  mechanism  (Gnatovskiy  et  al.,  2013).    Furthermore,  SWI/SNF  

(BAF)  can   remodel   the  chromatin  structure  of   the   ISGs   IFITM1/9-27  and   IFITM3/1-8U  

(Cui  et  al.,  2004;;  Liu  et  al.,  2002)  and  the  ATPase  subunit  BRG1  (SMARCA4)  is  required  
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for  a  subset  of  ISG  transcription  (Huang  et  al.,  2002).    While  SWR1  (SRCAP)  and  INO80  

machinery  are  implicated  in  the  deposition  and  removal  of  H2A.Z  (Mizuguchi  et  al.,  2004;;  

Papamichos-Chronakis  et  al.,  2011).    

To   determine   whether   RVB1   and/or   RVB2   regulates   H2A.Z   at   ISG   promoters  

during  the  IFN  response,  RNA  interference  was  performed  with  siRNA  against  RVB1  and  

RVB2   compared   with   a   non-targeting   control   siRNA.      RVB1-   and   RVB2-siRNA  

knockdown   reduced  RVB1  and  RVB2  gene  expression   in  mock  and   IFN-treated   cells  

(Figure  3.12A-B).    In  cells  with  reduced  RVB1  and/or  RVB2  under  mock  conditions,  an  

increase  in  H2A.Z  occupancy  was  observed  at  ISG  promoters  of  OAS3,  IFIT1/ISG56,  and  

IFITM1/9-27   compared   to   control   cells   (Figure   3.12C-E).      In  RVB1-   and  RVB2-siRNA  

knockdown  and  control  cells,   IFN   induced  the   loss  of  H2A.Z  (Figure  3.12C-E).     These  

results  suggest  RVB1  and  RVB2  are  not  required  for  IFN-induced  H2A.Z  removal,  though  

they  may  alter  steady  state  H2A.Z  occupancy.  
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Figure  3.12:  siRNA  targeting  RVB1  and  RVB2  did  not  inhibit  IFN-induced  H2A.Z  loss  
HeLa  cells  were  transfected  with  siRNA  against  control,  RVB1,  or  RVB2  for  48  hr  then  
mock-  or  IFN-treated  for  2  hr.  (A-B)  The  mRNA  abundance  of  A)  RVB1  and  B)  RVB2  in  
siControl,  siRVB1,  or  siRVB2  knockdown  cells.  Relative  abundance  was  normalized  to  
GAPDH.   (C-E)   ChIP   assays   of   H2A.Z   occupancy   in   siControl,   siRVB1,   or   siRVB2  
knockdown  cells  at  the  ISG  promoters  of  A)  OAS3,  B)  IFIT1/ISG56,  or  C)  IFITM1/9-27.  
Error  bars  denote  standard  deviation  of  technical  replicates.  ChIP  H2A.Z  occupancy  was  
measured  as  a  percent  of  the  input  DNA.  
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INO80  and  its  RVB  associates  do  not  alter  IFN-induced  H2A.Z  eviction  
Due  to  the  connection  RVB1  and  RVB2  had  with  both  the  IFN  system  and  H2A.Z  

regulation,  an  alternative  experiment  was  performed  to  verify  the  previous  siRNA-based  

result  and  examine  the  associated  INO80  complex,  which  is  implicated  in  H2A.Z  removal  

(Papamichos-Chronakis  et  al.,  2011).    To  target  the  INO80  complex,  shRNA  was  used  to  

knockdown  the  INO80  ATPase  subunit  and  its  associates,  RVB1  and  RVB2  (Figure  3.13).    

A   reduction   in   INO80,   RVB1   and   RVB2   expression   was   demonstrated   in   shRNA  

knockdown  cells  (Figure  3.13A).    INO80,  RVB1  and  RVB2  were  not  upregulated  following  

IFN  treatment  indicating  they  are  not  ISGs  (Figure  3.13A).    INO80  and  RVB2  interference  

had  little  effect  on  IFN-induced  mRNA  expression,  whereas  RVB1  interference  effectively  

prevented  ISG  transcription  (Figure  3.13B).    Examination  of  H2A.Z  occupancy  revealed  

that  none  of  these  INO80  complex  proteins  were  required  for  H2A.Z  removal  following  

IFN  stimulation,  although  it  is  interesting  to  note  that  RVB1  shRNA  led  to  greater  H2A.Z  

ChIP  signals  at  steady  state  (Figure  3.13C).  Together,  this  shRNA  experiment  and  the  

previous   siRNA   experiment   rule   out   RVB1,  RVB2,   and   INO80   in   the   process   of   IFN-

mediated  H2A.Z  removal.  
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Figure  3.13:  shRNA  targeting  INO80,  RVB1  and  RVB2  do  not  mediate  H2A.Z  eviction  
(A-C)  HeLa  cells  were  transduced  with  shRNA  vectors  targeting  INO80,  RVB1,  RVB2  or  
control.   (A)   Expression   of   shRNA   targets   in   mock   and   3   hr   IFNa-treated   cells   was  
measured  by  RT-qPCR.  (B)  IFIT1/ISG54  and  IFIT2/ISG56  mRNA  expression  in  mock  and  
3  hr  IFNa-treated  cells  harboring  the  indicated  shRNA  was  measured  by  RT-qPCR.  (C)  
ChIP  assay  of  H2A.Z  occupancy  at  IFIT1/ISG56  and  IFIT2/ISG54  promoters  in  mock  and  
2  hr  IFNa-treated  cells  containing  the  indicated  shRNA  target.  Error  bars  denote  standard  
deviation  of  biological  replicates.  ChIP  occupancy  was  computed  as  a  percent  of  the  input  
DNA.  
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SRCAP  and  ANP32E  do  not  regulate  IFN-induced  H2A.Z  eviction  

   Two  additional  factors  implicated  in  H2A.Z  regulation  are  the  chromatin  remodeling  

complex  SWR1  and  the  mammalian  histone  chaperone  ANP32E.    The  SWR1  remodeling  

complex  contains  RVB1,  RVB2,  and  the  ATPase  subunit  SWR1  (SRCAP),  among  other  

subunits.    SWR1  (SRCAP)  catalyzes  the  exchange  of  H2A.Z  for  H2A  in  yeast  (Mizuguchi  

et   al.,   2004;;   Obri   et   al.,   2014).      It   is   not   known   whether   SWR1   (SRCAP)   can   also  

participate   in   the  reverse  exchange  of  H2A  for  H2A.Z  though.     The  second  candidate,  

ANP32E,  is  recognized  as  a  mammalian  histone  H2A.Z  chaperone  for  removing  H2A.Z  

at  genomic  loci  in  mice  (Obri  et  al.,  2014).          

Neither  the  SRCAP  nor  ANP32E  factor  have  been  implicated  in  the  IFN  system,  

but  their  role  in  regulating  H2A.Z  dynamics  in  other  systems  supports  examining  whether  

they   facilitate   IFN-induced   H2A.Z   removal.      To   determine   whether   SRCAP   and/or  

ANP32E  mediates  H2A.Z  removal  during  the  IFN  response,  disruption  with  siRNA  against  

SRCAP  or  ANP32E  was  performed  (Figure  3.14A-B).    In  cells  containing  siRNA  against  

SRCAP,   mRNA   expression   of   SRCAP   was   reduced   (Figure   3.14A).      Both   SRCAP  

knockdown  and  control  cells  exhibited  IFN-induced  H2A.Z  removal,  indicating  SRCAP  is  

not   required   for   IFN-induced   H2A.Z   removal   (Figure   3.14C-D).      On   the   other   hand,  

knockdown   of   SRCAP   resulted   in   an   unexpected   increase   in   steady-state   H2A.Z  

occupancy  at   ISG  promoters   (Figure   3.14C-D).     Since  SRCAP   (SWR1)   had  a   role   in  

depositing  H2A.Z  into  chromatin  (Kobor  et  al.,  2004;;  Krogan  et  al.,  2003;;  Mizuguchi  et  al.,  

2004),   the   initial   expectation  was   that   under   reduced   SRCAP   conditions,   less  H2A.Z  

deposition  would  be  observed.    Instead,  reducing  SRCAP  resulted  in  increased  levels  of  
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steady  state  H2A.Z  occupancy  at  ISGs,  which  may  have  resulted  in  the  higher  residual  

H2A.Z  occupancy  even  after  IFN-induced  removal  (Figure  3.14C-D).    This  data  indicates  

SRCAP  does  not  catalyze  the  loss  of  H2A.Z  during  the  IFN  response,  but  does  regulate  

steady  state  H2A.Z  occupancy  levels  in  mammalian  cells  and  may  not  be  limited  to  its  

previously  recognized  H2A.Z  deposition  role  during  steady  state.  

   The  mammalian  H2A.Z   chaperone  ANP32E   (Figure   3.14B)   is   implicated   in   the  

removal  of  H2A.Z  from  many  genomic  loci  in  mice  and  can  interact  with  H2A.Z  based  on  

a  structural  analysis  (Obri  et  al.,  2014).      In  both  ANP32E  knockdown  and  control  cells  

(Figure  3.14B)  similar   levels  of  steady-state  H2A.Z  were  observed  at   ISG,  OAS3  and  

IFIT1/ISG56,  promoters  (Figure  3.14C-D).    IFN  stimulation  resulted  in  H2A.Z  loss  from  

ISG  promoters   in  ANP32E  knockdown  and   control   cells   (Figure   3.14C-D).     Similar   to  

SRCAP  knockdown  cells  but  to  a  lesser  extent,  the  IFN-stimulated  ANP32E  knockdown  

cells   also   exhibited   higher   H2A.Z   occupancy   levels   than   control   cells,   notably   at   the  

IFIT1/ISG56  promoter  (Figure  3.14C-D).    This  data  suggests  ANP32E  is  not  required  for  

facilitating   IFN-induced   H2A.Z   eviction   at   ISGs,   but   does   not   completely   rule   out   a  

supportive  role  for  ANP32E  in  a  gene-specific  manner.  
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Figure  3.14:  SRCAP  and  ANP32E  are  not  required  for  IFN-induced  H2A.Z  loss  

HeLa   cells   were   transfected   with   siRNA   against   control   (non-targeting   sequence),  
SRCAP,  or  ANP32E.      (A)  SRCAP  mRNA  expression   in  control  or  SRCAP  knockdown  
cells   was   measured   with   RT-qPCR   and   normalized   to  GAPDH.   (B)   ANP32E   mRNA  
expression   was   measured   with   RT-qPCR   and   normalized   to   GAPDH   in   control   or  
ANP32E  knockdown  cells  following  mock  or  IFN  treatment.  (C-D)  ChIP  assay  of  H2A.Z  
occupancy  at  C)  OAS3  and  D)  IFIT1/ISG56  promoters  in  control,  siSRCAP,  or  siANP32E  
knockdown   cells  mock-treated   or   treated  with   3   hr   IFNa.   Error   bars   denote   standard  
deviation  of  technical  replicates.  ChIP  occupancy  was  computed  as  a  percent  of  the  input  
DNA.     
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SWI/SNF  does  not  alter  IFN-dependent  H2A.Z  removal  

ISGF3,   through   STAT2,   associates   with   the   homologous   yeast   SWI/SNF   and  

human  BAF/pBAF  remodeling  complex  through  the  ATPase  subunit,  BRG1  (Chi,  2004).    

BRG1  is  required  for  the  transcription  of  ISGs  IFI27  and  IFITM1/9-27,  but  not  ISG15,  IFI6,  

STAT1,  and  STAT2.    The  mechanism  underlying  the  differential  requirement  of  BRG1  is  

unknown  (Huang  et  al.,  2002).     However,  BAF  subunits  BRG1  and  BAF47  have  been  

implicated   in   remodeling   ISG,   IFITM1/9-27   and   IFITM3/1-8U,   promoter   nucleosomes  

during   IFN   stimulation   (Cui   et   al.,  2004;;   Liu  et   al.,   2002).     These   studies   indicate   the  

BAF/pBAF  complex   is   recruited   to  remodel   ISG  promoter  nucleosomes,  which  contain  

H2A.Z,  and  suggests  the  BAF  complex  may  remodel  H2A.Z-containing  nucleosomes  at  

ISG  promoters.    Furthermore,  H2A.Z  and  the  SWI/SNF  remodeling  complex  are  thought  

to   be   partially   redundant   in   yeast,   where   deletion   of   H2A.Z   increases   the   need   for  

SWI/SNF  (Santisteban  et  al.,  2000).    Here,  interference  of  the  SWI/SNF  (BAF)  complex  

with   the   BRG1/BRM   inhibitor,   PFI-3,   potently   inhibited   ISG   activation   (Figure   3.15A).    

However,   this   treatment   did   not   alter   IFN-dependent   H2A.Z   removal   (Figure   3.15B),  

indicating  the  role  of  BRG1  and  the  SWI/SNF  complex  in  the  IFN  response  is  independent  

of  H2A.Z  dynamics.  
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Figure  3.15:  SWI/SNF  (BRG1)  does  not  alter  IFN-induced  H2A.Z  loss  

HeLa   cells   were   mock-treated   or   IFNa-treated   with   or   without   PFI-3   (inhibits  
BRG1/SMARCA4)  for  3  hr,  then  analyzed  for  (A)  IFIT1/ISG56  mRNA  expression  by  RT-
qPCR   and   (B)   ChIP   assays   of   H2A.Z   occupancy   at   IFIT1/ISG56   and   IFIT2/ISG54  
promoters.      
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HDAC  activity  does  not  alter  H2A.Z  dynamics  

Histone   deacetylase   (HDAC)  activity   is   commonly   associated  with   transcription  

repression   (Delcuve   et   al.,   2012;;   Grunstein,   1997),   whereas   for   ISG   transcription  

activation   HDAC   activity   is   absolutely   required.      Through   experiments   using   HDAC  

inhibitors,  trichostatin  A  (TSA)  and  sodium  butyrate,  ISG  expression  was  globally  inhibited  

or  downregulated   (Chang  et  al.,  2004;;  Nusinzon  and  Horvath,  2003;;  Sakamoto  et  al.,  

2004).      HDAC1   was   specifically   implicated   in   the   process   and   interacts   with   STAT2  

(Nusinzon  and  Horvath,   2003).     However,  HDAC   inhibition   did   not  affect   IFN-induced  

STAT2   recruitment,   but   prevented   Pol   II   recruitment   to   the   IFIT2/ISG54   promoter  

(Sakamoto   et   al.,   2004).      H2A.Z   dynamic   regulation   is   also   under   acetylation   control  

(Sevilla   and   Binda,   2014),   suggesting   a   potential   relationship   between   the   HDAC  

requirement  for  ISGs  and  IFN-induced  H2A.Z  removal.    To  evaluate  the  effect  of  HDAC  

inhibition  on  H2A.Z  dynamics,  cells  were  mock-treated  or  treated  with  IFN  in  the  presence  

or  absence  of   the  HDAC  inhibitor,  TSA.     Treatment  with  TSA  potently   inhibited   ISGF3  

transcriptional  activity  (Figure  3.16A),  but  no  effect  was  observed  for  H2A.Z  in  the  ChIP  

assay  (Figure  3.16B),  ruling  out  class  I  and  II  HDACs  in  this  process.      
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Figure  3.16:  HDAC  activity  does  not  alter  H2A.Z  loss  

HeLa   cells   were  mock-   or   IFNa-treated   for   3   hr   with   or   without   TSA   (inhibits   HDAC  
activity).   (A)   IFIT1/ISG56  and   IFIT2/ISG54  mRNA  expression   in  mock  and  3  hr   IFNa-
treated  cells  measured  by  RT-qPCR.  (B)  ChIP  assay  of  H2A.Z  occupancy  at  IFIT1/ISG56  
and  IFIT2/ISG54  promoters  in  mock  and  3  hr  IFNa-treated  cells  with  or  without  TSA.  Error  
bars  denote  standard  deviation  of  technical  replicates.  ChIP  occupancy  was  computed  
as  a  percent  of  the  input  DNA.     
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GCN5,  but  not  CBP,  and  BRD2  mediate  IFN-induced  H2A.Z  removal  

Histone  H3  and  H4  acetylation   levels  are  altered   in  response  to   IFN  stimulation  

and  HAT  activity  is  required  for  ISG  expression  (Nusinzon  and  Horvath,  2003;;  Paulson  et  

al.,  2002).    The  histone  acetyltransferases  (HATs),  CBP/p300  and  GCN5,  interact  with  

ISGF3   and   participate   in   ISG   transcription   (Bhattacharya   et   al.,   1996;;   Paulson   et   al.,  

2002).    Genomic  sites  harboring  CBP/p300  and  H2A.Z  have  been  correlated  with  specific  

binding  of  enhancers  by  pioneer  transcription  factors  (Cauchy  et  al.,  2017).    To  determine  

whether   CBP   mediates   IFN-induced   H2A.Z   removal   through   its   interaction   with  

STAT2/ISGF3,   cells   containing   shRNA   targeting  CBP  or   a   non-silencing   control  were  

examined.    Targeting  CBP  by  lentiviral-packaged  shRNA  interfered  with  ISG  transcription  

and  reduced  steady-state  H2A.Z  levels  at  ISG  promoters,  but  H2A.Z  was  removed  after  

IFN   stimulation   indicating  CBP  does  not  mediate   IFN-induced  H2A.Z   removal   (Figure  

3.17).      
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Figure  3.17:  CBP  does  not  alter  H2A.Z  loss  

HeLa   cells   were   transduced   with   shRNA   vectors   targeting  CBP   or   control.   (A)   Gene  
expression  of  CBP  in  mock  and  3  hr  IFNa-treated  cells  containing  shControl  or  shCBP  
was   measured   by   RT-qPCR   and   normalized   to   GAPDH.   (B)   IFIT1/ISG56   mRNA  
expression   in   mock   and   3   hr   IFNa-treated   cells   harboring   shControl   or   shCBP   was  
measured  by  RT-qPCR  and  normalized  to  GAPDH.  (C)  ChIP  assay  of  H2A.Z  occupancy  
at  IFIT1/ISG56  and  IFIT2/ISG54  promoters  in  mock  and  2  hr  IFNa-treated  cells  containing  
shControl  or  shCBP.  Error  bars  denote  standard  deviation  of  technical  replicates.  ChIP  
occupancy  was  computed  as  a  percent  of  the  input  DNA.  
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GCN5  is  also  required  for  ISG  transcription  and  interacts  with  STAT2  (Paulson  et  

al.,  2002).    Other  studies  have  attributed  acetylation  of  histones  H2A.Z,  H3,  and  H4  to  

GCN5  HAT  activity   (Anamika  et  al.,  2010;;  Millar  et  al.,  2006).     To   test  whether  GCN5  

activity   mediates   IFN-induced   H2A.Z   loss,   cells   treated   with   IFN   in   the   presence   or  

absence  of  a  GCN5  inhibitor,  MB-3,  were  compared  to  mock-treated  cells  in  RT-qPCR  

and  ChIP  assays.    Inhibition  with  MB-3  not  only  downregulated  ISG  transcription  (Figure  

3.18A,  C),  but  also  abrogated  IFN-induced  H2A.Z  loss  in  HeLa  and  2fTGH  cells  (Figure  

3.18B,  D).      

GCN5   or   GCN5-containing   HAT   complexes   have   been   shown   to   acetylate  

histones  H3,  H4,  and  H2A.Z,  and  these  acetylated  lysines  can  in  turn  be  recognized  by  

bromodomain-containing   factors.      Bromodomains   in   the   BET   family   proteins,   BRD2,  

BRD3,  BRD4  and  BRDT,  recognize  and  bind  to  acetylated  lysine  residues  on  histones  to  

execute   histone   chaperone   activities   and   recruit   transcriptional  machinery   (Taniguchi,  

2016).      In   the   IFN   response,  BRD4   is   an  adaptor  used   for   recruitment   of   pTEFb  and  

NELF/DSIF   for   ISG   transcription   elongation   (Patel   et   al.,   2013).  While   BRD2   has   not  

previously  been  examined  for  a  role  in  the  IFN  system,  it  has  been  shown  to  preferentially  

associate  with  H2A.Z-containing  nucleosomes  rather  than  H2A;;  moreover,  its  recruitment  

has  been   linked   to  H2A.Z  and  acetylated  H4K12   (Draker  et  al.,  2012).     Both   the  BET  

inhibitor,  JQ1  (targeting  BRD4  and  BRD2)  and  BIC1  (a  more  selective  BRD2  inhibitor),  

were  able  to  interfere  with  ISG  transcription  and  prevent  IFN-stimulated  H2A.Z  removal  

including  acetylated  H2A.Z  (Figure  3.18-3.19).    Together,  these  results  demonstrate  the  
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GCN5  histone  acetyltransferase  and  BRD2  bromodomain  binding  activity  are  required  to  

regulate  IFN-induced  H2A.Z  removal.       
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Figure  3.18:  GCN5  and  BRD2  are  essential  to  IFN-induced  H2A.Z  loss  

(A-B)  HeLa  cells  were  pretreated  with  MB-3  (inhibits  KAT2A/GCN5)  or  BET  inhibitors  JQ1  
(inhibits  BRDs)  or  BIC1  (inhibits  BRD2)  for  1  hr,  mock-treated  or  stimulated  with  IFNa  for  
3   hr,   then   analyzed   for   (A)   IFIT1/ISG56   and   IFIT2/ISG54  mRNA   expression   and   (B)  
H2A.Z  occupancy  at  IFIT1/ISG56  and  IFIT2/ISG54.  Error  bars  denote  mean  ±  SD  of  one  
representative  experiment  with  technical  triplicates.  (C-D)  Same  as  A-B  except  in  2fTGH  
cells.  
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Figure  3.19:  IFN-stimulated  acetylated  H2A.Z  loss  requires  BRD2  

(A)  ChIP  analysis  of  acetylated  H2A.Z  (AcH2A.Z;;  K4,  K7,  K11)  after  mock,  3  hr  IFNa,  or  
1  hr  pre-incubation  with  BIC1  followed  by  3  hr  IFNa/BIC1  treatment  at  the  gene  promoters  
of   IFIT1/ISG56,   IFIT2/ISG54,   IFIT3/ISG60,  OAS3,   IFITM1/9-27,   and   LOC100419583.  
Normalized   to   percent   (%)   input.   Error   bars   denote   mean   ±   SD   of   a   representative  
experiment  with  three  technical  replicates.    
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DISCUSSION  

Direct  examination  of  the  histone  composition  of  ISG  promoters  not  only  confirmed  

the  IFN-induced  nucleosome  loss,  but  also  identified  an  absence  of  histone  H2A.    In  its  

place,  the  H2A  variant  H2A.Z  was  found  to  be  enriched  at  or  near  the  ISRE  regions  of  

most  highly-responsive  ISGs  prior  to  IFN  stimulation.    H2A.Z  presence  at  ISG  promoters  

was  found  to  be  tightly  but  inversely  correlated  with  IFN-stimulated  STAT2  occupancy,  

and   IFN   stimulation   induced   acute   and   transient   loss   of   H2A.Z   at   ISG   promoters  

coinciding  with  the  cycle  of  ISGF3  activation,  inactivation,  and  transcription  attenuation.    

H2A.Z  removal  requires  ISGF3  components  STAT1,  STAT2,  or  IRF9,  indicating  a  role  for  

ISGF3   in   recruiting   and   coordinating   machinery   for   H2A.Z   nucleosome   eviction.    

Identification  of  H2A.Z  at   ISG  promoters   is   in  agreement  with   the  general  paradigm  of  

H2A.Z  nucleosome  association  with   active   or   inducible   gene  promoters   (Barski   et   al.,  

2007;;  Hu  et  al.,  2013;;  Raisner  et  al.,  2005).    Here,  H2A.Z  colocalizes  at  steady  state  with  

the  active  histone  modification  mark,  H3K4me3,  but  not  the  repressive  H3K27me3  mark,  

and  H3K4me3  is  reduced  after  IFN.    Additional  studies  will  be  required  to  examine  other  

histone   modifications   that   are   present   prior   to   or   following   IFN   stimulation   and   their  

correlation  with  H2A.Z  chromatin  dynamics  at  ISG  promoters.  

To  determine  the  factor(s)  regulating  H2A.Z  loss,  we  examined  a  broad  array  of  

coactivators  that  were  known  to  be  associated  with  ISGF3  and  ISG  transcription,  as  well  

as   those  previously   implicated   in  H2A.Z  deposition  or   removal   from  other  systems.      In  

lower  eukaryotes,  SWR1  (SRCAP)  was  demonstrated  to  deposit  H2A.Z,  and  knockdown  

of  mammalian  SRCAP  did  not  alter   IFN-induced  H2A.Z  removal.     Although  the   INO80  
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remodeling  complex  is  purported  to  be  responsible  for  removing  H2A.Z  nucleosomes  in  

lower   eukaryotes   (Lai   and   Pugh,   2017),   results   indicate   neither   RVB   nor   the   INO80  

components   are   necessary   for   IFN-induced   H2A.Z   removal   in   mammalian   cells.    

Unexpectedly,   interference   with   INO80   or   RVB2   had   no   discernable   effect   on   ISG  

transcription,  though  it  is  possible  that  RNA  interference  was  insufficient  to  deplete  stable  

protein  activity.      In  contrast,  RVB1  as  well  as  CBP,  BRG1/BRM,  and  HDACs  were  all  

found  to  be  essential  for  ISG  mRNA  transcription,  but  their  inhibition  had  no  effect  on  IFN-

stimulated  H2A.Z  removal.    These  proteins  are  otherwise  required  for  ISG  transcription,  

acting   either   through   another   remodeler   such   as   SWI/SNF   (BAF),   or   through   distinct  

mechanisms.    The  increase  of  steady  state  H2A.Z  in  SRCAP  and  RVB1  knockdown  cells  

suggests  that  the  human  SRCAP  subunit/complex  differs  from  its  yeast  homolog,  which  

may  not  be  surprising  given  the  interferon/JAK-STAT  system  does  not  exist  in  yeast.    

Instead,  the  histone  acetyltransferase  GCN5  was  identified  as  being  required  for  

ISG  transcription  and  as  an  essential  component  of  H2A.Z  eviction.    Inhibition  of  GCN5  

using  MB-3   generally   inhibited   the   IFN-induced  H2A.Z   removal   at   the   ISG   promoters  

examined  in  both  HeLa  and  2fTGH  cell  lines,  but  a  smaller  effect  of  GCN5  inhibition  was  

observed  at  the  IFIT2/ISG54  promoter.  We  postulate  that  this  might  indicate  redundancy  

in  HAT  activities  or  reflect  heterogeneity  at  individual  ISG  loci.    GCN5  or  GCN5-containing  

HAT  complexes  have  been  shown  to  acetylate  histones  H3,  H4,  and  H2A.Z,  and  these  

acetylated  lysines  are  in  turn  recognized  by  BET  family  protein  bromodomains  (Anamika  

et   al.,   2010;;  Millar   et   al.,   2006).      The  BET   family   protein  BRD4   is   a  mediator   of   ISG  

transcriptional  elongation  by  recruiting  pTEFb  and  NELF/DSIF  to  paused  polymerases  
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(Patel  et  al.,  2013),  and  we  find  that  BRD2  inhibition  prevents  both  ISG  transcription  and  

H2A.Z   removal.      This   finding   is   consistent   with   BRD2’s   preferential   association   with  

H2A.Z-containing  nucleosomes  (Draker  et  al.,  2012;;  Punzeler  et  al.,  2017;;  Surface  et  al.,  

2016).  

Histones  H2A.Z,  H3,  and  H4  are  acetylated  at  ISG  promoters,  and  this  acetyl-rich  

environment,  catalyzed  by  GCN5,  CBP,  and  potentially  other  unknown  HATs,  promotes  

bromodomain   factors   to   bind.      Recruitment   of   BRD2   along   with   other   BRDs   to   ISG  

promoters  drives  the  IFN-induced  H2A.Z  eviction.    The  interplay  between  H2A.Z  and  the  

intranucleosomal   histones   and   PTMs   can   influence   the   role   H2A.Z   plays   in   gene  

regulation.      For   example,   monoubiquitylation   of   H2B   has   been   shown   to   antagonize  

H2A.Z  eviction,  while  ubiquitylated  H2A.Z  prevents  BRD2  binding  (Segala  et  al.,  2016;;  

Surface   et   al.,   2016).      Similarly,   acetylated   histone   H4   preferentially   associates   with  

H2A.Z-containing  nucleosomes  compared  to  H2A-containing  nucleosomes  (Draker  et  al.,  

2012),  and  when  the  BIC1  inhibitor  binds  to  BRD2,  this  prevents  BRD2  from  interacting  

with  the  acetylated  histone  residue  H4K12  (Ito  et  al.,  2011).    These  findings  suggest  the  

association   with   repressive   or   active   factors   at   H2A.Z-containing   nucleosome   could  

influence  the  dynamic  role  H2A.Z  serves  in  chromatin  accessibility  and  gene  activation.      

H2A.Z   is   thought   to   influence   nucleosome   stability   and   positioning,   and  

consequently  alter  the  ability  of  activating  or  repressing  factors  to  make  stable  or  transient  

contact  with  DNA.    This  general  property  of  H2A.Z  nucleosomes  can  result  in  both  positive  

and   negative   regulation,   depending   on   gene-specific,   tissue-specific,   and/or   context-

specific  transcriptional  responses  (Marques  et  al.,  2010;;  Subramanian  et  al.,  2015).    The  
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physical  and  regulatory  properties  of  H2A.Z-containing  nucleosomes  have  been  widely  

studied,  but  the  literature  reflects  a  variety  of  roles.    For  example,  in  embryonic  stem  cell  

differentiation  H2A.Z  is  important  for  facilitating  recruitment  of  chromatin  activators  and  

repressors  (Hu  et  al.,  2013;;  Surface  et  al.,  2016).    H2A.Z  has  been  associated  with  both  

transcription  activation  and  transcription  inhibition,  and  described  as  both  an  activator  and  

repressor  of   gene  expression   (Hu  et   al.,   2013;;  Ku  et   al.,   2012;;  Schones  et   al.,   2008;;  

Surface  et  al.,  2016;;  Zlatanova  and  Thakar,  2008).    Although  knocking  down  H2A.Z  does  

not  alter  steady  state  ISG  expression,  loss  of  H2A.Z  nucleosomes  allows  ISGF3  greater  

access  to  DNA,  increases  ISG  expression,  and  produces  a  more  effective  innate  antiviral  

response.    The  loss  of  H2A.Z  and/or  H2A.Z-nucleosomes  did  not  induce  complete  loss  

of  nucleosome(s)  at  ISGs  based  on  either  sustained  or  increased  occupancy  of  histones  

H4  and  H2A  (Appendix  Figure  4).    Altogether,  these  results  suggest  a  model  where  ISGF3  

recruits   GCN5   to   acetylate   histones   leading   to   BRD2   engagement   and   to   mediate  

remodeling/eviction   of   H2A.Z   nucleosomes.      Reduced   H2A.Z   relieves   the   need   to  

remodel  the  nucleosomes  at   ISG  promoters,  enabling   ISGF3  to  bind  and  activate   ISG  

expression  more  easily.    This  greater  access  translates  into  more  potent  antiviral  activity.          

Regulating   ISG   transcription   is   critical   for   cellular   antiviral   responses   and   for  

subsequent  immune  responses,  and  chronic  IFN  signaling  can  lead  to  inflammatory  and  

autoimmune  diseases  (Rodero  and  Crow,  2016).    Dysregulation  of  ISG  transcription  is  

also  observed  in  tumors,  and  contributes  to  immunotherapy  resistance  (Benci  et  al.,  2016).    

The  combinatorial  use  of  BET  inhibitors  or  other  epigenetic  drugs  with  immunotherapy  is  

a   current   strategy   to   improve   treatment   outcomes   (Marazzi   et   al.,   2017),   and   H2A.Z  
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expression  is  also  associated  with  malignancies  (Monteiro  et  al.,  2014),  suggesting  an  

interrelated  regulatory  network  that  includes  cytokine-activated  transcription,  nucleosome  

dynamics,   and   chromatin   remodeling   activities   that   can   be   exploited   for   augmenting  

therapeutic  strategies.  
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CHAPTER  4.    

PERSPECTIVE  
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CHROMATIN  REGULATION  OF  IFN-STIMULATED  GENE  TRANSCRIPTION  

The  aim  of  this  thesis  project  was  to  characterize  the  ISGF3-mediated  chromatin  

dynamics  at  ISGs  and  the  complementary  ISG  chromatin  regulation  during  steady  state  

and   after   IFN   stimulation.      Similar   to   other   genes,   ISGs   are   governed   by   the   same  

chromatin  structure,  and  consequently,  many  of   the  same   rules   for  gene  accessibility.    

Induction  of  ISGs  during  the  IFN-JAK-STAT  signaling  response  is  rapid  and  necessary  to  

establish   a   protective   environment   against   virus   infection   (Stark   and   Darnell,   2012).    

Compared  to  other  facets  of  the  JAK-STAT  signaling  pathway,  our  understanding  of  the  

ISG   chromatin   landscape   and   ISGF3-mediated   nucleosome   dynamics   in   the   IFN  

response  is  less  comprehensive.      

At   the   time   of   this   thesis   work,   no   high-resolution   data   on   the   changes   in  

nucleosome   positioning   at   ISGs   undergoing   IFN   stimulation   existed.      The   ISG  

nucleosome  and  chromatin  landscape  following  IFN  stimulation  was  largely  a  mystery.    

The  thesis  work  described   in  Chapter  2   fills  much  of   that  gap  with  high-resolution   ISG  

nucleosome  maps  during  steady  state  and  after  multiple  time  points  of  IFN  stimulation  

corresponding   to   ISGF3   activation   and   attenuation.      In-depth   examination   of   the  

nucleosome  dynamics  from  Chapter  2  led  to  a  previously  unrecognized  role  for  histone  

variant  H2A.Z  in  ISG  transcription  regulation  described  in  Chapter  3.    Together,  this  thesis  

project  not  only   identifies   the  positioned  nucleosome  dynamics  at   ISGs  during  steady  

state  and  after   IFN  stimulation,  but  also  correlates   it   to   ISGF3  recruitment.     ChIP-Seq  

data   from  this   thesis  project  of  all   three  ISGF3  components  STAT1,  STAT2,  and  IRF9  

provided  the  first  genome-wide  analysis  of  ISGF3  occupancy  after  IFN  stimulation.    This  
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work  also  led  to  the  dissection  of  the  histone  composition  at  ISG  promoter  nucleosomes,  

revealing  a  mechanistic   role   for  histone  variant  H2A.Z-containing  nucleosomes   in   ISG  

transcriptional   regulation   in   Chapter   3.      On   one   hand,   IFN-induced   H2A.Z   removal  

required   ISGF3   and   coactivators   GCN5   and   BRD2;;   and   on   the   other   hand,   H2A.Z  

nucleosomes  negatively  regulated  ISGF3  occupancy  and  ISG  transcription.    Examination  

of   the   interplay   between   ISGF3   and   the   ISG   promoter   nucleosomes   is   necessary   to  

understand  how  ISGF3  interacts  with  ISG  chromatin,  and  simultaneously,  how  chromatin  

regulates  ISG  transcription.      

  

Expectations  and  deviations  of  ISGF3  recruitment  at  ISG  promoters  

   Since  several  of   the  20   ISGs  examined  were  well-characterized  and  previously  

associated   with   ISGF3,   the   expected   recruitment   of   the   ISGF3   components   STAT1,  

STAT2,  and  IRF9  following  IFN  stimulation  was  confirmed  at  most  of  the  ISGs.    However,  

two  unexpected  results  were  observed  at  the  gene  promoter  region  of  AIM2  and  STAT1.    

AIM2  is  a  member  of  the  HIN-200  gene  family,  which  includes  IFI16,  and  was  a  latecomer  

to  being  recognized  as  an  ISG  (Landolfo  et  al.,  1998).    At  the  AIM2  promoter,  little  to  no  

recruitment   of   STAT1   and   IRF9   was   observed.      STAT2   is   also   not   highly   recruited  

following  IFN  stimulation,  however,  the  relatively  higher  STAT2  signal  than  STAT1  and  

IRF9  at  AIM2   likely   reflects   a  more  efficient  STAT2   immunoprecipitation   owing   to   the  

quality  of  the  antibody.    This  data  suggests  AIM2  is  not  highly  targeted  by  ISGF3  during  

the  primary  IFN  response,  if  at  all,  even  though  it  is  recognized  as  an  ISG.      



  

  

132  

For   the  STAT1   proximal   promoter   region,  where   an   ISRE   is   present,   very   little  

STAT2   and   IRF9   recruitment   is   observed.      Interestingly,   examination   of   the   genomic  

region   approximately   6000   bp   upstream   of   the   STAT1   TSS,   a   strong   recruitment   of  

STAT1,  STAT2,  and  IRF9  is  apparent  (Figure  4.1).    This  upstream  site  resembles  a  distal  

regulatory  element  approximately  5500  bp  upstream  of  STAT1   from  a  study   in  mouse  

3T3  cells  (Yuasa  and  Hijikata,  2016).    The  distal  STAT1  element  from  mouse  3T3  cells  

was  found  to  interact  with  the  core  promoter  of  STAT1  and  enhanced  STAT1  luciferase  

reporter  activity.    Determining  whether  these  sites  in  human  and  mice  represent  the  same  

element  and/or  a  long-range  chromatin  interaction  site  require  further  investigation.  

  
        

  

Figure  4.1  ISGF3  recruitment  at  STAT1  is  approximately  6000  bp  upstream  of  TSS    
Genome  browser  view  of  IFN-induced  ISGF3  recruitment  at  STAT1.  (From  top  to  bottom)  
10  kilobase  (kb)  pair  scale  bar.  The  arrow  denotes  the  TSS  of  STAT1  and  the  direction  
of  transcription.    The  5’  end  of  STAT1  is  depicted  by  small  black  bars  (untranslated  region),  
large  black  bars  (exon)  and  line  (intron).    ChIP-Seq  density  of  STAT1,  STAT2,  and  IRF9  
occupancy  after  mock  or  2  hr  IFNa  treatment  in  HeLa  cells.      
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Differential  ISG  promoter  nucleosome  arrangements  

   ISGs   are   represented   by   hundreds   of   genes   that   are   upregulated   by   IFN  

stimulation   and   transcriptionally   activated   by   ISGF3.      Despite   the   simultaneous   gene  

activation  of  ISGs,  examination  of  the  20  ISG  promoter  nucleosomes  revealed  differential  

patterns   of   nucleosome   arrangement   (Figure   2.7-2.9).      This   difference  was   observed  

even   among   ISG   protein   family   members   that   are   clustered   closely   together   in   the  

genome.    These  include  the  gene  families  of  OAS  (1,  2,  3),  IFIT  (1,  2,  3,  5),  IFITM  (1,  2,  

3,  5),  MX  (1,  2)  and  HIN200  (IFI16,  AIM2).    Among  members  of  the  same  protein  family,  

different   dynamic   schemes   of   -1   and   +1   positioned   nucleosomes   were   utilized.      For  

example,   in   the  OAS   family,  OAS1  had   the  most  apparent  +1  positioned  nucleosome  

which  was  subsequently  lost  after  IFN  treatment.    Although  OAS2  also  contains  a  well-

positioned  +1  nucleosome,  its  relative  loss  pattern  was  less  dramatic.    Finally,  OAS3  did  

not  have  an  apparent  +1  nucleosome,  though  this  lack  of  signal  may  indicate  a  “fragile”  

nucleosome   more   susceptible   to   nuclease   cleavage.      Gene-specific   patterns   of  

nucleosome   arrangements   are   observed   across   the   20   ISGs   examined,   even   among  

genes  from  the  same  ISG  family.    Generally,  the  most  apparent  IFN-induced  nucleosome  

loss  accompanies  the  best  recognized  or  classic  ISGs,  which  tend  to  have  robust  ISGF3  

recruitment  and  high  gene  expression.      

  

Comparison  with  public  ISG  chromatin  accessibility  data  

In  addition  to  the  BEM-seq  method  employed  in  the  thesis  work  in  Chapter  2,  other  

methods   coupled   with   next   generation   sequencing   exist   to   examine   chromatin  
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accessibility  including  DNase-seq  and  FAIRE-seq  (Tsompana  and  Buck,  2014).    Although  

these  methods  are  unable  to  identify  the  position  of  an  individual  nucleosome  or  achieve  

the   hundreds   of   fold   higher   resolution   at   an   individual   gene   that   BEM-seq   can,   data  

generated  with  comparable  experimental  conditions  (i.e.  cell  type,  treatment)  from  these  

methods   allow   for   comparison   between   independent   studies.      Public   domain   data  

examining  HeLa  cells  during  steady  state  and  after  4  hr  IFNa  treatment  using  alternative  

chromatin  accessibility  methods,  FAIRE-seq  and  DNase-seq,  are  available.    In  Figure  4.2,  

a  representative  ISG  IFITM1/9-27  is  used  as  an  example  to  compare  the  BEM-seq  data  

with  comparable  public  domain  data  to  further  our  understanding  of  the  ISG  chromatin  

landscape  during  the  IFN  response.    Even  though  the  4  hr  IFN  treatment  time  used  in  the  

public  data  differs  from  the  2  hr  IFNa  treatment  time  used  for  the  BEM-seq  high-resolution  

nucleosome  maps  in  Chapter  2,  both  time  points  are  within  a  time  frame  when  the  IFN  

response  and  ISGF3  recruitment  is  highly  active  (Figure  2.1;;  Consortium,  2012).    Parallel  

examination  of   the  high-resolution  nucleosome  maps  generated   in   this  project  and  the  

public  FAIRE-seq  and  DNase-seq  data  reveal  a  similar  pattern  of  increased  chromatin  

accessibility   following   IFN   treatment   at   IFITM1/9-27   (Figure   4.2).      In   particular,   both  

nucleosome  loss  and  chromatin  accessibility  increased  at  the  promoter  region  following  

IFN  treatment,  coinciding  with  ISGF3  recruitment.    Collectively,  the  BEM-seq,  FAIRE-seq,  

and  DNase-seq  data  support  an  increase  in  chromatin  accessibility  at  ISG  promoters  in  

response  to  IFN  stimulation  and  ISGF3-mediated  nucleosome  dynamics.  

More   recently,   a   study   in  mouse   B   cells   following   a   1.5   hr   IFN   treatment   was  

examined  with  an  alternative  chromatin  accessibility  method,  ATAC-seq  (Mostafavi  et  al.,  
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2016).    However,  parallel  examination  with  the  ATAC-seq  data  from  mice  is  not  possible  

with   the   human   BEM-seq   nucleosome   maps   because   of   the   genomic   positioning  

difference   between   the   human   and  mice   genome.      Nevertheless,   a   general   trend   of  

increased   chromatin   accessibility   at   mouse   ISG   promoters   is   observed   and   is   not  

dissimilar   to   the   general   nucleosome   loss   from   the   BEM-seq   nucleosome   maps.    

Cumulatively,  the  various  methods  to  interrogate  chromatin  and  nucleosome  dynamics  at  

ISGs  during  steady  and  after  IFN  stimulation  demonstrate  a  similar  pattern  of  increased  

chromatin  accessibility  and  nucleosome  loss  during  the  IFN  response.      
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Figure  4.2  Comparison  of  high-resolution  nucleosome  data  with  public  FAIRE-seq  
and  DNase-seq  data  
Genome  browser  view  of   IFITM1/9-27   from  public  domain  FAIRE-seq  and  DNase-seq  
data   compared  with   high-resolution   nucleosome   occupancy   data   and   ISGF3   (STAT1,  
STAT2,  IRF9)  occupancy  data  described  in  Chapter  2.    (From  top  to  bottom)  500  base  
pair  scale  bar.  Arrow  denotes  the  TSS  of  IFITM1/9-27  and  the  direction  of  transcription.    
The  5’  end  of   IFITM1/9-27  gene   is  depicted  by  small  black  bars  (untranslated  region),  
large  black  bars  (exon),  and  line  (intron).  Chromatin  accessible  regions  from  FAIRE-seq  
data  of  mock  or  4  hr  IFNa  treated  HeLa  cells.    DNase-sensitive  regions  from  DNase-seq  
data  of  mock  or  4  hr   IFNa   treated  HeLa  cells.        High-resolution  maps  of  nucleosome  
occupancy  after  mock,  2  hr,  6  hr,  or  10  hr  IFNa  treatment  in  HeLa  cells.    Red  bars  beneath  
nucleosome  maps  denote  nucleosome   loss  due  to  2  hr,  6  hr,  or  10  hr   IFNa  treatment  
compared  to  mock  (Poisson  p-value  ≤  1x10-5).    ChIP-Seq  density  of  STAT1,  STAT2,  and  
IRF9   occupancy   after   2   hr   IFNa   treatment   in   HeLa   cells.      Mappability   depicts   the  
uniqueness  of  reference  genome  from  most  (black)  to  least  (gray).  
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HISTONE  H2A.Z  REGULATION  AT  IFN-STIMULATED  GENES    
  

H2A.Z  occupancy  and  its  role  at  ISG  promoters  

IFN   stimulation   results   in   ISG   nucleosome   loss   and   increased   chromatin  

accessibility,  particularly  at  ISG  promoters.    In  the  process  of  determining  the  histones  

contributing   to   the   IFN-stimulated   nucleosome   loss,   I   uncovered   that   histone   variant  

H2A.Z  occupies  ISG  promoters,  in  lieu  of  the  canonical  and  abundant  core  histone  H2A  

during  steady  state.     Following   IFN  stimulation,  H2A.Z   is   removed   from   ISG  promoter  

nucleosomes.   The   contrasting   roles   described   for   H2A.Z   in   organism   viability,   gene  

activation/repression  and  nucleosome  stability/instability  also  represented  an  opportunity  

to  examine  its  role  at  ISGs  to  understand  its  enigmatic  function    (Marques  et  al.,  2010).    

More   importantly,   subunits  of  chromatin   remodeling  complexes  connected  with  H2A.Z  

deposition  and  eviction  were  also  required  for  ISG  transcription  (Gnatovskiy  et  al.,  2013).    

The   IFN-induced   H2A.Z   loss   at   ISG   promoters   and   connection   to   H2A.Z-associated  

chromatin   remodelers   suggested   H2A.Z-containing   nucleosomes   played   a   role   in  

regulating  ISG  transcription.    

The   predominant   transcription   factor   complex   regulating   ISG   transcription   is  

ISGF3.      An   inverse   temporal   relationship  was   observed   between   IFN-induced   ISGF3  

recruitment   and   IFN-induced   H2A.Z   loss   at   ISG   promoters,   suggesting   a   dynamic  

interplay  between  the  two  factors  in  regulating  ISG  transcription.    With  H2A.Z-deficient  

nucleosomes   at   the   ISG   promoter,   an   increase   in   STAT2/ISGF3   recruitment   was  

observed   and   led   to   enhanced   ISG   expression.      These   data   implicate   H2A.Z   as   a  

suppressor   of   ISG   transcription.   Furthermore,   the   data   suggest   H2A.Z-containing  
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nucleosomes  pose  a  barrier  to  ISGF3  docking  to  the  ISRE  DNA,  which  normally  requires  

STAT2/ISGF3  recruitment  of  coactivators  to  remodel  before  it  can  bind.    Therefore,  under  

experimental   conditions   that   lack   H2A.Z-containing   nucleosomes,   the   chromatin  

configuration   at   an   ISG  promoter   enables   ISGF3   to   dock  more  efficiently,   resulting   in  

enhanced  ISG  transcription  and  potentiated  antiviral  protection.  

In  addition  to  H2A.Z-containing  nucleosomes  at  human  ISG  promoters,  a  study  in  

mouse   NIH3T3   cells   documented   low   levels   of   histone   variant   H3.3   at   the   ISG  

IFIT1/ISG56   promoter   region   (Tamura   et   al.,   2009).      In   the   thesis   work   described   in  

Chapter   3,   histone   H3   was   found   to   be   present   at   human   ISG   promoters   including  

IFIT1/ISG56.    Since  the  histone  H3  antibody  used  in  examining  H3  occupancy  in  Chapter  

3  may   not   distinguish   between   the   core   histone  H3   or   histone   variant   H3.3,   it   is   not  

inconsistent  with  the  mice  NIH3T3  data.    Nucleosomes  containing  both  H2A.Z  and  H3.3  

histone  variants  have  been  shown  from  literature  to  be  enriched  at  nucleosome-depleted  

regions   (NDR)   (Henikoff,   2009).      However,   since   the   detection   range   of   where   the  

immunoprecipitated   factor   binds   is   typically   within   a   few   hundred   base   pairs   using  

sonication  to  shear  the  genomic  DNA,  neither  the  H2A.Z  data  in  Chapter  3  nor  the  H3.3  

study   in   mice   can   assign   the   histone   variant   occupancy   to   a   specific   promoter  

nucleosome   (Au-Yeung   and   Horvath,   2018;;   Lee   et   al.,   2006;;   Tamura   et   al.,   2009).    

Therefore,  H2A.Z  and  H3.3   can  both   be   found  at   an   ISG  promoter,   but   to   determine  

whether  they  occupy  the  same  nucleosome  would  require  single  nucleosome  or  base  pair  

resolution.      
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Although   it   is  well   known   that  H2A.Z   is   enriched  at   ISG  promoters,   the   role   of  

H2A.Z  in  transcription  regulation  has  been  mysterious  owing  to  its  association  with  both  

positive  and  negative  transcription  in  a  context-dependent  manner.    One  of  the  current  

hypotheses  on  the  contrasting  roles  of  H2A.Z  in  transcription  is  that  its  occupancy  at  the  

-1   and/or   +1   nucleosome   determines   the   gene   activation   or   repression   status  

(Domaschenz  et  al.,  2017).    In  Drosophila,  where  H2A.Z  is  a  hybrid  of  H2A.Z  and  H2A.X,  

the  +1  nucleosome  decorated  with  H2A.Z  is  regarded  as  having  a  positive  role  for  Pol  II  

elongation  (Weber  et  al.,  2014).    In  the  epithelial-mesenchymal  transition  (EMT)  in  MDCK  

cells,   epithelial   genes   with   the   H2A.Z-containing   -1   nucleosome   are   active,   whereas,  

mesenchymal  genes  featuring  a  +1  H2A.Z-nucleosome  are  repressed.    Loss  of  the  H2A.Z  

or  replacement  with  a  H2A  +1  nucleosome  enables  activation  of  the  mesenchymal  genes.    

The  Drosophila  and  EMT  systems  present  opposing  hypotheses  regarding  the  associated  

gene  outcome  and   the  +1  or   -1  nucleosome  position.     At  several   ISGs  examined,   the  

presence  of  a  discrete  -1  and  +1  nucleosome  can  be  found,  but  higher  resolution  H2A.Z  

occupancy   data   is   needed   to   discern   the   specific   nucleosome   position   it   occupies   to  

correlate  with  its  negative  role  on  ISG  expression.  

Another  hypothesis  on  the  contrasting  role  of  H2A.Z  in  transcription  is  associated  

with  its  post-translational  modification  status  (Sevilla  and  Binda,  2014).    Acetylated  H2A.Z  

(H2A.Zac)   is   associated   with   positive   transcription,   whereas   ubiquitylated   H2A.Z  

(H2A.Zub)   is   associated  with   transcription   silencing.      In  mouse  embryonic   stem  cells,  

H2A.Zub  is  thought  to  establish  a  poised  chromatin  environment  and  inability  to  establish  

that   mark   leads   to   derepression   of   the   gene   (Surface   et   al.,   2016).      ISG   promoter  
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nucleosomes  are  comprised  of  the  acetylated  H2A.Z.    Therefore,  it  would  be  interesting  

to   test   whether   replacing   the   native   H2A.Zac   at   ISG   promoters   with   H2A.Zub   would  

repress   ISG  transcription  and  abolish   the  associated  antiviral  protection  based  on   this  

hypothesis.    Whether  these  current  hypotheses  will  apply  generally  across  all  systems  

containing  H2A.Z-nucleosomes  or  continue   to  operate   in  a  context-dependent  manner  

will  hopefully  come  to  light  with  further  information.      

  

Collaboration  of  histone  readers  and  histone  writers  in  IFN-H2A.Z  removal  

In   searching   for   the   factor(s)   responsible   for   IFN-induced   H2A.Z   loss,   it   was  

surprising   that   several   previously   implicated   factors   in   the   IFN   and/or   H2A.Z  

deposition/removal  system  were  not  responsible  (Gnatovskiy  et  al.,  2013;;  Mizuguchi  et  

al.,  2004;;  Obri  et  al.,  2014;;  Papamichos-Chronakis  et  al.,  2011).    These  included  RVB1,  

RVB2,   INO80,   SRCAP,   ANP32E,   and   BRG1.      Instead,   the   activities   from   histone  

acetyltransferase  (HAT),  GCN5,  and  acetyl-binding  bromodomain  protein,  BRD2,  were  

required  for  IFN-stimulated  H2A.Z  eviction.      

It   is   interesting   to  note   that  RVB1  and  RVB2  were   found   to  be   required   in   ISG  

transcription  and  Pol  II  recruitment,  but  not  for  STAT2  recruitment.    They  are  also  common  

subunits  in  several  chromatin  remodeling  complexes  including  INO80  and  SRCAP,  which  

are  implicated  in  H2A.Z  removal  and  deposition,  respectively.    These  connections  RVB1  

and  RVB2  had  with  both  ISG  transcription  and  H2A.Z  made  it  surprising  when  they  were  

discovered  to  not  be  involved  in  IFN-induced  H2A.Z  removal.    Although  interference  with  

these  two  factors  did  not  impact  H2A.Z  dynamics  in  the  IFN  system,  knockdown  of  RVB1  
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did  result  in  abrogation  of  ISG  transcription  in  agreement  with  a  prior  study  (Gnatovskiy  

et  al.,  2013).    However,  knockdown  of  RVB2  did  not  inhibit  ISG  transcription  as  expected.    

Disagreement  of   the  RVB2  phenotype  could  be  due  to   insufficient  knockdown,  protein  

instability  or  differences  in  the  knockdown  or  cell  system  used  between  the  two  studies.    

Both  RVB1  and  RVB2  contain  ATPase  and  helicase  domains,  though  inconsistent  reports  

of  weak  to  no  ATPase  activity  of  these  factors  further  confound  their  potential  roles  in  the  

IFN  response.  

Another  factor  that  was  hypothesized  to  remove  H2A.Z  after  IFN  stimulation  was  

ANP32E.    In  addition  to  its  potential  role  as  a  histone  chaperone  to  H2A.Z,  ANP32E  is  

related  to  PP32  (also  termed  ANP32A)  in  the  ANP32  family  of  proteins  (Reilly  et  al.,  2014).    

PP32  was  reported  to  interact  with  STAT2  and  was  required  for  maximal  induction  of  ISG  

transcription.   In   that   study,   knockdown   of   PP32   reduced   histone   acetylation   at   ISG  

promoters  (Kadota  and  Nagata,  2011).     Based  on   the  data   in   the  PP32  study  and  the  

requirement  for  HAT  and  HDAC  activity  in  the  IFN  response,  the  authors  speculated  that  

PP32  may  assist   in   the   recruitment  of  HATs.      In   considering  ANP32E   in   IFN-induced  

H2A.Z  removal,  its  familial  relationship  with  PP32  suggested  ANP32E  could  be  recruited  

as  a  part  of  the  PP32-STAT2  complex  during  IFN  stimulation.    However,  knockdown  of  

ANP32E  described  in  Chapter  3  did  not  abolish  H2A.Z  loss  during  IFN  stimulation.    Thus,  

ANP32E  was  ruled  out  for  having  a  role  in  IFN-induced  H2A.Z  removal.  

   Although  HAT  and  HDAC  activity  in  the  IFN  response  remains  to  be  fully  elucidated,  

they  are  undoubtedly  required  for  positive  ISG  transcription.    My  data  show  both  the  HAT,  

GCN5,   and   acetyl-binding   bromodomain   protein,   BRD2,   are   required   for   IFN-induced  
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H2A.Z  eviction.    In  yeast,  GCN5  has  been  shown  to  acetylate  H2A.Z  and  other  histone  

proteins,  notably  histone  H3.    Acetylation  of  H2A.Z  and  other  histones  recruit  binding  of  

BRD2  and  other  bromodomain  proteins  to  H2A.Z-containing  nucleosomes.    Inhibition  of  

BRD2   activity   prevents   IFN-induced   H2A.Z   removal   suggesting   BRD2   association  

facilitates  H2A.Z  eviction,  possibly   through  disrupting   the   histone   interactions  within   a  

nucleosome.    It  is  tempting  to  speculate  that  GCN5  acetylates  H2A.Z,  recruiting  BRD2  to  

the  ISG  promoter,  where  it  participates  in  H2A.Z  removal.  

  

MODEL  FOR  ISGF3-MEDIATED  CHROMATIN  AND  TRANSCRIPTION  DYNAMICS  

Relatively  little  was  known  about  chromatin  regulation  of  ISGs  at  the  beginning  of  

this  thesis  project.    Since  most,   if  not  all  ISGs,  are  regulated  by  ISGF3,  the  focus  was  

directed  towards  ISGF3-mediated  chromatin  dynamics.    Data  in  the  literature  relevant  to  

ISG  promoter  organization  and  dynamics  are  combined  with  the  findings  uncovered  from  

this  thesis  work  to  generate  a  working  model  of  ISGF3-mediated  transcriptional  regulation  

at  ISGs  that  includes  a  promoter  decorated  with  H2A.Z  nucleosome(s)  (Figure  4.3).      

The  top  box  illustrates  what  is  known  in  the  wild-type  cell,  with  the  ISG  promoter  

containing   a  H2A.Z  nucleosome(s),   during   steady   state   and   following   IFN   stimulation.  

During   steady   state   in   wild-type   cells,   ISG   promoter   nucleosomes   are   present   and  

demarcation  of  the  -1  and  +1  nucleosome  position  varies  between  ISGs  based  on  data  

from  Chapter   2.      The  nucleosome   is   comprised   of   acetylated  H2A.Z   in   the   homo-   or  

heterodimers  of  H2A.Z-H2B  accompanied  with  homo-  or  heterodimers  of  H3.3-H4  or  H3-

H4  based  on  data   from  Chapter   3   and   literature   (Tamura  et   al.,   2009).     No  data  has  
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determined   whether   the   canonical   histone   H2B   or   H2B   variants   are   used   at   ISG  

promoters.    Histone  H3  or  H3.3  is  trimethylated  at  lysine  4,  likely  alongside  other  histone  

marks  associated  with  active  promoters.    Since  no  variant  forms  of  histone  H4  are  known,  

the   canonical   H4   is   present.   Together,   ISG   promoter   nucleosomes   are   comprised   of  

histones  H2A.Z,  canonical  H2B  or  H2B  variants,  canonical  H3  or  H3.3,  and  canonical  H4  

during  steady  state.  

Following  IFN  stimulation,  ISGF3  recruits  GCN5  to  acetylate  histones  H2A.Z,  H3,  

and/or   H4.      This   acetyl-rich   environment   promotes   the   association   of   bromodomain  

proteins  BRD2,  BRD4  and  other  bromodomain  proteins.    BRD2  preferentially  localizes  to  

H2A.Z  nucleosomes  and   together  with  GCN5  acetylation  drives   the  eviction  of  H2A.Z  

from   ISG   promoter   nucleosomes   (Draker   et   al.,   2012).      H2A.Z   is   presumed   to   be  

displaced  as  a  H2A.Z-H2B  dimer  (Tamura  et  al.,  2009).    Histones  H3.3/H3  and  histone  

H4  decrease  at  ISG  promoters   following   IFN  stimulation,  but  remains  present   to  some  

extent  based  on  data  in  Chapter  2  and  literature.    At  the  same  time,  the  H3K4  methylation  

mark  is  removed  from  histone  H3  at  ISG  promoters.    ISGF3  binds  to  the  ISRE  stably  and  

its  associated  coactivators  (i.e.  HDACs,  CBP,  RVB1,  RVB2,  BRG1)  continue  to  remodel  

the  promoter  region  for  recruitment  of  Mediator,  transcription  machinery  and  Pol  II.    BRD2  

and   BRD4   promote   positive   transcriptional   elongation   and   ISG   transcription   until  

phosphatase  activities  dephosphorylates  STAT1  and  STAT2  (LeRoy  et  al.,  2008;;  Patel  

et   al.,   2013).      Dephosphorylated   ISGF3   is   exported   from   the   nucleus   and   H2A.Z   is  

recovered   at   ISG   promoters,   re-establishing   the   native   steady   state   chromatin  

configuration.  
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The   bottom   box   (Figure   4.3)   depicts   a   cell   harboring   shRNA   against   H2A.Z,  

resulting  in  H2A.Z-deficient  nucleosomes  at  ISG  promoters  during  steady  state.    In  cells  

with  H2A.Z-deficient  nucleosomes,  ISG  promoter  nucleosomes  contain  histone  H2A  that  

has  not  been  exchanged  out  owing  to  the  lack  of  H2A.Z  in  the  cell.    Upon  IFN  stimulation,  

ISGF3  efficiently  docks  to  the  H2A.Z-deficient  ISG  promoter  and  activates  maximal  ISG  

transcription.      Presumably  H2A.Z-deficient   nucleosomes   support   an   optimal   promoter  

configuration  that  enables  ISGF3  to  access  ISG  promoters  more  easily.    In  cells  harboring  

shRNA  targeting  H2A.Z,  the  reduced  H2A.Z  relieves  the  need  for  chromatin  remodeling  

and  histone  modifying  activities  that  are  normally  required  prior  to  or  at  the  same  time  as  

ISGF3   docking.      Relieving   the   need   to   remodel   the   H2A.Z   nucleosome(s)   at   ISG  

promoters  enables  ISGF3  to  bind  and  activate  ISG  expression  more  easily.    This  greater  

access  to  the  ISRE  translates  into  potentiated  antiviral  activity.  
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Figure  4.3  Model  of  ISGF3-mediated  chromatin  and  transcription  dynamics
Illustration   of   a   working   model   of   the   ISGF3-mediated   chromatin   and   transcription  
dynamics  in  a  wild-type  cell  (top)  and  a  cell  harboring  shRNA  against  H2A.Z  resulting  in  
H2A.Z-deficient   nucleosomes   (bottom).   (Top)   In   the   wild-type   cell,   non-acetylated   or  
acetylated  (Ac)  H2A.Z  nucleosomes  are  positioned  at   the   ISG  promoter  during  steady  
state.      Following   IFN   stimulation,   ISGF3   (STAT1,   STAT2,   IRF9)   is   recruited   to   ISG  
promoters  where   it   interacts  with  co-activators,   including  GCN5,  HDACs,  CBP,  BRG1,  
RVB1,  and  RVB2,  and  activates  ISG  transcription.    Associated  GCN5  and  BRD2  activities  
promote   the   eviction   of   IFN-induced  H2A.Z   from   the   ISG  promoter.   (Bottom)   In   a   cell  
harboring  shRNA  against  H2A.Z,  ISG  promoter  nucleosomes  contain  H2A  during  steady  
state.    After  IFNa  treatment,  ISGF3  binds  to  the  ISRE  at  ISG  promoters  more  easily  with  
a  lack  of  H2A.Z  nucleosome(s)  and  recruits  various  co-activators  as  in  the  wild-type  cell,  
resulting  in  enhanced  ISG  transcription.    
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CONCLUSION  AND  FUTURE  DIRECTIONS  

The  role  of  ISGF3  in  regulating  ISG  transcription  activation  remains  undoubtedly  

important   and   data   from   this   thesis   demonstrate   its   regulatory   role   on   ISG   chromatin  

during  the  IFN  response.    In  determining  the  nucleosome  occupancy  at  ISGs,  genomic  

sites  occupied  by   ISGF3  coincided  with   the  most  prominent  nucleosome   loss  spatially  

and   temporally.      I   postulated   that   this   loss  was  due   to   the   loss   of   core   histones;;   this  

hypothesis  turned  out  to  be  true  for  the  core  histones  H2B,  H3,  and  H4.    Unexpectedly,  

the  major  core  histone  H2A  was  absent,  and   instead,   I  discovered   the  histone  variant  

H2A.Z  was  present  at  ISG  promoters  and  removed  following  IFN  stimulation.  This  result  

led  me  to  hypothesize  that  H2A.Z-containing  nucleosomes  at  ISG  promoters  play  a  role  

in  regulating  ISG  expression.    Initially,  I  hypothesized  that  the  role  of  H2A.Z  nucleosomes  

was  to  direct  ISGF3  recruitment  to  ISG  promoters  by  presenting  a  distinguishable  histone  

variant,  H2A.Z.    However,  this  hypothesis  was  disproved  since  loss  of  H2A.Z  enhanced  

ISG  expression  indicating  ISGF3  recruitment  was  intact  to  activate  ISG  transcription.      

Since  deficiency  in  H2A.Z  increased  ISG  expression  and  ISGF3  is  the  predominant  

transcription  factor  to  activate  ISG  transcription,  I  hypothesized  that  the  upregulated  ISG  

transcription  could  result   from  heightened  ISGF3  recruitment   to   ISG  promoters.      I  had  

already   uncovered   a   significant   overlap   of   steady   state   H2A.Z   at   IFN-induced  

STAT2/ISGF3   target   sites   genome-wide;;   this   result   coupled  with   an   inverse   temporal  

relationship   between   the   H2A.Z   and   STAT2/ISGF3   at   ISG   promoters   supported   the  

hypothesis   that   the   presence   of   H2A.Z   nucleosomes   negatively   regulated   ISGF3  

recruitment.    Testing  the  recruitment  of  ISGF3  in  H2A.Z-deficient  cells  demonstrated  an  
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enhancement  in  the  IFN-stimulated  recruitment  of  STAT2/ISGF3  at  ISG  promoters.    This  

result  indicated  that  H2A.Z  nucleosomes  at  ISG  promoters  suppress  ISGF3  recruitment  

and  loss  of  H2A.Z  alleviates  a  barrier  for  ISGF3  binding,  translating  into  enhanced  ISG  

expression   and   robust   antiviral   protection.      The   mechanism   on   how   loss   of   H2A.Z-

containing  nucleosomes  shapes  the  promoter  region  to  promote  higher  levels  of  ISGF3  

at  ISGs  remains  to  be  fully  elucidated.    However,  these  new  findings  not  only  advance  

our   mechanistic   understanding   of   ISG   chromatin   regulation,   but   offers   insights   in  

therapeutic   developments   including   epigenetic-based   therapies   and   cancer  

immunotherapy.  

Several  questions  still  remain  though.    On  one  hand,  despite  knowing  that  H2A.Z-

deficient  nucleosomes  increase  ISGF3  occupancy  and  enhance  ISG  transcription  during  

the  IFN  response,  the  role  of  positioned  H2A.Z  nucleosomes  at  ISG  promoters  remains  

to  be  fully  elucidated.    On  the  other  hand,  IFN-induced  H2A.Z  removal  requires  ISGF3  

and  the  activities  of  GCN5  and  BRD2,  yet  how  ISGF3  regulates  H2A.Z  removal  through  

these  activities   are  not  completely   understood.     Furthermore,   it   is   not   known  how   the  

complementary  functions  of  histone  writer  GCN5  and  histone  reader  BRD2  mediate  IFN-

induced  H2A.Z   loss.     Following   IFN  stimulation,   ISGF3  associates  with  GCN5  through  

STAT2  and   recruits  GCN5   to   the   ISG  promoter.     GCN5  has  been  shown   to  acetylate  

specific  residues  in  histones  H3,  H4,  and  H2A.Z  (Anamika  et  al.,  2010;;  Millar  et  al.,  2006).    

ISG  promoter  nucleosomes  are  comprised  of  acetylated  H2A.Z,  which  are  postulated  to  

be   a   product   of   GCN5   acetylation.      However,   further   investigation   is   necessary   to  

determine  whether  GCN5  acetylates  H2A.Z  and/or  another  histone  comprising  the  ISG  
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promoter  nucleosome,  and  thereby,  promotes  the  BRD2  bromodomain  association  with  

acetylated  H2A.Z.      

In   addition   to   the   possibility   that   BRD2   is   recruited   through   GCN5-acetylated  

histones   during   IFN   stimulation,   another   hypothesis   is   BRD2   is   recruited   through   an  

interaction  with  ISGF3.    BRD2  has  been  observed  to  associate  with  another  STAT  factor,  

STAT3,  during  Th17  cell  differentiation  (Cheung  et  al.,  2017).    Therefore,  testing  whether  

BRD2   interacts  with  STAT1  or  STAT2  during   IFN   induction  would  determine   if   ISGF3  

associates   with   BRD2   and   directs   BRD2   to   H2A.Z   nucleosomes   at   ISG   promoters.    

Therefore,  examining  how  BRD2  is  associated  and  whether  its  recruitment  is  related  to  

GCN5  HAT  activity  to  support  IFN-induced  H2A.Z  loss  are  still  required.  

Conversely,  positioned  H2A.Z-containing  nucleosomes  at  ISG  promoters,  which  

are  subsequently  removed  after  IFN  stimulation,  represent  one  of  the  ways  that  chromatin  

regulates   transcription  at   ISG  promoters.     The  consequence  of  positioning   the  histone  

variant  H2A.Z  as  opposed  to  H2A  at  ISG  promoter  nucleosomes  during  steady  state  is  

still  not  well  understood.    One  insight  from  the  work  in  Chapter  3  on  steady  state  H2A.Z  

at  ISG  promoters  stems  from  the  disruption  of  the  chromatin  remodeling  subunit,  RVB1.    

Knocking  down  RVB1  led  to  an  increase  in  H2A.Z  levels  at  ISG  promoters.    This  result  

suggests  that  the  loss  of  RVB1  disturbed  the  steady-state  equilibrium  of  H2A.Z  deposition  

and  removal,  albeit  through  an  unknown  mechanism.    In  addition  to  the  implication  of  a  

role   for   RVB1   in   basal   H2A.Z   establishment,   this   data   suggests   there   is   a   balancing  

process  to  ensure  homeostatic  H2A.Z  levels  at  ISG  promoters  during  steady  state.      
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Since  H2A.Z-containing  nucleosomes  also  contain   the  core  histones  or  histone  

variants   of   H2B,  H3,   and  H4,   the   interaction   between   the   octamer   histones   drive   the  

cumulative   effects   of   a   particular   nucleosome   on   ISGF3   recruitment   and   ISG  

transcriptional   activation.      Therefore,   to   understand   how   the   loss   of   H2A.Z   from   ISG  

promoter  nucleosome(s)  leads  to  an  increase  in  ISGF3  occupancy,  it  is  also  necessary  

to  determine  the  overall  histone  composition  during  steady  state  and  after  IFN  stimulation  

at   higher   and   single   nucleosome   resolution.      Not   only   would   a   single   nucleosome  

resolution   analysis   of   all   the   possible   histones   identify   the  mutual   existence   between  

different  histones,  it  would  likely  reveal  whether  the  nucleosome  exists  as  an  octamer  or  

other   documented   nucleosome   forms   such   as   hexameric   nucleosomes   (Ellison   and  

Pulleyblank,  1983;;  Kulaeva  and  Studitsky,  2010).    This  task  is  undoubtedly  challenging  

because  the  diverse  histone  population  to  survey  is  not  limited  to  core  histones  and  their  

variants,  but  also  the  numerous  combinations  of  histone  modifications  possible.    However,  

the   collective   data   will   provide   a   more   complete   description   and   mechanistic  

understanding  of  the   interactions  between  ISGF3,  co-regulators,  and  chromatin  during  

the  IFN  response.    These  cumulative  interactions  not  only  drive  the  physiological  antiviral  

biology   that   protects   the   cell   against   virus   infection,   but   will   enable   us   to   further  

understand   IFN-associated   autoimmune   and   inflammatory   diseases   and   develop  

improved  therapeutic  strategies.      
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Appendix  Figure  1.  IFN-stimulated  loss  of  histones  H2A.Z,  H2B,  H3,  and  H4  at  ISG  
promoters,  Related  to  Figure  3.1  
(A-F)  Biological   replicate   for  ChIP  analysis  of  histones  H4,  H3,  H2B,  H2A,  and  H2A.Z  
occupancy  at  the  gene  body  (A-C)  or  gene  promoter  (D-F)  of  OAS3,  IFIT1/ISG56,  and  
IFITM1/9-27   during   steady   state   and   after   2   hr   IFNa   stimulation.   Error   bars   denote  
standard   deviation   of   technical   replicates.   (G-L)   The  mean   computed   from   biological  
replicates  in  Figure  3.1  and  Appendix  Figure  1A-F.  Error  bars  denote  standard  error  of  
mean.  
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Appendix  Figure  2:  H2A.Z  suppresses  ISG  mRNA  expression,  Related  to  Figure  
3.8  
(A-D)   Biological   replicates   of   HeLa   cells   transduced   with   an   shRNA   vector   targeting  
H2A.Z   or   a   non-targeting   control.   (A,   C)   Biological   replicate   of   H2A.Z   mRNA   levels  
quantified  by  RT-qPCR  in  unstimulated  and  10  hr  IFNa-stimulated  H2A.Z  knockdown  or  
control  cells.  (B,  D)  Biological   replicates  of   the   ISG  mRNA  expression  of   IFIT1/ISG56,  
IFIT2/ISG54,   IFITM1/9-27,   OAS3,   ISG15,   and   LOC100419583.   Error   bars   denote  
standard   deviation   of   technical   replicates.   (E-F)   The   mean   computed   from   biological  
replicates  in  Figure  3.8  and  Appendix  Figure  2A-D.  Error  bars  denote  standard  error  of  
mean.  
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Appendix  Figure  3:  H2A.Z  suppresses  ISGF3  occupancy,  Related  to  Figure  3.9  
HeLa  cells  transduced  with  an  shRNA  vector  targeting  H2A.Z  or  a  non-targeting  control.  
(A)  Biological  replicate  of  the  ChIP  analysis  of  STAT2  occupancy  in  H2A.Z  knockdown  or  
control  HeLa   cells  with   or  without   1   hr   IFNa   stimulation  at   promoters   of   IFIT1/ISG56,  
IFIT2/ISG54,   IFITM1/9-27,   OAS3,   ISG15,   and   LOC100419583.   Error   bars   denote  
standard   deviation   of   technical   replicates.   (B)   The   mean   computed   from   biological  
replicates  in  Figure  3.9  and  Appendix  Figure  3A.  Error  bars  denote  standard  error  of  mean.  
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Appendix  Figure  4:  Histones  H2A  and  H4  occupancy  at  ISGs  in  H2A.Z  knockdown  
cells,  Related  to  Figures  3.7-3.10.  
HeLa  cells  transduced  with  an  shRNA  vector  targeting  H2A.Z  or  a  non-targeting  control.  
(A-D)  Biological  replicates  of  the  ChIP  analysis  of  histone  H2A  at  the  OAS3  promoter  (A-
B)  and  gene  body  (C-D)  in  unstimulated  control  and  H2A.Z  knockdown  cells.  (E-H)  Same  
as  A-D,  but  for  histone  H4.  Error  bars  denote  the  standard  deviation  of  technical  replicates.  
(I-L)  The  mean  computed  from  biological  replicates  in  Appendix  Figure  4A-D  for  histone  
H2A  (I-J)  or  histone  H4  (K-L).  Error  bars  denote  standard  error  of  mean.  
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INTRODUCTION  

Histone   post-translational   modifications   (PTMs)   contribute   to   the   diversity   and  

dynamics  of  the  chromatin  landscape  by  affecting  the  chromatin  structure  and  the  affinity  

to   which   coactivators   bind   histones   (Kimura,   2013).      Histone   acetylation   (HAT)   is  

commonly  associated  with  transcription  activation,  while  histone  deacetylation  (HDAC)  is  

linked   to   transcription  repression   (Dovey  et  al.,  2010;;  Struhl,  1998).        Surprisingly,   for  

transcriptional  activation  of  ISGs,  both  HAT  and  HDAC  activity  are  required  (Chang  et  al.,  

2004;;  Nusinzon  and  Horvath,  2003;;  Paulson  et  al.,  2002).      

The   requirement   for   HDAC   activity   in   ISG   transcriptional   activation   was  

unexpected,  as  HDACs  are  often  affiliated  with   transcription   repression  (Chang  et  al.,  

2004;;  Nusinzon  and  Horvath,  2003;;  Sakamoto  et  al.,  2004).    Stimulation  with  IFN  and  a  

HDAC  inhibitor  trichostatin  A  (TSA)  abolished  ISG  transcription,  indicating  HDAC  activity  

is  essential  to  ISG  activation  (Nusinzon  and  Horvath,  2003).    Since  this  initial  discovery  

in  our  lab  (Nusinzon  and  Horvath,  2003),  several  other  groups  have  observed  the  same  

phenomenon,  where  HDAC  activity  is  required  for  the  transcription  of  ISGs  (Chang  et  al.,  

2004;;  Sakamoto  et  al.,  2004).    Various  aspects  of  the  JAK-STAT  signaling  cascade  had  

been  examined  to  identify  the  mechanistic  requirement  of  HDAC  activity  during  the  IFN  

response   including  phosphorylation  of  STAT1  and  STAT2  and  nuclear   translocation  of  

ISGF3;;  these  experiments  have  ruled  out  ISGF3  activation  and  nuclear  translocation  as  

being  affected  by  HDAC   inhibition   (Chang  et   al.,   2004;;  Nusinzon  and  Horvath,   2003;;  

Sakamoto  et  al.,  2004).      
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ISGF3   was   found   to   interact   with   HDAC1   through   STAT2,   and   little   to   no  

association  with  HDAC4  and  HDAC5.    Yet,  treatment  with  IFN  and  HDAC  inhibitors  TSA  

and   SAHA   did   not   affect   the   STAT2-HDAC1   interaction.      Pol   II   and   STAT2/ISGF3  

recruitment   to   ISG  promoters  was  also  evaluated  and  while  STAT2/ISGF3  recruitment  

remained  intact  in  the  presence  of  IFN  and  TSA  treatment,  Pol  II  recruitment  was  inhibited.    

This   finding   indicated  HDAC  activity  was  required   following  STAT2/ISGF3  recruitment,  

but  prior  to  Pol  II  assembly  at  the  ISG  promoter.    

The  role  of  HDAC  in  regulating  ISG  transcription  remains  to  be  fully  elucidated,  but  

the  accumulated  data  suggests  HDAC  regulation   is   required  at   the   interface  of   ISGF3  

and  Pol   II   recruitment   to   ISGs.     Although  a  commonly  associated  role  of  HDACs   is   to  

deacetylate   histone   substrates,   no   specific   acetylated   histone   residue(s)   have   been  

implicated.    To  continue  the  investigation  of  the  HDAC  requirement  for  ISG  transcription,  

ChIP-qPCR  assays  examining  STAT2/ISGF3  and  Pol  II  were  performed  to  confirm  the  

ISG   requirement   for  HDAC  activity   occurs   after   ISGF3   recruitment   and  prior   to  Pol   II  

assembly.    Additionally,  as  a  preliminary  study  to  identify  acetylated  histone  target(s)  that  

are   subject   to   deacetylation   during   the   IFN   response,   the   IFN-induced   global   histone  

modification   profile   was   evaluated   using   an   epiproteomic   screen   through   the  

Northwestern  Proteomic  Core.     These  experiments  provide  additional   insights   into   the  

investigation  of  the  HDAC  requirement  and  regulation  in  the  IFN  response.     
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RESULTS  AND  DISCUSSION  

HDAC  inhibition  prevents  ISGF3  recruitment  to  ISG  promoters  

The  absolute  requirement  of  HDAC  activity  for  global  ISG  expression  was  found  

to  prevent  Pol   II  recruitment   to   the   IFIT1/ISG54  promoter,  but  not  STAT2/ISGF3.    The  

mechanism  as  to  how  HDAC  activity  is  required  for  ISG  transcriptional  activity  and  IFN-

stimulated  Pol   II   recruitment  remains  unknown  to  date,  but   indicates  HDAC  function   is  

required  after  STAT2/ISGF3  associates  with  the  ISG  promoter.    To  continue  this  line  of  

investigation,   ChIP   assays   of   STAT2   and   Pol   II   were   performed   to   verify   the   HDAC  

requirement  for  ISG  transcription  occurs  after  STAT2/ISGF3  recruitment  and  prior  to  Pol  

II  assembly  at  ISG  promoters.    ChIP  analysis  of  RNA  Pol  II  CTD  was  performed  using  

mock-treated,  3  hr  IFN-treated  or  3  hr  IFN-  and  TSA-treated  HeLa  cells  (Appendix  Figure  

5A-B).      As   expected,   RNA   Pol   II   CTD  was   recruited   to   both   IFIT2/ISG54   and  OAS3  

promoters  after  3  hr  IFN  stimulation,  and  this  process  was  inhibited  in  the  presence  of  3  

hr  IFN  plus  TSA.  

To  confirm  STAT2/ISGF3  recruitment  was  intact  during  HDAC  inhibition,  STAT2  

ChIP  assays  in  HeLa  cells  mock-treated  or  treated  with  either  3  hr  or  6  hr  of  IFN  (+/-  TSA)  

were  examined  (Appendix  Figure  5C-D).    IFN-induced  STAT2  recruitment  was  observed  

following   3   hr   IFN   treatment   and   attenuated   by   6   hr,   corresponding   to   the   ISGF3  

recruitment  time  course  in  Chapter  2  (Figure  2.1).      Unexpectedly,  recruitment  of  STAT2  

was  inhibited  after  3  hr  IFN  and  TSA  treatment  at  both  IFIT2/ISG54  and  OAS3  promoters  

(Appendix  Figure  5C-D).  On  the  other  hand,  STAT2  occupancy  levels  were  similar  after  

6  hr  IFN  with  or  without  TSA  treatment.  These  results  contrasted  the  previous  finding  that  
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STAT2  recruitment  was  unaffected,  and  instead,  indicates  STAT2  recruitment  is  impacted  

by   HDAC   inhibition.   Moreover,   it   suggests   the   effects   of   HDAC   operate   upstream   of  

ISGF3  recruitment  and  binding  to  ISG  targets.      

It   was   surprising   to   discover   the   data   in   Appendix  Figure   5C-D   disagreed  with  

previous   studies   (Chang   et   al.,   2004;;   Sakamoto   et   al.,   2004).      However,   closer  

examination   of   the   experimental   conditions   in   these   previous   studies   showed   those  

observations  were  performed  at  different  IFN  time  points  and  not  at  times  with  abundant  

ISGF3  present  at  an  ISG  promoter.    In  one  experiment,  30  min  of  IFN  +/-  TSA  was  used,  

while   in   another   study   6   hr   of   IFN   +/-   TSA  was   used.      Based   on   the   IFN-stimulated  

STAT2/ISGF3  recruitment  profile  over  time,  IFN  treatment  for  30  min  or  6  hr  represents  

the  early  ISGF3  recruitment  and  late  ISGF3  attenuation.    Consequently,  examination  of  

STAT2  at  30  min  or  6  hr  would  correspond  to  little  or  no  STAT2/ISGF3  present  at  an  ISG  

promoter   (Figure   2.1).   Based   on   the   finding   that   HDAC   activity   is   required   for  

STAT2/ISGF3  recruitment  to  ISGs,  future  examination  of  the  HDAC  requirement  for  ISG  

transcription  should  evaluate  activities  upstream  of  ISGF3  recruitment  or  at  the  interface  

of  ISGF3  interactions  with  the  ISG  promoter  nucleosomes.    
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Appendix  Figure  5:  TSA  treatment  inhibits  STAT2  recruitment  to  ISG  promoters  
(A-B)  ChIP-qPCR  assay  of  Pol   II  C-terminal  domain  at  (A)   IFIT2/ISG56  and  (B)  OAS3  
promoters  in  HeLa  cells  mock-treated,  treated  with  3  hr  IFNa  or  3  hr  IFNa +  TSA.    (C-D)  
ChIP-qPCR  assay  of  STAT2  at  (C)  IFIT2/ISG56  and  (D)  OAS3  promoters  in  HeLa  cells  
mock-treated,  treated  with  either  3  hr  or  6  hr  IFNa  ±  TSA.  IFN-stimulated  global  histone  
modifications  
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Examination  of  global  IFN-  and  IFN-TSA-stimulated  histone  modifications  

Transcriptional   activation   of   ISGs   depend   on   both   HAT   and   HDAC   activities  

(Chang  et  al.,  2004;;  Nusinzon  and  Horvath,  2003;;  Paulson  et  al.,  2002).    The  unexpected  

HDAC  requirement  for  ISG  transcription  remains  to  be  fully  elucidated,  however,  HDAC  

activity  is  necessary  for  STAT2/ISGF3  recruitment  to  ISG  promoters  (Appendix  Figure  5).    

During  the  IFN  response,  ISGF3  associates  with  coactivators  that  remodel  chromatin  and  

modify   histones,   including  HATs  and  HDACs,   to   regulate   ISG   transcription   activation.    

HATs   and  HDACs   catalyze   the   acetylation   and   deacetylation   of   histone   proteins   that  

comprise   the   nucleosomes   throughout   the   genome   including  at   ISGs.     However,   little  

information  on  the  histone  acetylation  status  of  ISGs  during  steady  state  and  following  

IFN  stimulation  is  known.      

Histone  PTMs  have  been  associated  with  transcription  activation  or  repression  and  

can   influence   interactions  with  other   factors  during   transcription  (Bowman  and  Poirier,  

2015).      As   a   preliminary   study   to   identify   candidate   histone   residue(s)   dynamically  

regulated   in   response   to   IFN   stimulation   by   acetylation   and   deacetylation,   a   histone  

modification  profiling  screen  was  performed.    The  histone  profiling  screen  is  based  on  a  

“targeted  quantitative  peptide  proteomics”  method,  which  determines  the  relative  percent  

abundance   of   the   unmodified   and  modified   forms   of   a   specific   histone   residue.      For  

example,  global  evaluation  of  the  total  H3K4  population  would  consist  of  the  unmodified,  

mono-methylated  (me1),  di-methylated  (me2),  tri-methylated  (me3),  and  acetylated  (ac)  

forms  and  together  they  would  total  100  percent.        
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The  histone  profiling  screen  was  performed  over  an  IFN  treatment  time  course  with  

and  without  the  HDAC  inhibitor  TSA.    HeLa  cells  were  mock-treated  or  treated  with  IFN  

or   IFN  and  TSA  for  15  min,  1  hr,  2  hr,  4  hr  or  10  hr,   then  harvested.    The  nuclei  was  

isolated  and  histones  were  extracted  for  targeted  liquid  chromatography-coupled  mass  

spectrometry  (LC-MS).    Surveyed  histone  modifications  include  those  that  are  a  part  of  

the   Epiproteomic   Histone   Modification   Panel   B   from   the   Northwestern   University  

Proteomic  Core  (Appendix  Figure  6).    The  Histone  Modification  Panel  B  identifies  both  

acetylation   and  methylation  modification   forms.      The  analysis   focused   on   the   histone  

acetylation   dynamics   during   the   IFN   response,   but   all   of   the   data   is   included   and  

deposited  in  the  Horvath  lab  NU  Box  repository.      

Generally,  the  relative  abundance  of  an  acetylated  histone  residue  in  samples  that  

were  treated  with  both  TSA  and  IFN  were  higher  in  abundance  than  samples  treated  with  

IFN   only   (Appendix   Figure   7).      Among   the   histone   modifications   surveyed   with   IFN  

treatment   only,   histone   residues   with   notable   changes   in   acetylation   levels   included  

H3.3K36,  H3K23,  H4K8,  H4K12,  and  H2AK9  (Appendix  Figure  7).    Most  of  these  histone  

residues  exhibited   an   increase   in   acetylation   following   IFN   stimulation   except   histone  

variant  residue  H3.3K36  (Appendix  Figure  7A,F).    It  was  the  only  histone  residue  from  

this  screen   that  exhibited  a  decrease   in  acetylation   following   IFN   treatment   (Appendix  

Figure  7F).    A  decrease  in  H3.3.K36ac  following  IFN  stimulation  indicated  the  H3.3K36  

residue  is  subject  to  HDAC  activity  during  the  IFN  response.    

Previous   studies   have   demonstrated   a   role   for   histone   variant   H3.3   in   ISG  

transcription  (Chen  et  al.,  2017;;  Tamura  et  al.,  2009).    IFN  induces  deposition  of  histone  
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variant  H3.3  at  distal  regions  of  ISG,  IFIT1/ISG56,  increasing  its  abundance  in  the  gene  

body,  and  H3.3  knockdown  decreases  ISG  transcript  expression.    Thus,  far,  acetylated  

H3.3K36  has  not   been   linked   to   ISG   transcription   regulation,  while  methylation   of   the  

H3.3K36  residue  has  been  associated  with  ISG  regulation  following  IFN  stimulation  (Chen  

et  al.,  2017;;  Patel  et  al.,  2013).    Based  on  this  preliminary  screen,  H3.3K36  is  a  potential  

candidate  to  investigate  to  determine  whether  it  is  a  specific  target  of  HDAC(s)  employed  

during  the  IFN  response.    Additional  histone  residues  that  exhibited  little  to  no  difference  

over  the  IFN  treatment  time  course  or  following  IFN  and  TSA  treatment  are  included  in  

Appendix  Table  1.  
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Appendix  Figure  6:  Epiproteomic  Histone  Modification  Panel  B  
Schematic  of   the  experimental  conditions  and  the  histone  modifications  surveyed  from  
the  Northwestern  Proteomic  Core  Epiproteomic  Histone  Modification  Panel  B.  (A)  (Left)  
Nuclei  was  isolated  from  HeLa  cells  mock-treated  or  treated  with  IFNa  ±  TSA  for  15  min,  
1  hr,  4  hr,  10  hr.         (Right)  Extracted  histones  were  evaluated  with  LC-MS  for  different  
histone  modification  states  depicted  in  the  diagram.    (B)  List  of  the  histone  modifications  
surveyed   from  Epiproteomic  Histone  Modification  Panel  B.     Both   histone  modification  
images  are  courtesy  of  the  Northwestern  Proteomics  Core  web  site.     
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Appendix  Figure  7:  Histone   residues  with   altered  abundance  of   acetylation  and  
methylation  in  response  to  IFN  stimulation  
(A-E)   Relative   percent   abundance   (log10   scale)   of   unmodified   and  modified   forms   of  
histone   residues,   H3.3K36,   H3K23,   H4K8,  H4K12,   and  H2AK9  with   IFN   or   TSA+IFN  
treatment  for  15  min,  1  hr,  4  hr,  or  10  hr.  Modified  forms  include:  mono-methylated,  Me1;;  
di-methylated,  Me2;;  tri-methylated,  Me3;;  acetylated,  Ac.  (F-J)  Only  the  acetylated  histone  
residue  data   from   (A-E).  X-axis   break   zooms   into   early   treatment   of   0-70  min   IFN  or  
TSA+IFN.  
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Appendix   Table   1.   Relative   abundance   of   unmodified   and   modified   histone  
residues  screened  from  the  Epiproteomic  Histone  Modification  Panel  B  
  

Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H4  

K5  

Unmodified  

Mock   90.2381124651994   0.277235141758981  
15  min  IFNa   87.7617275500847   0.273955191853968  
1  hr  IFNa   81.6368069799026   0.602529040612429  
4  hr  IFNa   89.1995552908563   0.0874065030102687  
10  hr  IFNa   90.4695108503219   0.109947950445163  
15  min  IFNa/TSA   16.2335372202754   0.0907858389890163  
1  hr  IFNa/TSA   67.1511164891246   0.205893924851534  
4  hr  IFNa/TSA   44.4151983055838   0.21235612046871  
10  hr  IFNa/TSA   10.2539783371356   0.240973196436641  

Acetylation  

Mock   9.76188753480064   0.277235141758979  
15  min  IFNa   12.2382724499152   0.273955191853963  
1  hr  IFNa   18.3631930200974   0.602529040612422  
4  hr  IFNa   10.8004447091438   0.0874065030102723  
10  hr  IFNa   9.5304891496781   0.109947950445159  
15  min  IFNa/TSA   83.7664627797246   0.0907858389890123  
1  hr  IFNa/TSA   32.8488835108754   0.205893924851528  
4  hr  IFNa/TSA   55.5848016944162   0.212356120468708  
10  hr  IFNa/TSA   89.7460216628644   0.240973196436646  

K8  

Unmodified  

Mock   89.4516932318638   0.304774671565649  
15  min  IFNa   83.3523369966578   0.342130819209121  
1  hr  IFNa   73.8711509672434   1.00179662903828  
4  hr  IFNa   86.8775422877695   0.12597268218643  
10  hr  IFNa   89.0148191670621   0.0586938688258815  
15  min  IFNa/TSA   11.3221263151374   0.0211329897863637  
1  hr  IFNa/TSA   57.803117639573   0.443367856353538  
4  hr  IFNa/TSA   33.075194424399   0.125707804794918  
10  hr  IFNa/TSA   7.66155636198875   0.171078968561694  

Acetylation  

Mock   10.5483067681363   0.304774671565651  
15  min  IFNa   16.6476630033422   0.342130819209114  
1  hr  IFNa   26.1288490327567   1.00179662903827  
4  hr  IFNa   13.1224577122305   0.125972682186433  
10  hr  IFNa   10.9851808329379   0.0586938688258746  
15  min  IFNa/TSA   88.6778736848626   0.0211329897863598  
1  hr  IFNa/TSA   42.196882360427   0.443367856353531  
4  hr  IFNa/TSA   66.924805575601   0.125707804794918  
10  hr  IFNa/TSA   92.3384436380113   0.171078968561687  

K12  

Unmodified  

Mock   94.4861892823743   0.106353630551925  
15  min  IFNa   88.6035073064897   0.297338320740319  
1  hr  IFNa   79.4474167080709   1.23811232557722  
4  hr  IFNa   91.8108387979717   0.079806856898972  
10  hr  IFNa   93.3874661228226   0.0286729864988226  
15  min  IFNa/TSA   12.1074386745101   0.0386473970130341  
1  hr  IFNa/TSA   65.0525244700791   0.397987442855693  
4  hr  IFNa/TSA   36.9285386766873   0.102899280725838  
10  hr  IFNa/TSA   8.0180099005774   0.181696574604185  

Acetylation  

Mock   5.51381071762574   0.106353630551918  
15  min  IFNa   11.3964926935103   0.297338320740317  
1  hr  IFNa   20.5525832919291   1.23811232557723  
4  hr  IFNa   8.1891612020283   0.0798068568989806  
10  hr  IFNa   6.61253387717738   0.0286729864988273  
15  min  IFNa/TSA   87.8925613254899   0.0386473970130358  
1  hr  IFNa/TSA   34.9474755299209   0.397987442855691  
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4  hr  IFNa/TSA   63.0714613233127   0.102899280725839  
10  hr  IFNa/TSA   91.9819900994226   0.181696574604184  

  

Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H4   K16  

Unmodified  

Mock   67.6863149576102   0.624074411938981  
15  min  IFNa   62.4607877188564   0.706730465428002  
1  hr  IFNa   57.8908285859436   0.203950169790317  
4  hr  IFNa   65.841708009372   0.410929009486308  
10  hr  IFNa   66.3210499159363   0.456159131941415  
15  min  IFNa/TSA   9.9572852833649   0.0522205235741988  
1  hr  IFNa/TSA   45.4509914035228   0.415186516939522  
4  hr  IFNa/TSA   26.470949901006   0.0640768103652416  
10  hr  IFNa/TSA   7.05685721525547   0.151008379965818  

Acetylation  

Mock   32.3136850423898   0.624074411938983  
15  min  IFNa   37.5392122811435   0.706730465428  
1  hr  IFNa   42.1091714140563   0.203950169790317  
4  hr  IFNa   34.158291990628   0.410929009486312  
10  hr  IFNa   33.6789500840637   0.456159131941405  
15  min  IFNa/TSA   90.0427147166351   0.0522205235741987  
1  hr  IFNa/TSA   54.5490085964773   0.415186516939514  
4  hr  IFNa/TSA   73.529050098994   0.0640768103652352  
10  hr  IFNa/TSA   92.9431427847445   0.151008379965823  

  
  

Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H3   K4  

Unmodified  

Mock   96.9561552657567   0.0807063890627182  
15  min  IFNa   84.7548907157679   0.140814538556256  
1  hr  IFNa   73.6038002461663   0.567353764536551  
4  hr  IFNa   87.3852104494065   0.389594078621273  
10  hr  IFNa   92.0906589155903   0.393221879128772  
15  min  IFNa/TSA   88.3819322291607   0.267158139034049  
1  hr  IFNa/TSA   94.67332190794   0.0303258511447402  
4  hr  IFNa/TSA   94.3880573484397   0.173780653898872  
10  hr  IFNa/TSA   86.9885872431424   0.952919375131543  

Mono-  
Methylation  

Mock   2.28679356475469   0.0654119933859953  
15  min  IFNa   7.37256061986008   0.0910679416277233  
1  hr  IFNa   15.6195038742872   0.276528708329596  
4  hr  IFNa   6.21679965052088   0.129431556173756  
10  hr  IFNa   4.04947397167933   0.335758630023727  
15  min  IFNa/TSA   9.24282307171336   0.322991051122182  
1  hr  IFNa/TSA   3.02024354632015   0.0361159231319197  
4  hr  IFNa/TSA   3.03337619498904   0.142897569684749  
10  hr  IFNa/TSA   5.74541081578507   0.530838464033936  
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Histone   Residue   PTM   Treatment   Relative  

abundance  (%)  
Standard  

Deviation  (%)  

H3   K4  

Di-  
Methylation  

Mock   0.350044523585735   0.00767746944068028  
15  min  IFNa   4.02687889393359   0.0172710845674351  
1  hr  IFNa   7.43811190696865   0.290416919599978  
4  hr  IFNa   4.1302701237331   0.223048039414055  
10  hr  IFNa   2.10363175201032   0.0617194868962093  
15  min  IFNa/TSA   1.25814537585696   0.0515049148600436  
1  hr  IFNa/TSA   1.31172082847362   0.0200497447093987  
4  hr  IFNa/TSA   1.32646188234358   0.0304154571481577  
10  hr  IFNa/TSA   3.69795304495018   0.27318220530424  

Tri-  
Methylation  

Mock   0.330738571690269   0.00374572625307915  
15  min  IFNa   3.46498620922901   0.0650846173444914  
1  hr  IFNa   2.91473423018744   0.0127070739925217  
4  hr  IFNa   2.07466978874715   0.0726010203986581  
10  hr  IFNa   1.63036321301588   0.0273841461720337  
15  min  IFNa/TSA   0.867245443452432   0.0348628752557983  
1  hr  IFNa/TSA   0.771325432245203   0.0114548313907283  
4  hr  IFNa/TSA   0.966818418642791   0.0147562949285176  
10  hr  IFNa/TSA   2.68904954231878   0.156200973106065  

Acetylation  

Mock   0.0762680742126032   0.025693433011584  
15  min  IFNa   0.38068356120948   0.0226884338503699  
1  hr  IFNa   0.423849742390385   0.0106557405720674  
4  hr  IFNa   0.193049987592342   0.0182416945301741  
10  hr  IFNa   0.125872147704153   0.0106481099104198  
15  min  IFNa/TSA   0.249853879816547   0.0362072558210072  
1  hr  IFNa/TSA   0.223388285021069   0.00984919140005322  
4  hr  IFNa/TSA   0.285286155584882   0.00590065427529829  
10  hr  IFNa/TSA   0.878999353803575   0.00514779374016637  

  
Histone   Residue   PTM   Treatment   Relative  

abundance  (%)  
Standard  

Deviation  (%)  

H3   K9  

Unmodified  

Mock   37.6274292751336   0.326051270807601  
15  min  IFNa   30.5909219715636   0.207304857965043  
1  hr  IFNa   30.950771327732   0.751525858340705  
4  hr  IFNa   29.8386233017052   0.66779629206988  
10  hr  IFNa   30.1884822329619   0.990960796476829  
15  min  IFNa/TSA   26.474893135175   0.138251520949188  
1  hr  IFNa/TSA   35.6842053023243   1.14066052408731  
4  hr  IFNa/TSA   32.4056940781169   1.09021172549178  
10  hr  IFNa/TSA   19.1014929939341   0.912343260352272  

Mono-  
Methylation  

Mock   33.2114255753505   0.914888632935785  
15  min  IFNa   30.3626434034634   0.231672330422914  
1  hr  IFNa   26.2932516997085   0.620767651510622  
4  hr  IFNa   26.2817834321173   0.630633532689355  
10  hr  IFNa   30.2160433570461   1.23550787301124  
15  min  IFNa/TSA   26.4781048073293   1.22033687722484  
1  hr  IFNa/TSA   30.8744763184496   0.179468625442344  
4  hr  IFNa/TSA   27.5024167438793   0.173595359293845  
10  hr  IFNa/TSA   23.8624839065865   0.580951921824267  
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Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H3   K9  

Di-  
Methylation  

Mock   25.7358340018041   0.716419389183699  
15  min  IFNa   34.9528563851669   0.387497210938788  
1  hr  IFNa   38.1587950859063   0.234454145197743  
4  hr  IFNa   39.1702589339043   0.618335332894046  
10  hr  IFNa   35.105329864677   0.165985502219302  
15  min  IFNa/TSA   26.2299158033265   1.36911273092784  
1  hr  IFNa/TSA   25.3871784323026   1.2266819704222  
4  hr  IFNa/TSA   29.2651322254611   1.08703270013631  
10  hr  IFNa/TSA   35.9602816652091   1.55193715670141  

Tri-  
Methylation  

Mock   1.90241673870643   0.0569909579008377  
15  min  IFNa   2.26699486286525   0.0379072222575831  
1  hr  IFNa   2.63046848642527   0.0766042135582711  
4  hr  IFNa   2.68856720451346   0.0439708874177223  
10  hr  IFNa   2.70197060238178   0.0711828807746747  
15  min  IFNa/TSA   1.54041838865889   0.0463712492074063  
1  hr  IFNa/TSA   1.45233745357139   0.0646432102577876  
4  hr  IFNa/TSA   1.64286968312084   0.0691873683107823  
10  hr  IFNa/TSA   1.9633842138409   0.0562601750398631  

Acetylation  

Mock   1.52289440900535   0.0148687160987944  
15  min  IFNa   1.82658337694076   0.00686922874522144  
1  hr  IFNa   1.96671340022794   0.127974873904039  
4  hr  IFNa   2.02076712775969   0.0267445966888432  
10  hr  IFNa   1.78817394293321   0.0668677358033109  
15  min  IFNa/TSA   19.2766678655103   0.744068044272433  
1  hr  IFNa/TSA   6.60180249335215   0.19119678828958  
4  hr  IFNa/TSA   9.18388726942188   0.124271505710425  
10  hr  IFNa/TSA   19.1123572204294   0.229428788109917  

  
Histone   Residue   PTM   Treatment   Relative  

abundance  (%)  
Standard  

Deviation  (%)  

H3   K14  

Unmodified  

Mock   58.653612447464   0.224706522758788  
15  min  IFNa   37.1429539105222   0.140949651023532  
1  hr  IFNa   41.9527045434091   0.375765501543239  
4  hr  IFNa   42.8742571001631   0.298161897004616  
10  hr  IFNa   58.8578884894105   0.981898876294482  
15  min  IFNa/TSA   9.94632793032229   0.30833466727414  
1  hr  IFNa/TSA   29.413224762369   0.598326225775932  
4  hr  IFNa/TSA   17.6263956798504   0.133078069061274  
10  hr  IFNa/TSA   8.33855967159796   0.238472928555054  

Acetylation  

Mock   41.346387552536   0.224706522758788  
15  min  IFNa   62.8570460894779   0.140949651023532  
1  hr  IFNa   58.0472954565909   0.375765501543242  
4  hr  IFNa   57.1257428998369   0.298161897004609  
10  hr  IFNa   41.1421115105895   0.981898876294481  
15  min  IFNa/TSA   90.0536720696777   0.30833466727414  
1  hr  IFNa/TSA   70.586775237631   0.598326225775936  
4  hr  IFNa/TSA   82.3736043201496   0.133078069061273  
10  hr  IFNa/TSA   91.6614403284021   0.238472928555065  
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Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H3   K18  

Unmodified  

Mock   94.3052155682087   0.045969131934651  

15  min  IFNa   93.1977787738221   0.0717248403520508  
1  hr  IFNa   92.3000990909626   0.084021670707138  
4  hr  IFNa   92.7298044689566   0.0155972379472162  
10  hr  IFNa   94.0622157254064   0.0312701093402015  
15  min  IFNa/TSA   63.0244638756435   0.352883384270909  
1  hr  IFNa/TSA   85.8899054779816   0.106003542420703  
4  hr  IFNa/TSA   77.6554759161901   0.145972529858653  
10  hr  IFNa/TSA   57.7242414365401   0.49849086184426  

Mono-  
Methylation  

Mock   0.321642857931025   0.0419566387384806  
15  min  IFNa   0.132275295859911   0.0133530157359695  
1  hr  IFNa   0.110721872690351   0.00678723416035116  
4  hr  IFNa   0.226293200418993   0.00946796021426217  
10  hr  IFNa   0.273564931496983   0.0403879359312311  
15  min  IFNa/TSA   0.0863403608621691   0.00139163690796737  
1  hr  IFNa/TSA   0.25013662052623   0.0269966276207043  
4  hr  IFNa/TSA   0.179692990054716   0.00810117787491509  
10  hr  IFNa/TSA   0.0545376467030145   0.0113992804519728  

Acetylation  

Mock   5.37314157386025   0.0296248039917848  
15  min  IFNa   6.66994593031796   0.0585949154400221  
1  hr  IFNa   7.58917903634701   0.087638870189914  
4  hr  IFNa   7.04390233062437   0.0237418840771922  
10  hr  IFNa   5.66421934309658   0.050492585354997  
15  min  IFNa/TSA   36.8891957634943   0.352338392893053  
1  hr  IFNa/TSA   13.8599579014922   0.113039864090272  
4  hr  IFNa/TSA   22.1648310937552   0.149879976279472  
10  hr  IFNa/TSA   42.2212209167569   0.50312152699857  

  
Histone   Residue   PTM   Treatment   Relative  

abundance  (%)  
Standard  

Deviation  (%)  

H3   K23  

Unmodified  

Mock   77.2209794078375   0.207922798509366  
15  min  IFNa   44.3338645231733   0.318394416853623  
1  hr  IFNa   18.8824281542088   0.339640683093908  
4  hr  IFNa   50.4782676481081   0.485741161924073  
10  hr  IFNa   69.5184087599318   0.285330522589862  
15  min  IFNa/TSA   18.8923551013553   0.29706250139629  
1  hr  IFNa/TSA   48.3455600325008   0.147272154794523  
4  hr  IFNa/TSA   34.0672131695418   0.0780201732550963  
10  hr  IFNa/TSA   13.62993613652   0.0591596002492639  

Mono-
Methylation  

Mock   0.187577242490981   0.0207501523985794  
15  min  IFNa   0.0702630779522588   0.00614137181600009  
1  hr  IFNa   0.0526802033786449   0.0222018883711371  
4  hr  IFNa   0.114939445695192   0.0025623888639914  
10  hr  IFNa   0.13991190920336   0.00474798318010733  
15  min  IFNa/TSA   0.0475321249039315   0.00197362987685379  
1  hr  IFNa/TSA   0.146236608653968   0.00629396747998958  
4  hr  IFNa/TSA   0.10134687144815   0.00643788665265097  
10  hr  IFNa/TSA   0.030649839288196   0.00575584306322949  
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Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H3   K23   Acetylation  

Mock   22.5914433496715   0.193693318431178  
15  min  IFNa   55.5958723988745   0.321822241822265  
1  hr  IFNa   81.0648916424126   0.323710340221301  
4  hr  IFNa   49.4067929061967   0.48789264140269  
10  hr  IFNa   30.3416793308648   0.28712988100322  
15  min  IFNa/TSA   81.0601127737407   0.298201917317727  
1  hr  IFNa/TSA   51.5082033588453   0.153452899702391  
4  hr  IFNa/TSA   65.8314399590101   0.0805618224718995  
10  hr  IFNa/TSA   86.3394140241918   0.0550799438157924  

  
Histone   Residue   PTM   Treatment   Relative  

abundance  (%)  
Standard  

Deviation  (%)  

H3   K56  

Unmodified  

Mock   99.6380334551149   0.044844155693678  
15  min  IFNa   99.6028599386431   0.0296573813697817  
1  hr  IFNa   99.1669276776751   0.191371357139759  
4  hr  IFNa   99.754371731689   0.0532853256417338  
10  hr  IFNa   99.8055299883445   0.0238070707542193  
15  min  IFNa/TSA   99.8413525775057   0.0426034767588287  
1  hr  IFNa/TSA   99.8120477413032   0.00965509717696015  
4  hr  IFNa/TSA   99.7745398657489   0.0330169450277052  
10  hr  IFNa/TSA   99.7237393598613   0.0377922034299291  

Mono-  
Methylation  

Mock   0.350915368424924   0.0431979476448186  
15  min  IFNa   0.371789833275522   0.0274542598221973  
1  hr  IFNa   0.691880004067801   0.254614892450029  
4  hr  IFNa   0.232293779258297   0.0495634162423007  
10  hr  IFNa   0.181302529806327   0.0284329701718256  
15  min  IFNa/TSA   0.135162874121631   0.0312290806281472  
1  hr  IFNa/TSA   0.168227925541284   0.00796207568260486  
4  hr  IFNa/TSA   0.206592501986637   0.0333311625013491  
10  hr  IFNa/TSA   0.241500960074714   0.0240295313560099  

Acetylation  

Mock   0.0110511764602237   0.00304916006779837  
15  min  IFNa   0.025350228081358   0.0161245746579421  
1  hr  IFNa   0.141192318257044   0.0853866960357402  
4  hr  IFNa   0.0133344890527398   0.0048681322546192  
10  hr  IFNa   0.0131674818491518   0.00498066758550592  
15  min  IFNa/TSA   0.023484548372655   0.0137944054150992  
1  hr  IFNa/TSA   0.0197243331554685   0.010224218678728  
4  hr  IFNa/TSA   0.0188676322644996   0.0034741985906747  
10  hr  IFNa/TSA   0.0347596800640344   0.0215365598729281  

  
Histone   Residue   PTM   Treatment   Relative  

abundance  (%)  
Standard  Deviation  

(%)  

H3   K79   Unmodified  

Mock   74.3528314134437   0.592342734593695  
15  min  IFNa   49.8181977096638   0.370986275686544  
1  hr  IFNa   53.3131873539357   0.272028863295191  
4  hr  IFNa   58.1448384498586   0.37345845692994  
10  hr  IFNa   66.5830507623307   0.433062319120627  
15  min  IFNa/TSA   69.2578461221566   0.19069319012051  
1  hr  IFNa/TSA   74.2050690562878   0.554311718076459  
4  hr  IFNa/TSA   70.0557633927558   0.152121032457416  
10  hr  IFNa/TSA   64.4149833656226   0.602489074231487  
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Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H3   K79  

Mono-
Methylation  

Mock   17.6783273578692   0.406282348093403  
15  min  IFNa   31.4289150817915   0.388306576889158  
1  hr  IFNa   28.5304383289875   0.102509671624907  
4  hr  IFNa   25.2104342823553   0.398658735233763  
10  hr  IFNa   20.4425195306749   0.15426092298733  
15  min  IFNa/TSA   20.9618159283559   0.25384271881914  
1  hr  IFNa/TSA   17.9051325300348   0.183222872188775  
4  hr  IFNa/TSA   19.9507363863684   0.143964034527032  
10  hr  IFNa/TSA   21.1445484245477   0.422098385042019  

Di-
Methylation  

Mock   6.9915765418276   0.157977316981243  
15  min  IFNa   17.9988980817172   0.0289884329211865  
1  hr  IFNa   16.4626040844256   0.203955548827147  
4  hr  IFNa   15.6595444567693   0.0568385446370983  
10  hr  IFNa   11.2239966770619   0.207989837605043  
15  min  IFNa/TSA   8.51892559849473   0.0382175361509453  
1  hr  IFNa/TSA   6.86193514532231   0.188104748371725  
4  hr  IFNa/TSA   8.80165794330874   0.045864818874045  
10  hr  IFNa/TSA   12.8691503745857   0.378459049976285  

Tri-
Methylation  

Mock   0.940277290525564   0.0368055359734059  
15  min  IFNa   0.672869490732068   0.0231429250574245  
1  hr  IFNa   1.50001895427747   0.0628479563676659  
4  hr  IFNa   0.928726465054633   0.0599767373737714  
10  hr  IFNa   1.6727739617086   0.0843095593657452  
15  min  IFNa/TSA   1.19742965298136   0.0589732723766506  
1  hr  IFNa/TSA   0.97472699003528   0.217600400023076  
4  hr  IFNa/TSA   1.14087241673215   0.0960271976623692  
10  hr  IFNa/TSA   1.45215016447236   0.076102599051979  

Acetylation  

Mock   0.036987396333947   0.00807284528077119  
15  min  IFNa   0.0811196360953917   0.0115037243980514  
1  hr  IFNa   0.193751278373823   0.0878018776811188  
4  hr  IFNa   0.0564563459620745   0.0258601851729571  
10  hr  IFNa   0.0776590682239419   0.0253512618918626  
15  min  IFNa/TSA   0.0639826980115069   0.023178354751564  
1  hr  IFNa/TSA   0.0531362783197467   0.0221272934979563  
4  hr  IFNa/TSA   0.0509698608349967   0.0093819516602381  
10  hr  IFNa/TSA   0.119167670771718   0.0301658892087318  

  

Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H4   R49  

Unmodified  

Mock   91.0337756142069   0.299551555635369  
15  min  IFNa   98.2431504359868   0.0702201863599423  
1  hr  IFNa   98.1533099246384   0.305336955959479  
4  hr  IFNa   97.7571483662234   0.0277293646514588  
10  hr  IFNa   92.6142424742235   0.14823584524241  
15  min  IFNa/TSA   94.4123625582737   0.054128915378686  
1  hr  IFNa/TSA   92.6451684592591   0.274048348897585  
4  hr  IFNa/TSA   92.0117646476789   0.119562602902256  
10  hr  IFNa/TSA   96.0557677893332   0.086810312725561  

Di-
Methylation  

Mock   1.25731348363548   0.090488132267877  
15  min  IFNa   0.304283038421193   0.0199294890532213  
1  hr  IFNa   0.578993606706474   0.0930773059919275  
4  hr  IFNa   0.458622486100588   0.0351653227853107  
10  hr  IFNa   0.954814217104124   0.142900089129536  
15  min  IFNa/TSA   0.90033804438504   0.0163906041546909  



  

  

191  

1  hr  IFNa/TSA   0.933333578970887   0.111103915181092  
4  hr  IFNa/TSA   0.813534276645634   0.0153989070475238  
10  hr  IFNa/TSA   0.740478659317009   0.0534473897447827  

  
Histone   Residue   PTM   Treatment   Relative  

abundance  (%)  
Standard  

Deviation  (%)  

H3.1   K27  

Unmodified  

Mock   41.7113098058691   0.655287899471431  
15  min  IFNa   31.4866621388022   0.0449090467801069  
1  hr  IFNa   33.2821573046357   0.404427404812396  
4  hr  IFNa   33.737137463976   0.644042108679118  
10  hr  IFNa   37.9218546037047   0.500080937848803  
15  min  IFNa/TSA   25.539199781944   1.30230740550612  
1  hr  IFNa/TSA   41.3515014113721   0.483185060897808  
4  hr  IFNa/TSA   39.5720461640934   0.624706344303272  
10  hr  IFNa/TSA   25.7426779181789   0.439305439851278  

Mono-
Methylation  

Mock   35.5647094370456   0.431664279277658  
15  min  IFNa   40.0322077437625   0.113452828438492  
1  hr  IFNa   40.3743444160196   0.999090783004726  
4  hr  IFNa   39.0340649791887   0.106924244066862  
10  hr  IFNa   35.7086344877641   1.01214954224355  
15  min  IFNa/TSA   40.8352189447607   1.2441943272873  
1  hr  IFNa/TSA   33.3384352567483   0.902521078216445  
4  hr  IFNa/TSA   31.6228197420041   0.857584962725706  
10  hr  IFNa/TSA   34.4456770109816   0.808150554718071  

Di-
Methylation  

Mock   16.3123769034617   0.161489201744518  
15  min  IFNa   20.7615777351527   0.146092556826869  
1  hr  IFNa   19.606064777891   0.468933370665087  
4  hr  IFNa   19.983007203972   0.355179678552449  
10  hr  IFNa   19.4134130932305   0.291146127867425  
15  min  IFNa/TSA   16.8085464334631   0.337757262750822  
1  hr  IFNa/TSA   16.5570173627881   0.427669406990824  
4  hr  IFNa/TSA   16.7763815044765   0.107281106569868  
10  hr  IFNa/TSA   19.149421875261   0.245481679294773  

Tri-
Methylation  

Mock   5.55971541414962   0.196864258977392  
15  min  IFNa   6.48449271604959   0.0601444050525013  
1  hr  IFNa   5.62605548075383   0.146085072600355  
4  hr  IFNa   6.23265029156537   0.194923890018673  
10  hr  IFNa   6.01441147626055   0.182848865551759  
15  min  IFNa/TSA   9.21763209146488   0.10474427074225  
1  hr  IFNa/TSA   5.14090318021329   0.350288843072633  
4  hr  IFNa/TSA   5.56620467440529   0.0613536670782611  
10  hr  IFNa/TSA   9.59769711957718   0.145696950512021  

Acetylation  

Mock   0.851888439473916   0.0257781639250799  
15  min  IFNa   1.23505966623307   0.0134979079429043  
1  hr  IFNa   1.11137802069983   0.00778007991120387  
4  hr  IFNa   1.01314006129782   0.0400125340443529  
10  hr  IFNa   0.941686339040064   0.0433892643726784  
15  min  IFNa/TSA   7.59940274836736   0.108789418509159  
1  hr  IFNa/TSA   3.61214278887821   0.268255869732357  
4  hr  IFNa/TSA   6.46254791502069   0.203452113659243  
10  hr  IFNa/TSA   11.0645260760013   0.150484420466338  

     



  

  

192  

Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H3.1   K36  

Unmodified  

Mock   23.3169536527518   0.577415257216407  
15  min  IFNa   9.63277086152353   0.1153141465332  
1  hr  IFNa   8.70511609697138   0.262213772305423  
4  hr  IFNa   14.2029644068686   0.74481534098185  
10  hr  IFNa   20.9495847871507   0.768393708466611  
15  min  IFNa/TSA   18.2413081690388   0.47819380021898  
1  hr  IFNa/TSA   19.4482747409279   0.453651746202392  
4  hr  IFNa/TSA   23.8194653218852   1.08757904424515  
10  hr  IFNa/TSA   17.7852793915239   0.424992155944291  

Mono-
Methylation  

Mock   10.7457051835492   0.170484025465743  
15  min  IFNa   18.1179676449646   0.173684930810538  
1  hr  IFNa   17.2862210882217   0.361622319288716  
4  hr  IFNa   14.7396171816789   0.228595365200686  
10  hr  IFNa   13.3296816638298   0.185142488650679  
15  min  IFNa/TSA   11.9557808111785   0.240216611753358  
1  hr  IFNa/TSA   9.74937172779724   0.111690541660223  
4  hr  IFNa/TSA   11.3957920109369   0.517890790433758  
10  hr  IFNa/TSA   12.8839599271826   0.202758224903562  

Di-
Methylation  

Mock   52.4056900478633   0.452870532564972  
15  min  IFNa   58.5599744863763   0.221972902741691  
1  hr  IFNa   59.9396203547028   0.282147465678941  
4  hr  IFNa   57.4368272217222   0.282750074799511  
10  hr  IFNa   52.1960365798744   1.02063805462549  
15  min  IFNa/TSA   56.6034078712369   0.543073707134824  
1  hr  IFNa/TSA   57.8177788710015   0.640973199779345  
4  hr  IFNa/TSA   52.886895339803   1.66386031374774  
10  hr  IFNa/TSA   55.8185887046448   0.173785241037697  

Tri-
Methylation  

Mock   13.5316511158357   0.379816272599567  
15  min  IFNa   13.6892870071356   0.0591335579699192  
1  hr  IFNa   14.0690424601041   0.0620432815738118  
4  hr  IFNa   13.6205911897302   0.295526612734446  
10  hr  IFNa   13.5246969691451   0.0899579876027778  
15  min  IFNa/TSA   13.1995031485458   0.553571510223355  
1  hr  IFNa/TSA   12.9845746602733   0.301993577985149  
4  hr  IFNa/TSA   11.8978473273748   0.104224521362222  
10  hr  IFNa/TSA   13.5121719766486   0.419266378675509  

  

Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H3.3   K27  

Unmodified  

Mock   60.3961411820179   0.942957167779333  
15  min  IFNa   47.2268823611383   0.733115349225035  
1  hr  IFNa   48.2876896812245   0.917049405089095  
4  hr  IFNa   51.2568198117276   0.966896966137312  
10  hr  IFNa   58.315553727915   1.45104794677522  
15  min  IFNa/TSA   33.4406504571096   1.4467902718627  
1  hr  IFNa/TSA   51.1576212670541   1.62300585994006  
4  hr  IFNa/TSA   45.550667870273   1.15779886459966  
10  hr  IFNa/TSA   30.1191323703477   0.984199928957505  

Mono-
Methylation  

Mock   26.8689515658028   0.932869092245583  
15  min  IFNa   33.6766564971228   0.787706331907294  
1  hr  IFNa   31.9374368700753   1.29992962945187  
4  hr  IFNa   30.5593416323755   0.782324822369108  
10  hr  IFNa   26.2822347318835   1.37549604218785  
15  min  IFNa/TSA   28.8634562544952   1.39088705514896  



  

  

193  

1  hr  IFNa/TSA   24.7263874886676   1.24677524956183  
4  hr  IFNa/TSA   22.2952769797705   0.812779578026083  
10  hr  IFNa/TSA   20.9489409810023   1.09467950209018  

Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H3.3   K27  

Di-  
Methylation  

Mock   7.04515353967856   0.296349843413445  
15  min  IFNa   10.7288747450391   0.0807566208908944  
1  hr  IFNa   11.0899205620907   0.288548932409896  
4  hr  IFNa   9.77422786661308   0.447682012309733  
10  hr  IFNa   8.32491002381959   0.1150802905352  
15  min  IFNa/TSA   6.81152134466745   0.164054505801235  
1  hr  IFNa/TSA   7.85278377179543   0.140628333007683  
4  hr  IFNa/TSA   6.89287529481021   0.648648339446541  
10  hr  IFNa/TSA   7.39825199555014   0.323548927170646  

Tri-  
Methylation  

Mock   2.75046394750904   0.270685448223856  
15  min  IFNa   4.26980177391084   0.0794715930796007  
1  hr  IFNa   4.37335227508508   0.204127548343184  
4  hr  IFNa   4.04740545254561   0.154377265357357  
10  hr  IFNa   3.32775829235238   0.129730822995898  
15  min  IFNa/TSA   9.1420198332034   0.239096727361054  
1  hr  IFNa/TSA   4.37045590549957   0.466289593488153  
4  hr  IFNa/TSA   5.63281006350753   0.166266458340407  
10  hr  IFNa/TSA   10.9558289883338   0.353170407380788  

Acetylation  

Mock   2.93928976499174   0.171176187905142  
15  min  IFNa   4.09778462278894   0.0678432581884352  
1  hr  IFNa   4.31160061152447   0.176667717377949  
4  hr  IFNa   4.3622052367382   0.234967143556639  
10  hr  IFNa   3.74954322402944   0.0807309615846381  
15  min  IFNa/TSA   21.7423521105243   0.30692160331328  
1  hr  IFNa/TSA   11.8927515669833   1.06442369384702  
4  hr  IFNa/TSA   19.6283697916388   0.776100382173073  
10  hr  IFNa/TSA   30.577845664766   0.0432355451232186  

  

Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H3.3   K36  

Unmodified  

Mock   0.0971438188408626   0.0971438188408626  
15  min  IFNa   0.0810911891864334   0.0810911891864334  
1  hr  IFNa   0.053697270889985   0.053697270889985  
4  hr  IFNa   0.109618656387816   0.109618656387816  
10  hr  IFNa   0.255525843152645   0.255525843152645  
15  min  IFNa/TSA   0.365386895551271   0.365386895551271  
1  hr  IFNa/TSA   0.16491906125615   0.16491906125615  
4  hr  IFNa/TSA   0.211836950850824   0.211836950850824  
10  hr  IFNa/TSA   0.0971438188408626   0.0971438188408626  

Mono-  
Methylation  

Mock   6.57321846208548   0.241366562165064  
15  min  IFNa   9.32656399062516   0.114489406198911  
1  hr  IFNa   9.43112174409177   0.235306209173008  
4  hr  IFNa   8.51319634397906   0.393448166004208  
10  hr  IFNa   8.0324290084607   0.0753378013576758  
15  min  IFNa/TSA   6.33983806497485   0.292023441941379  
1  hr  IFNa/TSA   5.65454907492694   0.267058481501685  
4  hr  IFNa/TSA   7.0724512009994   0.0415128664040428  
10  hr  IFNa/TSA   6.42843685022932   0.256565830104394  
Mock   36.8912973779599   0.658914797035803  
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Di-  
Methylation  

15  min  IFNa   45.2524148881487   0.326622780705938  
1  hr  IFNa   43.0951658525085   1.48891169930918  
4  hr  IFNa   42.157780245549   1.01675303726597  
10  hr  IFNa   40.8825977738184   0.575080149467114  
15  min  IFNa/TSA   39.2508787073305   0.294703266799194  
1  hr  IFNa/TSA   42.9119060772995   1.74551997191578  
4  hr  IFNa/TSA   39.6593832587326   0.633946292432313  
10  hr  IFNa/TSA   42.0618533390924   1.05594068274059  

  

  
Histone   Residue   PTM   Treatment   Relative  

abundance  (%)  
Standard  

Deviation  (%)  

H2A   K5  

Unmodified  

Mock   93.4652188173063   0.0748838545291095  
15  min  IFNa   94.3439648662904   0.0791070022046213  
1  hr  IFNa   94.0347197744928   1.28598799710983  
4  hr  IFNa   91.153076348154   3.01755198565513  
10  hr  IFNa   92.3285398037921   0.262799401618149  
15  min  IFNa/TSA   48.4832278150491   6.30507680567572  
1  hr  IFNa/TSA   81.5887947895657   0.485119424778574  
4  hr  IFNa/TSA   67.6130851808874   0.247468543106633  
10  hr  IFNa/TSA   39.8732105816898   0.618948796469699  

Acetylation  

Mock   6.53478118269366   0.0748838545291093  
15  min  IFNa   5.65603513370963   0.0791070022046194  
1  hr  IFNa   5.9652802255072   1.28598799710983  
4  hr  IFNa   8.84692365184603   3.01755198565513  
10  hr  IFNa   7.67146019620792   0.262799401618136  
15  min  IFNa/TSA   51.5167721849509   6.30507680567572  
1  hr  IFNa/TSA   18.4112052104343   0.485119424778582  
4  hr  IFNa/TSA   32.3869148191126   0.247468543106632  
10  hr  IFNa/TSA   60.1267894183102   0.618948796469699  

  
     

Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H3.3   K36  

Tri-
Methylatio

n  

Mock   33.5552148470549   0.493314266652216  
15  min  IFNa   37.4267488909971   0.411181825216269  
1  hr  IFNa   39.368530994928   1.37014716290733  
4  hr  IFNa   38.0871108453423   0.849329106524399  
10  hr  IFNa   32.7142373409972   0.419452502129978  
15  min  IFNa/TSA   39.1100365358605   0.17300914609745  
1  hr  IFNa/TSA   32.8192986758578   0.973870309188447  
4  hr  IFNa/TSA   29.692842612993   1.03920479631985  
10  hr  IFNa/TSA   37.4756707378937   0.704850906840006  

Acetylation  

Mock   13.266552413155   0.0765029533234356  
15  min  IFNa   3.88915796130742   0.0658512104941126  
1  hr  IFNa   3.5747220557056   0.193451309576608  
4  hr  IFNa   5.6628236168682   0.118323102788137  
10  hr  IFNa   9.55582039928942   0.144289632464708  
15  min  IFNa/TSA   8.23630243473757   0.183048915714829  
1  hr  IFNa/TSA   10.5503789526279   0.532442233169392  
4  hr  IFNa/TSA   13.6380064053784   0.605731754782217  
10  hr  IFNa/TSA   6.92584652302866   0.300349496421639  
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Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H2A   K9  

Unmodified  

Mock   99.1183124711383   0.0124710353426765  
15  min  IFNa   99.4698012919895   0.0103717588405515  
1  hr  IFNa   96.9477611045267   0.320314468151305  
4  hr  IFNa   97.3198880310663   2.99123408262198  
10  hr  IFNa   99.1794674099383   0.0146801935862312  
15  min  IFNa/TSA   92.6542880088736   0.760907928177123  
1  hr  IFNa/TSA   97.902703442011   0.12542366890374  
4  hr  IFNa/TSA   92.9447025065899   0.231015574952771  
10  hr  IFNa/TSA   73.4253611325324   0.905629597847963  

Acetylation  

Mock   0.881687528861693   0.0124710353426694  
15  min  IFNa   0.530198708010547   0.0103717588405581  
1  hr  IFNa   3.05223889547335   0.320314468151317  
4  hr  IFNa   2.6801119689337   2.99123408262198  
10  hr  IFNa   0.820532590061741   0.0146801935862318  
15  min  IFNa/TSA   7.34571199112642   0.760907928177127  
1  hr  IFNa/TSA   2.09729655798899   0.125423668903738  
4  hr  IFNa/TSA   7.05529749341007   0.231015574952769  
10  hr  IFNa/TSA   26.5746388674676   0.905629597847962  

  
Histone   Residue   PTM   Treatment   Relative  

abundance  (%)  
Standard  

Deviation  (%)  

H2A1   K13  

Unmodified  

Mock   99.9661248538492   0.0165269979332963  
15  min  IFNa   99.9732075080416   0.00744655216526442  
1  hr  IFNa   99.8990646311606   0.0112550602953327  
4  hr  IFNa   99.9191242205378   0.0109089368337411  
10  hr  IFNa   99.9549261479721   0.00407484286635918  
15  min  IFNa/TSA   99.9947965525362   0.00300377276384332  
1  hr  IFNa/TSA   99.9756826481288   0.0050138701578535  
4  hr  IFNa/TSA   99.9851860945559   0.00362956310289948  
10  hr  IFNa/TSA   99.9774306893333   0.00386374757459499  

Acetylation  

Mock   0.0338751461508111   0.0165269979332957  
15  min  IFNa   0.0267924919583678   0.00744655216526517  
1  hr  IFNa   0.100935368839433   0.0112550602953235  
4  hr  IFNa   0.0808757794621753   0.0109089368337388  
10  hr  IFNa   0.0450738520278604   0.00407484286635832  
15  min  IFNa/TSA   0.00520344746376229   0.00300377276384212  
1  hr  IFNa/TSA   0.024317351871244   0.00501387015785019  
4  hr  IFNa/TSA   0.0148139054440917   0.00362956310289714  
10  hr  IFNa/TSA   0.0225693106667339   0.00386374757459871  
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Histone   Residue   PTM   Treatment   Relative  
abundance  (%)  

Standard  
Deviation  (%)  

H2A1   K15  

Unmodified  

Mock   39.4023197957706   1.40420856813479  
15  min  IFNa   54.3430472275736   0.565598838129198  
1  hr  IFNa   51.214951549831   0.832166601427025  
4  hr  IFNa   51.6023168992514   0.373728116695792  
10  hr  IFNa   48.2065944861669   1.29590748548139  
15  min  IFNa/TSA   44.6853229649272   1.09991606792401  
1  hr  IFNa/TSA   50.2760247584391   1.30653103987672  
4  hr  IFNa/TSA   50.1826232427766   0.316812738449983  
10  hr  IFNa/TSA   50.7083493549432   1.43310355881819  

Acetylation  

Mock   60.5976802042294   1.40420856813479  
15  min  IFNa   45.6569527724264   0.565598838129197  
1  hr  IFNa   48.785048450169   0.832166601427018  
4  hr  IFNa   48.3976831007486   0.373728116695797  
10  hr  IFNa   51.7934055138331   1.29590748548138  
15  min  IFNa/TSA   55.3146770350728   1.09991606792401  
1  hr  IFNa/TSA   49.7239752415609   1.30653103987672  
4  hr  IFNa/TSA   49.8173767572234   0.316812738449982  
10  hr  IFNa/TSA   49.2916506450568   1.43310355881819  

  
Histone   Residue   PTM   Treatment   Relative  

abundance  (%)  
Standard  

Deviation  (%)  

H2A3   K13  

Unmodified  

Mock   99.9575878663044   0.0213946902495725  
15  min  IFNa   99.9208878721191   0.0426346990079061  
1  hr  IFNa   99.6309574963457   0.395061855282418  
4  hr  IFNa   99.2311664061786   0.0752385975181197  
10  hr  IFNa   99.734912519543   0.130070742851988  
15  min  IFNa/TSA   99.9600613903847   0.00426903725772674  
1  hr  IFNa/TSA   99.9728792635965   0.0317864818654894  
4  hr  IFNa/TSA   99.9821031918061   0.0131401515902179  
10  hr  IFNa/TSA   99.9308443336386   0.0475672180147932  

Acetylation  

Mock   0.0424121336955858   0.0213946902495724  
15  min  IFNa   0.0791121278808632   0.0426346990079092  
1  hr  IFNa   0.369042503654268   0.39506185528242  
4  hr  IFNa   0.768833593821349   0.0752385975181212  
10  hr  IFNa   0.265087480456993   0.130070742851987  
15  min  IFNa/TSA   0.0399386096153378   0.00426903725772411  
1  hr  IFNa/TSA   0.0271207364035279   0.0317864818654961  
4  hr  IFNa/TSA   0.0178968081939002   0.0131401515902134  
10  hr  IFNa/TSA   0.0691556663613997   0.0475672180147933  
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198  

  

  

METHODS  

Cell  culture  and  treatment  with  interferon  or  chemical  inhibitor  

Human   cells   lines,   HeLa   S3,   293T/17,   2fTGH,   U2A,   U3A   and   U6A   cells   were  

grown   in   Dulbecco’s   modified   Eagle’s   medium   (DMEM)   containing   10%   cosmic   calf  

serum  (CCS)  and  1%  pen-strep  (PS)  at  37ºC  with  5%  CO2.    Lentiviral-transduced  HeLa  

or  2fTGH  cells  harboring  shRNA  were  cultured  in  DMEM  containing  10%  CCS,  1%  PS  

and  5-10  µg/ml  puromycin  (Sigma,  St.  Louis,  MO)  at  37ºC  with  5%  CO2.    Cells  were  mock-

treated  or  treated  with  1000  units/ml  of  IFNa (Hoffman-Roche)  for  the  specified  amount  

of   time.   Chemical   inhibitors,   PFI-3   (0.9   mM,   Sigma),   TSA   (1.3   mM;;   EMD   Millipore,  

Burlington,  MA),  MB-3  (0.5  mM,  Sigma),  JQ1  (10  µM;;  Apexbio,  Houston,  TX),  and  BIC1  

(0.5   mM,   Sigma)   were   added   1   hr   pre-IFN   treatment   and   not   removed   during   IFN  

treatment.      

  

mRNA  Expression  

RNA   was   isolated   from   cells   with   Trizol,   extracted   with   phenol/chloroform   and  

isopropanol-precipitated.     RNA  was  treated  with  DNase  I,  primed  with  random  primers  

and  reverse  transcribed  to  cDNA  with  Superscript  III  (Invitrogen,  Carlsbad,  CA).    Relative  

mRNA   abundance   was   determined   by   SYBR   green   qPCR   (Invitrogen)   using   specific  

primers.     Analysis  was  based  on   the   delta  Ct  method  using  GAPDH   to   normalize   for  

relative  abundance.        
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Lentivirus-mediated  RNA  interference  

293T/17  cells  were   transfected  with  pGIPZ   lentiviral   short  hairpin  RNA  vectors,  

pD8.91  and   pUC-MDG   using   either   lipofectamine   2000   or   polyethylenimine   in   DMEM  

media  for  15  hr  followed  by  a  change  to  DMEM  media  supplemented  with  10%  CCS  and  

1%  PS  for  24  hr.    Lentivirus-containing  supernatant  was  centrifuged  and  filtered  to  remove  

cell  debris.     HeLa  or  2fTGH  cells  were   transduced  2-3   times  with   fresh   lentivirus  and  

polybrene  for  24  hr  each  time.    

  

siRNA-mediated  RNA  interference  

HeLa  or  2fTGH  cells  were  transfected  with  40  nM  siRNA  using  lipofectamine  2000  

for  48  hr.  Cells  were  mock-  or  IFN-treated  and  harvested  by  Trizol  for  RNA  analysis  or  

processed  for  ChIP  sample  preparation.      

  

Antiviral  plaque  assay  

Lentivirus-shRNA-transduced  HeLa  or  2fTGH  cells  were  mock-treated  or  treated  

with  1000  units/ml  of  IFNa  for  the  specified  amount  of  time,  then  infected  with  vesicular  

stomatitis  virus  (Indiana  strain)  for  24-72  hr  at  37ºC  with  5%  CO2.    Cells  were  fixed  with  

3.7%  formaldehyde  and  stained  with  crystal  violet.  

  

Immunoblot    

Cells  were  lysed  on  ice  in  whole  cell  extract  buffer  (50  mM  Tris  pH  8.0,  280  mM  

NaCl,  0.5%  Igepal,  0.2  mM  EDTA,  2  mM  EGTA,  10%  glycerol)  supplemented  with  fresh  
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DTT,  protease  inhibitor  and  sodium  vanadate  for  15-30  min,  then  sonicated  for  5  minutes  

(15  sec  on,  45  sec  off)  at  4°C  using  a  cuphorn  sonicator  (Misonix).    The  sonicated  sample  

was  centrifuged  at  14,000  x  g  for  15  minutes  to  remove  the  cellular  debris.    Total  protein  

was  denatured  at  100°C  in  SDS  loading  buffer,  separated  by  SDS-PAGE,  transferred  to  

nitrocellulose  membrane,  blocked   in  milk/TBST  solution,  probed  with  specific  antibody  

(H2A.Z   ab4174   Abcam,   Cambridge,   MA;;   GAPDH   sc-47724   Santa   Cruz,   Dallas,   TX;;  

STAT1   Santa   Cruz   sc-345,   STAT2   sc-476)   and   the   corresponding   HRP   conjugated  

secondary  antibody  (Invitrogen).     Chemiluminescent  detection  (PerkinElmer,  Waltham,  

MA)  was  performed  using  Vision  Works  software.    Relative  density  was  quantified  using  

ImageJ  software.      

  

ChIP  sample  preparation  

Chromatin  immunoprecipitation  (ChIP)  samples  were  prepared  according  to  Lee  

et   al.,   2006.     Adherent   cells  were   crosslinked   for   10  minutes  with   11%   formaldehyde  

solution  (50  mM  HEPES-KOH  pH  7.5,  100  mM  NaCl,  1  mM  EDTA  pH  8.0,  0.5  mM  EGTA  

pH   8.0,   11%   formaldehyde)   and   quenched   for   5-10   minutes   with   glycine   at   room  

temperature.    Crosslinked  cells  were  lysed  at  4ºC  with  lysis  1  buffer  (50  mM  HEPES-KOH  

pH  7.5,  140  mM  NaCl,  1  mM  EDTA,  10%  glycerol,  0.5%  NP-40,  0.25%  Triton  X-100,  1X  

protease  inhibitors),  pelleted  to  isolate  the  nuclei,  washed  with  lysis  2  buffer  (10  mM  Tris-

HCl   pH  8.0,   200  mM  NaCl,   1  mM  EDTA,   0.5  mM  EGTA,   1x   protease   inhibitors)   and  

pelleted.    Nuclei  was  resuspended  in  lysis  buffer  3  (10  mM  Tris-HCl  pH  8.0,  100  mM  NaCl,  

1   mM   EDTA,   0.5   mM   EGTA,   0.1%   Na-Deoxycholate,   0.5%   N-lauroylsarcosine,   1X  
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protease  inhibitiors)  and  sonicated  at  4ºC  with  intervals  of  15  seconds  on  and  45  seconds  

off  until  DNA  fragments  were  ≤1000  bp.    Triton-X  was  added  to  the  sonicated  lysate  to  a  

final  concentration  of  1%  and  centrifuged  to  pellet  the  cell  debris.    The  cleared  lysate  was  

removed  and  1%  input  sample  was  saved.    The  lysate  was  incubated  with  Dynabeads  

bound  to  antibody  (STAT1  Santa  Cruz  sc-345,  STAT2  Santa  Cruz  sc-476,  IRF9  Santa  

Cruz  sc-496,  RNA  Pol  II  CTD  Abcam  ab817,  H2A.Z  Abcam  ab4174,  H2A  Abcam  ab18255,  

H2B  Abcam  ab1790,  H3  Abcam  ab1791,  H4  Abcam  ab7311)  overnight  at  4ºC  followed  

by  5  times  wash  with  cold  RIPA  buffer  (50  mM  HEPES  pH  7.5,  500  mL  LiCl,  1  mM  EDTA,  

1%  NP-40,  0.7%  Na-Deoxycholate)  and  once  with  cold  Tris-EDTA  (TE)  pH  8.0  +  NaCl.    

Immunoprecipitated  complexes  were  eluted  off  the  beads  with  30  minutes  of  65ºC  water  

bath  incubation  and  periodic  vortexing.    The  eluate  was  further  incubated  in  a  65ºC  heated  

incubator   for   12-15   hr.   TE   buffer   was   added   to   the   reverse-crosslinked   sample   and  

incubated  with  RNase  A  for  2  hr  at  37ºC,  Proteinase  K  for  2  hr  at  55ºC  and  isolated  with  

phenol:chloroform:isoamyl.    The  sample  was  eluted  with  ethanol  (EtOH),  glycogen  and  

NaCl  at  -20ºC  overnight,  washed  with  80%  EtOH  and  resuspended  in  Tris-HCl  pH  8.0.    

ChIP  DNA  was  used  either   for  qPCR  assays  using  specific  primers  or  prepared   into  a  

sequencing   library   for   Applied   Biosystems   (ABI,   Foster   City,   CA)   SOLiD   5500xl  

sequencing.    

  

ChIP  library  preparation  for  SOLiD  5500xl  sequencing  

The  purified  ChIP  DNA  was  prepared  for  sequencing  following  ABI  SOLiD  5500xl  

library  preparation  protocol.     Purified  DNA  was  end-repaired  (NEBNext;;  NEB,   Ipswich,  
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MA).    The  DNA  was  size-selected  with  Ampure  beads  followed  by  addition  of  a  single  dA-

tail  to  the  ends.    ABI  SOLiD  5500xl  DNA  adaptor  barcodes  were  ligated  onto  the  DNA  

with   Quick   Ligase   (NEB)   for   30  minutes   at   room   temperature   and   size-selected   with  

Ampure  beads.    Size-selected  DNA  was  pseudo  nick-translated  to  fill  in  the  5’  overhang  

and  remove  the  3’  end  (NEBNext).    Ampure  beads  was  used  to  purify  the  final  adaptor-

ligated  ChIP  DNA.    The  adaptor-ligated  ChIP  DNA  library  was  amplified  for  11-13  cycles  

using  the  SOLiD  P1  and  P2  primers  and  DNA  size  was  verified  by  Bioanalyzer.      

  

ChIP  assays,  deep  sequencing  and  data  analysis  

ChIP  and  input  DNA  abundance  was  analyzed  using  SYBR  green  qPCR  for  ChIP  

assays.  ChIP  DNA  was  normalized  using  the  percent  input  method.    For  high-throughput  

sequencing,   ChIP   DNA   was   prepared   following   the   SOLiD   5500xl   library   preparation  

protocol.   Reads   were   aligned   to   the   human   hg19   build   with   Bioscope   v1.3.1.   The  

reference  genome  was  converted   to  colorspace.     MACS  software  was  used  to   identify  

unique  peaks.    Genomic  regions  that  were  statistically  enriched  in  the  ChIP-Seq  data  (p-

value  ≤  1  x  10-5)  relative  to  the  control  input  DNA  were  identified  by  the  MACS  software  

(Zhang  et  al.,  2008),  and  represent  regions  bound  by  IFN-induced  STAT1,  STAT2  or  IRF9.    

Additional  data  analysis  was  performed  with  the  HOMER  software.      
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Direct   selection   MNase   nucleosome   preparation,   deep   sequencing   and   data  

analysis  

Mononucleosome  DNA  (mnDNA)  from  (~147-167  bp)  was  isolated,  processed  and  

sequenced   as   described   in   Freaney   et   al.,   2014   and   Yigit   et   al.,   2013.         Briefly,   a  

sequencing   library   was   prepared   with   isolated   mononucleosome   DNA   (mnDNA)   and  

ligated  with  SOLiD  5500xl  adaptor  DNA  barcodes.  The  sequencing  library  was  hybridized  

to   10   biotin-labeled   bacteria   artificial   chromosomes   (BACs;;   BACPAC   Resources,  

Oakland,  CA)  to  enrich  for  20  target  interferon-stimulated  gene  genomic  loci.    The  target  

DNA  was  captured  and  eluted   from  streptavidin-conjugated  beads.     The  eluted   library  

was   amplified   for   13-15   cycles   using   SOLiD   P1   and   P2   primers   and   paired-end  

sequenced  on  the  SOLiD  5500xl  platform.      

To  obtain  mnDNA,  crude  nuclei  was  isolated  from  HeLa  cells.    Approximately  5  x  

107  adherent  HeLa  cells  were  pelleted,  washed,  and  lysed  with  MC  lysis  buffer  (10  mM  

Tris-HCl   pH   7.5,   10   mM   NaCl,   3   mM   MgCl2,   0.5%   Igepal).      The   nuclear   pellet   was  

resuspended  in  micrococcal  nuclease  (MNase)  reaction  buffer  (10  mM  Tris-HCl  pH  7.5,  

10  mM  NaCl,  3  mM  MgCl2,  1  mM  CaCl2,  4%  Igepal,  fresh  1  mM  PMSF).    MNase  (800  

units/5  x  107  cells)  was  added  to  the  nuclear  pellet  and  digested  the  chromatin  for  the  

appropriate  amount  of  time  to  generate  mononucleosome  DNA  at  25°C.    The  digestion  

reaction  was  terminated  with  addition  of  a  stop  reaction  solution  (10  mM  EGTA,  1X  PMSF,  

1X  PI,  1%  SDS,  200  mM  NaCl  or  10  mM  EDTA).    The  digested  chromatin  sample  was  

treated  with  RNase  A  for  30  min  at  37°C  followed  by  a  phenol/chloroform  extraction  to  

obtain  the  DNA.    The  DNA  (~1.5  µg)  was  loaded  onto  a  3.5%  NuSieve  3:1  agarose  gel  in  
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0.5%  TBE  solution  to  resolve  the  nucleosomal  DNA  bands.    The  mononucleosomal-sized  

DNA  (mnDNA)  band  (~147  bp)  was  excised  from  the  gel  and  isolated  by  the  crush  and  

soak  method.    Briefly,  the  gel  was  incubated  with  3  times  volume  to  gel  of  crush  and  soak  

buffer   (300  mM  NaOAc,  1  mM  EDTA  pH  8.0,  0.1%  SDS)  with  gentle  shaking  at  room  

temperature  overnight.     The  crush  and  soak  buffer  containing   the  mnDNA  was  filtered  

(Amicon  Ultrafree-Cl)  and  the  filtrate  was  concentrated.    The  concentrated  mnDNA  was  

purified  and  used  to  prepare  the  sequencing  library.  

The  purified  mnDNA  was  prepared   for  sequencing   following  ABI  SOLiD  5500xl  

library   preparation   protocol.     Purified  mnDNA  was  end-repaired.     The  DNA  was   size-

selected  (~147  bp)  with  Ampure  beads  followed  by  addition  of  a  single  dA-tail  to  the  ends.    

ABI  SOLiD  5500xl  DNA  adaptor  barcodes  were  ligated  onto  the  DNA  with  Quick  Ligase  

for  30  minutes  at  room  temperature  and  size-selected  with  Ampure  beads.    Size-selected  

DNA  was  pseudo  nick  translated  to  fill  in  the  5’  overhang  and  remove  the  3’  end.    Ampure  

beads  was  used  to  purify  the  adaptor-ligated  mnDNA.    

To   enrich   for   mnDNA   from   20   target   ISG   genomic   regions,   bacterial   artificial  

chromosomes   (BACs)   encoding   these   regions  were   used   to   hybridize   and   enrich   the  

target  ISGs.    The  10  biotin-dUTP-labeled  BACs  allows  capture  of  ~1.76  Mb  of  the  genome  

corresponding   to   20   ISG   loci   and   their   surrounding   genomic   regions.   The   lyophilized  

biotin-dUTP-labeled   BACs   was   resuspended   with   human   cot-1   DNA   to   reduce  

nonspecific  repetitive  DNA  sequences  with  a  mineral  oil  overlay,  followed  by  denaturation  

at   95°C   for   5  min,   incubated  at   65°C   for  15  min,   and   then   incubated  with  5   µl   of   2⨉  

hybridization  buffer  (1.5  M  NaCl,  40  mM  sodium  phosphate  buffer  pH  7.2,  10  mM  EDTA  
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pH  8,  10⨉  Denhardt’s,  0.2%  SDS)  at  65°C   for  6  hr.  Then  2  µg  of   the  adaptor-ligated  

mnDNA  in  5  µl  of  dH2O  was  denatured  at  95°C  for  5  min  and  incubated  at  65°C  for  15  

min  with  a  mineral  oil  overlay.  The  mnDNA  was  transferred  to  a  tube  containing  the  cot-

1   suppressed   BACs   and   allowed   to   hybridize   with   the   BACs   at   65°C   for   72   hr.   The  

hybridization   mixture   of   BAC   and   mnDNA   was   added   to   pre-washed   streptavidin  

magnetic  beads   in  150  µl  Streptavidin  bead  binding  buffer.  Binding  of   the  streptavidin  

magnetic  beads  with  the  biotin-dUTP  labeled  BAC  hybridized  with  mnDNA  was  carried  

out  on  a  rotator  at  room  temperature  for  30  min  with  periodic  mixing.  The  magnetic  beads  

were  washed  once  with  1  ml  1⨉  sodium-saline  citrate  (SSC)  buffer  with  0.1%  SDS  at  

25°C  for  15  min,  and  then  three  times  with  1  ml  0.1⨉  SSC  buffer  with  0.1%  SDS.  The  

hybridized  BAC-mnDNA  was  eluted  off  the  streptavidin  beads  with  100  µl  of  0.1  M  NaOH  

at  25°C  for  10  min.  The  BAC-mnDNA  eluate  was  neutralized  by  addition  of  100  µl  1M  

Tris-HCl  pH  7.5  and  desalted  through  a  Sephadex  G-50  column.  The  eluted  mnDNA  was  

PCR-amplified  for  13-15  cycles  using  the  SOLiD  P1  and  P2  primers.    

Sequencing  reads  were  aligned  with  the  Bowtie  software  v0.12.7  using  the  human  

reference  genome  build  hg19/GR37.    Aligned  reads  corresponding  to  the  BAC-selected  

genomic   coordinates   were   used   to   generate   nucleosome   occupancy   maps   using   a  

center-weighted  algorithm  and  selecting  reads  that  were  137-157  bp,  representing  single  

nucleosome-protected  regions  (Freaney  et  al.,  2014;;  Yigit  et  al.,  2013).    The  occupancy  

scores  from  the  center-weighted  algorithm  was  normalized  to  10  million  reads  to  generate  

nucleosome  occupancy  maps.  To  identify  nucleosome  occupancy  changes  between  the  
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steady   state   and   different   time   points   of   IFN-induced   states,   additional   analysis   was  

performed  using  the  DANPOS  software  (Chen  et  al.,  2013).      

  

DNase  I  nuclease  sensitivity  assay  

Cells  were  mock-treated  or  treated  with  1000  units/ml  of  IFNa (Hoffman-Roche),  50  mg/ul  

IFNg  (PBL  Interferon  Source)  or  heat-shocked  at  42°C  for  the  specified  amount  of  time.  

HeLa  cells  were  pelleted,  washed,  and  lysed  with  MC  lysis  buffer  (10  mM  Tris-HCl  pH  

7.5,  10  mM  NaCl,  3  mM  MgCl2,  0.5%  Igepal).    The  nuclear  pellet  was  resuspended  in  

DNase  I  reaction  buffer  (4%  Igepal  (or  NP-40),  10  mM  Tris-HCl  pH  7.6,  2.5  mM  MgCl2,  

0.5   mM  CaCl2,   and   freshly   added   1mM   PMSF).      DNase   I   (50U   per   2.5   x   107   cells)  

digestion  was  performed  at  25C.  The  digestion  reaction  was  terminated  with  addition  of  

a  stop  reaction  solution  (10  mM  EGTA,  1X  PMSF,  1X  PI,  1%  SDS,  200  mM  NaCl  or  10  

mM  EDTA).    The  digested  chromatin  sample  was  treated  with  RNase  A  for  30  min  at  37°C  

followed  by  a  phenol/chloroform  extraction  to  obtain  the  DNA. 

  

     



  

  

207  

MATERIALS  

REAGENT  or  RESOURCE   SOURCE   IDENTIFIER  
Antibodies  
STAT1   Santa  Cruz   sc-345  
STAT2   Santa  Cruz   sc-476  
IRF9   Santa  Cruz   sc-496  
H2A.Z   Abcam   ab4174  
RNA  Pol  II  CTD   Abcam   ab817  
H2A   Abcam   ab18255  
H2B   Abcam   ab1790  
H3   Abcam   ab1791  
H4   Abcam   ab7311  
Phospho-STAT1  (Tyr  701)   Cell  Signaling  Technology   7649  
Phospho-STAT2  (Tyr  689)   EMD  Millipore   07-224  
H2A.Z  Acetyl  K4,  K7,  K11   Abcam   Ab18262  
GAPDH   Santa  Cruz   sc-47724  
Bacterial  and  Virus  Strains          

Vesicular  stomatitis  virus   N/A   Indiana  strain  
Lentivirus  (pUC-MDG,  pD8.91,  
harbors  pGIPz  shRNA)  

This  thesis  project   See  table  
below  

Chemicals,  Peptides,  and  
Recombinant  Proteins  

     

Dynabeads  Protein  G   Invitrogen   10004D  
IFNa   Hoffmann-La  Roche  Inc   RO  22-

8181/001  
PFI-3   Sigma  Aldrich   SML0939  
MB-3   Sigma  Aldrich   M2449  
JQ1   Fisher  Scientific   50-101-4886  
BIC1   Sigma  Aldrich   203830  
TSA   EMD  Millipore   647925  
iProof  HF  DNA  Polymerase   Biorad   172-5302  
Critical  Commercial  Assays        
SOLiD  library  preparation:  
Fragment  Library  Core  Kit  

Applied  Biosystems   4464412  

SOLiD  library  preparation:  
Enzyme  Module  

Applied  Biosystems   4464413  

SOLiD  library  preparation:  
Barcode  adapters  

Applied  Biosystems   4464406  

SOLiD  library  preparation:  
Standard  adapter  kit  

Applied  Biosystems   4464411  

NEBNext:  END  Repair  Module   NEB   E6050L  
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NEBNext:  dA-Tailing  Module     NEB   E6053L  
Deposited  Data        
STAT1,  STAT2,  IRF9  ChIP-Seq  
data  (HeLa  cells)  

This  thesis  project   GEO:  
GSE110067  

H2A.Z  Encode  data  (HeLa  cells)   (Consortium,  2012)   UCSC:  
wgEncodeEH0
02395;;  GEO:  
GSM1003483  
https://genome.
ucsc.edu/enco
de/  

Human  reference  genome  NCBI  
build  37,  GRCh37  

Genome  Reference  
Consortium  

http://www.ncbi
.nlm.nih.gov/pr
ojects/genome/
assembly/grc/h
uman/  

Experimental  Models:  Cell  
Lines  

     

Human:  HeLa   N/A   N/A  
Human:  2fTGH   George  Stark   N/A  
Human  2fTGH-derived  (-/-  
IRF9):  U2A  

George  Stark   U2A  

Human  2fTGH-derived  (-/-  
STAT1):  U3A  

George  Stark   U3A  

Human  2fTGH-derived  (-/-
STAT2):  U6A  

George  Stark   U6A  

Human:  293T   ATCC   CRL-11268  
Oligonucleotides        
Primers  for  RT  and  ChIP  qPCR     Eurofins,  Invitrogen   See  tables  

below  
Recombinant  DNA        
pUC-MDG  (VSV-G  pseudotyped  
viral  envelope)  

Xiaomin  Bao   N/A  

pD8.91  (Lentiviral  Gag,  Pol)   Xiaomin  Bao   N/A  
pGIPZ  shRNA   GE  Dharmacon   See  tables  

below  
Software  and  Algorithms        
Bowtie   (Langmead  et  al.,  2009)   https://sourcefo

rge.net/projects
/bowtie-
bio/files/bowtie/
0.12.7/  
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MACS   (Zhang  et  al.,  2008)   http://liulab.dfci.
harvard.edu/M
ACS/  

DANPOS   (Chen  et  al.,  2013)   https://sites.go
ogle.com/site/d
anposdoc/  

HOMER   (Heinz  et  al.,  2010)   http://homer.uc
sd.edu/homer/  

R   R  Development  Core  Team   https://www.r-
project.org/  

Galaxy   (Afgan  et  al.,  2016)   Usegalaxy.org  
  

mRNA/cDNA  RT-PCR  Primers  

           

Genomic  DNA/ChIP  RT-PCR  Primers    

Gene   Forward  Primer   Reverse  Primer  
H2A.Z   CTCACCGTGGGTCCGATTAG  

  

CGCCTTTGTCTTGGCCTTTC  

  OAS3   TTCATCCAGGACCACCTGA   GCCAAATGAGCCCCCTTTAC  
IFIT1/ISG56   CAGAACGGCTGCCTAATTT  

  

GGCCTTTCAGGTGTTTCAC  

  IFIT2/ISG54   GGAAGATTTCTGAAGAGTGCAG  

  

CTCCCTCCATCAAGTTCCAG  

  IFITM1/9-27   CCTTCCAAGGTCCACCGT  

  

ACGTCGCCAACCATCTTC  

  LOC100419583   GCTTGCTCAGGTCTCTGTCC  

  

CTGCCCGGTAGTTATTCAGC  

  ISG15   GACCTGACGGTGAAGATGCT  

  

CGATCTTCTGGGTGATCTGC  

  GAPDH   ACAGTCAGCCGCATCTTCTT  

  

ACGACCAAATCCGTTGACTC  

  

Genomic  
region  

Forward  Primer   Reverse  Primer  

OAS3  promoter   CAAGTTTGGGGAAGACAGGA  
  

TCGGATTTCTGGTTTCGTTT  
  

OAS3  gene  
body  

AAAGCCAGCCAGTGAACAGT   ATCCAAGCCACTCTCCTCAA  

IFIT1/ISG56  
promoter  

GCAGGAATTCCGCTAGCTTT  
  

GCTAAACAGCAGCCAATGGT  
  

IFIT1/ISG56  
gene  body  

CCTCCTTGGGTTCGTCTACA   GGCTGATATCTGGGTGCCTA  

IFITM1/9-27  
promoter  

CAGCAGGAAATAGAAACTTAAGAGAAA  
  

GGGGAAGGAAGTGTTGAGTG  
  

IFITM1/9-27  
gene  body     

CTGATTCTGGGCATCCTCAT  
  

AGGCTATGGGCGGCTACTA  
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Plasmids  or  siRNA  

  

Bacterial  artificial  chromosomes  (BAC)  

  

  

  

  

  

  

  

  

LOC100419583  
promoter  

TTGCTGATCTCATCACTGCAT  
  

ACTTTCCCGTCCTGGTTTCT  
  

ISG15  
promoter  

CGTGTGTGCCTCAGGCTTAT  
  

ACGGCACAAGCTCCTGTACT  
  

IFIT3/ISG60  
promoter  

ATTTTCCTCCTCCCAACGAT  
  

GAGAGTAGGGCACGCATCAG  
  

bActin  promoter   CTGGGTTCTGTACGCTCCTG  
  

GACCCACCCAGCACATTTAG  
  

shRNA:  Target   Sequence   Clone  ID  
shRNA:    H2AFZ  

  

CGTATTCATCGACACCTAA   V2LHS_132986  
shRNA:    H2AFZ  

  

GCCGTATTCATCGACACCT   V2LHS_132984  
shRNA:    H2AFZ  

  

CCGTATTCATCGACACCTA   V2LHS_132985  
shRNA:  Non-silencing   N/A   RHS  4346  

  shRNA:  INO80   ATTTCTTCCAGTACAGAAG   V2LHS_238013  

  shRNA:  RVB1   TTAGCAAGCAAGTTGGCCG  

  

V2LHS_14740  

  shRNA:  RVB2   TGCTGGTCGATCAATCTGG   V3LHS_641743  
shRNA:  CBP   TAAGTGATAATATTCATCC  

  

V2LHS_24251  

  siRNA:  SRCAP   Dharmacon  On-TARGETplus  SMARTpool   L-004830-00-0005  

  

BAC   BAC  start-end   Hybridization  ISG  target(s)  
RP11-1065J8   Chr1:  158892666-159066838  

  

IFI16,  AIM2  

RP11-1107P24   Chr10:  91017523-91231100   IFIT1,  IFIT2,  IFIT3,  IFIT5  

RP11-932J23   Chr12:  113297537-113465374   OAS1,  OAS2,  OAS3  

  RP11-120C17   Chr21:    42708733-42858453  

  

MX1,  MX2  

  CTD-2344F1   Chr11:    212684-355505  

  

IFITM1,  IFITM2,  IFITM3,  IFITM5  

  CTD-3113J13   Chr1:  838835-1031922  

  

ISG15  

RP11-553K16   Chr1:  27887559-28085894  

  

  

  

IFI6    

RP11-641G12   Chr2:    191780297-191951049   STAT1  

RP11-348M3   Chr12:    56684981-56848839   STAT2  

RP11-668H1   Chr14:  94486463-94670429   IFI27  
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Bowtie  alignment  script  for  BEM-seq  nucleosome  reads,  Related  to  Figure  2.5-2.10,  
Table  2.5  
Bowtie  alignment  (version  0.12.7)  was  performed  on  the  Northwestern  University  Quest  Cluster  
  
export  PATH=$PATH:/home/bowtie_0.12.7    
#!/bin/bash  
  
#the  folder  of  the  index  
folder_index="/home/nancy/data"              
#the  index  
index="hg19_c"              
  
#the  folder  of  the  raw  sequence  data  
folder_originalReads="/home/nancy/data"      
#the  folder  to  save  the  alignment  results,  under  the  current  directory  
folder_alignment="/home/nancy/data/bowtieAlignment"        
  
#F3  reads  
F3_reads="Mock_mnDNA_F3.csfasta"      
#F3  reads  quality  
F3_QV="Mock_mnDNA_F3.QV.qual"          
#F5  reads      
F5_reads="Mock_mnDNA_F5-DNA.csfasta"  
#F5  reads  quality  
F5_QV="Mock_mnDNA_F5-DNA.QV.qual"  
  
echo  "F3:50bp,  F5:35bp;;  mismatch  3"  
bowtie   -C   -S   ${folder_index}/${index}   -B   1   -p   6   -v   3   -m   1   --col-keepend   --fr   -f   -1  
${folder_originalReads}/${F3_reads}   -2   ${folder_originalReads}/${F5_reads}   --Q1  
${folder_originalReads}/${F3_QV}   --Q2   ${folder_originalReads}/${F5_QV}   --max   multiple   --un  
notMatch  >  map_mismatch3.sam  
  
#sam  output  file  is  directly  used  in  DANPOS  software  for  nucleosome  quantification  and  
visualization  
  
  
  
Convert  bowtie  alignment  file  from  .sam  to  .bam  for  use  in  further  analysis  
Used  samtools  (version  0.1.19)  on  the  Northwestern  University  Quest  Cluster  
  
#convert  .sam  file  to  .bam  file  
samtools  view  -bS  ChIP03_unique.sam  >  ChIP03_unique.bam 
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BEM-seq  nucleosome  reads  quantification  and  visualization,  Related  to  Figure  2.6-
2.10  
Bowtie  .sam  output  file  was  used  with  DANPOS  software  (version  2.1.3)  and  executed  on  the  
Northwestern  University  Quest  Cluster  
  
#!/bin/bash  
  
#PBS  -j  oe  
#PBS  -N  danpos  
#PBS  -m  abe  
#PBS  -1  nodes=1:ppn8  
#PBS  -1  walltime=10:00:00  
#PBS  -q  normal  
  
module  load  python/ActivePython-2.7  
  
#pwd  
  
#echo  $PATH  
#echo  $PYTHONPATH  
  
#python              
#cd  /home/ywa969/Python-2.7.5/bin  
#pwd  
#python  
python  /home/ywa969/danpos-2.1.3/danpos.py  /projects/p20491/Nancy/Danpos/2  
hr_all.bam:/projects/p20491/Nancy/Danpos/Mock_a  
ll.bam,/projects/p20491/Nancy/Danpos/6h_all.bam:/projects/p20491/Nancy/Danpos/Mock_all.ba
m,/projects/p20491/Nancy/Danpos  
/10h_all.bam:/projects/p20491/Nancy/Danpos/Mock_all.bam  -k  1  -p  1  -o  
/projects/p20491/Nancy/Danpos/  
  
#Final  wig  output  files  were  loaded  onto  usegalaxy.org,  converted  to  bigWig  files  and  directly  
linked  to  visualize  on  UCSC  genome  browser.  EPS  image  files  were  outputted  from  UCSC  
genome  browser  to  use  with  Adobe  Illustrator  for  creating  figures.    
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ChIP-seq  data  analysis  using  HOMER  software  (version  4.7.2)  
  
The  following  workflows  and  command  lines  require  loading  a  compatible  output  file  from  the  
aligned  sequencing  reads  or  peak  files  such  as  .sam/.bam  or  .bed.    
Bed  files  of  the  ChIP-seq  peaks  generated  from  Matt  Schipma/NU  core  were  used  for  analysis  
with  the  HOMER  software.  
  
WORKFLOW  AND  COMMAND  LINES:  
  
Generate  DNA  annotation  table  with  HOMER  software,  Related  to  Figure  2.3:  
annotatePeaks.pl  mypeaks.bed  hg19  >  anno_mypeaks.txt  
  
Use  file  with  R  software:  
#  Calculate  frequency  of  DNA  type  then  create  pie  chart  so  Illustrator  can  alter  colors  of  pie  chart  
#in  R:  change  working  directory  to  where  annoPeak....txt  file  exists  
  
anno  =  read.table("annoPeaks_2fold-annoPie_gO_go_022617.txt",  sep="\t",  header=T,  quote="")  
  
pietable  =  table(unlist(lapply(strsplit(as.character(anno$Annotation),  "\\("),"[[",1)))  
  
newtable  =  table(c("3'  UTR","5'  UTR","exon","Intergenic","intron",  "non-coding","promoter-TSS","TTS"))  
  
newtable[names(pietable)]  =  pietable  
  
names(newtable)  =  paste(names(newtable),  "(",  round(newtable/sum(newtable)*100),  "%,  ",  newtable,  ")",  
sep="")  
  
pie(newtable,  main="mypeaks  2-fold  annotation”,  col=rainbow(8))    
  
dev.copy(png,  "anno_mypeaks.png",  width=800,  height=600);;dev.off();;  
  
  
De  novo  motif  analysis  with  HOMER  software,  Related  to  Figure  2.3:  
findMotifs.pl  <inputfile.txt>  <promoter  set>  <output  directory>  [options] 
cmd  =  findMotifs.pl  Input_peak.txt  Output_Motifs_folder    
  
Use  the  output  file  (file.motif)  containing  power-weighted  matrix  values  to  to  generate  DNA  
sequence  logo  with  R  software:  
>  source("http://bioconductor.org/biocLite.R")  
>  biocLite("seqLogo","Biostrings")  
>  library(seqLogo)  
>  library(Biostrings)  
  
#read  in  input  data  (power-weighted  matrix  (PWM),  but  not  in  right  format)  
>  pwm  <-read.table("known1.motif",  sep="\t",  quote="",  fill=T,  header=T)  
>  str(pwm)  
'data.frame':   12  obs.  of    6  variables:  
  $  X.GTCCCCWGGGGA                                                          :  num    0.184  0.067  0.021  0.012  0.021  0.038  0.537  0.146  
0.179  0.019  ...  
  $  EBF1.EBF..Near.E2A.ChIP.Seq.GSE21512..Homer:  num    0.17  0.17  0.618  0.93  0.862  0.917  0.055  
0.006  0.001  0.001  ...  
  $  X6.752028                                                                    :  num    0.443  0.263  0.075  0.001  0.001  0.001  0.003  0.77  0.794  0.979  ...  
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  $  X.51.205599                                                                :  num    0.203  0.5  0.286  0.057  0.116  0.044  0.405  0.078  0.026  0.001  ...  
  $  X0                                                                                  :  logi    NA  NA  NA  NA  NA  NA  ...  
  $  T.8522.0.6.78...B.7739.8.6.10...P.1e.22        :  logi    NA  NA  NA  NA  NA  NA  ...  
  
#change  column  names  corresponding  to  DNA  bases  and  the  weight  (i.e.  frequency)  
>  colnames(pwm)  [1]  <-  "A"  
>  colnames(pwm)  [2]  <-  "C"  
>  colnames(pwm)  [3]  <-  "G"  
>  colnames(pwm)  [4]  <-  "T"  
>  pwm  
              A          C          G          T  X0  T.8522.0.6.78...B.7739.8.6.10...P.1e.22  
1    0.184  0.170  0.443  0.203  NA                                                                            NA  
2    0.067  0.170  0.263  0.500  NA                                                                            NA  
3    0.021  0.618  0.075  0.286  NA                                                                            NA  
4    0.012  0.930  0.001  0.057  NA                                                                            NA  
5    0.021  0.862  0.001  0.116  NA                                                                            NA  
6    0.038  0.917  0.001  0.044  NA                                                                            NA  
7    0.537  0.055  0.003  0.405  NA                                                                            NA  
8    0.146  0.006  0.770  0.078  NA                                                                            NA  
9    0.179  0.001  0.794  0.026  NA                                                                            NA  
10  0.019  0.001  0.979  0.001  NA                                                                            NA  
11  0.210  0.045  0.724  0.021  NA                                                                            NA  
12  0.500  0.204  0.242  0.054  NA                      
  
#header  is  not  columns  really  so  removed  column  5  and  6,  only  need  4  
>  pwm.name  <-  pwm[,c(1,2,3,4)]  
>  pwm.name  
              A          C          G          T  
1    0.184  0.170  0.443  0.203  
2    0.067  0.170  0.263  0.500  
3    0.021  0.618  0.075  0.286  
4    0.012  0.930  0.001  0.057  
5    0.021  0.862  0.001  0.116  
6    0.038  0.917  0.001  0.044  
7    0.537  0.055  0.003  0.405  
8    0.146  0.006  0.770  0.078  
9    0.179  0.001  0.794  0.026  
10  0.019  0.001  0.979  0.001  
11  0.210  0.045  0.724  0.021  
12  0.500  0.204  0.242  0.054  
  
#transpose  so  the  columns  becomes  rows.  This  puts  it  into  the  right  format/PWM  
>  pwm.name.row  <-  t(pwm.name)  
>  pwm.name.row  
      [,1]    [,2]    [,3]    [,4]    [,5]    [,6]    [,7]    [,8]    [,9]  [,10]  [,11]  [,12]  
A  0.184  0.067  0.021  0.012  0.021  0.038  0.537  0.146  0.179  0.019  0.210  0.500  
C  0.170  0.170  0.618  0.930  0.862  0.917  0.055  0.006  0.001  0.001  0.045  0.204  
G  0.443  0.263  0.075  0.001  0.001  0.001  0.003  0.770  0.794  0.979  0.724  0.242  
T  0.203  0.500  0.286  0.057  0.116  0.044  0.405  0.078  0.026  0.001  0.021  0.054  
  
#  Plots  out  motif  and  bits/weight  
>  seqLogo(pwm.name.row)  
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Compute  Heatmap  values  with  HOMER  software,  Related  to  Figure  3.2:  
#Generates  heatmap    
annotatePeaks.pl  <peak  file>  <genome>  -size  <#>  -hist  <#>  -ghist  -d  <tag  directory  1>  [tag  directory2]  ...  
>  <output  matrix  file>  
cmd  =  annotatePeaks.pl  STAT2-2  hrIFN-peak.txt  hg19  -size  5000  -hist  25  -ghist  -d  /ChIP-
seq_data/STAT2/Mock-STAT2_HomerTagDirectory/  /ChIP-seq_data/STAT2/IFN-
STAT2_HomerTagDirectory/  /ChIP-seq_data/H2AZ/HomerTagDirectory/  /ChIP-
seq_data/H3K4me3/HomerTagDirectory/  /ChIP-seq_data/H3K27me/HomerTagDirectory/  >  heatmap.txt  
  
#output  file  can  be  used  with  R  or  other  programs.    
#output  file  was  loaded  in  Gene  Cluster  3.0  and  clustered  (k-means)  by  genes  into  one  cluster  with  center  
correlation  for  the  similarity  metric.  
#Gene  Cluster  3.0  output  file  was  loaded  into  Java  Tree  View  to  output  heatmap  image  


