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ZUSAMMENFASSUNG  
Circular  RNAs  (circRNAs)  sind  eine  große  Klasse  endogener  RNAs,  die  in  Organismen             
vorkommen,  die  RNA-Transkripte  durch  Spleißen  prozessieren.  Sie  sind  Produkte  des           
„backsplicing“  –  einer  Art  des  alternativen  Spleißens,  bei  der  das  3‘-Ende  eines  Exons  mit  einer                
vorgelagerten  5‘-„splice  site“  verbunden  wird.  Trotz  ihrer  Abundanz  und  spezi�ischen           
Expressionsmustern  in  bestimmten  Geweben  und  Entwicklungsstufen  sind in		vivo	-Funktionen        	  
von   circRNAs   größtenteils   unbekannt.  

Wir  haben  den  existierenden  Kenntnisstand  systematisiert  und  diesen  in  Form  von  circBase  frei              
zugänglich  gemacht.  circBase  ist  eine  Online-Datenbank,  in  der  circRNA-Datensätze  abgerufen           
und  im  genomischen  Kontext  durchsucht  und  visualisiert  werden  können.  Für  die  Arbeit  mit              
Hochdurchsatz-circRNA-Daten  haben  wir  des  Weiteren  die  Software  ciRcus  entwickelt. ciRcus         	  
ist  ein  Skriptpaket,  welches  uns  ermöglicht  hat,  circRNA-Daten  auszuwerten,  zu  erforschen,  zu             
annotieren,  zu  quanti�izieren  und  mit  externen  Quellen  biologischer  Informationen  zu           
integrieren.  Um  mehr  bezüglich  circRNA-Expression  und  möglicher  Funktionen  zu  lernen,  haben            
wir  die  Expressionsmuster  im  Säugetiergehirn  umfassend  erforscht.  Mithilfe  von  eigenen  und            
öffentlich  zugänglichen  RNA-Sequenzierungsdaten  haben  wir  Tausende  von  neuralen  circRNAs          
in  Mensch  und  Maus  entdeckt  und  analysiert.  circRNAs  waren  während  der  neuronalen             
Differenzierung  und  Reifung  insgesamt  hochreguliert,  stark  angereichert  in  Synapsen,  und  oft            
differentiell  exprimiert  im  Vergleich  zu  ihren  mRNA-Isoformen.  Außerdem  haben  wir  gezeigt,            
dass  viele  circRNAs  zwischen  Mensch  und  Maus  konserviert  sind.  Schließlich  haben  wir in	            	
vivo	-Funktionen  von  Cdr1as  erforscht  -  einer  konservierten  und  im  Gehirn  hoch  exprimierten             
circRNA,  die  stark  von  microRNA  (miRNA)-Effektor-Komplexen  gebunden  ist  und  zahlreiche           
miR-7-Bindestellen  sowie  eine  Bindestelle  für  miR-671  aufweist.  „Knockout“-Tiere,  bei  denen           
der  Cdr1as-Lokus  deletiert  wurde,  zeigten  ein  gestörtes  sensomotorisches  „gating“  -  ein  De�izit,             
das  mit  neuropsychiatrischen  Störungen  assoziiert  ist.  Außerdem  offenbarten         
elektrophysiologische  Messungen  eine  dysfunktionale  synaptische  U� bertragung.  Die  Expression         
von  miR-7  und  miR-671  war  in  verschiedenen  Hirnregionen  der  Tiere  spezi�isch  und             
posttranskriptional  dereguliert.  Die  Expression  von  „immediate  early“-Genen,  von  denen  einige           
miR-7-Zielgene  sind,  war  erhöht.  Diese  Beobachtung  liefert  eine  mögliche  molekulare           
Verbindung   zum   beobachteten   Verhaltensphänotyp.  

Die  vorliegende  Arbeit  beschreibt  technische  und  experimentelle  Beiträge  zum  Verständnis  der            
circRNA-Biologie.  circBase  bietet  ein  Gerüst  für  das  Sammeln  und  Untersuchen  von  Datensätzen             
verschiedener  circRNA-Studien.  ciRcus  has  sich  als  nützliches  Werkzeug  für  die  einfache  und             
reproduzierbare  Handhabung  von  circRNA-Daten  erwiesen,  indem  es  Benutzern  erlaubt,          
circRNA-Datensätze  in  der  häu�ig  verwendeten  R/Bioconductor-Programmierumgebung  zu        
erforschen  und  zu  kombinieren.  Wir  haben  einen  circRNA-Expressionsatlas  für  das  Gehirn            
erstellt  und  viele  circRNA-Merkmale  beschrieben,  die  relevant  sind  für  die  Auswahl  von             
Kandidaten  für  zukünftige  funktionale  Studien  und  Biomarker-Anwendungen.  DieErgebnisse         
der in	 	vivo	-Untersuchung  der  circRNA  Cdr1as  weisen  auf  einen  circRNA-„loss-of-function“-  	         
-Phänotyp  hin  und  legen  nahe,  dass  Interaktionen  von  Cdr1as  und  miR-7  für  die  normale               
Hirnfunktion   wichtig   sind.  
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ABSTRACT  
circular  RNAs  (circRNAs)  are  a  large  class  of  endogenous  RNAs  present  in  organisms  that               
process  RNA  transcripts  by  splicing.  They  are  products  of  backsplicing  -  alternative  splicing              
reactions  where  the  3’  end  of  an  exon  is  spliced  to  an  upstream  5’  splice  site.  Despite  their                   
abundance  and  tissue-  and  developmental-stage-speci�ic  expression  patterns,  their  in  vivo           
functions   are   largely   unknown.   

We  systematized  the  existing  knowledge  on  circRNAs  and  made  it  freely  available  by  developing               
circBase  -  an  online  database  where  circRNA  datasets  can  be  accessed,  downloaded  and              
browsed  within  the  genomic  context.  Another  technical  challenge  was  addressed  by  developing             
ciRcus  -  a  software  package  for  working  with  high-throughput  circRNA  data,  which  allowed  us  to                
routinely  handle,  explore,  annotate,  quantify  and  integrate  circRNA  data  with  the  external             
sources  of  biological  information.  To  learn  more  about  circRNA  expression  and  potential             
functions,  we  have  thoroughly  explored  the  expression  patterns  of  circRNAs  in  the  mammalian              
brain.  Using  own  and  publicly  available  RNA-seq  data,  we  discovered  and  analyzed  thousands  of               
neural  circRNAs  in  human  and  mouse.  circRNAs  were  overall  upregulated  during  neuronal             
differentiation  and  maturation,  highly  enriched  in  synapses,  and  often  differentially  expressed            
compared  to  their  mRNA  isoforms.  Many  circRNAs  were  also  shown  to  be  conserved  between               
human  and  mouse.  Finally,  we  explored  in  vivo  functions  of  Cdr1as  -  a  conserved  circRNA  known                 
to  be  highly  expressed  in  the  brain,  heavily  bound  by  microRNA  (miRNA)  effector  complexes,               
and  harbouring  numerous  binding  sites  for  miR-7,  as  well  as  a  single  binding  site  for  miR-671.                 
Upon  deleting  the  Cdr1as  locus,  knockout  animals  displayed  impaired  sensorimotor  gating,  a             
de�icit  associated  with  neuropsychiatric  disorders.  Electrophysiological  recordings  revealed         
dysfunctional  synaptic  transmission.  Expression  of  miR-7  and  miR-671  was  speci�ically  and            
post-transcriptionally  deregulated  in  different  brain  regions  of  Cdr1as  knockout  animals.           
Expression  of  immediate  early  genes,  some  of  which  are  miR-7  targets,  was  increased,  providing               
a   possible   molecular   link   to   the   behavioral   phenotype.   

This  work  describes  technical  and  experimental  contributions  to  understanding  circRNA           
biology.  circBase  provided  a  framework  for  collecting  and  studying  merged  and  uni�ied  datasets              
from  different  circRNA  studies.  ciRcus  has  been  proven  as  a  tool  for  simple  and  reproducible                
handling  of  circRNA  data,  allowing  the  users  to  explore  and  combine  circRNA  datasets  from  the                
widely  used  R/Bioconductor  programming  environment.  We  built  a  circRNA  brain  expression            
atlas  and  described  many  circRNA  features  relevant  for  selecting  promising  candidates  for             
future  studies  of  circRNA  function  or  biomarker  applications.  One  such  circRNA,  Cdr1as,  was              
investigated  in  vivo,  indicating  a  circRNA  loss-of-function  phenotype  and  suggesting  that            
interactions   of   Cdr1as   and   miR-7   are   important   for   normal   brain   function.  
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RCM   -   reverse   complementary   match  

RefSeq   -   NCBI   Reference   Sequence   Database  

RISC   -   RNA-induced   silencing   complex  

RNA   -   ribonucleic   acid  

RNAi   -   RNA   interference  

RNAPII   -   RNA   polymerase   II  

RNA-seq   -   RNA   sequencing  

RNP   -   ribonucleoprotein  

RPKM   -   reads   per   kilobase   per   million  

SD   -   standard   deviation  

SEM   -   standard   error   of   the   mean  

smRNA   FISH   -   single-molecule   RNA   FISH  

snRNP   -   small   nuclear   ribonucleoprotein  

SQL   -   structured   query   language  

TPM   -   transcripts   per   million  

TSS   -   transcription   start   site  

UCSC   -   University   of   California,   Santa   Cruz  

UTR   -   untranslated   region  

WT   -   wild   type  
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1.   INTRODUCTION  

1.1.   Post-transcrip�onal   regula�on   of   gene   expression  

Spatial  and  temporal  coordination  of  gene  expression  is  necessary  for  proper  development  and              

function  of  an  eukaryotic  organism.  Transcription  of  genetic  information  from  DNA  to  RNA  is  an                

initial  and  extensively  regulated  step  of  gene  expression.  However,  control  over  turning             

individual  genes  on  and  off  is  not  enough  to  establish  and  �ine-tune  the  needed  quantity  and                 

activity  of  gene  products.  Moreover,  in  some  biological  systems  purely  transcriptional  regulation             

is  completely  impossible  -  for  example,  during  early  embryogenesis  in  many  species  there  is               

very  little  or  no  transcription  from  the  zygotic  genome,  and  the  entire  developmental  program,               

including  a  number  of  cell  divisions,  has  to  be  executed  using  the  preexisting  pool  of  mature                 

maternal   protein-coding   and   regulatory   RNA   molecules    (Alberts   et   al.,   2014) .  

Post-transcriptional  regulation  of  gene  expression  involves  a  number  of  steps  such  as  protecting              

the  ends,  splicing,  editing,  localizing,  stabilizing  or  degrading  an  RNA  molecule.  These  tasks  are               

performed  by  RNA-binding  proteins  (RBPs)  and  non-coding  RNA  molecules  (ncRNAs).  In            

humans,  there  are  more  than  800  known  RBPs (Baltz  et  al.,  2012;  Castello  et  al.,  2012)  that                  

interact  with  RNAs  by  binding  speci�ic  sequence  motifs  or  structural  elements.  ncRNAs  can  bind               

transcripts  in  the  same  manner  as  RBPs.  Both  RBPs  and  ncRNAs  can  act  on  their  targets  directly,                  

but  often  recruit  other  regulators  and  build  ribonucleoproteins  (RNPs),  sophisticated  molecular            

machines,  through  many  RNA:RNA,  protein:protein  and  RNA:protein  interactions (reviewed  in           

Singh  et  al.,  2015) .  The  nature  and  activity  of  RBP  and  ncRNA  interactions  with  their  target                 

RNAs  is  highly  combinatorial,  forming  a  complex  regulatory  layer  coined  “post-transcriptional            

regulatory   code”.   

Different  processing  steps  are  often  happening  simultaneously  and  are  initiated  during            

transcription  -  RNA  polymerase  II  (RNAPII)  can  recruit  RBPs  and  ncRNAs  to  a  nascent  RNA  to                 

prepare   it   for   post-transcriptional   processing    (Bentley,   2014) .  

1.1.1.   Capping  

A  common  way  for  a  cell  to  destroy  an  RNA  molecule  is  to  degrade  it  from  its  5’  or  3’  end  via                       

exonucleolytic  activity (see  reviews  by  Schmid  and  Jensen,  2018;  Schoenberg  and  Maquat,             

2012) .  To  protect  nascent  transcripts  from  this  process,  RNAPII  initiates  modi�ication  of  their  5’               

end  as  soon  as  cca.  25  nucleotides  are  transcribed.  In  a  series  of  enzymatic  reactions,  methylated                 

guanosine  is  added  to  the  5’  end  of  a  nascent  transcript.  On  top  of  biochemically  protecting  the                  
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transcript,  cap  is  also  important  for  its  further  processing,  export  and  translation (Ghosh  and               

Lima,   2010) .   

1.1.2.   Splicing  

Primary  RNA  transcripts  of  the  majority  of  eukaryotic  genes  are  much  longer  than  the  message                

they  are  encoding  to  drive  protein  biogenesis  or  regulate  cellular  processes  -  their  expressed               

sequences,  exons,  are  interspersed  with  intervening  sequences,  or  introns (Berget  et  al.,  1977;              

Chow  et  al.,  1977) .  RNA  splicing  is  the  process  of  removing  introns  from  a  precursor  RNA  to  give                   

rise  to  a  mature  RNA  molecule  ( Figure  1 A).  In  the  case  of  protein  coding  genes,                

intron-containing  precursor  mRNAs  (pre-mRNAs)  get  processed  into  mature  mRNAs  that           

contain  only  protein-coding  sequence  surrounded  by  the  upstream  and  downstream  regulatory            

segments   -   5’   and   3’   untranslated   regions   (UTRs).   

Splicing  reactions  are  carried  out  by  the  spliceosome,  a  large  complex  that  consists  of  �ive                

different  RNP  subunits  called  small  nuclear  RNPs  (snRNPs),  totalling  more  than  200             

components.  Introns  are  removed  in  a  series  of  RNA-RNA  rearrangement  reactions.  Intron             

excision  has  to  be  precise  to  a  nucleotide  resolution  to  ensure  that  the  correct  and  functional                 

protein  is  encoded,  and  all  the  information  needed  for  the  spliceosome  and  associated              

components  to  recognize  correct  splice  sites  is  contained  in  the  pre-mRNA (reviewed  in  Matera               

and   Wang,   2014) .   

Spliceosomes  are  remarkably  precise  when  recognizing  exons  and  covalently  binding  their  ends,             

but  both  de�inition  of  exon  boundaries  and  selection  of  exons  to  be  included  in  a  mature                 

transcript  can  vary  in  space  and  time.  This  process,  called  alternative  splicing  (discussed  later),               

can  greatly  increase  the  complexity  of  transcriptome  and  proteome  without  requiring  an             

increased   number   of   genes   in   the   genome    (see   reviews   by   Graveley,   2001;   Sibley   et   al.,   2016) .  

1.1.3.   Polyadenyla�on  

Ends  of  newly  transcribed  RNA  molecules  need  to  be  stabilized  to  avoid  being  degraded  by  3’-5’                 

exonucleases.  Some  RNA  species  are  protected  by  proteins  that  bind  structural  elements  in  their               

ends (Marzluff  et  al.,  2008) ,  while  the  usual  way  of  protecting  eukaryotic  protein-coding              

transcripts  is  polyadenylation.  The  process  of  polyadenylation  is  initiated  by  the  RNApolII  which              

deposits  RNA  cleavage  and  polyadenylation  factors  to  their  recognition  sequences  in  nascent             

RNA  molecules.  Deposited  proteins  recruit  other  factors  necessary  to  cleave  the  pre-mRNA,  as              

well  as  the  poly(A)  polymerase  (PAP)  which  performs  untemplated  addition  of  approximately             

200   adenine   nucleotides   to   its   3’   end    (Shi   and   Manley,   2015) .   
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Accumulation  of  incompletely  processed  transcripts  would  be  wasteful  and  burdening  for  a  cell,              

so  such  transcripts  are  a  subject  to  very  ef�icient  nuclear  RNA  decay  processes.  Mature,  i.e.                

successfully  capped,  spliced  and  polyadenylated  transcripts  are  generally  resistant  to  decay            

mechanisms   and   ready   for   subsequent   processing   steps    (Schmid   and   Jensen,   2018) .   

1.1.4.   Edi�ng  

During  transcription,  RNAs  can  be  chemically  modi�ied,  affecting  their  sequence  or  stability.  One              

such  process  is  gradual  shortening  of  polyA  tails  during  multiple  rounds  of  translation,  which               

reduces  the  translation  rate,  and  triggers  degradation  of  the  message  upon  reaching  the              

critically  low  number  of  tailing  adenines.  However,  poly(A)  tails  can  also  be  enzymatically              

lengthened  in  the  cytoplasm  to  stabilize  an  mRNA  and  increase  translation  rate (reviewed  in               

Eckmann  et  al.,  2011) .  This  reversible  process  allows  the  cell  to  control  translation  rate  of  a  gene                  

independently  of  its  transcription  rate,  which  is  critical  in  early  development (Eichhorn  et  al.,               

2016;  Lim  et  al.,  2016;  Rosenthal  et  al.,  1983) .  While  there  are  many  types  of  RNA  editing                  

processes  acting  on  individual  nucleotides  described  in  the  literature,  most  common  one  in              

metazoans,  and  also  most  relevant  for  this  thesis,  is  adenosine-to-inosine  (A-to-I)  editing.  In              

A-to-I  editing,  ADAR  (adenosine  deaminase  acting  on  RNA)  enzymes  bind  double-stranded  RNA             

(dsRNA)  sequences  and  convert  adenosine  residues  to  inosines  by  deaminating  them.  As  a              

consequence,  dsRNA  elements  are  disrupted  and  the  RNA  sequence  is  changed,  which  can  affect               

translation  by  introducing  premature  STOP  codons,  amino-acid  sequence  of  a  protein,  RNA             

splicing,  export,  or  interactions  of  (pre-)mRNA  with  RBPs  and  ncRNAs.  This  mechanism  has              

probably  originally  evolved  as  a  defense  against  RNA  viruses,  as  hyperedited  RNAs  cannot  leave               

the  nucleus,  but  is  currently  also  post-transcriptionally  regulating  at  least  1000  human  genes              

(Eisenberg   and   Levanon,   2018) .   

1.1.5.   Localiza�on  

All  the  processing  steps  described  so  far  are  highly  coordinated  and  codependent,  and  exporting               

mRNAs  from  the  nucleus  to  the  cytoplasm  is  no  exception.  Upon  capping,  splicing,  editing,               

cleavage  and  polyadenylation,  mRNA  is  still  bound  by  a  number  of  RBPs,  and  the  entire  resulting                 

(m)RNP  has  to  be  exported.  Some  of  these  RBPs  are  deposited  speci�ically  to  direct  the  nuclear                 

export.  This  is  necessary  because  mRNAs  are  highly  heterogeneous  class  of  molecules,  with  wide               

size  range  and  without  class-speci�ic  structural  elements  that  could  be  recognized  by  RBPs.              

Therefore,  mRNAs  can  be  loaded  with  export  adaptors  that  are  recognized  by  export  receptors               

and  guided  to  the  nuclear  pore  complex  -  a  huge  (110  MDa  in  human)  protein  complex  that                  

regulates  the  transport  of  wide  variety  of  macromolecules  through  the  nuclear  membrane.  This              
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dependence  of  mRNA  export  on  different  RBPs  allows  an  additional  layer  of  gene  regulation,  as                

different  functional  classes  of  mRNAs  can  have  class-speci�ic  export  adapters  and  factors             

(reviewed   in   Köhler   and   Hurt,   2007) .  

Once  in  the  cytosol,  mRNAs  can  be  translated,  degraded  or  localized  further  to  speci�ic               

subcellular  compartments  or  cytoplasmic  granules.  All  cells  are  showing  certain  levels  of             

structural  and  functional  polarization,  with  oocytes  and  neurons  being  the  extreme  examples  -              

reaching  and  maintaining  these  polarized  states  requires  regulated  distribution  of           

macromolecules  within  a  cell.  The  distribution  itself  can  be  established  by  active  transport  of               

RNAs  along  the  cytoskeleton  using  motor  proteins,  or  free  diffusion  followed  by  localized              

stabilization  or  anchoring (reviewed  in  Jansen,  2001) .  Although  localization  of  proteins  to  their              

target  locations  within  the  cell  was  originally  being  explained  by  post-translational  localization,             

it  has  been  shown  that  protein  localization  can  also  be  driven  by  localized  translation  of  mRNAs                 

(reviewed  in  Holt  and  Schuman,  2013) .  In  the  case  of  active  transport  of  mRNAs/proteins  to                

their  subcellular  locations,  localized  translation  is  more  energy-ef�icient,  as  multiple  proteins            

can  be  produced  where  needed  from  a  single  transported  message.  It  has  been  shown  recently                

that  the  majority  of  localized  proteome  in  a  neuronal  cell-line  system  can  be  explained  by  mRNA                 

localization  and  local  translation (Zappulo  et  al.,  2017) .  RBPs  can  drive  mRNA  localization  by               

binding  so  called  zipcodes  -  sequence  motifs  and  structural  elements  in  3’  UTRs (see  reviews  by                 

Jansen,  2001;  Medioni  et  al.,  2012) .  However,  temporal  dynamics  of  mRNA  localization  within              

the  same  cell  indicate  that  the  regulation  is  not  as  straightforward  as  signal  =>  location,  but                 

must   involve   more   complex   code    (Jambor   et   al.,   2015) .   

1.1.6.   Regula�on   by   microRNAs  

Many  eukaryotic  genes  can  be  post-transcriptionally  regulated  by  the  activity  of  small  regulatory              

RNAs (reviewed  in  Ghildiyal  and  Zamore,  2009) .  One  such  class  are  microRNAs  (miRNAs),  cca.               

22  nucleotide  long  RNAs  that  can  affect  translation  and  stability  of  mRNAs  by  binding  target                

sites  usually  located  in  their  3’  UTRs (reviewed  in  Bartel,  2018;  Lee  et  al.,  1993;  Wightman  et  al.,                   

1993) .   

Primary  miRNA  transcripts  (pri-miRNAs)  are  transcribed  by  RNAPII,  and  undergo  standard            

post-transcriptional  RNA  processing  steps (Cai  et  al.,  2004;  Lee  et  al.,  2004) .  pri-miRNAs  contain               

one  or  more  segments  that  form  hairpin  structures,  double  stranded  stems  with  terminal  loops,               

by  folding  back  upon  themselves.  Hairpins  can  be  located  in  “standalone”  miRNA  precursor              

transcripts,  but  also  in  introns  and  exons  of  mRNAs  or  long  non-coding  RNAs  (lncRNAs).  They                

are  a  substrate  to  the  DGCR8/Drosha  complex  (also  known  as  the  microprocessor  complex),              

which  cuts  out  them  out  of  their  host  transcripts (Gregory  et  al.,  2004;  Han  et  al.,  2004;                  
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Landthaler  et  al.,  2004) .  The  resulting,  cca.  60-nucleotide-long  stem-loop  (pre-miRNA)  is            

exported  to  the  cytosol (Yi  et  al.,  2003)  and  further  processed  by  the  Dicer  endonuclease  to                 

produce  a  duplex  of  cca.  22  nt  molecules  with  2  nt  overhangs  on  their  3’  ends (Bernstein  et  al.,                    

2001;  Hutvágner  et  al.,  2001;  Zhang  et  al.,  2004) .  This  duplex  of  mature  miRNA  and  its                 

passenger  strand  (sometimes  denoted  as  miRNA*)  is  then  loaded  into  an  Argonaute  (Ago)              

effector  protein,  a  part  of  a  larger  protein  complex.  Upon  completion  of  loading,  miRNA*  gets                

displaced  and  degraded,  while  Ago  and  its  loaded  miRNA  form  the  mature  silencing  complex               

(RNA-induced  silencing  complex,  RISC).  Location  of  the  Ago-loaded  mature  miRNA  within  the             

complex  is  such  that  its  nucleotides  2-7  (the  “seed”  region)  are  exposed  to  the  surface  and                 

oriented  in  a  way  that  facilitates  interaction  with  free  RNAs (RISC  assembly  and  structure               

reviewed  in  Kawamata  and  Tomari,  2010) .  Upon  successful  miRNA:target  binding,  Ago  can             

recruit  additional  proteins  and  lead  to  reduced  translational  output (Baek  et  al.,  2008;  Selbach  et                

al.,  2008) ,  which  is  usually  achieved  by  translational  repression  or  deadenylation (reviewed  in              

Bartel,  2018) .  In  cases  where  miRNA:target  complementarity  extends  beyond  the  seed  region,  it              

is  also  possible  for  Ago  to  cause  target  degradation  by  direct  endonucleolytic  cleavage (or               

“slicing”;  Hutvágner  and  Zamore,  2002) .  While  this  process  is  common  in  plants,  it  is  extremely                

rare   in   animals.   

There  are  hundreds  or  different  miRNAs  described  in  human,  and  they  interact  with  the               

majority  of  human  mRNAs (Friedman  et  al.,  2009;  Krek  et  al.,  2005;  Lewis  et  al.,  2005) .                 

Moreover,  same  gene  can  be  regulated  by  more  than  one  miRNA  either  concurrently,  or  in  a                 

spatio-temporally  resolved  manner (Krek  et  al.,  2005) .  Although  we  are  far  from  understanding              

the  complete  miRNA:target  regulatory  network,  it  is  known  that  miRNA  perturbations  can             

systematically  affect  the  expression  of  their  target  genes  in  vivo (Krützfeldt  et  al.,  2005) ,  and                

that  miRNA  target  sites  can  be  predicted  computationally (Krek  et  al.,  2005;  Lewis  et  al.,  2005;                 

Xie  et  al.,  2005) .  Moreover,  it  has  been  shown  recently  that  it  is  possible  to  unambiguously  detect                  

direct  in  vivo  miRNA:target  interactions  by  careful  analysis  of  Ago  crosslinking  and             

immunoprecipitation   (CLIP)   data    (Grosswendt   et   al.,   2014;   also   see   Results,   section   4.3) .   

1.2.   Alterna�ve   splicing  

As  mentioned  before,  splicing  is  mediated  by  the  spliceosome  complex,  a  multicomponent  RNP              

that  has  to  assemble  de  novo  before  each  splicing  reaction,  and  its  assembly  is  guided  by  the                  

splice  signals.  There  are  three  signals  critical  for  the  correct  splicing  reaction  to  happen  -  5’  and                  

3’  splice  sites  de�ine  the  boundaries  of  an  intron,  and  an  adenine  residue  located  between  15                 

and  50  nucleotides  upstream  of  the  3’  splice  site  marks  the  so  called  branch  point.  In  a  nutshell,                   

U1  snRNP  recognizes  the  5’  splice  sites  (splice  donor)  by  base  pairing  between  the  U1  snRNA                 
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and  pre-mRNA,  while  the  U2  snRNP  recognizes  the  branch  point  and  polypyrimidine  tract              

between  the  branch  point  and  3’  splice  sites.  In  most  eukaryotes  exons  are  much  shorter  than                 

introns,  and  initial  contact  between  U1  and  U2  snRNPs  happens  over  exons  rather  than  introns.                

The  process  is  called  exon  de�inition,  and  the  short-lived  U1-U2  exon  de�inition  complex              

undergoes  a  number  of  poorly  understood  rearrangements  to  form  an  intron-spanning  U1-U2             

interaction.  Splicing  proceeds  through  recruitment  of  U4,  U5  and  U6  snRNPs,  as  well  as  a                

number  of  associated  factors,  and  fully  assembled  spliceosome  catalyzes  a  two-step  intron             

excision  reaction.  In  the  �irst  step,  5’  end  of  an  intron  is  cut  and  attached  to  the  branch  point,                    

forming  a  looped  structure  called  lariat.  This  is  followed  by  second  transesteri�ication,  where              

the  -OH  group  on  the  3’  end  of  the  upstream  exon  attacks  the  downstream  intron:exon  boundary                 

and  connects  the  two  exons  together,  while  the  lariat  is  released  and,  in  most  cases,  quickly                 

degraded.  For  a  thorough  review  of  spliceosome  assembly  and  function,  see  Matera  and  Wang               

(2014).  

RNA  splicing  is  a  highly  plastic  process  -  despite  strong  selection  for  GU  and  AG  dinucleotides  as                  

starts  and  ends  of  introns,  respectively,  mutations  of  these  sequences  will  not  disrupt  splicing  in                

general,  but  rather  cause  the  spliceosome  to  select  the  “next  best”  solution (Treisman  et  al.,                

1983;  Wieringa  et  al.,  1983) .  This  usually  results  in  modi�ied  exon:intron  boundary  upon              

activation  of  a  “cryptic  splice  site”,  or  a  complete  exclusion  of  an  exon.  Such  modi�ications  also                 

occur  in  a  temporally  and  spatially  regulated  manner  as  a  part  of  normal  cell  function  and                 

identity (Baralle  and  Giudice,  2017) .  Alternative  splicing  allows  the  cell  to  greatly  increase  the               

repertoire  of  mRNAs,  and  consequently  proteins,  with  more  than  85%  of  human  protein-coding              

genes  annotated  in  GENCODE  version  27 (Harrow  et  al.,  2012)  giving  rise  to  multiple isoforms	 -                 

different  mRNA  transcripts.  According  to  the  same  source,  median  number  of  mRNA  isoforms              

per  human  protein-coding  gene  is  6,  and  an  extreme  example  is  MAPK10  with  193  annotated                

transcript  isoforms.  These  numbers  are  largely  based  on  short-read  RNA-seq  approaches  in  a              

limited  range  of  tissues  and  developmental  timepoints,  and  are  likely  underestimating  the  total              

number  of  mRNA  isoforms.  As  an  admittedly  extreme,  but  illustrative  example,  single-molecule             

long-read  mRNA  sequencing  of  neurexins,  genes  known  for  extensive  alternative  splicing,            

revealed  more  than  3000  different  transcripts  from  only  three  genomic  loci (Treutlein  et  al.,               

2014) .  

There  are  many  different  alternative  splicing  patterns  ( Figure  1 ):  exons  can  simply  be  skipped               

( Figure  1 B),  or  the  spliceosome  can  be  directed  to  include  only  one  of  a  pair  to  a  mature                   

transcript  ( Figure  1 C).  Exons  can  be  modi�ied  upon  selection  of  different  splice  site  on  their  5’  or                  

3’  end  ( Figure  1 E),  or  the  complete  introns  can  be  retained  ( Figure  1 D),  i.e.  included  in  the                  

mature  mRNA.  All  these  patterns,  unless  happening  in  the  5’  UTR,  necessarily  change  the               
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protein-coding  message.  If  an  alternative  3’  exon  is  selected,  both  the  coding  (CDS)  and  3’  UTR                 

sequences  will  change,  giving  rise  to  an  mRNA  with  modi�ied  message  and  regulatory  elements               

in  the  untranslated  region  ( Figure  1 G).  There  are  additional  processes  that  give  rise  to  novel                

mRNA  isoforms,  and  can  be  considered  alternative  splicing  in  a  broader  sense,  although  they  are                

not  driven  by  the  activity  of  the  spliceosome.  Alternative  selection  of  promoters  or  transcription               

start  sites  (TSSs; Figure  1 F)  can  modify  5’  UTR  sequences,  CDS,  or  both (Lenhard  et  al.,  2012) .                  

Finally,  selection  of  polyadenylation  site  ( Figure  1 H)  can  also  be  modi�ied  by  stoichiometry  of               

cleavage  and  polyadenylation  factors,  resulting  in  mRNA  isoforms  with  different  3’  UTRs (Tian              

and  Manley,  2017) .  Such  isoforms  can  be  differentially  regulated  by  ncRNAs  and  RBPs  that  bind                

motifs  in  the  3’  UTR,  but  is  has  also  been  shown  that  different  3’  UTR  isoforms  can  direct                   

localization  and  function  of  proteins  with  identical  amino-acid  sequence  independently  of            

mRNA  localization (Berkovits  and  Mayr,  2015) .  Splicing  within  3’  UTRs  is  a  rare  phenomenon.               

Upon  successful  intron  exclusion,  exon  junction  complex  (EJC)  proteins  are  deployed  to             

exon:exon  boundaries  by  the  spliceosome (Le  Hir  et  al.,  2000) ,  where  they  remain  during  export                

to  the  cytoplasm,  and  are  displaced  later  during  translation.  EJC  components  still  present  after  a                

round  of  translation  induce  decay  of  the  bound  mRNA,  so  splicing  downstream  of  the  STOP                

codon  is  selected  against  in  mRNAs  that  are  supposed  to  undergo  numerous  cycles  of  translation                

(reviewed   in   Le   Hir   et   al.,   2016) .   

The  outcome  of  splicing  a  given  transcript  in  a  given  cell  type  at  a  given  time  depends  on  a  highly                     

combinatorial  regulation  involving  hundreds  of  trans-acting  RBPs  (termed  “splicing  factors”)           

and  cis-regulatory  RNA  motifs  (“splicing  regulatory  elements”)  they  are  binding  to  promote  or              

inhibit  different  alternative  splicing  patterns (Fu  and  Ares,  2014) .  Oftentimes  these  complex             

interactions  result  in  one  dominant  splicing  outcome  per  gene  in  a  given  tissue  or               

developmental  timepoint,  but  it  has  been  shown  that  more  than  18%  of  multiexonic  genes  in                

human,  mouse  and  chicken  simultaneously  expresses  more  than  one  major  isoform (Tapial  et  al.,               

2017) .   
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Figure  1 .  Splicing  pa�erns  producing  linear  RNA  molecules  from  a  primary  transcript  (top).  (A)               
Conven�onal  splicing,  all  introns  are  excised,  and  exons  are  ligated  into  a  mature  RNA;  (B)  Exon                 
skipping,  an  exon  is  spliced  out  and  excluded  from  the  mature  RNA;  (C)  Mutually  exclusive                
exons,  only  one  in  a  pair  is  included  in  the  processed  message;  (D)  intron  reten�on,  an  intron  is                   
included  in  the  mature  RNA;  (E)  Alterna�ve  3’  and  5’  splice  sites  lead  to  the  inclusion  of  exons                   
with  modified  boundaries;  (F)  Alterna�ve  promoters  give  rise  to  molecules  with  modified  5’              
ends  -  first  exon  can  be  extended  upstream  (upper  scheme),  or  a  completely  new  exon  can  be                  
included;  (G)  Alterna�ve  3’  exon  can  be  selected  to  modify  the  end  of  the  mature  RNA,  and  (H)                   
poly(A)   site   can   be   changed   to   extend   or   shorten   the   3’   UTR   of   the   mature   molecule.  
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1.3.   Circular   RNAs  

Circular  RNAs  (circRNAs)  are  a  large  class  of  single-stranded  RNA  molecules  with  5’  and  3’  ends                 

covalently  closed  together (see  Wilusz,  2018  for  a  recent  review) .  They  are  produced  from  linear                

host  transcripts,  where  3’  splice  site  is  connected  (or  back-spliced)  to  an  upstream  5’  splice  site,                 

forming  a  so  called  head-to-tail  splice  junction  (also  known  as  back-splice  junction)  and  giving               

rise  to  a  circular  RNA  product  ( Figure  2 ).  circRNAs  have  been  observed  in  both  prokaryotes  and                 

eukaryotes  that  subject  their  pre-mRNAs  to  splicing.  Throughout  this  thesis,  I  will  use  the               

circRNA  abbreviation  to  refer  to  the  class  of  circularized  exons  produced  by  splicing  in               

multiintronic  RNAs,  and  not  other  circular  RNA  species  like  viroids (Sanger  et  al.,  1976) ,  viral                

RNAs (Kos  et  al.,  1986)  or  intronic  circular  RNAs (Grabowski  et  al.,  1981;  Kjems  and  Garrett,                 

1988;   Zhang   et   al.,   2013) .  

 

Figure  2 .  Canonical  splicing  and  exon  circulariza�on.  (A)  In  canonical  splicing,  introns  are              
excised  and  exons  are  joined  into  a  mature  RNA.  Exon  ends  are  joined  to  the  starts  of                  
downstream  exons.  (B)  In  exon  circulariza�on  events,  exon  end  is  joined  to  the  beginning  of                
the   same   or   other   upstream   exon,   releasing   a   circular   RNA   product.  

The  alternative  splicing  model  described  so  far  implies  that:  (i)  exons  are  selected  from  a  single                 

primary  transcript,  and  (ii)  exon  order  in  the  fully  spliced  RNA  molecule  is  the  same  as  in  the                   

genome  and  primary  transcripts.  However,  a  single  mature  RNA  molecule  can  be  derived  from               

two  primary  transcripts  of  the  same  or  different  genes  as  a  consequence  of  trans-splicing               

(Dandekar  and  Sibbald,  1990;  reviewed  in  Gingeras,  2009) .  Trans  splicing  between  transcripts             

of  the  same  gene  can  result  in  mature  RNAs  with  repeated  or  out-of-order  exons  -  a                 

phenomenon  known  as  post-transcriptional  exon  shuf�ling (PTES;  Al-Balool  et  al.,  2011) ,  and             

also  referred  to  as  exon  scrambling,  exon  repetition,  or  rearrangement  or  repetition  of  exon               

order.  

In  1991  it  was  reported  that  nonpolyadenylated  isoforms  of  the  DCC  gene  with  shuf�led  exon                

order  were  expressed  in  the  rat  brain (Nigro  et  al.,  1991) ,  and  more  similar  splicing  events  were                  
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described  in  the  following  years (Al-Balool  et  al.,  2011;  Caudevilla  et  al.,  1998;  Cocquerelle  et  al.,                 

1992;  Dixon  et  al.,  2005;  Frantz  et  al.,  1999;  Izuogu  et  al.,  2016) .  Some  of  the  PTES  RNAs  were                    

also  interpreted  and  validated  as  circRNAs (Cocquerelle  et  al.,  1993;  Zaphiropoulos,  1996) ,  and              

several  other  exon  circularizations  were  reported (Burd  et  al.,  2010;  Capel  et  al.,  1993;  Chao  et                 

al.,  1998;  Hansen  et  al.,  2011;  Houseley  et  al.,  2006;  Li  and  Lytton,  1999;  Surono  et  al.,  1999;                   

Zaphiropoulos,  1997) ,  but  these  were  generally  considered  rare  events  and/or  mistakes  of  the              

splicing  machinery.  Until  2012,  circRNAs  remained  overlooked  in  high-throughput  sequencing           

experiments  as  well,  mostly  because  standard  library  preparation  steps  usually  include            

enrichment  for  polyadenylated  RNAs,  or  the  assumption  of  downstream  computational  analyses            

was   that   exon   order   is   consistent   with   the   genome   reference.   

With  the  adoption  of  RNA  sequencing  methods  independent  of  poly(A)-selection  steps  and  the              

development  of  read  mapping  algorithms  capable  of  detecting  non-canonical  splicing  patterns,            

our  view  of  circRNA  biology  has  drastically  changed.  It  has  been  shown  that  circRNAs  are  a  large                  

class  of  RNAs  expressed  across  the  tree  of  life,  and  that  circRNAs  are  the  predominant  isoforms                 

contributing  to  PTES  observations (Danan  et  al.,  2012;  Jeck  et  al.,  2013;  Memczak  et  al.,  2013;                 

Nitsche  et  al.,  2014;  Salzman  et  al.,  2012,  2013) .  They  are  built  predominantly  from  exonic                

sequence  and  contain  complete  exons (Jeck  et  al.,  2013;  Memczak  et  al.,  2013;  Starke  et  al.,                 

2015) ,  i.e.  splice  sites  employed  in  circularization  events  are  in  most  cases  the  same  splice  sites                 

used  in  linear  splicing,  indicating  that  exon  circularization  involves  splicesosomes  and  should  be              

approached  as  a  case  of  alternative  splicing.  circRNAs  are  highly  stable  molecules,  presumably              

due  to  the  lack  of  free  5’  and  3’  ends,  which  makes  them  resistant  to  the  activity  of  exonucleases                    

(Cocquerelle  et  al.,  1993;  Jeck  et  al.,  2013;  Memczak  et  al.,  2013) .  Many  studies,  including  the                 

work  described  in  this  thesis,  have  reported  tissue-  or  developmental-stage-speci�ic  expression            

patterns  of  circRNAs,  with  particular  enrichment  in  neural  tissues (Memczak  et  al.,  2013;              

Rybak-Wolf  et  al.,  2015;  Salzman  et  al.,  2013;  Venø  et  al.,  2015;  Westholm  et  al.,  2014;  You  et  al.,                    

2015) .  This  indicates  that  circRNA  biogenesis  (i)  is  unlikely  to  be  generally  driven  by  mistakes  of                 

the  splicing  machinery,  and  (ii)  cannot  rely  on  nucleotide  sequence  alone,  but  must  involve  trans                

factors.   

1.3.1.   circRNA   biogenesis  

It  has  been  observed  early  on  that  the  exonic  sequence  included  in  the  1.3  kb  circRNA  derived                  

from  the  Sry  transcript  is  surrounded  by  introns  containing  long  inverted  repeats  which  are               

necessary  for  the  biogenesis  of  the  Sry  circRNA (Capel  et  al.,  1993;  Dubin  et  al.,  1995) .  This                  

result  has  been  generalized  in  high-throughput  circRNA  studies  -  exons  �lanked  by  long  introns,               

or  by  introns  containing  reverse  complementary  sequences  (reverse  complementary  matches,           
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RCMs)  are  more  likely  to  form  circular  RNAs (Ivanov  et  al.,  2015;  Jeck  et  al.,  2013;  Kramer  et  al.,                    

2015;  Liang  and  Wilusz,  2014;  Starke  et  al.,  2015;  Zhang  et  al.,  2014) .  This  model  suggests  that                  

upon  Watson-Crick  base-pairing  of  complementary  �lanking  sequences  splice  donors  are           

brought  into  the  proximity  of  upstream  splice  acceptors,  facilitating  the  excision  of  circularized              

RNA  species  containing  one  or  more  exons.  Interestingly,  the  RCM  signal  is  so  strong  that  exon                 

circularization  can  be  predicted  based  on  this  information  alone (Ivanov  et  al.,  2015) .              

Analogously,  RCMs  positioned  within  one  intron  can  inhibit  circularization  of  neighbouring            

exons  by  bringing  the  �lanking  splice  sites  into  proximity  and  promoting  canonical  intron              

excision (Ivanov  et  al.,  2015;  Zhang  et  al.,  2014) .  Circularization  can  also  be  driven  by  RBPs  -  for                   

example,  upon  binding  cis  regulatory  elements  in  the  introns,  splicing  factor  Quaking  (QKI)  can               

bring  the  splice  sites  intro  close  proximity  by  forming  a  dimer (Conn  et  al.,  2015) .  Biogenesis  of                  

some  circRNAs  was  also  shown  to  be  affected  by  RBM20 (Khan  et  al.,  2016) ,  FUS (Errichelli  et                  

al.,  2017) ,  NF90/NF110 (Li  et  al.,  2017) ,  hnRNPs  and  SR  proteins (Fei  et  al.,  2017;  Kramer  et  al.,                   

2015) ,  as  well  as  different  spliceosomal  components (Liang  et  al.,  2017) .  An  interesting              

individual  case  of  RBP-driven  circularization  is  the  Mbl  circRNA  in Drosophila	 	melanogaster	,           	  

where  the  Mbl  protein  promotes  circularization  by  binding  intronic  cis-regulatory  elements  in             

its  own  pre-mRNA,  thereby  regulating  its  own  expression (Ashwal-Fluss  et  al.,  2014) .  RBPs  can               

also  act  as  antagonists  of  circularization.  Downregulation  of  RNA  editing  protein  ADAR             

systematically  increases  circRNA  production  in  human  HEK293  cells,  presumably  because  ADAR            

is  disrupting  intron:intron  stems  formed  upon  base  pairing  between  RCMs (Ashwal-Fluss  et  al.,              

2014;  Ivanov  et  al.,  2015) .  Another  inhibitor  of  backsplicing  is  DHX9  (DExH-Box  Helicase  9),  an                

RNA  helicase  that  binds  Alu  elements  in  human.  Loss  of  DHX9  causes  strong  and  systematic                

upregulation  of  circRNAs  in  the  HEK293  cell  line,  suggesting  that  DHX9  is  either  unwinding               

dsRNA  elements  directly,  or  recruiting  other  factors,  like  ADAR,  to  prevent  base-pairing  between              

Alu  elements (Aktaş  et  al.,  2017) .  circRNA  biogenesis  can  also  be  in�luenced  by  the  RNAPII                

elongation  rate,  which  positively  correlates  with  circRNA  production  rate (Ashwal-Fluss  et  al.,             

2014;   Zhang   et   al.,   2016b) .   

Taken  together,  these  insights  indicate  that  the  competitive  model  of  alternative  splicing (Fu  and               

Ares,  2014)  can  be  extended  with  the  biogenesis  of  circRNAs  as  one  of  the  possible  outcomes.                 

Intronic  regulatory  elements  together  with  trans-factors  that  bind  them  form  a  competitive             

network  where  the  �inal  spliced  product  is  likely  determined  by  stoichiometry  of  regulators  and               

stochasticity,  and  in�luenced  by  the  transcription  rate.  Moreover,  all  alternative  splicing  patterns             

of  linear  RNAs  have  been  observed  in  multiexonic  circRNAs.  While  circRNA  introns  are  generally               

excised,  intron  retention  has  been  reported  for  a  number  of  candidates (Li  et  al.,  2015b;  Salzman                 

et  al.,  2013) .  Internal  exons  can  be  alternatively  spliced  as  well,  and,  strikingly,  exons  that  are                 
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never  included  in  linear  transcripts  can  be  included  in  circular  isoforms (Gao  et  al.,  2016;  Zhang                 

et   al.,   2016a) .   

Once  produced,  circRNAs  are  usually  exported  to  the  cytoplasm (Jeck  et  al.,  2013;  Salzman  et  al.,                 

2012) ,  although  some  are  localized  to  the  nucleus (Conn  et  al.,  2017;  Li  et  al.,  2015b;  Venø  et  al.,                    

2015) .  The  export  mechanism  remains  unclear  -  recent  RNAi  screen  has  revealed  that  circRNA               

export  in  a  human  cell  line  was  dependent  on  two  RBPs  -  UAP56  and  URH49.  Surprisingly,                 

UAP56  was  required  for  export  of  circRNAs  longer  than  800  nt,  while  shorter  circRNAs               

depended   on   URH49    (Huang   et   al.,   2018) .   

1.3.2.   circRNA   func�ons  

Despite  our  growing  knowledge  about  circRNA  biology,  their  normal  physiological  functions  are             

largely  unknown.  circRNAs  are  built  predominantly  from  coding  sequence,  and  many  include             

canonical  start  codons  or  other  open  reading  frames.  However,  they  lack  the  5’  cap,  a  structure                 

important  for  initiation  of  mRNA  translation (reviewed  in  Sonenberg  and  Hinnebusch,  2009) ,             

but  can  in  principle  be  translated  in  vitro  and  in  vivo (Abe  et  al.,  2015;  Chen  and  Sarnow,  1995;                    

Kramer  et  al.,  2015;  Li  and  Lytton,  1999;  Wang  and  Wang,  2014)  upon  recruiting  the  ribosome                 

to  an  internal  ribosome  entry  site (Pelletier  and  Sonenberg,  1988;  Weingarten-Gabbay  et  al.,              

2016) .  Although  endogenous  circRNAs  are  generally  not  associated  with  translating  ribosomes            

(Guo  et  al.,  2014;  Jeck  et  al.,  2013;  Maass  et  al.,  2017;  Schneider  et  al.,  2016;  Stagsted  et  al.,  2018;                     

You  et  al.,  2015) ,  it  has  been  shown  recently  that  some  candidates  can  recruit  ribosomes  and                 

serve  as  translation  templates  in  a  cap-independent  manner (Legnini  et  al.,  2017;  Pamudurti  et               

al.,   2017;   Yang   et   al.,   2017) .   

Some  circRNAs  have  been  shown  to  have  an  unusually  high  number  of  miRNA  binding  sites,                

suggesting  their  function  in  regulating  levels  or  localization  of  freely  available  miRNAs.  Sry              

circular  RNA  contains  16  binding  sites  for  miR-138 (Hansen  et  al.,  2013) ,  CDR1as  contains  more                

than  70  conserved  miR-7  sites (Hansen  et  al.,  2013;  Memczak  et  al.,  2013;  also  see  Results,                 

section  4.3) ,  and  circZNF91  has  24  binding  sites  for  miR23b-3p (Kristensen  et  al.,  2018) .               

Perturbations  of  circSry  and  CDR1as  expression  levels  have  shown  that  they  can  act  as  miRNA                

sponges  by  reducing  the  number  of  freely  available  miRISC  complexes  loaded  with  miR-138  and               

miR-7,  respectively (Hansen  et  al.,  2013;  Memczak  et  al.,  2013) .  Such  cases  are,  however,               

outliers,  as  most  circRNAs  contain  few  miRNA  binding  sites (Guo  et  al.,  2014;  Memczak  et  al.,                 

2013) .   

Another  suggested (�ig  6.1  in  Jens,  2014)  circRNA  function  is  acting  as  a  scaffold  for  the                 

assembly  of  protein  complexes  or  RNPs.  An  interesting  case  of  such  activity  was  recently               

reported  in  vitro  -  circFoxo3  can  regulate  cell  cycle  progression  by  forming  a  complex  with                

28  

https://paperpile.com/c/4hUHgy/HO1f+3muE
https://paperpile.com/c/4hUHgy/HO1f+3muE
https://paperpile.com/c/4hUHgy/ifcW+qbe1
https://paperpile.com/c/4hUHgy/ifcW+qbe1
https://paperpile.com/c/4hUHgy/Z0tE+wjcm+nkt4
https://paperpile.com/c/4hUHgy/Z0tE+wjcm+nkt4
https://paperpile.com/c/4hUHgy/LIsR
https://paperpile.com/c/4hUHgy/42y1/?prefix=reviewed%20in
https://paperpile.com/c/4hUHgy/wfxJ+wLMZ+AArV+0DZL+27KC
https://paperpile.com/c/4hUHgy/wfxJ+wLMZ+AArV+0DZL+27KC
https://paperpile.com/c/4hUHgy/SBYe+ygE5
https://paperpile.com/c/4hUHgy/SBYe+ygE5
https://paperpile.com/c/4hUHgy/ifcW+HMRX+8IQQ+b957+FT9L+Yxah
https://paperpile.com/c/4hUHgy/ifcW+HMRX+8IQQ+b957+FT9L+Yxah
https://paperpile.com/c/4hUHgy/a1Sq+uV6u+bIb7
https://paperpile.com/c/4hUHgy/a1Sq+uV6u+bIb7
https://paperpile.com/c/4hUHgy/ZtEu
https://paperpile.com/c/4hUHgy/ys0z+ZtEu/?suffix=%3B%20also%20see%20Results%2C%20section%204.3,
https://paperpile.com/c/4hUHgy/ys0z+ZtEu/?suffix=%3B%20also%20see%20Results%2C%20section%204.3,
https://paperpile.com/c/4hUHgy/bzem
https://paperpile.com/c/4hUHgy/ys0z+ZtEu
https://paperpile.com/c/4hUHgy/ys0z+8IQQ
https://paperpile.com/c/4hUHgy/ys0z+8IQQ
https://paperpile.com/c/4hUHgy/lssU/?prefix=fig%206.1%20in%20


/

 

cyclin-dependent  kinase  2  (CDK2)  and  its  inhibitor  -  cyclin-dependent  kinase  inhibitor  1  (p21).              

The  loss  of  circFoxo3:CDK2:p21  complexes  upon  circFoxo3  knockdown  promoted  cell           

proliferation,  while  the  overexpression  of  circFoxo3  arrested  the  cells  in  the  G1  phase (Du  et  al.,                 

2016) .   

Another  way  to  think  about  circRNA  function  is  an  earlier  described  example  of  the  Mbl  protein                 

regulating  its  own  expression  by  promoting  exon  circularization  on  its  own  transcript.  In  similar               

cases,  circRNA  expression  could  be  a  readout  of  a  biological  process,  rather  than  a  factor  with  an                  

active  role.  As  discussed  earlier,  circRNAs  are  exceptionally  stable  and  often  expressed  in  a               

cell-type-speci�ic  manner.  Given  that  splicing  defects  are  often  associated  with  disease (Scotti             

and  Swanson,  2015) ,  circRNA  expression  could  be  used  as  a  biomarker  for  different              

disease-driving  splicing  defects  or  other  diseases  that  cause  RNA  deregulation.  It  has  been              

shown  that  circRNAs  are  highly  enriched  in  exosomes (Li  et  al.,  2015a)  and  that  their  abundance                 

in  human  blood  allows  us  to  measure  expression  of  genes  undetectable  as  linear  mRNAs               

(Memczak  et  al.,  2015) ,  suggesting  circRNAs  as  important  candidates  for  clinical  biomarker             

research.   

A  critical  obstacle  to  studying  circRNA  function  is  the  fact  most  circRNAs  are  produced  from                

protein-coding  genes,  and  it  is  dif�icult  to  perturb  their  expression  levels  without  affecting  the               

expression  levels  of  their  host  transcripts.  circRNAs  can  be  downregulated  using  RNA             

interference,  with  siRNAs  or  shRNAs  designed  to  hit  the  head-to-tail  junction,  but  such              

experiments  are  usually  limited  to  in  vitro  settings.  One  possible  strategy  for  developing  loss  of                

function  (LOF)  models  is  deletion  of  intronic  RCMs,  which  has  been  used  to  silence  the                

expression  of  a  circRNA  in  vitro (Zhang  et  al.,  2016b) .  However,  this  is  only  possible  for  circRNAs                  

whose  biogenesis  depends  on  low  number  of  clearly  identi�iable  cis  elements,  and  all  the               

downstream  experiments  have  to  be  carefully  controlled  for  potential  disruptions  of  other             

alternative   splicing   events   or   general   expression   levels   of   the   affected   transcripts.   

1.3.3.   Computa�onal   detec�on   of   circRNAs  

Since  more  than  90%  of  RNA  in  a  cell  is  ribosomal  RNA  (rRNA),  library  preparation  methods  for                  

RNA  sequencing  (RNA-seq)  need  to  include  selection  or  depletion  steps.  The  most  common              

selection  step  is  selection  for  polyadenylated  (poly(A))  RNAs,  which  enriches  the  library  for              

mature  polyadenylated  RNA  molecules.  This  step,  however,  depletes  the  sequenced  RNA  pool  of              

circRNAs,  and  its  wide  adoption  is  one  of  the  causes  for  circRNAs  being  overlooked  in  RNA-seq                 

experiments  for  a  long  time.  Library  preparation  with  rRNA  depletion  (often  termed  RiboMinus              

or  Ribo-Zero,  based  on  the  names  of  commercially  available  kits,  or  performed  using  the  RNase                

H  protocol (Adiconis  et  al.,  2013) )  instead  of  poly(A)  selection  overcomes  this  problem  -               
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sequenced  pool  of  RNAs  will  include  both  polyadenylated  and  non-polyadenylated  linear            

transcripts,  as  well  as  circRNAs.  Another  option  is  depletion  of  linear  RNAs  by  exonucleases  such                

as  RNase  R (Suzuki  et  al.,  2006) ,  which  cannot  degrade  circRNAs  due  to  their  lack  of  free  ends.                   

However,  some  circRNAs  are  sensitive  to  this  procedure,  depending  on  their  length,  structure              

and  RNase  R  treatment  conditions.  The  effects  of  different  library  preparation  protocols  on              

representation   of   different   isoforms   are   summarized   in    Figure   3 .  

RNA-seq  methods  used  in  this  work  produce  millions  of  short  (75-150  nt)  sequencing  reads.  The                

origin  of  these  reads  can  be  determined  by  “mapping”  them  back  to  the  genome,  and  expression                 

levels  of  different  transcripts  are  proportional  to  the  number  of  reads  mapped  to  them.               

Transcripts  that  are  processed  by  splicing  will  have  both  contiguous  and  spliced  reads  mapped               

to  them  -  i.e.  reads  that  overlap  exon-exon  junctions  will  be  fragmented,  or  spliced,  when                

compared  to  the  genomic  reference.  However,  since  circRNAs  share  exonic  sequence  with  their              

host  transcripts,  only  the  reads  overlapping  head-to-tail  junction  (“backspliced”  reads)  can  be             

unambiguously  assigned  to  them.  Unlike  the  linearly  (forward-)  spliced  reads,  these  are             

supposed  to  be  fragmented  in  such  a  way  that  they  �it  the  exon  boundaries  in  reversed  order,  i.e.                   

the  beginning  of  a  read  is  mapped  to  the  end  of  an  exon,  and  the  remainder  is  mapped  to  the                     

beginning   of   the   same   or   an   upstream   exon.   

By  now,  there  are  many  tools  and  computational  pipelines  for  detecting  head-to-tail  spliced              

reads,  and  the  feature  has  also  been  implemented  in  several  generally  used  read  mappers.  The                

tools  differ  in  their  speci�icity,  sensitivity  and  running  time (Hansen,  2018;  Hansen  et  al.,  2016;                

Zeng  et  al.,  2017) .  Another  important  consideration  is  deciding  between  the  tools  that  rely  on                

gene  annotation,  or  those  that  are  blind  to  the  genomic  features  and  detect  circRNA  junctions                

based  on  sequencing  data  and  genomic  sequence  alone  -  the  latter  are  usually  slower  and  less                 

speci�ic,   but   sensitive   to   circularization   of   unannotated   exons.  
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Figure  3 .  RNA  sequencing  read  coverage  on  a  gene  encoding  a  polyadenylated  transcript              
depends  on  a  library  prepara�on  method  and  existence  of  circRNA  isoforms.  in  this              
hypothe�cal  example,  fourth  exon  is  circularized  and  the  expression  level  of  this  circRNA  is               
roughly  double  the  expression  level  of  its  host  transcript  (green).  In  a  poly(A)-selected  library               
(red  coverage  track),  the  circRNA  will  be  completely  overlooked  due  to  the  lack  of  poly(A)  tail.                 
Depending  on  the  RNA  quality,  the  coverage  can  also  be  increased  towards  the  3’  end  of  the                  
transcript.  In  an  rRNA-depleted  library  (yellow  coverage  track),  both  mature  linear  RNA  and              
circRNA  are  sequenced,  and  read  coverage  on  the  circularized  exon  is  increased  compared  to               
the  non-circularized  ones.  If  exonucleases  are  used  to  deplete  linear  RNA  molecules,  libraries              
are   highly   enriched   for   circRNA,   as   visible   from   the   blue   coverage   track.   
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1.3.4.   Experimental   valida�on   of   circRNAs  

Computational  analysis  of  rRNA-depleted  RNA-seq  libraries  results  in  a  list  of  detected             

head-to-tail  junctions,  i.e.  exon-exon  junctions  inconsistent  with  the  exon  order  in  the  genome              

reference.  As  discussed  earlier,  the  majority  of  such  backsplicing  events  are  a  consequence  of               

circRNA  formation  rather  than  exon  shuf�ling  in  linear  RNA  molecules  or  experimental  artefacts,              

and  a  series  of  experimental  validation  steps  is  typically  used  to  con�irm  the  circularity  of  novel                 

in   silico   predicted   candidates.  

Quantitative  polymerase  chain  reaction  (qPCR)  can  be  used  to  test  if  a  given  head-to-tail               

junction  predicted  computationally  is  coming  from  bona  �ide  cDNA  fragment,  or  is  a  false               

positive  call  based  on  an  artefact  of  read  mapping  or  reverse  transcriptase  template  switch               

(Houseley  and  Tollervey,  2010;  Yu  et  al.,  2014) .  A  pair  of  divergent  (or  “outward  facing”)  primers                 

designed  to  anneal  to  the  ends  of  circularized  exons  will  give  rise  to  an  amplicon  only  if  the                   

exons  are  covalently  bound  in  a  circular  fashion.  Convergent  primers  on  the  same  exons  can  be                 

used  to  compare  circular  and  linear  expression  levels.  Such  qPCR  can  be  combined  with  RNase  R                 

treatment  to  unambiguously  con�irm  that  the  observed  fragment  is  ampli�ied  from  a  circRNA,              

and  not  linear  RNA  that  has  undergone  PTES.  Sanger  sequencing  of  PCR-ampli�ied  fragments              

con�irms  the  exact  sequence  and  speci�icity  of  a  head-to-tail  junction.  Finally,  circRNAs  can  be               

validated  and  quanti�ied  independently  of  PCR  ampli�ication  steps,  by  designing  northern  blot             

probes  that  span  head-to-tail  junctions,  by  single-molecule  �luorescence  in-situ  hybridization           

(smFISH;   Kocks   et   al.,   2018) ,   or   using   the   NanoString   technology    (Dahl   et   al.,   2018) .    
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2.   AIMS   OF   THE   THESIS  

circRNAs  are  a  large  class  of  RNAs  with  regulated  biogenesis  and  intriguing  expression  patterns,               

yet  their  functions  are  largely  unknown.  To  better  understand  this  class  of  RNAs,  this  thesis  aims                 

to:  

1. detect,  annotate  and  categorize  known  and  novel  circRNAs,  with  a  particular  focus  on              

mammalian   neural   systems.  

2. explore  spatiotemporal  expression  and  conservation  patterns  of  circRNAs  in  human  and            

mouse   brains.  

3. based   on   1.   and   2.,   select   candidates   suitable   for   studying   circRNA   functions  

4. investigate   the   effects   of   circRNA   loss-of-function   in   vivo  

5. make  tools  and  resources  developed  to  perform  these  tasks  freely  available  to  the              

scienti�ic   community   

33  



/

 

  

34  



/

 

3.   MATERIALS   AND   METHODS  

For  experimental  (“wet”  laboratory)  methods,  please  refer  to  the  publications  listed  in  the              

“Statement   of   contributions”   section.  

3.1.   circBase  

3.1.1.   Implementa�on  

circBase  user  interface  is  implemented  in  HTML,  CSS  and  JavaScript.  circBase  contents  are              

stored  in  a  MySQL  relational  database,  which  is  interacting  with  the  client-side  using  a  series  of                 

back-end   CGI   scripts   written   in   Perl.  

circBase  relies  on  published  data  -  core  information  are  circRNA  lists  from  different  large-scale               

circRNA  detection  studies  ( Table  S1 ).  These  data  were  extended  with  several  additional  layers  of               

information.  First,  all  predicted  circRNAs  were  quanti�ied  using  the  �ind_circ  algorithm            

(Memczak  et  al.,  2013) .  Total  number  of  reads  overlapping  head-to-tail  splice  junction,  number              

of  unique  reads  overlapping  head-to-tail  junction,  and  number  of  unique  reads  spliced  linearly              

over  5’  and  3’  splice  sites  of  a  given  circRNA  were  calculated.  Second,  host  genes  and  transcripts                  

of  all  circRNAs  were  annotated,  and  spliced  forms  of  circRNAs  were  predicted  based  on  Ensembl                

and  RefSeq  annotation.  Finally,  a  unique  circRNA  identi�ier  was  assigned  to  each  circRNA,  based               

on   its   exact   genomic   location.   

3.1.2.   Contents  

All   currently   hosted   circRNA   studies   and   samples   are   summarized   in    Table   S1 .  

3.2.   circRNAs   in   the   mammalian   brain  

3.2.1.   Data   collec�on   and   availability  

All  RNA  sequencing  libraries  and  their  respective  Gene  Expression  Omnibus  (GEO)  accession             

identi�iers   are   summarized   in    Table   S2    and    Table   S3 .   

3.2.2.   Detec�on   and   annota�on   of   circRNAs  

circRNAs  were  detected  and  annotated  as  described  in  Memczak  et  al. (2013) .  In  a  nutshell,  all                 

sequencing  reads  were  �irst  mapped  to  the  rRNA  and  genome  references  using  bowtie2              
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(Langmead  and  Salzberg,  2012) .  Contiguously  mapping  reads  were  discarded,  and  terminal  20             

nt  of  each  remaining  read  were  mapped  back  to  the  genome  to  provide  anchoring  points  for                 

spliced  read  alignment.  Anchors  were  then  processed  using  the  �ind_circ  tool  to  detect  all               

linearly  and  circularly  spliced  sequencing  reads  with  GT/AG  nucleotides  �lanking  the  splice  sites.              

These  predictions  were  �iltered  for  splicing  events  supported  by  at  least  2  unique  RNA-seq               

reads,  maximum  two  mismatches  in  the  anchor  alignment  extension  step,  unique  anchor             

mapping   and   maximum   distance   of   100   kb   between   the   splice   donor   and   splice   acceptor.   

Genome  references  used  for  all  mapping  and  subsequent  analyses  were  human  hg19  (Feb  2009,               

GRCh37)  and  mouse  mm9  (July  2007,  NCBI37)  obtained  from  the  UCSC  genome  browser (Kent               

et  al.,  2002) .  All  circRNAs  identi�ied  from  sequencing  data  were  intersected  with  known  gene               

models  (RefSeq  +  GENCODE  v17  for  human,  Ensembl  release  67  for  mouse)  and  assigned  to  the                 

most  likely  host  transcripts.  Exon-intron  structure  within  a  circRNA  was  inferred  from  the              

annotated  gene  models,  and  known  introns  were  assumed  to  be  spliced  out  (as  in  Memczak  et  al.                  

(2013) ).   

3.2.3.   Quan�fica�on   of   circRNA   expression   from   sequencing   data  

The  total  number  of  reads  supporting  a  particular  head-to-tail  junction  was  used  as  an  absolute                

measure  of  circRNA  abundance.  To  estimate  its  relative  expression  (circular-to-linear  ratio,            

CLR),  we  counted  the  reads  spliced  linearly  over  the  5’  and  3’  �lanks  of  each  circRNA,  and  divided                   

a  number  of  head-to-tail  reads  by  a  number  of  reads  on  a  �lank  with  the  higher  count.  Therefore,                   

CLR  =  #reads_circular  /  max  (#reads_linear_5-prime,  #reads_linear_3-prime).  To  compare  CLR           

to  the  expression  of  linear  host  genes,  RNA-seq  libraries  were  mapped  to  the  corresponding               

genomes  using  the  STAR  aligner (Dobin  et  al.,  2013) ,  and  reads  mapped  to  genomic  features                

were  counted  using  the  htseq-count  tool (Anders  et  al.,  2015) .  Ensembl  gene  sets  (release  75  for                 

human  and  release  67  for  mouse)  were  used  as  genomic  feature  references.  To  avoid  division  by                 

zero  in  CLR  for  these  plots,  pseudocounts  were  added  to  the  denominator,  but  only  for  circRNAs                 

that   shared   at   least   one   splice   site   with   the   Ensembl   gene   catalog.  

3.2.4.   Comparison   of   circRNA   expression   in   human   �ssues  

All  circular  and  linear  splicing  events  supported  by  more  than  2  unique  RNA-seq  reads  were                

collected.  Circularization  incidence  was  quanti�ied  as  a  number  of  reads  supporting  circular             

splicing  events  divided  by  a  total  number  of  spliced  reads  in  a  library.  For  this  number  to  re�lect                   

library  depth  and  the  occurrence  of  splicing  in  a  particular  tissue,  reads  were  sampled  randomly,                

1000  at  a  time,  and  the  percentage  of  reads  supporting  circular  junctions  was  then  calculated.                
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1000  sampling  iterations  were  performed,  and  distributions  of  circular  spliced  read  fractions             

were   plotted.   

3.2.5.  Comparison  of  circRNA  expression  between  synaptosomes  and  whole          

brain/cytoplasm  

circRNA  expression  was  normalized  to  the  linear  transcript  expression  and  compared  between             

the  samples  (synaptosome  vs.  whole  brain,  cytoplasm  vs.  whole  brain,  and  synaptosome  vs.              

cytoplasm).  For  each  circRNA,  log-fold  change  was  calculated  as  log2((#head-to-tail  reads,            

sample  A  /  #head  to  tail  reads,  sample  B)  /  (#reads  mapped  to  a  host  transcript,  sample  A  /                    

#reads  mapped  to  a  host  transcript,  sample  B)).  Distributions  of  calculated  log-fold  changes              

were   represented   by   boxplots   at   different   head-to-tail   read   cutoffs.  

3.2.6.   Differen�al   circRNA   expression   during   differen�a�on  

circRNAs  were  ordered  by  expression  and  assigned  to  four  discrete  expression  classes:  (i)  “high”               

-  top  5%  highest  expressed  circRNAs  within  a  particular  sample,  (ii)  “medium”  -  circRNAs  with                

expression  between  80th  and  95th  percentile,  (iii)  “low”  -  all  other  circRNAs  that  satis�ied  the                

minimum  quality  and  expression  criteria,  and  (iv)  “not  detected”  -  circRNAs  not  detected  in  a                

particular  samples.  For  clarity,  only  circRNAs  labeled  as  “high”  in  at  least  one  sample  were                

plotted.  

3.2.7.   Detec�ng   conserved   expression   between   human   and   mouse  

Utilization  of  homologous  splice  sites  was  used  as  a  rationale  for  describing  circRNAs  conserved               

between  human  and  mouse.  5’  and  3’  �lank  coordinates  of  each  mouse  circRNA  were  converted                

to  human  genome  coordinates  using  UCSC  liftOver  tool (Hinrichs  et  al.,  2006) .  These  putative               

circularization  sites  were  screened  for  overlap  with  human  circRNAs  detected  in  this  study.              

Splice  sites  detected  in  +/-  2  nucleotide  interval  around  the  putative  human  sites  were               

considered  homologous,  and  mouse  circRNAs  were  assigned  to  one  of  the  following  categories:              

(i)  “not  aligned”  –  sites  that  couldn’t  be  mapped  to  human  genome  using  liftOver;  (ii)  “no                 

homologous  circRNA  in  human”  –  no  splice  sites  utilized  by  circRNAs  were  detected  within  2                

nucleotides  of  converted  genome  coordinates;  (iii)  “5’  site  utilized  in  human  circRNAs”  –  only  5’                

splice  site  was  utilized  by  circRNAs  in  human;  (iv)  “3’  site  utilized  in  human  circRNAs”  –  only  3’                   

splice  site  was  utilized  by  circRNAs  in  human;  (v)  “both  splice  sites  utilized  in  human  circRNAs”                 

–  both  3’  and  5’  splice  sites  were  employed  by  different  human  circRNAs;  (vi)  “homologous                
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circRNA  detected  in  human”  –  a  circRNA  spliced  from  sites  within  2  nt  of  splice  sites  predicted                  

by   liftOver   was   found   in   human.  

3.3.   Loss   of   Cdr1as   locus  

3.3.1.   Data   availability  

Raw   RNA-seq   data   are   available   on   GEO,   as   summarized   in    Table   S4 .  

3.3.2.   RNA-seq   data   analysis  

RNA-seq  reads  were  mapped  to  the  mouse  mm9  genome  assembly  using  STAR  short  read               

aligner (Dobin  et  al.,  2013) .  Default  mapping  parameters  were  used,  with  the  exception  of               

--outFilterMismatchNoverLmax,  which  was  set  to  0.05,  allowing  5%  mismatches  per  mapped            

read.  Reads  mapping  to  genomic  features  were  counted  using  htseq-count  tool (Anders  et  al.,               

2015)  in  the  stranded  mode  (--stranded=reverse),  with  Ensembl  release  67  used  as  a  genomic               

feature  reference (Aken  et  al.,  2016) .  Reference  gene  transfer  format  (GTF)  �ile,  downloaded              

from  Ensembl,  was  extended  with  the  Cdr1as  transcript,  which  was  de�ined  on  the  positive               

strand  at  chrX:58436423-58439349.  Differential  gene  expression  analysis  was  performed  using           

the   DESeq2   package    (Love   et   al.,   2014) ,   with   default   settings.   

Small  RNA  seq  reads  were  trimmed  from  their  3'adapters  using  FLEXBAR  version  2.5 (Dodt  et                

al.,  2012)  with  the  following  parameters:  --adapter-relaxed  --adapter-trim-end  RIGHT          

--adapter-gap  -3  --pre-trim-phred  20  --min-read-length  17.  The  trimmed  reads  were  utilized            

with  miRDeep2  version  2.0.0.7 (Friedländer  et  al.,  2011)  in  order  to  estimate  the  expression               

levels  of  mature  miRNAs,  using  miRBase  version  21 (Kozomara  and  Grif�iths-Jones,  2014)  as  a               

miRNA  catalog.  For  each  library  the  read  counts  of  identical  mature  miRNAs  originating  from               

different  precursors  were  summed  up.  Differential  miRNA  expression  analysis  was  performed            

using   the   DESeq2   package    (Love   et   al.,   2014) ,   with   default   settings.  

3.3.3.   Chimera   discovery   analysis   

miRNA:target  interactions  for  the  mouse  brain  were  discovered  with  ChiFlex  (Filipchyk  et  al.              

manuscript  in  preparation)  based  on  the  sequencing  data  generated  by  Moore  et  al. (2015) .               

Brie�ly,  sequencing  reads  from  Ago  HITS-CLIP  performed  in  mouse  brain  were  consecutively             

mapped  to  the  mouse  miRNAs  (miRBase  version  21 (Kozomara  and  Grif�iths-Jones,  2014) )  and              

genome  (mm10  assembly)  with  bowtie2 (Langmead  and  Salzberg,  2012) .  Reads  composed  of  a              

miRNA  part  and  a  part  mapped  to  the  genome  (target  part)  were  considered  as  'chimeras',  if  the                  
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distance  between  these  parts  was  less  than  2  nucleotides  and  the  overlap  was  less  than  5                 

nucleotides.  Chimeric  reads  were  further  �iltered  using  Logic  Rule  Generator  �ilter,  which  selects              

optimal  thresholds  for  the  chimeras'  attributes  (alignment  scores,  positions  of  the  alignments             

inside  chimera)  based  on  a  mapping  to  the  background  references.  Chimeras  sharing  the  same               

miRNA  and  overlapping  target  regions  were  then  grouped  into  interactions.  Each  interaction             

was  then  assigned  to  a  parental  gene  using  Ensembl  annotation  (version  84 (Aken  et  al.,  2016)                 

manually  augmented  with  Cyrano  and  Cdr1as  genes).  Further,  the  following  interactions  were             

analyzed:   miR-671:Cdr1as,   miR-7a:Cdr1as,   miR-7b:Cdr1as,   miR-7a:Cyrano,   miR-7b:Cyrano.  

3.3.4.   miRNA   target   upregula�on   analysis  

A  list  of  predicted  conserved  targets  of  conserved  miRNA  families  was  downloaded  from              

TargetScan  Mouse,  release  7.1 (Agarwal  et  al.,  2015) .  To  test  if  miR-7  targets  are  signi�icantly                

upregulated  in  Cdr1as  KO,  we  performed  a  two-sided  Mann-Whitney  U-test  for  each  sequenced              

brain  region.  log2FoldChange  distribution  of  miR-7  targets  was  tested  against  other  genes             

expressed  in  a  given  brain  region.  Only  genes  with  1  or  more  transcript  per  million  across  all  WT                   

and   KO   replicates   were   included   in   the   analysis.  

Current  sensitivity  of  chimeric  read  detection  from  CLIP  data  does  not  allow  for  quantitative               

transcriptome-level   target   deregulation   analysis.   

3.3.5.   Immediate   early   gene   enrichment   analysis  

We  compiled  a  list  of  52  immediate  early  genes  from  published  data (Tullai  et  al.,  2007) ,  48  of                   

which  we  found  expressed  in  at  least  one  of  the  sequenced  brain  regions.  We  pooled  differential                 

gene  expression  data  from  all  sequenced  brain  regions,  and  used  hypergeometric  test  to  see  if                

immediate  early  genes  are  signi�icantly  overrepresented  among  genes  upregulated  in  any            

sequenced  brain  region,  using  genes  expressed  in  at  least  one  sequenced  brain  region  as  a                

background.   

3.3.6.   miR-7   conserva�on   analysis  

Since  miR-7  has  many  binding  sites  on  Cdr1as,  we  considered  only  those  which  are  well                

conserved  for  the  species  presented  in  the  conservation  analysis  for  miR-671.  We  took  a               

genomic  region  of  the  whole  murine  Cdr1as  gene  (mm10  assembly).  For  this  region              

multi-species  alignment  was  extracted  using  UCSC  100-vertebrates  multi-species  alignment.  We           

selected  seed  match  sites  which  are  in  close  proximity  to  each  other.  To  be  consistent  with  the                  

analysis   for   miR-671   binding   site,   we   kept   the   same   order   of   species.  
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3.3.7.   miR-671   conserva�on   analysis  

The  sequence  of  miR-671-5p  binding  site  on  Cdr1as  most  covered  by  chimeric  reads  is  identical                

for  human  and  mouse.  Therefore  we  performed  the  conservation  analysis  for  the  human              

transcript.  The  region  of  the  binding  site  was  extended  100  nt  upstream  and  downstream  on  the                 

human  genome  (hg38  assembly).  For  the  extended  region  multi-species  alignment  was            

extracted  using  UCSC  100-vertebrates  multi-species  alignment.  Then  the  aligned  sequences           

were  hybridized  using  RNAhybrid (Krüger  and  Rehmsmeier,  2006)  to  miR-671-5p,  which  is             

identical  for  all  the  selected  species.  For  the  sequence  of  each  species  we  took  the  subsequence                 

with  the  lowest  hybridization  energy.  These  subsequences  were  realigned  to  each  other  using              

MUSCLE    (Edgar,   2004) .   For   the   �igure   we   selected   species   such   that   they   cover   various   clades.  

3.3.8.   Quan�fica�on   of   imaging   data  

Confocal  images  were  analysed  with  a  set  of  custom  ImageJ  macros  and  R  scripts.  Areas  rich  in                  

VGLUT1  and  GAD67  mRNA  in  situ  signal  were  detected  using  ImageJ  “Analyse  particles”              

function,  with  lower  signal  threshold  on  the  8-bit  scale  set  to  10  for  VGLUT1,  and  5  for  GAD67                   

stainings.  These  regions  of  interest  were  then  individually  inspected  for  the  presence  of  c-Fos               

immuno�luorescence  (“Analyse  particles”  function,  lower  threshold  set  to  5).  Regions  with            

area  between  500  and  3000  pixels 2  were  kept  for  the  further  analysis.  VGLUT1-  and               

GAD67-positive  regions  with  more  than  one  c-Fos-positive  particle  were  considered           

aggregates  of  cells,  and  discarded  from  further  analysis.  First,  we  calculated  fractions  of              

VGLUT1-  and  GAD67-positive  neurons  that  also  expressed  c-Fos,  from  all  images  of  a  given               

genotype  and  cortical  region.  Then  we  calculated  mean  c-Fos  intensity  within  VGLUT1-  and              

GAD67-positive  regions  for  each  image.  Results  were  averaged  over  different  images  from  the              

same  cortical  layer  for  each  of  three  biological  replicates  of  visual  cortex,  somatosensory              

cortex  and  motor  cortex.  For  prefrontal  cortex,  we  averaged  the  signal  over  all  images               

from    each    biological   replicate.    
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4.   RESULTS  

4.1.   circBase   -   a   database   for   circular   RNAs  

4.1.1.   Implementa�on   and   contents  

circBase  is  implemented  as  a web		server	 -  from  the  user’s  perspective,  it  is  a  web  page,  accessible      	             

on  http://www.circbase.org,  providing  different  modes  of  retrieving  information  about  circular           

RNAs.  The  user  interacts  with  a  so-called front		end	 (or presentation		layer	),  dynamically  rendered        	   	    

interface  that  communicates  with  the  database  through  a  set  of back		end	 scripts  executed  by  the           	      

server.   

The  database  in  its  current  version  contains  information  on  six  organisms  (total  circRNA  count               

in  brackets)  -  human  (142668),  mouse  (16444),  fruit  �ly  (5286),  worm  (1482), Latimeria	            	

chalumnae	  (767)  and Latimeria	 	menadoensis	  (1124),  summarized  by  sample  in Table  S1 .  It  is    	           

being   regularly   updated.  

4.1.2.   circBase   iden�fier  

To  allow  the  unambiguous  identi�ication  of  circRNA  candidates,  we  introduced  a  system  of              

unique  circRNA  identi�iers.  They  consist  of  a  three-letter  organism  abbreviation,  followed  by             

“_circ_”,  and  a  7-digit  number.  Each  unique  set  of  genomic  coordinates  (chromosome,  start,  end               

and  strand)  harboring  a  circRNA  is  assigned  a  unique  circBase  identi�ier.  For  example,              

hsa_circ_0001946  is  an  identi�ier  of  the  circRNA  spliced  from  the  (+)  strand  at              

chrX:139865339-139866824   in   the   human   hg19   assembly.   

4.1.3.   Searching   circBase  

circBase  supports  a  variety  of  search  terms  that  can  be  used  in  queries  -  gene  symbols,                 

transcript  identi�iers,  circBase  circRNA  identi�iers,  genomic  coordinates,  host  gene  description           

and  Gene  Ontology  term  identi�iers.  These  can  be  inserted  directly  into  the  search  �ield  on  the                 

homepage  (“simple  search”)  or  submitted  as  a  list  (“list  search”).  Searching  by  HGNC  gene               

symbols (Seal  et  al.,  2009)  or  RefSeq (Pruitt  et  al.,  2007)  and  Ensembl (Aken  et  al.,  2016)                  

transcript  identi�iers  will  return  a  list  of  circRNAs  spliced  from  the  corresponding  transcripts.              

Genomic  coordinates  can  be  submitted  as  a  whitespace-separated  list  of  chromosome,  start  and              

end  coordinates,  and  will  return  a  list  of  all  overlapping  circRNAs.  Gene  description  terms  ( e.g.	               

dehydrogenase)  will  return  all  circRNAs  spliced  from  genes  that  match  the  description,  based  on               
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the  NCBI  Entrez  gene  database  annotation (Maglott  et  al.,  2011) .  Simple  search  queries  can  be                

limited  to  a  particular  species  by  adding  a  three-word  species  abbreviation  as  the  last  query                

term.  For  example,  “rims2  rmst”  search  will  return  all  circRNAs  spliced  from  Rims2  and  Rmst                

genes   in   all   available   species,   while   “rims2   rmst   hsa”   will   return   only   human   homologs.   

circBase  can  also  be  queried  by  DNA  or  RNA  sequence,  using  the  “blat”  option  in  the  main  menu.                   

Blat (Kent,  2002)  is  a  sequence  search  tool  similar  to  BLAST (Ye  et  al.,  2006) ,  but  optimized  for                   

speed  at  the  expense  of  sensitivity  -  it  can  only  work  with  relatively  long  and  relatively  similar                  

sequences.  Blat  running  on  circBase  will  recognize  exact  hits  of  at  least  16  nucleotides,  or  longer                 

hits  with  95%  and  greater  similarity.  Sequence  reference  circBase  blat  is  using  is  custom-built,               

and  contains  genomic  sequences  of  all  hosted  circRNAs.  Sequences  are  “cut”  opposite  to  the               

head-to-tail   junction,   so   that   the   junction   is   intact   and   can   be   queried   against.  

“Table  browser”,  available  from  the  main  menu,  is  a  tool  for  conditional  data  retrieval.  While                

“simple  search”  and  “list  search”  allow  the  user  to  lookup  speci�ic  circRNAs  based  on  their                

locations,  host  gene  identi�iers  or  descriptions,  “table  browser”  allows  the  user  to  mine  entire               

circRNA  studies  for  circRNAs  sharing  particular  features.  After  selecting  the  organism  and             

dataset  of  interest,  the  user  can  further  re�ine  their  query  by  de�ining  the  size  range  of  circRNAs,                  

number  of  supporting  head-to-tail  reads,  and  more.  This  tool  allows  simple  construction  of              

complex  queries  such  as  “Retrieve  all  circRNAs  expressed  in  mouse  cerebellum  that  are  shorter               

than   1   kb,   include   part   of   the   host   gene’s   5’   UTR   and   do   not   overlap   repeat   sequences”.   

4.1.4.   Search   results   and   external   resources  

circBase  search  results  are  returned  as  a  hyperlinked  table.  The  table  contains  basic  information               

about  each  circRNA  matching  the  search  query,  such  as  organism,  genomic  location,  genomic              

and  predicted  spliced  length,  all  samples  the  particular  circRNA  was  expressed  in  and  number  of                

head-to-tail  reads  it  was  supported  with,  host  gene,  host  transcript,  and  host  locus  annotation.  A                

number  of  external  resources  are  linked  to  circBase  and  can  be  accessed  by  clicking  hyperlinks                

in  the  circBase  results  table.  Genomic  position  links  out  to  the  local  copy  of  UCSC  Genome                 

Browser (Kent  et  al.,  2002) ,  where  the  user  can  explore  circRNAs  of  interest  in  the  context  of                  

other  biological  information  available  through  the  browser,  such  as  gene  models,  conservation,             

read  mappability,  repeat  annotation,  histone  modi�ications,  transcription  factor  binding  sites,           

and  much  more.  Host  gene  symbols  and  host  transcript  identi�iers  are  linked  to  the               

corresponding  entries  in  NCBI  Entrez  Gene (Maglott  et  al.,  2011)  and  RefSeq (Pruitt  et  al.,  2007)                 

databases,  respectively,  with  the  exception  of  C.  elegans,  which  is  linked  to  WormBase (Chen  et                

al.,  2005) .  circRNA  IDs  are  linked  to  individual  circRNA  records,  where  all  the  information  and                

evidence  for  the  existence  of  a  given  circRNA  candidate  are  summarized.  On  top  of  the                
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information  visible  from  the  search  results  table,  the  user  can  see  the  summary  of  circRNA                

expression  data  across  all  samples  it  was  detected  in,  alignments  of  RNA-seq  reads  mapping  to                

the  head-to-tail  splice  junction,  and,  for  circRNAs  that  were  experimentally  validated,  see  the  list               

of   relevant   publications.   

4.1.5.   Data   export  

Search  results  can  be  exported  using  the  corresponding  option  from  the  “Export  results”  ribbon,               

located  below  the  main  menu.  The  table  itself  can  be  downloaded  as  a  comma-separated  value                

�ile  ( csv	  option),  tab-separated  text  �ile  ( txt	),  or  Excel  �ile  ( xlsx	).  Clicking  the fasta	  option  loads                 

the  interface  for  nucleotide  sequence  retrieval.  The  user  is  presented  with  a  menu  where  they                

can  decide  between  downloading  genomic  or  predicted  spliced  circRNA  sequence,  extend  the             

retrieved  sequence  by  an  arbitrary  number  of  nucleotides,  or  retrieve  only  user-de�ined  regions              

around   the   circular   splice   sites.   Nucleotide   sequences   are   downloaded   in   the   FASTA   format.  

Bulk  data  export  is  also  possible  from  the  “download”  section.  Here,  users  can  download               

complete  database  contents  or  circRNA  sets  from  individual  studies  or  biological  samples  in              

different   formats.   Currently   supported   are   tab-delimited   text   �iles,   Excel   �iles   and   BED   �iles.   

4.2.  circRNAs  in  the  mammalian  brain  are  highly  abundant,          

conserved,   and   differen�ally   expressed  

4.2.1.   Background  

Several  studies  published  in  2014  and  early  2015  have  con�irmed  that  biogenesis  of  many               

mammalian  circRNAs  is  facilitated  by  RCMs (Ashwal-Fluss  et  al.,  2014;  Ivanov  et  al.,  2015;  Liang                

and  Wilusz,  2014;  Starke  et  al.,  2015;  Zhang  et  al.,  2014) ,  as  shown  earlier  for  the  SRY  circRNA                   

(Capel  et  al.,  1993;  Dubin  et  al.,  1995) .  Such  sequences  could  basepair  and  consequently  bring  3’                 

end  of  an  exon  close  to  the  5’  end  of  an  upstream  exon,  allowing  the  bound  spliceosomes  to                   

execute  a  backsplicing  reaction.  Additionally,  basepaired  RCMs  could  become  a  substrate  for             

double-stranded  RNA-binding  enzymes,  such  as  ADAR,  as  discussed  in  the  Introduction.            

Adenosine-to-inosine  conversion  events  were  shown  to  be  enriched  in  intronic  RCMs,  and             

ADAR1  knockdown  caused  moderate,  and  apparently  systematic  upregulation  of  circRNAs  in  a             

human   cell   line    (Ivanov   et   al.,   2015) .  

It  has  also  been  shown  that  some  highly  abundant  circRNAs,  such  as  mammalian  Cdr1as  or                

circMbnl  in  Drosophila,  are  highly  expressed  in  neural  tissues (Ashwal-Fluss  et  al.,  2014;  Hansen               

et  al.,  2011;  Memczak  et  al.,  2013) .  Additionally,  in  Drosophila,  neural  tissues  have  been  shown                
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to  be  highly  enriched  in  circRNAs  compared  to  other  tissues,  both  in  terms  of  the  number  of                  

different   circRNA   candidates   and   their   individual   expression   levels    (Westholm   et   al.,   2014) .  

These  results  motivated  us  to  systematically  explore  circRNA  expression  in  mammalian  neural             

systems.  Our  approach  consisted  of  sequencing  a  number  of  rRNA-depleted  RNA-seq  libraries,             

as  well  as  using  those  publicly  available,  computationally  predicting  circRNA  transcripts  in             

RNA-seq  data,  and  experimentally  validating  a  subset  of  predicted  circRNA  candidates.  We             

explored  circRNA  expression  patterns  in  cell  culture  systems  for  neuronal  differentiation            

(mouse  P19  and  human  SH-SY5Y  cells),  mouse  embryonic  primary  neuronal  cultures,  mouse             

synaptoneurosomal  cellular  fractions  and  different  regions  of  human  and  mouse  brains,            

therefore   covering   a   wide   range   of   in   vivo   and   in   vitro   systems   in   two   mammalian   species.   

4.2.2.   circRNAs   are   highly   abundant   in   mouse   and   human   CNS  

We  prepared  and  sequenced  a  total  of  21  libraries,  as  summarized  in Table  S2  and Table  S3 .                  

Additionally,  we  collected  RNA-seq  reads  from  18  RNA-seq  libraries  generated  by  the  ENCODE              

consortium.  circRNA  head-to-tail  junctions  were  detected  as  described  in  Memczak  et  al. (2013) .              

Detection  method  relied  only  on  the  primary  genomic  sequence,  and  not  gene  annotation,              

allowing  us  to  detect  putative  circRNAs  that  do  not  share  splice  sites  or  primary  sequence  with                 

any  known  transcripts.  Predictions  were  �iltered  on  a  number  of  quality  criteria  described  in  the                

Methods.  Most  circRNAs  are  spliced  from  annotated  exons  (Memczak  et  al.  2013, Figure  4  inset),                

and  share  a  lot  of  sequence  with  mature  RNA  transcripts.  Therefore,  calculating  their              

normalized  expression  levels  as transcripts	 	per	 	million	 (TPM)  or reads		per		kilobase		per		million	    	 	 	   	 	 	 	 	

sequenced		reads	  (RPKM)  from  RNA-seq  data  is  a  non-trivial  task  beyond  the  scope  of  our  study. 	                

To  normalize  our  head-to-tail  counts  for  sequencing  depth  and  remaining  rRNA  content             

between  the  libraries,  we  calculated  the  expression  of  a  given  circRNA  candidate  relative  to  its                

linear   host   transcript   (see   Materials   and   methods).   
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Figure  4 .  circRNAs  detected  in  mouse  and  human  brain  samples  span  a  broad  expression  range                
and   are   mostly   derived   from   the   coding   sequence   (Rybak-Wolf   et   al.   2015).  

In  total,  we  detected  15849  distinct  circRNA  candidates  in  mouse  and  65731  in  human  brain                

samples.  Higher  number  of  candidates  in  human  could  in  part  be  explained  by  higher  total                

sequencing  depth  of  human  samples,  but  we  also  observed  that  there  was  more  head-to-tail               

spliced  reads  per  linear  spliced  read  in  human  compared  to  mouse,  across  all  analyzed  libraries.                

90%  of  predicted  mouse  circRNAs,  and  73%  of  predicted  human  circRNAs  were  not  present  in                

circBase (Glažar  et  al.,  2014) .  In  a  given  RNA-seq  library,  the  majority  of  predicted  head-to-tail                

junctions  are  supported  by  few  reads  -  the  number  of  circRNA  candidates  does  not  appear  to                 

approach  the  saturation  point  with  increasing  sequencing  depth  ( Figure  4 ).  However,  upon             

pooling  all  the  libraries  from  each  organism,  we  detected  565  mouse  and  5962  human  circRNAs                

supported   by   more   than   100   junction-spanning   reads   ( Figure   4 ).   

For  genes  expressing  circRNAs,  median  number  of  circRNA  candidates  per  gene  was  three  in               

human  and  two  in  mouse  brain  samples.  We  also  observed  many  genes  to  be  “circRNA  hotspots”,                 

with  10  or  more  different  circRNA  candidates  spliced  from  a  single  host  gene.  There  were  2338                 
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such  genes  in  human,  and  163  in  mouse  samples.  Hundreds  of  circRNA  candidates  were               

expressed  several  times  higher  than  their  linear  host  isoforms.  Many  such  examples  can  be               

easily   observed   from   RNA-seq   read   coverage   alone   ( Figure   5 ).  

 

Figure  5 .  rRNA-depleted  RNA  sequencing  coverage  (black)  from  human  cerebellum  and  mouse             
forebrain  of  the  gene  Rims2  (blue)  and  its  corresponding  circRNAs  (red);  asterisks  mark              
validated   circRNA   isoforms   (Rybak-Wolf   et   al.   2015).   

To  validate  the  computational  head-to-tail  junction  predictions  and  con�irm  they  are  bona  �ide              

circular  RNAs,  we  performed  a  series  of  validation  experiments  ( Figure  6 )  on  a  set  of  candidates                 

covering  the  entire  expression  range  ( Figure  4 ).  Ten  mouse  circRNA  candidates  were  treated              

with  RNase  R,  a  3’-5’  exonuclease,  and  were  resistant  to  its  activity,  indicating  they  are  circular                 

isoforms  without  free  3’  ends  ( Figure  6 A).  For  �ive  candidates  we  performed  an  additional               

validation  experiment  -  RNase  R  resistance  was  compared  between  candidate  circRNAs  and             

their  linear  host  transcripts.  Post-treatment  detection  was  done  using  northern  blots,  avoiding             

reverse  transcription  and  ampli�ication  steps  ( Figure  6 B).  All  tested  circRNA  candidates  were             

more  resistant  to  RNase  R  than  the  linear  isoforms.  We  also  successfully  ampli�ied  head-to-tail               

junctions  of  14  candidates  by  RT-PCR  ( Figure  6 C),  using  divergent  primers,  and  performed              

Sanger  sequencing  on  a  subset  of  5,  con�irming  the  computationally  predicted  head-to-tail             

junction  sequences  ( Figure  6 D).  Finally,  we  designed  circRNA-speci�ic  100-nucleotide  northern           

blotting  probes  spanning  head-to-tail  junctions,  and  con�irmed  brain  expression  of  all  7  tested              

circRNA   candidates   ( Figure   6 E).  
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Figure  6 .  circRNAs  from  the  en�re  expression  range  (presented  in Figure  4 )  were  successfully               
validated.  (A)  qRT-PCR  valida�on  of  circRNA  resistance  to  RNase  R.  RNA  isolated  from  adult               
mouse  brain  was  treated  with  RNAse  R  (+  RNase)  or  mock  treated  (-RNase  R).  Data  are  mean  ±                   
SD;  n=3,  technical  replicates.  Ac�n  B  serves  as  a  control.  (B)  Northern  blot  analysis  of  circRNAs                 
and  linear  transcripts  stability  a�er  RNase  R  treatment.  Gapdh  serves  as  a  control.  Linear               
transcripts  are  marked  with  arrows,  and  circular  with  circles.  (C)  qRT-PCR  valida�on  of  circRNA               
expression  in  mouse  brain  using  divergent  primers.  M-size  marker.  (D)  Sanger  sequencing             
traces  confirming  circRNA  head-to-tail  splice  junc�ons.  (E)  Northern  blot  analyses  showing            
circRNA  and  linear  mRNA  transcript  expression  across  mouse  �ssues.  Arrows,  linear            
transcripts;  circles,  circRNA.  The  lower  panel  shows  a  scheme  of  probe  design  (Rybak-Wolf  et               
al.   2015).  
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Since  many  circRNAs  were  unexpectedly  highly  expressed  in  the  brain,  we  compared  global              

circRNA  expression  patterns  between  human  frontal  cortex,  heart,  liver  and  skeletal  muscle.  We              

extracted  all  spliced  reads  from  a  given  RNA-seq  library,  and  calculated  the  fraction  of  those  that                 

were  spliced  circularly.  The  data  revealed  an  overall  enrichment  of  circRNA  expression  in  the               

nervous  system.  The  same  enrichment  was  observed  in  mouse,  but  the  total  fraction  of  circularly                

spliced  reads  was  lower  by  roughly  an  order  of  magnitude  across  all  samples,  in  line  with  lower                  

number   of   circRNA   candidates   detected   in   mouse   ( Figure   7 ).   

 

Figure  7 .  Percentage  of  back-spliced  sequencing  reads  in  different  human  (le�)  and  mouse              
(right)  �ssues  reveals  the  enrichment  of  circRNA  expression  in  the  nervous  system.  Boxes  are               
limited  by  the  first  quar�le  and  the  third  quar�le,  median  is  indicated  as  a  horizontal  bar,  while                  
whiskers  span  1.5  x  inter-quar�le  range  from  their  hinges.  Outliers  beyond  the  whiskers  are               
plo�ed   as   points   (Rybak-Wolf   et   al.   2015).  

4.2.3.   circRNAs   are   differen�ally   expressed   in   the   brain  

To  gain  more  insight  into  circRNA  expression  patterns  in  the  CNS,  we  clustered  circRNA               

expression  data  from  different  mouse  brain  regions,  namely  cerebellum,  olfactory  bulb,            

prefrontal  cortex  and  hippocampus.  For  each  RNA-seq  library,  we  normalized  head-to-tail  read             

counts  to  the  sequencing  depth,  by  dividing  them  with  the  number  of  reads  mapping  to  protein                 
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coding  genes.  Hierarchical  clustering  of  the  normalized  data  showed  differential  circRNA            

expression  in  different  brain  regions,  and  strong  overall  enrichment  of  circRNA  expression  in  the               

cerebellum  ( Figure  8 ).  Together  with  many  cerebellum-enriched  circRNA  candidates  revealed  by            

this  analysis,  we  also  observed  a  global  increase  of  circularization  levels  in  cerebellum  compared               

to   other   brain   regions,   in   both   human   and   mouse   data   ( Figure   7 ).  

 

 

Figure  8 .  Clustering  of  mouse  brain  region  samples  by  circRNA  expression  (normalized  reads)              
shows  differen�al  circRNA  expression  pa�erns  across  mouse  brain  regions  (Rybak-Wolf  et  al.             
2015).  

We  validated  these  results  by  testing  the  expression  patterns  of  13  circRNA  candidates  and  their                

linear  hosts  by  qRT-PCR  in  six  mouse  brain  regions.  In  the  majority  of  analyzed  cases,  circular                 

and  linear  isoforms  had  consistent  expression  across  all  analyzed  brain  regions.  However,             

circRims2,  circElf2  and  circDym  showed  speci�ic  enrichment  for  the  circular  isoforms  in  the              

cerebellum,   while   circPlxnd1   was   enriched   in   the   cortex   ( Figure   9 ).  
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Figure  9 .  qRT-PCR  analysis  of  circRNAs  and  linear  host  expression  in  mouse  brain  regions               
(Rybak-Wolf   et   al.   2015).  

We  also  validated  the  spatial  expression  pattern  of  three  circRNA  candidates  (circRims2,  circElf2              

and  circPhf21)  and  one  positive  control  (Cdr1as)  by  in  situ  hybridization  with  circRNA-speci�ic              

short  RNA  probes  on  sagittal  sections  of  adult  mouse  brain  ( Figure  10 ).  circRims2  was               

speci�ically  expressed  in  the  granular  layer  of  cerebellum.  circElf2  and  circPhf21  were  enriched              

in  the  granular  layer  of  cerebellum  and  olfactory  bulb,  consistent  with  northern  blots  and  qPCR                

data.  Cdr1as  showed  wide  expression  pattern,  as  previously  described (Hansen  et  al.,  2013;              

Memczak   et   al.,   2013) .  
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Figure  10 .  In  situ  hybridiza�on  and  northern  blot  analysis  of  Cdr1as,  circElf2,  circRims2,  and               
circPhf21a  expression  in  adult  mouse  brain.  Upper  panel  shows  northern  blot  analyses  of              
circRNA  expression  in  the  corresponding  mouse  brain  in  situ:  ob,  olfactory  bulb;  pfc,  prefrontal               
cortex;  hpc,  hippocampus;  crbl,  cerebellum.  18S,  loading  control.  The  lower-le�  panel  shows  a              
scheme   of   probe   design.   Cdr1as,   posi�ve   control   (Rybak-Wolf   et   al.   2015).  

4.2.4.   circRNAs   are   highly   enriched   in   synapses  

Neurons  are  highly  polarized  cells,  and  their  function  depends  on  precise  spatial  restriction  of               

certain  functions  to  appropriate  subcellular  domains.  For  example,  many  proteins  are            

synthesised  in  the  synapse,  which  plays  an  important  role  in  synaptic  development  and              

plasticity (reviewed  in  Bramham  and  Wells,  2007) .  Given  their  high  expression  in  the  brain  and                

strong  enrichment  in  cerebellum,  a  region  with  high  density  of  neurons,  we  asked  whether  some                

circRNAs  are  speci�ically  present  in  synapses.  We  sequenced  the  RNA  isolated  from             

synaptoneurosome  fractions,  corresponding  cytoplasmic  fractions,  and  whole  brain  lysate.  To           

increase  circRNA  calling  speci�icity,  and  avoid  the  problem  of  dropouts,  i.e.  candidates  detected              

in  only  one  sample  due  to  low  expression,  for  further  analysis  we  kept  only  circRNAs  having  at                  

least  one  splice  site  annotated  in  the  Ensembl  database  and  at  least  �ive  head-to-tail               
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junction-spanning  reads  in  one  of  the  samples.  This  revealed  that  circRNAs  are  enriched  in               

synaptoneurosomes  compared  to  their  linear  host  transcripts,  which  might  indicate  active            

transport  of  circRNAs  to  synapses  ( Figure  11 A).  Moreover,  after  normalizing  head-to-tail  counts             

to  the  library  sequencing  depth,  we  observed  circRNAs  to  be  upregulated  in  synaptoneurosomes              

compared   to   cytoplasm   and   whole   brain   at   all   circRNA   expression   thresholds   ( Figure   11 B).  

 

 

Figure  11 .  circRNAs  are  highly  enriched  in  the  synaptoneurosome.  (A)  circular-to-linear  ra�os             
of  many  circRNAs  are  increased  in  synaptoneurosomes  compared  to  the  whole  brain.  Dashed              
line,  2-fold  cutoff.  (B)  circRNA  enrichment  in  synaptoneurosomes  was  observed  throughout  the             
expression  range  of  circRNAs.  Boxes  are  limited  by  the  first  quar�le  and  the  third  quar�le,                
median  is  indicated  as  a  horizontal  bar,  while  whiskers  span  1.5  x  inter-quar�le  range  from                
their   hinges.   Outliers   beyond   the   whiskers   are   plo�ed   as   points   (Rybak-Wolf   et   al.   2015).  

We  validated  these  results  using  qRT-PCR  on  independently  prepared  samples,  and  synaptic             

enrichment  was  con�irmed  for  12  out  of  17  tested  circRNA  candidates  ( Figure  12 ).  For  example,                

circStau2a  and  circRmst  were  highly  enriched  in  synapses,  while  their  linear  counterparts  were              

almost  exclusively  localized  to  the  cytoplasm.  However,  we  also  observed  the  candidates  that              

were  colocalized  (e.g.  circFat3  and  Fat3,  or  circElf2  and  Elf2),  or  showing  the  opposite  trend,                

with  synaptic  mRNA  and  somatic  circRNA  (circRasa2  and  Rasa2).  Cdr1as  was  predominantly             

cytoplasmic.   

The  observed  variety  of  localization  modes  indicates  that  our  steady-state  measurements  might             

be   a   consequence   of   active   transport   and   localization   mechanisms.   
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Figure  12 .  qRT-PCR  valida�on  of  differen�al  circRNA  localiza�on  between  synaptoneurosomes           
and  whole  brain  lysate.  Data  are  given  as  mean  ±  SD,  n  =  3  technical  replicates  (Rybak-Wolf  et                   
al.   2015).  

4.2.5.   circRNAs   are   differen�ally   expressed   during   neuronal   differen�a�on  

Next,  we  asked  whether  the  observed  abundance  of  circRNAs  in  the  mammalian  brain  has  a  role                 

in  de�ining  neuronal  cell  identity,  and  when  during  cellular  maturation  are  these  levels              

established.  We  explored  the  circRNA  expression  patterns  in  early  neuronal  speci�ication  using             

two  established  cell  culture  models  -  mouse  P19  embryonal  carcinoma  cells (McBurney,  1993)              

and  human  SH-SY5Y  cells.  Neuronal  differentiation  was  stimulated  by  retinoic  acid,  and  samples              

for  RNA  sequencing  were  collected  at  days  0,  2,  4,  and  12  for  the  P19  cells,  and  days  0  and  4  for                       

SH-SY5Y  cells.  Differentiated  cells  expressed  neuronal  markers  at  high  levels,  while  the             

astrocytic  marker  GFAP  was  expressed  lowly.  Additionally,  to  gain  better  insight  into  in  vivo               

maturation  processes  such  as  axo-dendritic  development  and  synapse  formation,  we  sequenced            

RNA  from  cultures  of  embryonic  (E18)  cortical  neurons  at  days  1,  7,  14  and  21  after  initial                  

plating.  

Across  all  timepoints,  we  detected  2735  circRNA  candidates  in  P19  cells,  4264  in  SH-SY5Y  cells,                

and  5265  in  primary  cortical  neurons.  In  general,  we  observed  circRNAs  to  be  upregulated               

during  neuronal  differentiation  ( Figure  13 ).  The  observed  induction  did  not  appear  to  be  a               

passive  process  accompanying  neuronal  differentiation  -  different  circRNAs  were  upregulated  at            
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different  timepoints  ( Figure  13 ,  A  -  D).  Moreover,  the  observed  upregulation  was  consistent              

between  different  P19  differentiation  experiments,  and  the  level  of  upregulation  correlated  with             

cell  culture  homogeneity  -  namely,  circRNA  upregulation  was  lower  in  the  experiment  with              

higher  levels  of  glia  (GFAP+)  cells.  This  implies  that  the  observed  upregulation  is  driven  by  the                 

circRNA  induction  in  neuronal  cells,  and  cannot  be  explained  simply  by  accumulation  in              

post-mitotic  cells.  It  is  also  in  line  with  the  earlier  observed  increase  of  circularization  levels  in                 

the   cerebellum.  

A  number  of  top  differentially  expressed  circRNAs  from  P19  cells  and  primary  neurons  were               

selected  for  validation  and  further  analysis.  Most  of  them  showed  RNAse  R  resistance  ( Figure               

S1 A)  and  expected  head-to-tail  junction  sequences  ( Figure  S1 B),  and  the  expression  pattern  in              

differentiation  or  maturation  was  con�irmed  by  qRT-PCR  for  12  candidates  in  independently             

prepared   samples   ( Figure   13 ,   E   and   F).   

We  have  not  observed  the  global  upregulation  comparable  to  P19  cells  in  the  SH-SY5Y  cell  line                 

differentiation  ( Figure  13 ,  G  -  I).  This  is  probably  because  undifferentiated  SH-SY5Y  cells  are,               

unlike  P19,  already  committed  to  the  neuronal  lineage  and  resemble  immature            

catecholaminergic  neurons (Ross  et  al.,  1983) .  Therefore,  high  number  of  circRNAs  was  detected              

already  in  uninduced  cells  (day  0),  and  the  upregulation  at  day  4  after  induction  was  less                 

prominent.  However,  we  found  orthologs  of  many  circRNAs  upregulated  in  P19  differentiation  to              

also   be   upregulated   in   SH-SY5Y   differentiation   ( Figure   13 ,   E   and   I).  

For  a  number  of  upregulated  candidates  from  P19  cells  and  primary  neuron  maturation,  we               

decided  to  test  the  in  vivo  expression  pattern  during  mouse  brain  development  time-course,              

spanning  from  E10  stage  to  the  fully  developed  adult  brain.  Tested  circRNAs  were  upregulated               

during  brain  maturation,  and  the  effect  was  the  most  prominent  in  postnatal  development              

stages,  when  the  establishment  of  synaptic  connections  takes  place  and  the  neuronal  networks              

are   being   built   ( Figure   S2 ).  
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Figure  13 .  circRNA  expression  analysis  during  early  neuronal  differen�a�on  and  neuronal            
matura�on.  (A)  circRNA  log2  fold  changes  between  day  0  (D0)  and  day  12  (D12)  of  P19  cell                  
differen�a�on.  Dashed  line,  2-fold  cutoff.  (B)  circRNA  log2  fold  changes  between  mouse             
embryonic  neurons  day  1  (D1)  and  mature  neurons  day  21  (D21).  (C)  P19  differen�a�on               
heatmap  (�me  points:  D0,  undifferen�ated  cells;  D2/D4,  embryoid  bodies  days  2/4;  D12,             
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neurons  day  12).  (D)  Neuronal  matura�on  (�me  points  at  days  1,  7,  14,  and  21  post-pla�ng).  (E                  
and  F)  qRT-PCR  valida�on  of  circRNA  expression  during  P19  differen�a�on  (E)  and  primary              
neurons  matura�on  (F).  (G  and  H)  circRNAs  are  differen�ally  expressed  during  induc�on  of              
human  SH-SY5Y  cells  to  neurons.  Log2  fold  changes  (G)  and  heatmap  (H)  comparison  between               
day  0  (D0)  and  day  4  (D4)  of  SH-SY5Y  differen�a�on.  (I)  qRT-PCR  valida�on  of  circRNA                
expression  in  SH-SY5Y  cells.  Data  in  (E),  (F),  and  (I)  are  presented  as  mean  ±  SD,  n  =  3  technical                     
replicates.   Dashed   line   in   (A),   (B)   and   (G)   marks   a   2-fold   cutoff   (Rybak-Wolf   et   al.   2015).   

4.2.6.   circRNA   and   linear   RNA   expression   changes   can   differ  

Next,  we  wanted  to  systematically  explore  the  relationships  between  relative  expression  levels             

of  circRNAs  and  their  linear  hosts.  It  has  been  shown  earlier  that  these  can  differ  between  cell                  

types (Salzman  et  al.,  2013) ,  with  an  extreme  example  of  the muscleblind	  circRNA  in D.	              	

melanogaster	  -  circular  RNA  is  expressed  much  higher  than  its  linear  host  in  �ly  heads,  while  the                  

linear  isoform  is  dominant  in  the  S2  cell  line (Ashwal-Fluss  et  al.,  2014) .  Similar  �indings  were                 

described  earlier  for  a  small  number  of  candidates  in  different  mouse  brain  regions  ( Figure  9 ).                

Such  examples  are  important  for  understanding  circRNA  biology  -  they  indicate  that  biogenesis              

and   degradation   of   circRNAs   are   processes   regulated   by   tissue-   or   cell-type-speci�ic   factors.   

To  explore  this  relationship,  we  calculated  the  expression  level  of  each  circRNA  relative  to  its                

linear  host  transcript  (circular-to-linear  ratio,  CLR)  and  compared  it  to  the  total  expression  of               

the  respective  host  gene,  calculated  as transcripts	 	per	 	million	  (TPM).  This  is  a  conservative       	 	       

approach  -  RNA-seq  reads  sequenced  from  circRNAs,  unless  overlapping  the  head-to-tail            

junction,  are  contributing  to  the  expression  level  of  their  host  gene,  arti�icially  increasing  it,  as                

there  are  no  robust  methods  to  discriminate  between  reads  mapping  to  shared  exons  in               

circularized   and   linear   transcripts.  

In  all  analyzed  samples  we  have  observed  a  negative  correlation  between  CLR  and  TPM  -  highly                 

expressed  genes  were  producing  relatively  low  number  of  circRNA  transcripts  ( Figure  14 ).  This              

observation  argues  against  the  idea  that  circRNAs  are  a  by-product  of  conventional  splicing,              

resulting  from  errors  of  the  splicing  apparatus.  If  that  was  the  case,  one  would  expect  circRNAs                 

to  be  produced  at  a  constant  rate  independent  of  the  host  gene  expression  level.  The  rate  was                  

not  only  different  for  different  circRNAs  -  during  neural  development  CLR  values  for  many               

circRNAs  spliced  from  genes  of  vastly  different  expression  levels  signi�icantly  increase.  The  same              

effect  was  observed  for  synaptic  fractions  compared  to  whole  brain  lysate  and  cytoplasm  ( Figure               

S3 ).   
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Figure  14 .  Rela�ve  quan�fica�on  of  circRNA  expression  during  differen�a�on  of  P19  cells,             
primary  neurons,  and  SH-SY5Y  cells.  Circular-to-linear  ra�o  plo�ed  against  host  gene  TPM             
shows  that  circRNA  produc�on  rate  is  not  constant  throughout  the  gene  expression  range,  and               
that  many  circRNAs  are  expressed  higher  than  their  linear  counterparts.  Ini�al  �mepoint             
values   in   black,   colored   points   for   final   differen�a�on   �mepoints   (Rybak-Wolf   et   al.   2015).   

In  general,  expression  changes  of  circRNAs  were  correlated  to  the  expression  changes  of  their               

hosts,  but  we  have  also  observed  many  examples  of  circRNAs  deregulated  independently  of  their               

host  genes,  or  different  expression  changes  for  two  circular  isoforms  spliced  from  the  same  gene                

( Figure   15 ).  
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Figure  15 .  circRNA  expression  changes  between  ini�al  and  final  stages  of  differen�a�on  are              
posi�vely  correlated  with  the  expression  change  of  host  genes,  but  many  exemp�ons  were              
observed   in   P19   cells   (A),   primary   neurons   (B),   and   SH-SY5Y   cells   (C)   (Rybak-Wolf   et   al.   2015).  

To  validate  these  in  silico  �indings,  we  performed  qRT-PCRs  and  northern  blots  for  a  selection  of                 

circRNA  candidates  showing  high  CLR  in  at  least  one  differentiation  stage  ( Figure  16 ).  The               

analysis  was  done  in  independent  biological  replicates.  The  validation  recapitulated  our            

observations  from  the  sequencing  data  -  many  circRNAs,  such  as  circRims2,  circElf2,  circMfsd6              

and  circCrebbp,  increase  upon  the  upregulation  of  their  linear  hosts,  but  not  by  the  same  factor.                 

circCpsf6,  circPhf21a  and  circZfp609  were  strongly  upregulated  while  their  linear  hosts  were             

downregulated  or  unperturbed,  which  is  in  line  with  the  known  example  of  competition              

between   circularization   and   linear   splicing   in   the   mouse   Mbnl   gene    (Ashwal-Fluss   et   al.,   2014) .  
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Figure  16 .  qRT-PCR  and  northern  blot  valida�on  of  differen�al  circRNA  expression  during  P19              
(A),  primary  mouse  neuron  (B),  and  SH-SY5Y  (C)  cell  differen�a�on.  Data  are  shown  as  mean  ±                 
SD,   n   =   3   technical   replicates   (Rybak-Wolf   et   al.   2015).  

4.2.7.   Expression   and   biogenesis   of   neuronal   circRNAs   are   conserved  

To  better  understand  the  relevance  and  functional  implications  of  circRNA  expression  patterns             

described  so  far,  and  narrow  down  the  list  of  candidates  for  functional  analyses  in  the  future,  we                  

decided  to  explore  neuronal  circRNA  conservation  between  human  and  mouse.  To  address  this              

problem  we  used  the  liftOver  tool (Hinrichs  et  al.,  2006) ,  which  can  �ind  the  homologous                

coordinates  between  different  gene  assemblies.  The  tool  infers  homology  from  whole  genome             

alignments,  and,  although  originally  developed  for  translating  genomic  coordinates  between           

different  assemblies  of  the  same  genome,  it  is  able  to  correctly  and  speci�ically  convert               

coordinates  between  relatively  similar  genomes  (e.g.  within  mammals).  We  converted  the            

coordinates  of  all  circRNA  splice  sites  detected  in  mouse  to  the  human  genome  assembly.  For                

each  pair  of  converted  splice  sites,  we  checked  if  there  is  a  circRNA  detected  in  human  that  is                   

spliced  from  within  2  nucleotides  of  the  converted  coordinates.  One  example  of  such  precisely               

conserved   circRNA   is   circTulp4,   as   shown   in    Figure   17 .   
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Figure  17 .  Ribominus  sequencing  coverage  (black)  from  human  cerebellum  and  mouse            
forebrain  for  Tulp4  gene  (blue)  and  circRNAs  (brown).  The  conserved  circTulp4  isoform  is              
spliced  from  the  homologous  exons  in  human  and  mouse,  and  shows  similar  rela�ve              
expression   compared   to   the   surrounding   (non-circularized)   exons   (Rybak-Wolf   et   al.   2015).  

Upon  applying  these  stringent  criteria  to  all  mouse  circRNAs,  we  found  4522  out  of  15849                

mouse  circRNAs  to  be  conserved  in  human.  Interestingly,  for  another  4527  non-conserved             

mouse  circRNAs  we  found  that  at  least  one  homologous  splice  site  in  the  human  genome  was                 

employed  in  production  of  circRNAs  other  than  the  predicted  conserved  one.  Such  events              

indicate  that  circRNA  biogenesis  depends  on  competitive  processes  between  participating  splice            

sites  -  acquisition  or  loss  of  complementary  repetitive  elements  or  RNA-binding  protein  binding              

sites  in  introns  might  decide  the  preferred  splicing  isoform  in  a  species-,  tissue-  or               

developmental-stage-speci�ic  manner.  For  5278  mouse  circRNAs  we  could  not  detect  a  human             

ortholog,  meaning  they  were  either  absent  or  expressed  below  the  detection  threshold,  and  for               

1522   we   could   not   convert   the   splice   sites   to   the   human   genome   ( Figure   18 ).  
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Figure  18 .  Conserva�on  analysis  for  circRNAs  in  human  and  mouse  reveals  that  highly              
expressed   mouse   circRNAs   are   more   likely   to   be   conserved   in   human   (Rybak-Wolf   et   al.   2015).  

Given  that  circRNA  candidate  list  is  dominated  by  low-expressed  circRNAs  ( Figure  4 ),  the              

numbers  above  are  lower  estimates  -  many  lowly  expressed  circRNA  homologs  are  likely  not  to                

be  detected  in  another  organism  by  chance  alone.  Indeed,  upon  increasing  the  detection              

threshold  we  found  highly  expressed  mouse  circRNAs  more  likely  to  be  conserved.  For  example,               

more  than  80%  of  mouse  P19  candidates  detected  with  5  or  more  head-to-tail  reads  had  at  least                  

one  splice  site  employed  in  circRNA  production  in  humans,  while  more  than  60%  had  a  direct                 

homolog   ( Figure   18 ).   

We  validated  the  circularity  for  a  number  of  conserved  candidates  in  mouse  brain  and  human                

SH-SY5Y  cells  using  RNase  R  treatment  ( Figure  S4 A).  Additionally,  we  performed  Sanger             

sequencing  to  con�irm  the  precise  conservation  of  splice  sites,  and  consequently  head-to-tail             

junctions   ( Figure   S4 B).  

Our  analysis  showed  that  more  than  28%  of  all  mouse  circRNAs  have  a  human  ortholog.  We                 

hypothesised  that  such  a  high  number  of  conserved  circularization  events  could  re�lect  a              

common  biogenesis  mechanism  in  human  and  mouse  orthologs.  We  focused  on  the  analysis  of               
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RCMs,  cis-factors  located  in  the  introns  �lanking  some  circRNAs  that  were  shown  to  facilitate               

head-to-tail  splicing  reactions.  Interactions  between  introns  driven  by  RCMs  can  be  quanti�ied             

using  so  called  H  scores,  a  metric  that  re�lects  the  probability  that  RCMs  from  a  given  pair  of                   

introns  will  basepair  and  drive  the  circularization  of  the  enclosed  exon  or  exons (Ivanov  et  al.,                 

2015) .  We  calculated  H  scores  for  all  circRNA  candidates  detected  in  this  study  that  had                

annotated  �lanking  introns.  First  of  all,  H  score  distribution  of  all  human  circRNAs  was  shifted  to                 

the  higher  H  score  values  compared  to  the  mouse  one  -  a  result  that  might  be  explained  by  the                    

expansion  of  ALU  repeats  in  primates,  and  that  might  be  underlying  higher  gross  number  of                

circRNAs  detected  in  human,  as  well  as  higher  fraction  of  circular  splicing  events  ( Figure  7 ).                

Moreover,  conserved  circRNAs  had  strongly  and  signi�icantly  increased  H  scores  compared  to             

the  non-conserved  ones  ( Figure  19 ).  Thus,  we  con�irmed  earlier  results  of  Ivanov  et  al.  (2015)                

on  a  larger  set  of  circRNAs,  and  showed  that  the  presence  of  RCMs  in  circRNA-�lanking  introns  is                  

not   only   a   hallmark   of   circularization,   but   also   its   conservation   between   human   and   mouse.   

 

 

Figure  19 .  circRNAs  conserved  between  mouse  and  human  show  higher  circulariza�on            
probability,  based  on  the  H-score,  in  both  organisms.  Boxes  are  limited  by  the  first  quar�le  and                 
the  third  quar�le,  median  is  indicated  as  a  horizontal  bar,  while  whiskers  span  1.5  x                
inter-quar�le  range  from  their  hinges.  Outliers  beyond  the  whiskers  are  plo�ed  as  points              
(Rybak-Wolf   et   al.   2015).  
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4.2.8.  Some  mammalian  brain  circRNAs  are  also  detected  as  circRNAs  in  fly             

brains  

The  approach  we  used  to  discover  conserved  circRNAs  between  human  and  mouse  depends  on               

so  called  liftOver  chain  �iles  -  “maps”  of  syntenic  regions  between  different  genome  assemblies               

of  an  organism,  or  different  organisms.  These  unfortunately  cannot  be  obtained  for  highly              

dissimilar  genomes.  Moreover,  even  exon-intron  structures  of  genes  are  usually  lost  over  such              

large  evolutionary  distances,  so  we  could  not  derive  an  expected  number  of  conserved  circRNAs.               

Instead,  we  developed  an  approach  based  on  BLAST (Ye  et  al.,  2006)  and  looked  at  sequence                 

conservation  of  circularized  exons  in  human,  mouse  and  fruit  �ly  circRNA  candidates.  We              

detected  two  interesting  examples  of  circRNAs  spliced  from  orthologous  genes  of  the  three              

organisms  -  Tau-Tubulin  Kinase  (TTBK2,  Ttbk2  and  Asator  in  human,  mouse  and  �ly,              

respectively; Figure  20 A)  and  the  ancient  splicing  regulator  Bruli  (CELF2,  Celf2  and  bru-2;              

Figure   20 B).   

 

Figure  20 .  Parts  of  the  mul�ple  species  alignment  of  a  deeply  conserved  circRNA.  Exonic               
sequences  of  the  D.  melanogaster  gene  Asator  are  expressed  as  circRNA,  as  are  the               
homologous  exons  of  mouse  Ttbk2  and  human  TTBK2.  Nucleo�des  iden�cal  in  2/3  species  are               
highlighted  in  gray,  and  iden�cal  in  3/3  are  highlighted  in  blue.  (A)  Similar  to  (B),  but  for  the                   
deeply   conserved   splicing   regulator   Bruli/Celf2   (Rybak-Wolf   et   al.   2015).  
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4.3.  Loss  of  Cdr1as  locus  causes  miRNA  deregula�on  and  affects           

brain   func�on  

4.3.1.   Background  

We  and  others  have  shown  that  circRNAs  are  highly  abundant,  sometimes  showing  steady-state              

copy  numbers  higher  then  their  host  genes,  often  expressed  in  tissue-  or             

developmental-stage-speci�ic  manner,  localized  to  speci�ic  subcellular  compartments,  and         

conserved  between  human  and  mouse  (see  Introduction  and  Results  section  4.2).  Such             

observations  indicate  functionality  -  circRNAs  might  be  playing  a  number  of  active  roles  in  the                

cell,  and/or  might  be  expressed  as  a  consequence  of  other  cellular  processes,  but  their  function                

is  still  largely  unknown.  A  large  obstacle  to  elucidating  circRNA  functions  is  the  lack  of                

loss-of-function  systems  -  it  is  dif�icult  to  reduce  or  stop  the  expression  of  a  circRNA  without                 

perturbing  its  host  gene,  especially  in  vivo.  However,  some  circRNAs  have  special  features  which               

simplify  their  experimental  manipulation.  One  such  circRNA  is  Cdr1as  -  it  is  spliced  from  a  long                 

non-coding  transcript,  and  expressed  extremely  high  compared  to  its  linear  host  -  the  host  is                

expressed  at  background  level  and  its  exon-intron  structure  is  still  not  included  in  gene               

annotation  databases  due  to  lack  of  RNA-seq  evidence.  We  reasoned  that  for  such  an  ef�iciently                

circularized  molecule  with  barely  detectable  host  transcript  loss-of-function  could  simply  be            

done   by   removing   the   entire    Cdr1as				locus   using   CRISPR/Cas9.  

Cdr1as  shows  a  lot  of  intriguing  characteristics  that  make  it  an  extremely  interesting  candidate               

for  functional  studies.  It  is  a  circRNA  highly  conserved  across  the  mammalian  lineage,  expressed               

highly  and  speci�ically  in  the  brain  and  spinal  cord  -  other  tissues  show  low  or  no  expression  at                   

all (see  �ig  S9A  in  Hansen  et  al.,  2011) .  In  human,  CDR1as  has  over  70  binding  sites  for  the  miR-7                     

microRNA (Hansen  et  al.,  2013;  Memczak  et  al.,  2013) ,  which  is  involved  in  regulating  brain                

development  and  function (de  Chevigny  et  al.,  2012;  Junn  et  al.,  2009;  Pollock  et  al.,  2014) .  It  has                   

been  shown  that  these  binding  sites  are  conserved,  bound  by  Argonaute  (Ago)  in  vivo,  and  that                 

they  can  be  bound  by  miR-7  in  cell  lines (Hansen  et  al.,  2013;  Memczak  et  al.,  2013) .  Based  on                    

these  results,  CDR1as  has  been  proposed  to  act  as  a  miR-7  sponge  -  it  gets  bound  by                  

miR-7-loaded  Ago,  but  no  target-degradation  processes  can  be  triggered  since  only  seed-pairing             

interaction  occurs,  and  there  is  no  poly(A)-tail  to  be  shortened.  Instead,  the  number  of  freely                

available  miR-7  molecules  is  reduced.  Together  with  numerous  miR-7  binding  sites,  Cdr1as  also              

has  a  single  binding  site  for  miR-671.  This  site  has  extended  complementarity  to  miR-671  and                

binding  of  Ago:miR-671  complex  should  induce  target  slicing,  which  would  result  in  the  release               

of   its   Ago:miR-7   cargo    (Hansen   et   al.,   2011) .   However,   Cdr1as   function   in   vivo   is   still   unknown.  
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4.3.2.   Cdr1as   binding   by   miR-7   and   miR-671   in   the   mammalian   brain  

Based  on  the  analysis  of  Ago  cross-linking  and  immunoprecipitation  (“CLIP”)  data,  it  was              

reported  by  our  lab  that  Cdr1as  is  densely  bound  by  miRNA  effector  complexes  in  vivo                

(Memczak  et  al.,  2013) .  Later,  colleagues  from  our  lab  discovered  that  when  purifying              

RNA:protein  complexes  in  Ago  CLIP  assays  3’  end  of  a  miRNA  can  be  ligated  to  the  5’  end  of  its                     

target  site.  RNA-seq  reads  overlapping  these  junctions  (“chimeric  reads”  or  “chimeras”)  are             

sequenced  in  many  CLIP-seq  experiments,  allowing  unambiguous  in  vivo  determination  of            

miRNA:target  pairs (Grosswendt  et  al.,  2014) .  We  utilized  this  �inding  to  determine  which              

miRNAs  are  bound  to  Cdr1as  in  the  mammalian  brain.  Upon  running  the  ChiFlex  pipeline               

(Filipchyk  et  al.,  manuscript  in  preparation)  on  published  Ago  CLIP  data  from  postmortem              

brains (Boudreau  et  al.,  2014;  Moore  et  al.,  2015) ,  we  discovered  that,  in  both  human  and  mouse                  

brains,  Cdr1as  is  the  transcript  with  by  far  the  highest  number  of  miR-7  chimeric  reads.  miR-7                 

binding  sites  were  scattered  around  the  circular  transcript.  There  was  only  one  other  miRNA               

which  showed  high  binding  score  for  Cdr1as  -  miR-671  ( Figure  21 ).  Unlike  the  miR-7,  miR-671                

has  one  clearly  preferred  target  site  on  Cdr1as.  These  in  vivo  results  have  clearly  shown  that                 

earlier-observed  Ago  signal  on  the  Cdr1as  was  indeed  coming  from  Ago  molecules  loaded  with               

miR-7  and  miR-671,  as  indicated  by  computational  miRNA  target  site  prediction  and  validated  in               

vitro    (Hansen   et   al.,   2011,   2013;   Memczak   et   al.,   2013) .  

Another  difference  between  detected  miR-7  and  miR-671  target  sites  is  their  architecture  -  as               

discussed  before,  miR-7  sites  have  complementarity  to  the  5’  end,  so  called  “seed”,  of  the  miR-7,                 

while  the  miR-671  site  features  near-perfect  extended  complementarity  to  te  miR-671  sequence             

( Figure  S5 ).  Consequently,  Ago  bound  to  the  miR-671  site  can  induce  slicing  of  Cdr1as,  while                

miR-7   mediated   binding   should   be   innocuous.  

 

Figure  21 .  Cdr1as  is  densely  bound  by  Argonaute:miRNA  complexes  containing  miR-7  and             
miR-671.  Bars  on  the  circle  represent  circRNA:miRNA  chimeric  reads  from  Ago-HITS  CLIP  data              
in   mouse   brain   (Piwecka   et   al.   2017).  
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4.3.3.   Neural   expression   pa�erns   of   Cdr1as  

We  reported  earlier  that  circRNAs  can  be  differentially  expressed  between  different  brain             

regions  ( Figure  8  and Figure  9 ).  This  �inding  might  be  caused  by  different  programs  of                

transcriptional  or  post-transcriptional  regulation  in  different  brain  regions,  but  might  as  well  in              

part  be  explained  by  differential  expression  in  different  cell  types  -  different  ratios  of  cell  types                 

in  different  brain  regions  could  confound  the  RNA-seq  readout  from  bulk  tissues.  We  performed               

a  series  of  RNA  �luorescence  in  situ  hybridization  (FISH)  experiments  to  learn  more  about  the                

Cdr1as  expression  patterns  in  the  mouse  brain  ( Figure  22 , Figure  S6 , Figure  S7 ,  and Figure  S8 ).                 

We  co-stained  Cdr1as  with  a  number  of  neural  markers  -  GFAP  (stains  astrocytes),  NeuN               

(neurons),  Olig2  (oligodendrocytes),  vGluT1  and  vGluT2  (excitatory  neurons),  and  GAD67           

(inhibitory  neurons).  Cdr1as  was  highly  expressed  in  neurons,  and  not  expressed  in             

oligodendrocytes  and  astrocytes  ( Figure  22 A  and Figure  S7 D).  vGluT1/2  and  GAD67            

co-stainings  revealed  that  Cdr1as  is  predominantly  expressed  in  excitatory,  and  less  in             

inhibitory  neurons  ( Figure  22 , Figure  S6 , Figure  S7  and Figure  S8 ).  The  vast  majority  of  neurons                 

expressing  Cdr1as  were  positive  for  vGlut1  or  vGlut2  in  cortex,  hippocampus,  midbrain  and              

hindbrain  ( Figure  S6 B  -  E, Figure  S7 A  -  C, Figure  S8 ,  B  and  D).  In  the  cerebellum,  Cdr1as  was                    

highly  expressed  in  the  excitatory-neuron-rich  granular  layer,  while  there  was  no  Cdr1as  signal              

in   GABAergic   neurons   and   Purkinje   cells   of   the   molecular   layer   ( Figure   S8 D).  

We  also  performed  single-molecule  RNA  �luorescence  in  situ  hybridization  (smRNA  FISH)  in             

primary  cortical  neurons.  Cdr1as  was  roughly  uniformly  expressed  in  soma  and  neurites,             

indicating  a  possible  role  in  different  subcellular  localizations  ( Figure  22 B,  left).  This  result  is  in                

line  with  our  earlier  observations  of  Cdr1as  localization  in  synaptoneurosomal  fractions  using             

RNA-seq   ( Figure   11 A)   and   qRT-PCR   ( Figure   12 ).  
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Figure  22 .  Neural  expression  pa�erns  of  Cdr1as.  (A)  Cdr1as  is  predominantly  expressed  in              
excitatory  and  less  in  inhibitory  neurons.  Marker  genes:  GFAP  -  astrocytes,  NeuN  -  neurons,               
Olig2  -  oligodendrocytes,  vGluT1  -  excitatory  neurons,  GAD67  -  inhibitory  neurons;  arrows             
mark  Cdr1as  expression  overlap  with  inhibitory  neurons.  RNA  in  situ  hybridiza�on  in  italics,              
immunostainings  in  standard  font.  (B)  Cdr1as  is  broadly  distributed  in  neuronal  somas  and              
neurites.  Le�:  single  molecule  fluorescent  in  situ  hybridiza�on  for  Cdr1as  in  cultured  primary              
cor�cal  neurons  (in  vitro  day  14),  DAPI  -  nuclear  staining.  Right:  single  excitatory  pyramidal               
neuron   at   lamina   II   (Piwecka   et   al.   2017).  

4.3.4.   Cdr1as   locus  

Extremely  ef�icient  circularization  of  Cdr1as  makes  it  very  dif�icult  to  fully  understand  the              

organization  of  the  locus  it  is  expressed  from.  Cdr1as  transcript  is  not  included  in  standard                

annotation  systems,  and  was  originally  reported  as  a  transcript  antisense  to  Cerebellar             

degeneration-related  protein  1  -  Cdr1.  Better  understanding  of  the  locus  is  necessary  to              

understand   the   implication   of   locus   perturbation,   and   devise   optimal   knockout   strategy.   

First,  we  looked  in  published  ENCODE  data  and  our  own  RNA-seq  libraries  -  based  on  more  than                  

a  billion  RNA-seq  reads,  we  found  some  evidence  of  upstream  and  downstream  linear  splicing               

between  the  Cdr1as  splice  sites.  There  is  roughly  two  orders  of  magnitude  more  head-to-tail               

reads,  than  linear  up-  and  downstream  reads,  and  this  is  in  line  with  part  of  the  annotation                  

around  the  Cdr1as  locus,  implying  that  the  upstream  lncRNA  (C230004F18Rik)  is  part  of  the               

host  transcript.  The  upstream  lncRNA  is  also  supported  by  the  CAGE  data  from  the  FANTOM                

consortium  -  its  promoter  is  the  nearest  promoter  upstream  to  Cdr1as,  and  it  is  active  only  in                  

tissues  that  also  express  Cdr1as.  Both  RNA-seq  and  CAGE  libraries  are  stranded,  and  the  reads                
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were  mapping  exclusively  to  the  (+)  strand,  with  no  coverage  on  the  Cdr1  transcript  annotated                

on  the  (-)  strand  ( Figure  23 A),  and  no  promoter  signal  in  the  vicinity  of  the  annotated  Cdr1  TSS                   

( Figure  23 B).  Histone  modi�ication  data  from  the  ENCODE  consortium  are  in  line  with  the               

previous  observations  -  H3K4me3  peaks,  associated  with  active  promoters,  are  visible  around             

the  C230004F18Rik  promoter,  while  there  is  no  signal  upstream  of  the  putative  Cdr1  transcript               

( Figure  23 C).  Taken  together,  these  observations  show  that  Cdr1as  is  spliced  out  from  a  large                

transcriptional  unit  that  is  expressed  very  low  at  steady  state,  and  that  the  expression  of  the                 

transcript  annotated  as  Cdr1  is  not  detectable  in  the  studied  system.  This  was  validated  by  in                 

situ  hybridization  with  a  probe  complementary  to  the  Cdr1as,  and  not  Cdr1  transcript,              

con�irming  the  RNA-seq  results  ( Figure  23 D).  Due  to  low  linear  transcript  signal  and  no               

expression  from  the  (-)  strand,  we  decided  not  to  proceed  with  complicated  knockout  strategies               

like  promoter  deletion,  transcription  termination  or  splice  site  disruption,  but  opted  for  a              

straightforward   approach   -   locus   deletion   using   CRISPR/Cas9   system.  
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Figure  23 .  Cdr1  sense  mRNA  is  not  detected  in  mouse  and  human  high-throughput              
sequencing  data.  (A)  Read  coverage  of  an  example  stranded,  rRNA-depleted  RNA-seq            
experiment,  selected  from  38  analyzed  libraries.  Sequencing  reads  are  mapping  exclusively  to             
the  +  (fwd)  strand,  with  -  (rev)  strand  coverage  being  at  the  level  of  technical  error.  The                  
apparent  dip  in  coverage  is  an  ar�fact  resul�ng  from  the  repe��ve  nature  of  the  Cdr1as                
sequence.  Purple:  read  coverage,  black  bar:  Cdr1as,  blue  bar:  RefSeq  track  showing  Cdr1.  (B)               
Histone  marks  around  the  Cdr1as  locus,  a  cerebellum  example  selected  from  all             
ENCODE/LICR  mouse  �ssue  ChIP-seq  libraries.  No  promoter  or  elonga�on  signal  was  found             
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upstream  of  the  annotated  Cdr1  mRNA.  (C)  Cap  analysis  of  gene  expression  (CAGE)  data  from                
the  same  locus  provide  no  evidence  for  transcrip�on  start  sites  on  the  -  (rev)  strand.  (D)  Cdr1as                  
but  not  Cdr1  mRNA  is  detected  by  RNA  in  situ  hybridiza�on  in  mouse  brain.  Probes  targe�ng                 
Cdr1as  and  Cdr1  puta�ve  transcript  were  used  in  ISH  assay  performed  on  brain  slices  from  P57                 
wild   type   C57BL/6N   mouse   (Piwecka   et   al.   2017).  

4.3.5.   Cdr1as   loss-of-func�on   mutant   mouse  

We  removed  the  entire  Cdr1as  locus,  2.9  kilobases  in  total,  from  the  mouse  genome  ( Figure  24 ).                 

The  deletion  was  successful,  as  validated  by  genotyping  ( Figure  S9 ,  A  and  B),  in  situ                

hybridization  ( Figure  24 , Figure  S9 C),  northern  blots  ( Figure  S9 D)  and  qRT-PCRs  ( Figure  S10 A).              

The  knockout  mice  were  viable,  fertile,  and  with  no  disruptions  of  normal  adult  brain  anatomy                

( Figure   S9 E).   

 

 

Figure  24 .  Cdr1as  locus  was  deleted  using  the  CRISPR/Cas9  system.  The  sequences  given              
denote  PAMs.  Right  panel:  RNA  in  situ  hybridiza�on  confirmed  successful  gene�c  abla�on  of              
Cdr1as   (Piwecka   et   al.   2017).  

 

Since  Cdr1as  is  transcribed  from  the  X  chromosome,  we  wanted  to  learn  more  about  its                

expression  in  male  and  female  wild  type  (WT)  mice,  and  female  heterozygotes  (Cdr1as +/- ).              

qRT-PCRs  showed  that  Cdr1as  expression  in  male  and  female  mice  is  roughly  equal,  while  its                

levels  in  female  heterozygous  mice  were  reduced  to  about  50%  of  the  wild  type  female  levels                 

( Figure  S10 B).  Since  no  differences  of  Cdr1as  expression  were  observed  in  male  and  female  WT                

mice,   we   decided   to   perform   further   molecular   analyses   using   hemizygous   males   (Cdr1as -/Y ).  
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4.3.6.  miR-7  and  miR-671  are  post-transcrip�onally  deregulated  in  Cdr1as  KO           

brain  

We  performed  small  RNA  sequencing  in  4  brain  regions  in  which  we  have  earlier  reported  high                 

levels  of  Cdr1as  -  cortex,  cerebellum,  olfactory  bulb  and  hippocampus  ( Figure  9  and Figure  10 ).                

Three  WT  and  three  Cdr1as  knockout  (KO)  replicates  were  sequenced  in  all  brain  regions,  with                

the  exception  of  hippocampus  where  we  analyzed  only  two  KO  replicates.  More  than  1000               

different  miRNAs  were  detected  in  each  analyzed  brain  region.  We  compared  the  expression              

levels  of  all  miRNAs  between  KO  and  WT  samples.  Strikingly,  miR-7  showed  strong,  speci�ic  and                

statistically  signi�icant  downregulation  in  all  analyzed  samples  ( Figure  25 ).  There  are  three             

mir-7  genomic  loci  from  which  we  can  discern  two  mature  miRNAs  (miR-7a-5p  and  miR-7b-5p)               

with  same  seed  regions  are  slightly  different  non-seed  sequences  and  three  passenger-strand             

miRNAs  (or  “star”  miRNAs  -  produced  from  the  opposite  strand  of  the  precursor;  miR-7a-1-3p,               

miR-7a-2-3p,  miR-7b-3p).  Both  miR-7a-5p  and  miR-7b-5p  were  downregulated  to  a  comparable            

level  across  all  four  analyzed  brain  regions.  The  observed  effect  was  highly  speci�ic  -  apart  from                 

miR-7,  only  8  other  miRNAs  were  signi�icantly  downregulated,  and  this  was  observed  only  in  the                

cortex  ( Figure  25 B).  These  eight  miRNAs  belong  to  two  families  and  are  produced  from  three                

primary  transcripts  -  miR-200c/141,  miR-200a/200b/429,  and  miR-182/183/96.  Comparison         

between  the  behavior  of  mature  and  passenger  strand  miRNAs  from  miR-7  and  other              

down-regulated  miRNAs  indicates  different  modes  of  regulation.  miR-200,  miR-141  and           

miR-183  passenger  strands  were  downregulated  to  a  degree  comparable  to  their  mature             

sequences.  Such  effect  is  indicative  of  transcriptional  regulation,  where  the  downregulation  of  a              

primary  transcript  dictates  the  effects  on  all  miRNAs  produced  from  it.  The  passenger  strands  of                

miR-7a-1,  miR-7a-2  and  miR-7b  were,  unlike  their  mature  sequences,  unperturbed  in  the  Cdr1as              

knockout,  indicating  a  post-transcriptional  regulatory  effect.  Interestingly,  the  only  miRNA           

consistently  upregulated  in  KO  samples  was  the  other  Cdr1as-interacting  miRNA  -  miR-671-5p,             

which  was  upregulated  in  cerebellum,  cortex  and  olfactory  bulb  ( Figure  25 ,  A,  B,  and  D).  Again,                 

judging  by  the  unperturbed  passenger  strand  expression,  miR-671  was  upregulated           

post-transcriptionally.  
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Figure  25 .  miRNA  expression  changes  in  Cdr1as  knockout  brain  regions.  Small  RNAs  were              
sequenced  from  mouse  cerebellum  (A),  cortex  (B),  hippocampus  (C)  and  olfactory  bulb  (D),              
each  in  biological  replicates  n  =  3,  except  Cdr1as  KO  hippocampus  n  =  2.  Shades  of  green                  
indicate  miRNAs  of  the  same  family.  Grey  –  miRNAs  with  no  significant  expression  change               
(Piwecka   et   al.   2017).  

These  results  were  validated  by  northern  blot  ( Figure  S11 A),  in  situ  hybridization  ( Figure  S11 ,  B                

and  C)  and  qRT-PCR  ( Figure  S10 C).  We  con�irmed  that  miR-7  is  consistently  downregulated  in               

Cdr1as  KO,  and  that  its  precursor,  pre-miR-7a-1,  is  unperturbed,  supporting  the            

post-transcriptional  regulation  hypothesis  ( Figure  S10 ,  C  and  D).  We  were  not  able  to  detect               

miR-671-5p  using  northern  blots.  There  are  two  possible  reasons  for  it:  (i)  miR-671-5p  is  lowly                

expressed  and,  according  to  metabolic  labelling  experiments,  unstable (Duffy  et  al.,  2015) ,  and              

(ii)  the  precursor  is  processed  from  a  coding  exon  of  the  well-expressed  Chpf2  transcript.               
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miR-671-3p,  which  is  expressed  higher  than  the  miR-671-5p  strand,  was  readily  detected  and  its               

expression   did   not   change   between   WT   and   KO.  

Next,  we  wanted  to  see  if  the  observed  miRNA  molecular  phenotype  is  systematic,  or  limited  to                 

the  brain.  We  compared  Cdr1as,  miR-7  and  miR-671  expression  between  KO  and  WT  in               

non-brain  tissues  -  lung,  skeletal  muscle,  spleen,  heart  and  spinal  cord  using  qRT-PCR  ( Figure               

S10 ,  A,  C  and  E).  Spinal  cord  was  the  only  tissue  with  reasonable  Cdr1as  expression,  and,                 

interestingly,  it  was  the  only  tissue  with  measurable  downregulation  of  miR-7  expression  upon              

the  Cdr1as  loss.  In  other  tissues,  which  expressed  Cdr1as  at  very  low  levels,  miR-7a  was                

unperturbed  in  Cdr1as  KO.  These  results  show  that  speci�ic  molecular  phenotype  of  Cdr1as  loss               

observed  in  the  brain  is  translatable  to  other  tissues  -  miR-7  and  miR-671  are  not  perturbed                 

upon   Cdr1as   knockout   only   in   tissues   where   Cdr1as   is   normally   not   expressed.   

We  concluded  that  there  is  a  highly  speci�ic,  strong  and  statistically  signi�icant             

post-transcriptional  deregulation  of  miR-7  and  miR-671  in  the  brains  of  Cdr1as  KO  mice.  There               

are  two  strong  lines  of  evidence  that  this  deregulation  is  a  direct  consequence  of  Cdr1as  loss:  (i)                  

miR-7  and  miR-671  are  not  perturbed  upon  Cdr1as  loss  in  tissues  that  are  normally  not                

expressing  Cdr1as,  and  (ii)  these  are  exactly  two  miRNAs  shown  to  be  interacting  with  Cdr1as  in                 

our   chimera   analysis.  

4.3.7.  Upregula�on  of  immediate  early  genes,  including  miR-7  targets,  in           

Cdr1as   KO   brain  

To  further  explore  the  effects  of  Cdr1as  removal  and  consequential  deregulation  of  miR-7  and               

miR-671,  we  sequenced  polyadenylated  RNAs  from  the  same  four  brain  regions  where  the              

miRNA  molecular  phenotype  was  observed  -  cerebellum,  cortex,  hippocampus  and  olfactory            

bulb  ( Figure  26 ).  Three  WT  and  three  KO  biological  replicates  were  sequenced  for  each  brain                

region.  We  counted  the  RNA-seq  reads  mapping  to  collapsed  gene  models,  and  performed              

differential  gene  expression  analysis.  In  general,  more  genes  were  signi�icantly  upregulated  than             

downregulated  across  all  analyzed  brain  regions.  In  the  upregulated  portion  we  noticed  several              

well-described  and  experimentally  validated  miR-7  targets,  such  as  Fos (Zhao  et  al.,  2015) ,              

Nr4a3    (Stevanato   and   Sinden,   2014) ,   Irs2    (Giles   et   al.,   2013)    and   Klf4    (Okuda   et   al.,   2013) .  
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Figure  26 .  Gene  expression  changes  in  Cdr1as  knockout  brain.  Poly(A)-selected  RNAs  were             
sequenced  from  mouse  cerebellum  (A),  cortex  (B),  hippocampus  (C)  and  olfactory  bulb  (D),              
each  in  biological  replicates  n  =  3.  Red:  significantly  differen�ally  expressed  (DE)  genes,  blue:               
significantly  DE  miR-7  targets,  triangles:  immediate  early  genes,  grey:  no  significant  expression             
change   (Piwecka   et   al.   2017).  

To  see  if  there  is  a  systematic  effect  on  messenger  RNAs  regulated  by  miR-7,  we  compared  all                  

genes  annotated  as  conserved  miR-7  targets (Agarwal  et  al.,  2015)  to  the  non-target  genes.  The                

expression  of  miR-7  targets  was  signi�icantly  upregulated  in  cortex,  cerebellum  and  olfactory             

bulb  (Mann-Whitney  U  test,  p-value  <  10 −4 ,  10 −3 ,  and  10 −7 ,  respectively),  although  the  observed               

effect  size  was  small  ( Figure  S12 ).  Further  analysis  of  differentially  expressed  genes  revealed              

highly  signi�icant  overrepresentation  (hypergeometric  test,  p-value  <  10 -33 )  of  immediate  early            

genes  (IEGs)  in  all  four  brain  regions  ( Figure  26 ).  Immediate  early  genes,  such  as  Fos,  Arc,  Egr1,                  
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Egr2,  Nr4a3  and  others  are  part  of  the  early  response  to  a  range  of  stimuli  and  markers  of                   

neuronal  activity.  Gene  expression  data  were  validated  and  IEG  upregulation  was  con�irmed  by              

qRT-PCRs  ( Figure  S13 )  and  Nanostring  analysis  ( Figure  27 )  in  cortex  and  hippocampus  of              

sequenced  and  independent  animals.  Moreover,  Nanostring  analysis  was  used  to  assess  the             

expression  levels  of  IEGs  in  non-brain  tissues  of  Cdr1as  KO  animals,  where  no  IEG  upregulation                

was   observed,   indicating   a   brain-speci�ic   and   Cdr1as-dependent   effect   of   Cdr1as   deletion.  

We  also  con�irmed  the  IEG  upregulation  at  the  protein  level  for  all  three  tested  candidates  -                 

c-Fos,  Egr1  and  Arc  expression  increase  was  detected  by  western  blots  ( Figure  S14 ).              

Additionally,  immunohistochemical  validation  of  c-Fos  and  Egr1  proteins  was  performed  in            

different  brain  sections.  Upon  careful  quanti�ication  of  c-Fos  immunostaining  signal  over            

hundreds  of  images  in  four  cortical  regions,  we  revealed  that  KO  animals  showed  a  consistent                

increase  in  both  number  of  neurons  expressing  c-Fos,  as  well  as  the  c-Fos  signal  intensity                

( Figure   28 ).  

Taken  together,  these  results  extend  our  understanding  of  Cdr1as  loss  effects  via  miR-7              

deregulation,  and  provide  cues  for  further  phenotyping  experiments.  miR-7  is  a  known             

repressor  of  the  cell  cycle  and  IEGs,  suggesting  a  direct  link  between  Cdr1as  removal  and                

systematic  upregulation  of  IEGs.  Moreover,  upregulation  of  IEGs  is  linked  to  increased  activity  of               

neurons (Abraham  et  al.,  1993;  Guzowski  et  al.,  1999;  Morgan  et  al.,  1987) .  We  conclude  that  the                  

reduction  of  miR-7  levels  followed  by  increased  expression  of  IEGs  implies  higher  neuronal              

activity  in  Cdr1as  KO  brains  -  this  effect  could  have  further  functional  consequences  on               

neurophysiological   and   behavioral   levels.  

To  explore  potential  deregulation  of  non-polyadenylated  RNA  transcripts,  we  also  performed            

RNA  sequencing  in  rRNA-depleted  libraries  ( Figure  S15 ).  The  experiment  was  designed            

analogous  to  the  poly(A)-selected  ones,  with  same  RNA  extracts  used  -  three  biological              

replicates  were  sequenced  for  each  genotype  in  four  brain  regions  (cerebellum,  cortex,  olfactory              

bulb  and  hippocampus).  The  results,  as  expected  for  a  technical  replicate,  largely  recapitulated              

the  observed  upregulation  of  IEGs.  Interestingly,  top  upregulated  RNA  transcript  was            

C230004F18Rik,  a  lncRNA  annotated  upstream  of  Cdr1as  and  a  part  of  transcriptional  unit  we               

suspected  might  include  Cdr1as.  We  haven’t  detected  any  circRNAs  other  than  Cdr1as  expressed              

differentially   between   WT   and   KO   (data   not   shown).  
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Figure  27 .  Nanostring  valida�on  of  gene  expression  changes  in  Cdr1as  knockout  versus  wild              
type  �ssues.  Expression  of  selected  neural  marker  genes,  immediate  early  genes,  miR-7             
targets  and  circadian  clock  genes  was  measured  by  Nanostring  assay  in  cortex  (A),  spinal               
cord  (B),  lung  (C),  spleen  (D)  and  skeletal  muscle  (E).  Data  are  represented  as  a  mean  of                  
Nanostring  counts  normalized  to  posi�ve  and  nega�ve  internal  controls  and  housekeeping            
genes  (Actb,  Gapdh,  Hprt,  and  Tubb5).  All  animals  were  P57  +/-  3  days,  n  =  3  biological                  
replicates,   except   KO   muscle   n   =   2   (Piwecka   et   al.   2017).  
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Figure  28 .  c-Fos  is  strongly  upregulated  in  vGluT1  and  Gad67-posi�ve  neurons  upon  Cdr1as              
knockout.  Both  the  magnitude  of  c-Fos  expression  and  the  percentage  of  excitatory  and              
inhibitory  neurons  expressing  c-Fos  at  detectable  levels  were  increased  in  motor  cortex  (A),              
prefrontal  cortex  (B),  somatosensory  cortex  (C)  and  visual  cortex  (D)  of  Cdr1as  KO  mice  (Piwecka                
et   al.   2017).  
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4.3.8.   Dysfunc�on   of   excitatory   synap�c   transmission   in   Cdr1as   KO   mice  

So  far,  our  results  have  shown  that  Cdr1as  is  predominantly  expressed  in  excitatory  neurons,               

and  that  molecular  phenotype  connected  to  the  loss  of  Cdr1as  is  tightly  connected  to  the                

expression  of  Cdr1as,  i.e.  is  not  observable  in  non-brain  tissues.  Although  non-trivial  to  quantify               

and  therefore  inconclusive,  our  immunostaining  validations  were  in  line  with  these  observations             

-  upregulation  of  c-Fos  expression  appeared  to  be  higher  in  excitatory  than  inhibitory  neurons.               

This  motivated  us  to  explore  the  effects  of  Cdr1as  removal  at  the  synaptic  level  by  studying                 

excitatory  postsynaptic  currents  (EPSCs)  in  single  hippocampal  neurons.  We  observed  an            

upregulation  of  spontaneous  vesicle  release  in  KO  neurons  -  the  frequency  of  miniature              

excitatory  postsynaptic  currents  was  almost  doubled  ( Figure  29 A),  while  the  amplitude  was             

unchanged  ( Figure  S16 A).  The  EPSC  amplitude  was  unchanged  between  WT  and  KO  in              

calcium-evoked  synaptic  responses  ( Figure  29 B,  left).  The  size  of  readily  releasable  vesicle  pool              

was  comparable  in  WT  and  KO  ( Figure  S16 B),  indicating  that  the  observed  upregulation  of               

spontaneous  vesicle  release  did  not  depend  on  synapse  formation  or  vesicle  priming  activity.              

However,  responses  to  two  consecutive  stimuli  ( Figure  29 B,  right),  and  to  a  train  of  potentials  at                 

10  Hz,  were  differentially  modulated  in  the  KO  and  WT  neurons  ( Figure  S16 C).  This  suggests  an                 

altered  vesicle  replenishment  dynamics  during  ongoing  synaptic  release  activity  and  stronger            

depression  in  the  synaptic  response  in  the  KO  neurons.  These  results  indicate  that  loss  of  Cdr1as                 

leads  to  disrupted  excitatory  synaptic  transmission.  This  could  be  explained  by  changes  in              

expression  of  synaptic  proteins (Rizo  and  Rosenmund,  2008) ,  malformed  synaptic           

specialization,   or   alteration   in   synaptic   calcium   homeostatis    (Kavalali,   2015) .   
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Figure  29 .  Loss  of  Cdr1as  locus  contributes  to  dysfunc�onal  synap�c  neurotransmission  (A  and              
B)  Cdr1as  knockout  neurons  showed  an  increased  spontaneous  vesicle  release  and  normal             
calcium  evoked  excitatory  postsynap�c  currents  (EPSC).  (A)  Le�:  mEPSC  frequency  of  WT  (n  =               
34)  and  Cdr1as  KO  (n  =  34)  autap�c  neurons.  Right:  representa�ve  traces  from  WT  (green)  and                 
Cdr1as  KO  (blue)  in  standard  extracellular  solu�on  and  in  AMPA  receptor  blocking  NBQX              
solu�on.  (B)  Le�:  EPSC  amplitudes  of  WT  (n  =  35)  and  Cdr1as  KO  (n  =  34)  neurons.  Right:  25  ms                     
inter-s�mulus  interval  paired-pulse  ra�o  of  WT  (n  =  30)  and  Cdr1as  KO  (n  =  30)  neurons.                 
Representa�ve  traces  of  evoked  EPSCs.  Time  of  ac�on  poten�als  (AP)  are  indicated  by  arrows               
and  currents  associated  with  AP  induc�on  were  blanked  to  enhance  visibility  of  synap�c              
current.  Mann-Whitney  U  test  was  used  for  sta�s�cal  analysis,  *P  <  0.05.  All  data  are                
represented   as   mean   ±   SEM   (Piwecka   et   al.   2017).  

4.3.9.   Neuropsychiatric-like   altera�on   in   the   behavior   of   Cdr1as   KO   mice  

To  evaluate  the  biological  implications  of  observed  molecular  and  electrophysiological           

phenotypes,  we  performed  a  series  of  behavioral  experiments  with  WT  and  Cdr1as  KO  mice.               

Cdr1as  knockout  mice  showed  normal  behavior  in  sociability  and  novel  object  recognition  tests,              

their  locomotor  activity  was  not  perturbed  in  open  �ield  test,  and  they  showed  standard               

exploratory  behavior  in  elevated  plus  maze,  with  no  signs  of  elevated  anxiety  levels  ( Figure  S17 ,                

B  -  H).  Contrary  to  these  results,  prepulse  inhibition  (PPI)  of  the  startle  response  was  strongly                 

and   signi�icantly   reduced   in   the   Cdr1as   KO   compared   to   WT   ( Figure   30 ).   
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Figure  30 .  Loss  of  Cdr1as  locus  contributes  to  abnormal  brain  func�on  associated  with              
neuropsychiatric  disorders.  Cdr1as  knockout  mice  showed  deficits  in  prepulse  inhibi�on  (PPI)            
of  a  startle  reflex.  PPI  was  measured  as  percentage  of  the  basal  startle  response.  WT  females  n                  
=  13,  Cdr1as  KO  females  n  =  13,  WT  males  n  =  10,  Cdr1as  KO  males  n  =  10.  Boxes  are  defined  by                        
the  first  and  third  quar�les,  median  is  indicated  as  a  horizontal  bar,  whiskers  span  1.5  x                 
inter-quar�le  range.  Three-way  ANOVA  with  Bonferroni-corrected  Welch  t-test  was  used  for            
sta�s�cal  analysis,  **P  <  0.01,  ***P  <  0.001.  As  there  was  no  significant  effect  of  gender,  the                  
male   and   female   mice   were   pooled   in   post   hoc   tests   (Piwecka   et   al.   2017).  

PPI  is  a  neurological  phenomenon  in  which  animals  show  weaker  response  to  a  stimulus  if  it  is                  

preceded  by  a  prestimulus  of  low  intensity.  The  stimulus,  in  our  case,  is  noise,  and  the  response                  

is  measured  as  the  amount  of  pressure  exhibited  on  the  surface  the  animal  is  standing  on.  PPI  is                   

a  measure  of  sensorimotor  gating  -  the  animal’s  ability  to  discriminate  between  important  and               

irrelevant  environmental  stimuli.  It  is  impaired  in  schizophrenia  and  some  other  psychiatric             

diseases  in  humans,  and  is  used  in  animal  models  of  endophenotypes  related  to              

neuropsychiatric  disorders (Braff  et  al.,  2001;  Geyer  et  al.,  2002;  Pratt  et  al.,  2012;  Wolf  et  al.,                  

2011) .  

In  our  experiments,  the  baseline  response  to  the  120  dB  pulse  alone  was  comparable  between                

genotypes  and  genders  ( Figure  S17 A),  meaning  that  all  animals  were  able  to  receive  and  process                

acoustic  stimuli.  However,  compared  to  the  WT  animals,  Cdr1as  KO  mice  showed  30  to  50%                

higher  prepulse  inhibition.  The  results  were  consistent  for  both  genders  and  all  three  measured               

prepulse   intensities   ( Figure   30 ).   

Behavioral  experiments  showed  that  Cdr1as  KO  animals  have  a  strong  sensorimotor  gating             

de�icit  -  a  behavioral  phenotype  associated  with  different  neuropsychiatric  disorders.           

Interestingly,  upregulation  of  IEGs  such  as  Fos,  Egr1  and  Egr4  is  known  to  be  linked  to  reduced                  

PPI (Grottick  et  al.,  2005) ,  providing  a  link  between  observed  molecular  and  behavioral              

phenotypes   .  
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4.4.   ciRcus   -   an   R   package   for   circRNA   data   annota�on   and   analysis  

4.4.1.   Background  

During  my  PhD,  I  have  compiled,  systematized  and  made  circRNA  data  available  in  a  database                

(Glažar  et  al.,  2014) .  To  explore  circRNA  expression  patterns  in  the  mammalian  brain,  I               

developed  tools  for  annotation,  analysis,  quanti�ication  and  visualization  of  circRNA  data.  One  of              

the  aims  of  my  PhD  was  to  make  these  available  for  the  scienti�ic  community  to  use  freely,  as  the                    

interest  for  circRNAs  is  growing,  while  the  tools  for  post-detection  analysis  and  annotation  are               

scarce.  This  has  resulted  in  the  development  of  ciRcus  -  an  R  package  for  circRNA  manipulation,                 

annotation   and   analysis.  

circRNA  detection  from  rRNA-depleted  RNA-seq  datasets  can  be  performed  using  a  number  of              

detection  tools (Hansen  et  al.,  2016;  Zeng  et  al.,  2017) ,  and  combinations  of  tools  can  be  used  to                   

maximize  detection  sensitivity  or  speci�icity (Hansen,  2018) .  Detection  step  leaves  the            

researcher  with  a  list  of  circRNA  candidates  that  needs  to  be  processed  further.  ciRcus  is  a                 

collection  of  tools  for  �iltering,  annotating,  quantifying  and  integrating  such  lists  with  external              

sources  of  information.  It  can  generate  basic  plots  for  exploratory  data  analysis,  and  is               

integrated  with  circBase,  giving  the  user  an  opportunity  to  perform  circBase  queries             

programmatically.   

ciRcus  is  implemented  in  R  programming  language,  and  is  being  developed  as  a  collaborative               

open  source  project  with  a  goal  of  providing  environment  for  reproducible  research.  ciRcus  is               

freely   available   on   https://github.com/BIMSBbioinfo/ciRcus.   

4.4.2.   Requirements   and   input   data  

Bioconductor  is  a  software  project  providing  tools  for  the  analysis  of  high-throughput  data,              

mostly  in  form  of  R  add-on  modules,  or  packages.  The  project  started  in  2001  and  many  of  its                   

components  have  become  de  facto  standards  for  computational  analysis  of  high-throughput            

data.  This  situation  in�luences  all  similar  R  projects  in  two  ways:  (i)  a  lot  of  modules  are  readily                   

available  and  can  be  used  to  implement  basic  functionality  (e.g.  handling  lists  of  genomic               

intervals  such  as  gene  or  circRNA  coordinates  using  the  GenomicRanges  package,  or  storing              

information  on  gene  expression  in  RNA-seq  experiments  using  the  SummarizedExperiment           

package),  and  (ii)  new  tools  need  to  have  a  certain  level  of  compatibility  with  the  existing                 

modules  to  allow  the  users  to  easily  build  and  adapt  their  own  analysis  pipelines.  ciRcus  relies                 
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on  a  number  of  Bioconductor  packages,  and  uses  some  other  R  packages  for  managing  and                

visualising   data,   as   documented   in   the   package   DESCRIPTION   �ile.  

To  properly  annotate  circRNA  candidates,  ciRcus  relies  on  external  annotation  of  genomic             

features.  The  annotation  can  be  retrieved  by  the  functions  provided  in  ciRcus,  or  it  can  be                 

provided   as   a   Gene   Transfer   Format   (GTF)   �ile   by   the   user.   

Apart  from  the  annotation  �ile,  the  only  input  required  by  ciRcus  is  a  list  of  �iles  containing                  

circRNA  detection  output.  Currently  supported  circRNA  callers  are  �ind_circ,  �ind_circ2,  and            

CIRI2 (Gao  et  al.,  2017) .  Subsequent  steps  might  differ  slightly  due  to  different  information               

provided  by  different  circRNA  prediction  tools.  The  following  description  assumes  �ind_circ2            

input,   as   it   can   be   used   to   exploit   the   complete   range   of   ciRcus   functionality.  

4.4.3.   ciRcus   workflow  

In  a  preparatory  step,  an  annotation  database  has  to  be  generated  from  a  local  GTF  �ile  or  can  be                    

automatically  downloaded  from  Ensembl  using  the  gtf2sqlite()  function.  Currently  supported           

organisms  (genome  assemblies)  for  automatic  retrieval  are  mouse  (mm10),  human  (hg19  and             

hg38),  rat  (rn5  and  rn6),  �ly  (dm6)  and  worm  (WBcel235),  while  there  are  no  restrictions  for                 

user-submitted  GTF  �iles.  The  information  is  processed  and  stored  locally  in  an  SQLite  database               

object  that  should  be  loaded  at  the  beginning  of  a  ciRcus  session  using  the  loadAnnotation()                

function.   

Loading  circRNA  detection  data  is  handled  by  the  summarizeCircs()  function  -  it  takes  a  list  of                 

�iles  and  sample  names  as  input,  and  loads  them  into  a  SummerizedExperiment  object.  Quality               

�iltering  step  is  a  standard  part  of  loading,  although  it  can  be  skipped  by  setting  the  qual�ilter                  

argument  to  FALSE.  All  circRNAs  that  are  �lagged  by  �ind_circ2  as  too  long,  too  short,  or                 

mitochondrial  will  be  removed,  as  well  as  those  with  less  than  2  unique  supporting  reads,  too                 

low  read  mapping  quality,  too  many  breakpoints,  or  too  many  mismatches  compared  to  the               

reference   genome.  

The  resulting  SummarizedExperiment  object  can  be  further  annotated  using  the  annotateCircs()            

function.  In  this  step,  circRNA  coordinates  are  compared  to  genomic  features  loaded  from  the               

SQLite   �ile   in   the   preparatory   step,   and   annotated   with   several   layers   of   information.   

 

annotating	 	host	 	genes.	  First,  circRNA  start  and  end  coordinates  are  compared  to  gene 	 	            

annotation.  Wherever  they  can  be  unambiguously  assigned  to  the  same  gene,  a  gene  identi�ier  is                

assigned  to  the  circRNA.  In  cases  where  it  is  not  possible,  the  corresponding  warning  is                

assigned.  For  example,  if  start  and  end  coordinates  are  assigned  to  different  genes,              

“no_single_host”  warning  will  be  assigned  instead  of  a  gene  identi�ier.  Such  cases  are  mostly               
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results  of  false  positive  calls  -  when  two  paralogous  genes  are  located  closely  to  each  other,  some                  

circRNA  detection  tools  (e.g.  �ind_circ  and  �ind_circ2)  might  score  the  backspliced  mapping  of  a               

read  over  exons  of  different  genes  higher  than  its  normal  mapping  location  (usually  a  linear                

splice  within  a  single  gene).  In  cases  where  two  genes  are  overlapping  on  the  same  genomic                 

location,  ciRcus  will  not  try  to  guess  the  host  gene  of  a  circRNA,  but  will  rather  annotate  its  host                    

gene  as  “ambiguous”.  The  users  are  encouraged  to  resolve  this  issue  manually,  e.g.  by  using  gene                 

expression  data.  circRNA  candidates  that  do  not  overlap  known  genes  are  annotated  as              

“intergenic”.  

 

annotating	 	gene	 	structural	 	elements.	  Exon(s)  building  a  circRNA  can  come  from  different 	 	 	          

parts  of  a  mature  transcript,  and  this  information  can  be  relevant  for  understanding  circRNA               

biogenesis  or  further  processing.  ciRcus  annotates  start  and  end  coordinates  of  circRNA             

candidates  with  the  transcript  region  they  were  spliced  from  -  5’  UTR,  CDS,  3’  UTR,  “transcript”                 

(for  non-coding  transcripts),  or  “intronic”.  For  example,  a  circRNA  that  starts  in  the  5’  UTR  and                 

ends  in  the  coding  region  would  have  utr5:cds  assigned  to  it.  Since  most  genes  express  multiple                 

isoforms,  same  genomic  location  (i.e.  circRNA  splice  site)  could  overlap  different  structural             

elements  in  different  transcripts.  This  annotation  step  is  naive  to  host  transcript  assignment,              

and  will  simply  assign  regions  hierarchically  -  giving  5’  UTR  the  highest,  and  “intronic”  the                

lowest   priority   in   the   case   of   con�lict.   

 

splice	 	site	 	annotation.	  Since  �ind_circ2  does  not  rely  on  any  kind  of  gene  annotation  when 	 	              

detecting  circRNAs,  knowing  if  splice  junctions  predicted  to  give  rise  to  a  circRNA  were               

previously  reported  to  be  involved  in  linear  splicing  can  be  informative.  ciRcus  can  compare               

predicted  splice  sites  to  the  genomic  features  database,  and  report  if  the  sites  are  known  to  be                  

used  in  linear  splicing  -  possible  values  are  “none”,  “5pr”,  “3pr”  and  “both”,  depending  if  none  of                  

the   sites,   only   5’   splice   site,   3’   splice   site   or   both   5’   and   3’   splice   sites   are   known.  

 

data	 	visualization		for		exploratory		data		analysis.	Head-to-tail  read  count  distribution  can  be 	 	 	 	 	 	       

plotted  using  the  histogram()  function,  and  annotPie()  will  return  the  piechart  of  transcript              

regions  contained  in  circRNA  candidates.  The  number  of  unique  head-to-tail  reads  can  be              

plotted  against  the  total  number  of  head-to-tail  reads  using  the  uniqReadsQC()  function.  This              

allows  the  user  to  spot  circRNA  candidates  whose  high  expression  might  be  a  consequence  of                

PCR  duplication.  All  plotting  functions  return  ggplot2  objects  rather  than  static  plots,  and  their               

output   can   be   further   modi�ied   using   functions   from   the   ggplot2   package    (Wickham,   2016) .  
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4.4.4.   Host   transcript   predic�on   and   annota�on  

When  a  circRNA  is  fully  contained  in  an  annotated  gene,  one  can  assume  with  a  high  level  of                   

certainty  that  it  must  be  spliced  from  one  of  the  transcripts  of  the  said  gene.  However,  since  only                   

reads  spanning  the  head-to-tail  junction  can  be  unambiguously  assigned  to  a  circRNA,  predicting              

the  host  transcript  a  circRNA  was  spliced  from  is  non-trivial,  but  necessary  to  infer  the  correct                 

spliced  circRNA  sequence.  Splice  sites  giving  rise  to  a  backsplice  junction  can  be  compared  to                

exon-intron  models  of  all  transcripts  known  to  be  transcribed  from  the  host  gene,  and  all                

transcripts  that  share  the  same  splice  sites  are  likely  hosts.  The  task  is  further  complicated  by                 

the  growing  number  of  annotated  mRNA  and  lincRNA  isoforms,  especially  since  standard  gene              

annotation  databases  do  not  contain  data  on  levels  of  their  expression  or  tissue  speci�icity.               

However,  standard  rRNA-depleted  RNA-seq  libraries  contain  information  on  linear  isoform           

expression,   and   it   can   be   used   for   predicting   circRNA   host   transcripts.   

Salmon  is  a  tool  for  fast  quanti�ication  of  transcript  expression  from  RNA-seq  data (Patro  et  al.,                 

2017) .  It  assigns  RNA-seq  reads  to  individual  transcripts  based  on  the  transcriptome  index  of  a                

given  organism,  and  returns  the  list  of  known  transcripts  and  their  respective  expression  values.               

ciRcus  can  use  the  Salmon  output  to  reduce  search  space  when  trying  to  predict  the  isoform                 

some  circRNA  was  spliced  from  -  instead  of  searching  across  all  known  transcripts  in  a  given                 

organism,  the  search  can  be  reduced  only  to  the  transcripts  expressed  in  the  studied  biological                

sample.  Although  this  markedly  simpli�ies  the  search,  it  is  still  possible  that  more  than  one                

expressed  transcripts  can  theoretically  be  the  host.  This  question  cannot  be  resolved  using  the               

short  read  RNA-seq  techniques,  and  ciRcus  offers  three  options  for  addressing  the  issue:  (i)               

assuming  that  the  highest  expressed  linear  candidate  is  the  host  transcript,  (ii)  splitting              

head-to-tail  read  counts  across  all  possible  candidates,  proportional  to  their  expression  levels,             

and  (iii)  keeping  the  same  head-to-tail  read  counts,  but  reporting  all  possible  linear  host               

candidates   in   further   annotation   and   analysis   steps.   

4.4.5.   circBase   integra�on  

Many  circBase  users,  instead  of  looking  for  individual  circRNAs,  use  circBase  to  download  entire               

lists  of  circRNAs  detected  in  a  particular  study,  tissue,  or  cell  line.  To  skip  the  step  of                  

downloading  the  lists  only  to  be  loaded  back  into  the  R  environment,  we  developed  a  set  of                  

functions  for  the  ciRcus  user  to  interact  with  circBase.  The  user  can  download  the  table  of  all                  

circRNA  studies  or  datasets  available  for  programmatic  retrieval  using  the  getStudiesList()            

function.  Selected  studies  or  datasets  can  be  retrieved  using  the  getCircs()  function.  Additionally,              

users   can   annotate   their   own   circRNA   lists   with   circBase   identi�iers   using   the   getIDs()   function.  
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4.4.6.   Data   export  

SummarizedExperiment  objects  are  containers  that  provide  stable,  ef�icient  and  robust  storage            

of  high-throughput  assays,  but  exporting  and  converting  data  to  other  formats  is  necessary  to               

connect  ciRcus  with  other  analysis  pipelines.  The  data  can  be  easily  exported  in  tabular  format                

using  the  resTable()  function,  which  simply  returns  a  list  of  circRNAs,  one  candidate  per  line,                

with  columns  holding  all  the  annotation  and  expression  data  across  all  analysed  RNA-seq              

libraries.  The  data  can  also  be  exported  as  GRangesList,  where  one  table  of  circRNAs  per                

RNA-seq  library  is  exported,  and  this  can  be  further  formatted  and  exported  to  BED-formatted               

�iles,   ready   to   be   loaded   into   genome   browsers.   
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5.   DISCUSSION  

5.1.   circBase   and   ciRcus   -   tools   for   circRNA   research  

Early  access  to  circBase  was  enabled  in  October  2013.  Since  then,  it  has  been  upgraded  with  new                  

functionality  and  contents  on  multiple  occasions.  The  circBase  paper  was  accepted  and             

published  online  in  July  2014,  introducing  the  project  to  a  wider  audience.  So  far  it  has  been                  

cited  more  than  300  times  according  to  Google  Scholar.  For  the  past  �ive  years,  the  user  base  has                   

been  steadily  growing,  as  documented  by  the  Google  Analytics  service  -  since  early  2017,  the                

web  page  had  between  2000  and  5000  sessions  per  month,  and  has  served  more  than  100000                 

sessions  since  October  2013.  The  number  of  users  is  dif�icult  to  measure,  especially  across               

longer  periods,  but  estimates  range  between  1000  and  2000  users  per  month  since  the               

beginning  of  2017.  These  metrics  are  corrected  for  so-called  “bounce  rate”,  i.e.  they  only  include                

sessions  where  the  user  has  navigated  around  the  webpage  or  performed  searches,  while              

sessions  that  were  abandoned  upon  visiting  the  main  page  are  discarded  from  the  usage               

statistics.  

Unique  circRNA  identi�iers  introduced  in  circBase  are  being  used  in  circRNA  publications.  Direct              

use  of  circBase  identi�iers,  or  at  least  referencing  circRNAs  by  genomic  locations  of  their  splice                

sites,  makes  it  easy  for  the  reader  of  a  given  publication  to  �ind  a  circRNAs  of  interest.  This                   

approach  is  convenient  because  it  does  not  depend  on  exon  annotation  (e.g.  unlike  using               

circZNF2-3  to  describe  a  circRNA  consisting  of  exons  2  and  3  from  gene  ZNF),  and  can  be  used                   

for  describing  circRNA  candidates  from  yet  unannotated  splice  sites  or  novel  transcripts.             

Additionally,  it  does  not  require  particular  gene  annotation  �ile  to  be  understood  -  for  example,                

second  and  third  exons  of  a  given  transcript  are  not  necessarily  identical  between  different               

annotation  sources  (RefSeq,  UCSC,  GENCODE  etc.),  or  even  different  versions  released  by  the              

same  source.  Genomic  locations,  on  the  other  hand,  only  change  upon  genome  assembly              

updates,  which  are  less  frequent  and  better  documented  than  the  gene  annotation  updates.              

circBase  is  being  regularly  updated  with  the  data  from  newly  published  circRNA  studies,  and               

new   features   and   annotations   are   deployed   as   needed.   

Another  resource  described  in  this  thesis  is  ciRcus  -  an  R  package  for  handling  circRNA  data.  The                  

package  introduces  tools  for  annotation,  quanti�ication,  analysis,  visualization  and  integration  of            

circRNA  data,  all  as  a  part  of  widely  used  R/Bioconductor  ecosystem.  This  allows  the  analyses                

such  as  the  ones  described  in  this  thesis  to  be  performed  from  a  convenient  and                

well-documented  environment,  but  also  to  be  reproducible  and  easy  to  integrate  with  external              

sources   of   biological   information,   such   as   circBase.   
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5.2.   Annota�on   and   expression   of   circRNAs   in   the   brain  

In  the  second  part  of  my  thesis,  I  presented  our  results  from  comprehensive  analysis  of  circRNA                 

expression  in  the  mammalian  brain.  We  have  sequenced  and  analyzed  29  samples  from  tissues,               

primary  cells,  cell  lines,  and  subcellular  fractions  to  gain  an  in-depth  overview  of  circRNA               

expression  patterns  in  the  brain.  In  a  nutshell,  we  have  shown  that:  (i)  circRNAs  are  highly                 

expressed  in  the  brain  compared  to  other  tissues,  (ii)  circRNAs  are  expressed  differentially              

between  different  brain  regions  (iii)  circRNA  expression  increases  during  development,  (iv)            

circRNAs  are  highly  expressed  in  synapses  compared  to  somas,  and  (v)  many  circRNAs  are               

conserved   between   human   and   mouse.   

In  general,  we  have  observed  more  circRNA  candidates  in  human  compared  to  mouse  samples.               

Interpretation  of  this  result  is  not  straightforward  because  the  number  of  detected  candidates              

depends  directly  on  the  sequencing  depth  -  however,  when  expressed  as  a  fraction  of  all                

observed  splicing  events,  circular  splicing  events  were  roughly  an  order  of  magnitude  more              

frequent  in  human  ( Figure  7 ).  On  the  level  of  the  central  nervous  system,  this  could  in  part  be                   

explained  by  different  cell  type  composition  of  human  and  mouse  brains,  in  line  with  our  results                 

indicating  that  neuron-rich  brain  regions  expressed  more  circRNAs.  Additionally,  high           

enrichment  of  circRNAs  in  synapses  might  be  affecting  the  number  of  candidates  in  bulk  RNA                

seq  samples,  since  cerebral  cortex  has  four  times  higher  synaptic  density  in  human  than  in                

mouse (Herculano-Houzel,  2009) .  However,  the  increase  was  also  observed  in  non-CNS  tissues.             

Genome-wide  and  tissue-independent  factor  contributing  to  the  increased  number  of  circRNAs            

in  human  might  be  the  expansion  of  Alu  repeat  elements,  known  to  be  involved  in  the  biogenesis                  

of  some  circRNAs  (as  discussed  in  the  Introduction),  in  primate  introns (Daniel  et  al.,  2014) .  For                 

example,  in  our  conservation  analysis  we  have  observed  cases  of  well-expressed  human             

circRNAs  that  are  not  conserved  in  mouse,  although  the  splice  sites  giving  rise  to  them  are.  For                  

some  of  these  candidates  we  also  measured  much  lower  H  score  in  mouse,  indicating  that                

missing   repeat   element   could   explain   their   absence   in   the   mouse   transcriptome.   

Different  cell  type  composition  might  also  be  an  explanation  for  the  observed  differential              

circRNA  expression  between  different  brain  regions.  However,  we  have  detected  highly            

abundant  circRNAs  expressed  exclusively  in  cerebellum,  olfactory  bulb,  hippocampus  or  cortex,            

which  implies  additional  layers  of  regulation.  circRNAs  were  also  expressed  differentially  during             

cell  line  differentiation  and  primary  neuron  maturation  -  general  trend  was  upregulation,  and              

we  have  observed  many  cases  where  circRNA  deregulation  was  independent  from,  or  opposite              

to  host  gene  expression.  Exceptional  stability  of  circRNAs  might  be  a  contributing  factor  to  the                

observed  upregulation  of  circRNAs  in  post-mitotic  cells,  but  differentiation  and  maturation            
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times  in  our  experiments  greatly  exceeded  even  the  upper  bounds  of  circRNA  half-life  estimates               

(Cocquerelle  et  al.,  1993;  Jeck  et  al.,  2013;  Memczak  et  al.,  2013) .  Moreover,  circRNA               

accumulation  has  recently  been  observed  in  aging  adult  mouse  brains,  on  timescales  much              

longer   than   the   estimated   lifetime   of   a   circRNA   molecule    (Gruner   et   al.,   2016) .  

Spatial  and  temporal  speci�icity  of  circRNA  expression  provides  us  a  new  playground  for              

studying  post-transcriptional  RNA  processing.  As  discussed  earlier,  circRNA  biogenesis  can  be            

driven  by  both  cis  and  trans  elements.  Reverse  complementary  matches  in  �lanking  introns  can               

promote  circularization,  as  can  some  RBPs  or  spliceosomal  components.  RCMs  can  also  be  in               

direct  competition  with  antagonists  of  circularization,  like  DHX9  and  ADAR.  This  interplay  of              

factors  that  promote  and  inhibit  circularization  might  also  be  important  for  regulation  of  host               

gene  expression.  circRNAs  that  are  spliced  directly  from  the  host  transcript  cause  it  to  be                

degraded,  and  one  could  imagine  some  circRNAs  to  be  leftovers  of  mRNA-directed             

post-transcriptional   regulation.   

We  have  observed  surprisingly  high  number  of  circRNAs  conserved  between  mouse  and  human.              

Introns  �lanking  conserved  circRNAs  were  more  likely  to  contain  RCMs  than  introns  �lanking              

non-conserved  circRNAs.  Interestingly,  Alu  and  B1  repeats  -  most  common  mobile  elements  in              

human  and  mouse  genomes,  respectively,  have  ampli�ied  independently  after  the  split  of  primate              

and  rodent  lineages (Quentin,  1994) .  Their  independent  recruitment  in  circRNA-�lanking  introns            

suggests  selection  for  these  alternative  splicing  events.  Another  conserved  feature  of  neuronal             

gene  structure  are  long  introns,  which  might  contribute  to  high  expression  levels  of  circRNAs,  as                

circRNAs  tend  to  be  �lanked  by  long  introns.  Moreover,  intron  length  is  generally  longer  towards                

the  5’  end  of  a  transcript,  which  might  cause  the  increased  fraction  of  circRNAs  spliced  from  5’                  

UTR  exons  ( Figure  4 ).  The  correlation  of  intron  length  and  circRNA  expression  might  be  a                

consequence  of  higher  probability  of  RCM  acquisition  in  longer  introns,  or  a  hallmark  of               

RCM-independent  backsplicing  mechanism.  Recently  it  has  been  shown  that  biogenesis  of  so             

called  “AUG  circRNAs”,  a  subset  of  circRNAs  driven  by  circularization  of  start-codon-containing             

exons  and  �lanked  with  long  introns,  is  insensitive  to  perturbations  of  DHX9 (Stagsted  et  al.,                

2018) .  This  suggests  an  Alu-independent  biogenesis  mechanism,  although  additional  analyses           

would   be   necessary   to   exclude   the   possibility   of   other   RCMs   driving   the   biogenesis.   

Taken  together,  we  have  annotated  circRNAs  from  the  mammalian  brain  at  unprecedented  scale              

and  resolution  -  thousands  of  novel  circRNA  candidates  were  detected  in  tissues,  primary  cells,               

cell  lines  and  subcellular  fractions.  Using  a  combination  of  laboratory  and  in  silico  approaches,               

many  of  these  candidates  were  experimentally  validated,  shown  to  be  expressed  higher  than              

their  linear  host  transcripts,  localized  within  neurons,  conserved  between  human  and  mouse,             

and  differentially  expressed  between  brain  regions  or  in  neuronal  differentiation.  Regulated            

89  

https://paperpile.com/c/4hUHgy/ys0z+ifcW+wsSL
https://paperpile.com/c/4hUHgy/OH6A
https://paperpile.com/c/4hUHgy/zsI3
https://paperpile.com/c/4hUHgy/FT9L
https://paperpile.com/c/4hUHgy/FT9L


/

 

expression  patterns  and  conservation  of  circRNAs  provide  an  additional  layer  of  evidence             

against  the  idea  that  circRNAs  are  simply  a  consequence  of  splicing  machinery  mistakes.              

Regulation  and  conservation  are  indicative  of  function,  an  aspect  of  circRNA  biology  that  still               

little  is  known  about,  and,  on  top  of  discussed  biological  insights,  this  work  provides  a  valuable                 

resource   for   future   selection   and   functional   analyses   of   individual   circRNA   candidates.   

5.3.   Loss   of   Cdr1as   locus   in   mouse  

In  the  third  chapter,  I  reported  on  our  study  of  circRNA  loss-of-function  in  vivo.  We  used                 

CRISPR/Cas9  to  knock  out  the  Cdr1as  circRNA  by  deleting  a  2.9  kb  genomic  region  in  mouse.  We                  

have  observed  complete  loss  of  Cdr1as  expression,  deregulation  of  two  miRNAs  interacting  with              

the  circRNA,  upregulation  of  immediate  early  genes,  disrupted  synaptic  transmission  in  single             

neurons   and   impaired   sensorimotor   gating   in   adult   animals.  

We  decided  to  delete  the  entire  locus  rather  than  focusing  on  a  less  invasive  genome  edit  like                  

deleting  the  promoter,  inserting  polyadenylation  signal  upstream  of  Cdr1as,  or  manipulating            

splice  sites.  This  was  encouraged  by  preliminary  analyses,  which  revealed  that  circularization  of              

the  Cdr1as  is  exceptionally  ef�icient,  and  the  expression  of  Cdr1,  a  protein-coding  gene              

annotated  on  the  strand  opposite  to  Cdr1as,  is  not  detectable  in  the  studied  system.  First,  we                 

and  others (Barrett  et  al.,  2017)  have  shown  that  the  linear  host  Cdr1as  is  expressed  orders  of                  

magnitude  lower  than  the  circRNA  -  so  low  that  its  exon-intron  structure  is  still  unclear.  Second,                 

upon  the  analysis  of  numerous  stranded  RNA-seq  libraries,  as  well  as  CAGE  and  ChIP-seq  data,                

no   evidence   for   the   expression   of   the   Cdr1   was   found.   

It  is  still  impossible  to  rule  out  CRISPR/Cas9  offtarget  effects  or  other  effects  of  locus  deletion                 

(Bassett  et  al.,  2014;  Kosicki  et  al.,  2018) ,  but  these  would  be  unlikely  to  contribute  to  very                  

speci�ic  molecular  and  behavioral  phenotypes  observed  in  the  Cdr1as  KO  animals.  First,  only              

two  miRNAs,  miR-7  and  miR-671,  were  consistently  and  post-transcriptionally  deregulated  in            

the  Cdr1as  KO.  These  miRNAs  were  also  shown  to  interact  with  Cdr1as  in  vivo.  Second,  IEGs,                 

some  of  which  are  known  miR-7  targets,  were  deregulated  only  in  tissues  that  normally  express                

Cdr1as.  Third,  IEG  deregulation  is  known  to  contribute  to  impaired  PPI (Grottick  et  al.,  2005) .                

Finally,  Cdr1as  expression  is  speci�ic  to  neurons,  indicating  that  the  observed  miRNA  and  mRNA               

deregulation  could  be  neuron-speci�ic.  This  is  in  line  with  the  observed  PPI  de�icit  and               

dysfunction   in   synaptic   transmission.   

The  opposite  effect  of  Cdr1as  loss  on  miR-7  and  miR-671  could  be  a  consequence  of  binding  site                  

architecture.  All  miR-7  binding  sites  on  the  Cdr1as  only  have  seed  region  complementarity,              

indicating  that  miR-7  can  stably  bind  Cdr1as,  but  cannot  induce  its  degradation  as  there  is  no                 

polyA  tail  or  free  3’  end.  On  the  other  hand,  miR-671  binding  site  has  extended  complementarity                 
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(Hansen  et  al.,  2011) ,  characteristic  for  miRNA:target  interactions  that  should  cause  target             

slicing.  miR-671:Cdr1as  interaction  could  also  cause  tailing  and  trimming  of  miR-671,  eventually             

leading  to  its  removal (Ameres  et  al.,  2010;  de  la  Mata  et  al.,  2015) .  In  this  case,  Cdr1as  loss                    

would  lead  to  upregulation  of  miR-671,  which  is  no  longer  destabilized  by  the  described               

interaction.  miR-7  downregulation  could  be  explained  either  by  passive  degradation  of            

unprotected  miR-7,  or  by  its  active  degradation  by  the  Cyrano  lncRNA (Ulitsky  et  al.,  2011) .                

Cyrano  contains  a  single  highly  conserved  miR-7  binding  site  with  extended  complementarity,             

which  could  induce  miR-7  degradation  by  tailing  and  trimming (Ameres  et  al.,  2010;  de  la  Mata                 

et  al.,  2015;  Ulitsky  et  al.,  2011) .  In  our  data,  Cyrano  was  well-expressed  in  all  tissues  where                  

miR-7  deregulation  was  observed,  and  it  was  also  the  second-highest  source  of  miR-7  chimeric               

reads  from  Ago  CLIPs.  We  speculate  that  upon  the  Cdr1as  loss,  miR-7  is  no  longer  protected  by                  

miR-7:Cdr1as   interaction,   and   can   be   degraded   by   binding   Cyrano.  

Recently,  additional  insights  into  the  regulatory  network  involving  miR-7,  miR-671,  Cyrano  and             

Cdr1as  have  been  published.  It  has  been  shown  that  miR-7  is  post-transcriptionally  upregulated              

upon  the  loss  of  Cyrano  in  vivo.  This  loss  also  caused  post-transcriptional  miR-7-mediated              

downregulation  of  Cdr1as,  majority  of  which  can  be  explained  by  miR-671-directed  slicing  of              

Cdr1as    (Kleaveland   et   al.,   2018) .  

The  comparison  of  poly(A)  RNA  expression  between  KO  and  WT  animals  revealed  systematic              

upregulation  of  IEGs  in  tissues  or  brain  regions  where  Cdr1as  is  normally  expressed.  Some  of                

these  IEGs,  like  Fos,  Klf4,  Irs2  or  Nr4a3,  are  known  miR-7  targets,  and  some  of  them  were  also                   

responding  to  miR-7  downregulation  in  the  embryonic  cortex (Pollock  et  al.,  2014) .  However,              

direct  miR-7  targeting  cannot  explain  the  majority  of  observed  IEG  upregulation,  which  is  likely               

a  combination  of  direct  and  indirect  effects.  We  were  not  able  to  measure  the  effects  of  miR-671                  

deregulation  on  its  targets.  miR-671  is  conserved  only  in  mammals,  and  using  the  available               

computational  methods  we  were  not  able  to  reduce  the  large  initial  set  of  putative  miR-671                

targets   to   a   reliable   set   of   conserved   targets   analogous   to   the   one   retrieved   for   miR-7.  

 

To  better  understand  the  molecular  phenotype,  both  its  non-coding  regulatory  network  and  the              

effects  on  mRNAs,  future  analyses  should  be  focusing  on  increased  spatiotemporal  resolution             

rather   than   steady-state   measurements   in   bulk   tissues.   

	

single-cell	 	analysis.	  Cdr1as  expression  was  shown  to  be  localized  to  neurons,  and  imaging 	             

results  indicate  that  excitatory  neurons  express  slightly  more  Cdr1as  than  inhibitory  neurons.             

Measured  miR-7  target  upregulation  was  rather  mild,  but  this  might  be  a  consequence  of               

averaging  the  effects  over  all  cell  types  present  in  analyzed  brain  regions,  although  only  a  subset                 
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of  cells  is  affected  by  the  knockout.  Single-cell-based  RNA-seq  approaches  could  provide  better              

insight  into  the  effects  of  Cdr1as  loss,  focusing  precisely  on  cell  types  Cdr1as  is  normally                

expressed   in.   

	

subcellular	 	localization.	  There  are  two  unusual,  and  therefore  highly  interesting  features  of 	            

Cdr1as-driven  miR-7  regulation  of  mRNAs:  (i)  high  number  of  miR-7:RISC  complexes  can  be              

quickly  released  (i.e.  activated)  upon  Cdr1as  slicing  by  miR-671,  and  (ii)  these  effects  could  be                

further  regulated  and  emphasised  by  pre-localizing  Cdr1as:miR-7  complexes.  Better  insight  into            

localized  effects  could  be  obtained  by  analyzing  mRNA  expression  in  different  neuronal             

fractions.  Our  earlier  results  have  shown  that  circRNAs  can  be  enriched  in  synaptoneurosomes,              

and  although  Cdr1as  is  known  to  be  uniformly  distributed  in  neurons,  its  activity  could  be                

localized  to  neuronal  processes,  where  miR-671  could  be  used  as  a  trigger  for  coordinated               

release   of   many   miR-7:Ago   complexes.   

	

temporal	 	activity.	 Cdr1as  is  conserved  across  mammals,  and  it  is  reasonable  to  assume  its 	 	             

involvement  in  biological  processes  shared  by  the  entire  lineage.  It  would  be  interesting  to               

follow  the  expression  patterns  of  Cyrano,  Cdr1as,  miR-7  and  miR-671  in  early  development,  as               

looking  at  the  precise  timepoints  when  individual  players  are  turned  on  could  unravel  the               

immediate   effects   of   their   activity.   

It  is  also  interesting  that,  despite  being  a  part  of  this  tight  regulatory  network  in  the  mammalian                  

brain,  Cyrano,  Cdr1as,  miR-7  and  miR-671  are  not  coexpressed  in  other  mammalian  tissues.              

Moreover,  Cyrano  and  miR-7  are  conserved  across  vertebrates,  miR-671  is  a  mammalian  miRNA,              

and  there  is  little  evidence  for  the  expression  of  Cdr1as  outside  the  mammalian  lineage  (see                

supp.  �igure  4  and  supp.  table  4  in  Memczak  et  al.  2013).  This  opens  many  questions  on  the                   

activity   of   this   network   outside   the   mammalian   brain.  

5.4.   Outlook  

circRNAs  are  an  intriguing  class  of  RNAs  -  they  are  present  in  a  wide  range  of  organisms,  often                   

conserved,  and  their  biogenesis  is  highly  regulated  in  time  and  space.  Although  these  features               

imply  function,  it  was  so  far  described  only  for  a  small  subset  of  candidates.  First  systematic                 

analyses  of  circRNAs  have  already  revealed  that  it  is  not  possible  to  assign  a  function  to  circRNAs                  

as  a  group (Memczak  et  al.,  2013) .  Moreover,  even  the  causes  of  their  expression  might  be                 

conceptually  very  different.  First  and  the  least  intriguing  one,  yet  probably  true  for  many               

candidates,  is  that  circRNAs  are  simply  produced  as  a  consequence  of  splicing  errors.  Still,  since                

host  transcripts  are  likely  to  be  quickly  degraded  upon  giving  rise  to  a  circRNA,  the  existence  of                  
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some  circRNAs  could  also  be  a  side-effect  of  post-transcriptional  regulation  of  their  host              

transcripts.  For  example,  cells  could  downregulate  a  subset  of  genes  by  expressing  or  localizing               

an  RBP  that  promotes  circularization  of  their  exons.  Such  cases  could  also  be  observed  by                

measuring  mRNA  expression  levels,  but  exceptional  stability  of  circRNAs  makes  it  possible  to              

study  such  events  over  a  longer  timeframe,  or  in  lowly  expressed  host  genes,  which  makes                

circRNAs  interesting  candidates  for  biomarkers (Memczak  et  al.,  2015) .  Finally,  based  on  our              

understanding  of  candidates  like  Cdr1as,  it  is  clear  that  circRNAs  can  be  produced  to  actively                

participate  in  a  certain  process.  Host  transcript  degradation  might  also  be  a  good  starting  point                

for  speculating  about  the  evolution  of  circRNAs  -  circularization  ef�iciency  depends  on  intronic              

elements  that  can  be  allowed  to  acquire  mutations,  and  could  contribute  to  evolutionary  tuning               

of  gene  expression.  Within  a  population,  intronic  SNPs  and  other  polymorphisms  could  increase              

the  variability  of  expression  for  a  given  gene  by  allowing  different  circularization  ef�iciencies  in               

different  individuals,  but  such  a  mechanism  remains  to  be  tested,  e.g.  by  comparing  SNP  loads  in                 

paired  and  unpaired  intronic  repeat  elements.  circRNAs  could,  with  time,  also  acquire             

independent   functions,   like   scaffolding   or   sponging   miRNAs.   

Better  insights  into  circRNA  biogenesis  are  critical  for  telling  apart  candidates  from  the  three               

described  subsets  of  circRNAs.  Perturbations  of  splicing  factors  combined  with  studying  the             

conservation  of  cis-regulatory  elements  important  for  circRNA  biogenesis  should  give  us  better             

understanding  of  how  the  biogenesis  is  regulated,  and  potentially  allow  us  to  recognize              

coregulated  or  coevolving  circRNA  subsets.  Given  that  circRNA  perturbations  are  dif�icult  to             

perform,  especially  in  vivo,  this  is  also  important  for  selecting  best  candidates  and  devising               

promising   strategies   for   future   loss-   or   gain-of-function   experiments.    
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Krützfeldt,   J.,   Rajewsky,   N.,   Braich,   R.,   Rajeev,   K.G.,   Tuschl,   T.,   Manoharan,   M.,   and   Stoffel,   M.  
(2005).   Silencing   of   microRNAs   in   vivo   with   “antagomirs.”   Nature    438	,   685–689.  

Landthaler,   M.,   Yalcin,   A.,   and   Tuschl,   T.   (2004).   The   human   DiGeorge   syndrome   critical   region  

101  

http://paperpile.com/b/4hUHgy/lFEu
http://paperpile.com/b/4hUHgy/lFEu
http://paperpile.com/b/4hUHgy/lFEu
http://paperpile.com/b/4hUHgy/K2QC
http://paperpile.com/b/4hUHgy/K2QC
http://paperpile.com/b/4hUHgy/K2QC
http://paperpile.com/b/4hUHgy/iuFa
http://paperpile.com/b/4hUHgy/iuFa
http://paperpile.com/b/4hUHgy/iuFa
http://paperpile.com/b/4hUHgy/XNX3
http://paperpile.com/b/4hUHgy/XNX3
http://paperpile.com/b/4hUHgy/XNX3
http://paperpile.com/b/4hUHgy/XNX3
http://paperpile.com/b/4hUHgy/AnV5
http://paperpile.com/b/4hUHgy/AnV5
http://paperpile.com/b/4hUHgy/AnV5
http://paperpile.com/b/4hUHgy/AnV5
http://paperpile.com/b/4hUHgy/AnV5
http://paperpile.com/b/4hUHgy/Ixc5
http://paperpile.com/b/4hUHgy/Ixc5
http://paperpile.com/b/4hUHgy/Ixc5
http://paperpile.com/b/4hUHgy/Ixc5
http://paperpile.com/b/4hUHgy/S6RB
http://paperpile.com/b/4hUHgy/S6RB
http://paperpile.com/b/4hUHgy/S6RB
http://paperpile.com/b/4hUHgy/S6RB
http://paperpile.com/b/4hUHgy/1pze
http://paperpile.com/b/4hUHgy/1pze
http://paperpile.com/b/4hUHgy/1pze
http://paperpile.com/b/4hUHgy/1pze
http://paperpile.com/b/4hUHgy/1pze
http://paperpile.com/b/4hUHgy/v2C3
http://paperpile.com/b/4hUHgy/v2C3
http://paperpile.com/b/4hUHgy/v2C3
http://paperpile.com/b/4hUHgy/v2C3
http://paperpile.com/b/4hUHgy/TSmR
http://paperpile.com/b/4hUHgy/TSmR
http://paperpile.com/b/4hUHgy/TSmR
http://paperpile.com/b/4hUHgy/TSmR
http://paperpile.com/b/4hUHgy/YzIR
http://paperpile.com/b/4hUHgy/YzIR
http://paperpile.com/b/4hUHgy/YzIR
http://paperpile.com/b/4hUHgy/YzIR
http://paperpile.com/b/4hUHgy/YzIR
http://paperpile.com/b/4hUHgy/FNBV
http://paperpile.com/b/4hUHgy/FNBV
http://paperpile.com/b/4hUHgy/FNBV
http://paperpile.com/b/4hUHgy/FNBV
http://paperpile.com/b/4hUHgy/0DZL
http://paperpile.com/b/4hUHgy/0DZL
http://paperpile.com/b/4hUHgy/0DZL
http://paperpile.com/b/4hUHgy/0DZL
http://paperpile.com/b/4hUHgy/0DZL
http://paperpile.com/b/4hUHgy/dAs9
http://paperpile.com/b/4hUHgy/dAs9
http://paperpile.com/b/4hUHgy/dAs9
http://paperpile.com/b/4hUHgy/dAs9
http://paperpile.com/b/4hUHgy/bzem
http://paperpile.com/b/4hUHgy/bzem
http://paperpile.com/b/4hUHgy/bzem
http://paperpile.com/b/4hUHgy/bzem
http://paperpile.com/b/4hUHgy/bzem
http://paperpile.com/b/4hUHgy/Xoya
http://paperpile.com/b/4hUHgy/Xoya
http://paperpile.com/b/4hUHgy/Xoya
http://paperpile.com/b/4hUHgy/Xoya
http://paperpile.com/b/4hUHgy/goDA
http://paperpile.com/b/4hUHgy/goDA
http://paperpile.com/b/4hUHgy/goDA
http://paperpile.com/b/4hUHgy/goDA
http://paperpile.com/b/4hUHgy/bkUk


/

 

gene   8   and   Its   D.   melanogaster   homolog   are   required   for   miRNA   biogenesis.   Curr.   Biol.    14	,  
2162–2167.  

Langmead,   B.,   and   Salzberg,   S.L.   (2012).   Fast   gapped-read   alignment   with   Bowtie   2.   Nat.  
Methods    9	,   357–359.  

Lee,   R.C.,   Feinbaum,   R.L.,   and   Ambros,   V.   (1993).   The   C.   elegans   heterochronic   gene   lin-4   encodes  
small   RNAs   with   antisense   complementarity   to   lin-14.   Cell    75	,   843–854.  

Lee,   Y.,   Kim,   M.,   Han,   J.,   Yeom,   K.-H.,   Lee,   S.,   Baek,   S.H.,   and   Kim,   V.N.   (2004).   MicroRNA   genes   are  
transcribed   by   RNA   polymerase   II.   EMBO   J.    23	,   4051–4060.  

Legnini,   I.,   Di   Timoteo,   G.,   Rossi,   F.,   Morlando,   M.,   Briganti,   F.,   Sthandier,   O.,   Fatica,   A.,   Santini,   T.,  
Andronache,   A.,   Wade,   M.,   et   al.   (2017).   Circ-ZNF609   Is   a   Circular   RNA   that   Can   Be   Translated  
and   Functions   in   Myogenesis.   Mol.   Cell    66	,   22–37.e9.  

Le   Hir,   H.,   Izaurralde,   E.,   Maquat,   L.E.,   and   Moore,   M.J.   (2000).   The   spliceosome   deposits   multiple  
proteins   20-24   nucleotides   upstream   of   mRNA   exon-exon   junctions.   EMBO   J.    19	,   6860–6869.  

Le   Hir,   H.,   Saulière,   J.,   and   Wang,   Z.   (2016).   The   exon   junction   complex   as   a   node   of  
post-transcriptional   networks.   Nat.   Rev.   Mol.   Cell   Biol.    17	,   41–54.  

Lenhard,   B.,   Sandelin,   A.,   and   Carninci,   P.   (2012).   Metazoan   promoters:   emerging   characteristics  
and   insights   into   transcriptional   regulation.   Nat.   Rev.   Genet.    13	,   233–245.  

Lewis,   B.P.,   Burge,   C.B.,   and   Bartel,   D.P.   (2005).   Conserved   seed   pairing,   often   �lanked   by  
adenosines,   indicates   that   thousands   of   human   genes   are   microRNA   targets.   Cell    120	,   15–20.  

Li,   X.F.,   and   Lytton,   J.   (1999).   A   circularized   sodium-calcium   exchanger   exon   2   transcript.   J.   Biol.  
Chem.    274	,   8153–8160.  

Li,   X.,   Liu,   C.-X.,   Xue,   W.,   Zhang,   Y.,   Jiang,   S.,   Yin,   Q.-F.,   Wei,   J.,   Yao,   R.-W.,   Yang,   L.,   and   Chen,   L.-L.  
(2017).   Coordinated   circRNA   Biogenesis   and   Function   with   NF90/NF110   in   Viral   Infection.   Mol.  
Cell    67	,   214–227.e7.  

Li,   Y.,   Zheng,   Q.,   Bao,   C.,   Li,   S.,   Guo,   W.,   Zhao,   J.,   Chen,   D.,   Gu,   J.,   He,   X.,   and   Huang,   S.   (2015a).  
Circular   RNA   is   enriched   and   stable   in   exosomes:   a   promising   biomarker   for   cancer   diagnosis.  
Cell   Res.    25	,   981–984.  

Li,   Z.,   Huang,   C.,   Bao,   C.,   Chen,   L.,   Lin,   M.,   Wang,   X.,   Zhong,   G.,   Yu,   B.,   Hu,   W.,   Dai,   L.,   et   al.   (2015b).  
Exon-intron   circular   RNAs   regulate   transcription   in   the   nucleus.   Nat.   Struct.   Mol.   Biol.    22	,  
256–264.  

Liang,   D.,   and   Wilusz,   J.E.   (2014).   Short   intronic   repeat   sequences   facilitate   circular   RNA  
production.   Genes   Dev.    28	,   2233–2247.  

Liang,   D.,   Tatomer,   D.C.,   Luo,   Z.,   Wu,   H.,   Yang,   L.,   Chen,   L.-L.,   Cherry,   S.,   and   Wilusz,   J.E.   (2017).   The  
Output   of   Protein-Coding   Genes   Shifts   to   Circular   RNAs   When   the   Pre-mRNA   Processing  
Machinery   Is   Limiting.   Mol.   Cell    68	,   940–954.e3.  

Lim,   J.,   Lee,   M.,   Son,   A.,   Chang,   H.,   and   Kim,   V.N.   (2016).   mTAIL-seq   reveals   dynamic   poly(A)   tail  
regulation   in   oocyte-to-embryo   development.   Genes   Dev.    30	,   1671–1682.  

Love,   M.I.,   Huber,   W.,   and   Anders,   S.   (2014).   Moderated   estimation   of   fold   change   and   dispersion  

102  

http://paperpile.com/b/4hUHgy/bkUk
http://paperpile.com/b/4hUHgy/bkUk
http://paperpile.com/b/4hUHgy/bkUk
http://paperpile.com/b/4hUHgy/bkUk
http://paperpile.com/b/4hUHgy/hMru
http://paperpile.com/b/4hUHgy/hMru
http://paperpile.com/b/4hUHgy/hMru
http://paperpile.com/b/4hUHgy/hMru
http://paperpile.com/b/4hUHgy/2pIt
http://paperpile.com/b/4hUHgy/2pIt
http://paperpile.com/b/4hUHgy/2pIt
http://paperpile.com/b/4hUHgy/2pIt
http://paperpile.com/b/4hUHgy/vbz9
http://paperpile.com/b/4hUHgy/vbz9
http://paperpile.com/b/4hUHgy/vbz9
http://paperpile.com/b/4hUHgy/vbz9
http://paperpile.com/b/4hUHgy/a1Sq
http://paperpile.com/b/4hUHgy/a1Sq
http://paperpile.com/b/4hUHgy/a1Sq
http://paperpile.com/b/4hUHgy/a1Sq
http://paperpile.com/b/4hUHgy/a1Sq
http://paperpile.com/b/4hUHgy/cP7f
http://paperpile.com/b/4hUHgy/cP7f
http://paperpile.com/b/4hUHgy/cP7f
http://paperpile.com/b/4hUHgy/cP7f
http://paperpile.com/b/4hUHgy/6Shw
http://paperpile.com/b/4hUHgy/6Shw
http://paperpile.com/b/4hUHgy/6Shw
http://paperpile.com/b/4hUHgy/6Shw
http://paperpile.com/b/4hUHgy/bGf2
http://paperpile.com/b/4hUHgy/bGf2
http://paperpile.com/b/4hUHgy/bGf2
http://paperpile.com/b/4hUHgy/bGf2
http://paperpile.com/b/4hUHgy/pJ9g
http://paperpile.com/b/4hUHgy/pJ9g
http://paperpile.com/b/4hUHgy/pJ9g
http://paperpile.com/b/4hUHgy/pJ9g
http://paperpile.com/b/4hUHgy/AArV
http://paperpile.com/b/4hUHgy/AArV
http://paperpile.com/b/4hUHgy/AArV
http://paperpile.com/b/4hUHgy/AArV
http://paperpile.com/b/4hUHgy/BZgs
http://paperpile.com/b/4hUHgy/BZgs
http://paperpile.com/b/4hUHgy/BZgs
http://paperpile.com/b/4hUHgy/BZgs
http://paperpile.com/b/4hUHgy/BZgs
http://paperpile.com/b/4hUHgy/125Z
http://paperpile.com/b/4hUHgy/125Z
http://paperpile.com/b/4hUHgy/125Z
http://paperpile.com/b/4hUHgy/125Z
http://paperpile.com/b/4hUHgy/125Z
http://paperpile.com/b/4hUHgy/wjcm
http://paperpile.com/b/4hUHgy/wjcm
http://paperpile.com/b/4hUHgy/wjcm
http://paperpile.com/b/4hUHgy/wjcm
http://paperpile.com/b/4hUHgy/wjcm
http://paperpile.com/b/4hUHgy/3w0C
http://paperpile.com/b/4hUHgy/3w0C
http://paperpile.com/b/4hUHgy/3w0C
http://paperpile.com/b/4hUHgy/3w0C
http://paperpile.com/b/4hUHgy/b9cg
http://paperpile.com/b/4hUHgy/b9cg
http://paperpile.com/b/4hUHgy/b9cg
http://paperpile.com/b/4hUHgy/b9cg
http://paperpile.com/b/4hUHgy/b9cg
http://paperpile.com/b/4hUHgy/qHx2
http://paperpile.com/b/4hUHgy/qHx2
http://paperpile.com/b/4hUHgy/qHx2
http://paperpile.com/b/4hUHgy/qHx2
http://paperpile.com/b/4hUHgy/KFYa


/

 

for   RNA-seq   data   with   DESeq2.   Genome   Biol.    15	,   550.  
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7.   APPENDIX  

7.1.   Supplementary   tables  

Table   S1 .   circRNA   studies   and   samples   currently   available   in   circBase.   PMID   -   PubMed   ID.   

study			(PMID)		 organism		 sample		 #circRNAs		

Maass   2017  
(28842720)  H.			sapiens		

cortex  339  
plasma  57  
serum  39  
neutrophils  274  
platelets  3324  
right   atrium  340  
vena   cava  702  
umbilical   cord  85  
HUVEC  22  
HUAEC  211  
EPC  159  
fat  507  
MSC  55  
chondrocytes  148  
osteocytes  104  
VSMC  137  
placenta  63  
decidua  173  
�ibroblasts  99  

muscle  184  

ADA-SCID  257  

LCL  295  

MSC_047  112  

WAS2  1071  
Ashwal-Fluss   2014  

(25242144)  D.			melanogaster		
S2  1280  
head  4515  

Rybak-Wolf   2015  
(25921068)  H.			sapiens		

cerebellum  21071  

diencephalon  24632  

frontal   cortex  38983  

occipital   lobe  31085  

parietal   lobe  23303  

temporal   lobe  21835  

SH-SY5Y  4264  
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M.			musculus		

forebrain  6614  

midbrain  3758  

hindbrain  3382  

cerebellum  2407  

prefrontal   cortex  1677  

hippocampus  1212  

olfactory   bulb  1771  

P19  2735  

primary   cortical  
neurons  5267  

Ivanov   2015  
(25558066)  C.			elegans		 pooled  757  

 
Nitsche   2013  
(24174405)  

L.			chalumnae		 muscle  767  

L.			menadoensis		
liver  581  

testis  806  
Zhang   2013  
(24035497)  H.			sapiens		 H9  103  

Jeck   2013  
(23249747)  H.			sapiens		 Hs68  7771  

Salzman   2013  
(24039610)  H.			sapiens		

A549  14970  

AG04450  16808  

BJ  12705  

GM12878  18274  

H1-hESC  16017  

HeLa   S3  15195  

HepG2  14024  

HMEC  1107  

HSMM  2940  

HUVEC  8143  

K562  27307  

MCF-7  5331  

NHEK  13760  

NHLF  2209  

SK-N-SH   RA  12745  

Memczak  
2013   (23446348)  H.			sapiens		

CD19+  1303  

CD34+  528  

HEK293  239  

Neutrophil  417  

110  



/

 

M.musculus		

brain1  970  

brain2  537  

ES  761  

head  1184  

C.			elegans		

1cell  217  

2cell  178  

fem1   (oocytes)  316  

spe9   (oocytes)  364  

sperm  270  

sperm_act  297  
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Table  S2 .  Human  RNA  sequencing  samples  used  to  build  a  neural  circRNA  catalog  in  Results                
sec�on   4.2.   Grey-shaded   samples   were   produced   by   the   ENCODE   consor�um.  

sample  GEO   accession  

SH-SY5Y,   experiment   1,   day   0  GSE65926  

SH-SY5Y,   experiment   1,   day   2  GSE65926  

SH-SY5Y,   experiment   1,   day   4  GSE65926  

SH-SY5Y,   experiment   2,   day   0  GSE65926  

SH-SY5Y,   experiment   2,   day   4  GSE65926  

SH-SY5Y,   experiment   2,   day   8  GSE65926  

temporal   lobe,   replicate   1  GSE78577  

temporal   lobe,   replicate   2  GSE78577  

diencephalon,   replicate   1  GSE78565  

diencephalon,   replicate   2  GSE78565  

occipital   lobe,   replicate   1  GSE78571  

occipital   lobe,   replicate   2  GSE78571  

frontal   cortex,   replicate   1  GSE78566  

frontal   cortex,   replicate   2  GSE78566  

parietal   lobe,   replicate   1  GSE78572  

parietal   lobe,   replicate   2  GSE78572  

cerebellum,   replicate   1  GSE78564  

cerebellum,   replicate   2  GSE78564  
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Table  S3 .  mouse  RNA  sequencing  samples  used  to  build  a  neural  circRNA  catalog  in  Results                
sec�on   4.2.   Grey-shaded   samples   were   produced   by   the   ENCODE   consor�um.  

sample  GEO   accession  

P19   differentiation,   experiment   1,   undifferentiated   (day   0)  GSE65926  

P19   differentiation,   experiment   1,   embryoid   bodies   (day   2)  GSE65926  

P19   differentiation,   experiment   1,   embryoid   bodies   (day   4)  GSE65926  

P19   differentiation,   experiment   1,   neurons   (day   12)  GSE65926  

P19   differentiation,   experiment   2,   undifferentiated   (day   0)  GSE65926  

P19   differentiation,   experiment   2,   embryoid   bodies   (day   4)  GSE65926  

P19   differentiation,   experiment   2,   neurons   (day   12)  GSE65926  

primary   neurons,   day   1  GSE65926  

primary   neurons,   day   7  GSE65926  

primary   neurons,   day   14  GSE65926  

primary   neurons,   day   21  GSE65926  

primary   neurons,   day   28  GSE65926  

forebrain,   replicate   1  GSE78667  

forebrain,   replicate   2  GSE78667  

midbrain,   replicate   1  GSE78638  

midbrain,   replicate   2  GSE78638  

hindbrain,   replicate   1  GSE78668  

hindbrain,   replicate   2  GSE78668  

fractionation   experiment,   synaptoneurosomes  GSE65926  

fractionation   experiment,   whole   brain   lysate  GSE65926  

fractionation   experiment,   cytoplasmic   fraction  GSE65926  
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Table  S4 .  RNA  sequencing  data  produced  and  used  for  molecular  phenotyping  of  Cdr1as  loss.               
Four  brain  regions  (cerebellum,  cortex,  hippocampus  and  olfactory  bulb)  were  analyzed,  with             
three  biological  replicates  for  each  genotype  (wild  type  and  Cdr1as  knockout).  The  only  excep�on               
was   miRNA-seq   in   knockout   hippocampus,   with   two   biological   replicates.  

 

assay  GEO   accession  

poly(A)-selected   RNA-seq  GSE93097  

rRNA-depleted   RNA-seq  GSE100265  

miRNA-seq  GSE93129  
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7.2.   Supplementary   figures  

 

Figure  S1 .  Valida�ons  of  circularity  and  head-to-tail  splice  sites  for  circRNAs  upregulated  during              
neuronal  differen�a�on  or  matura�on  (A)  qRT-PCR  valida�on  of  circRNA  resistance  to  RNAse  R.              
RNA  isolated  from  differen�ated  P19  cells  (D12)  was  treated  with  RNAse  R  (+RNase  R)  or                
mock-treated  (-  RNase  R),  linear  mRNA  transcripts  serve  as  a  control.  (B)  Sanger  sequencing               
traces  confirming  the  expected  head-to-tail  splice  junc�on  sequences  of  four  circRNAs            
differen�ally   expressed   during   P19   differen�a�on   (Rybak-Wolf   et   al.   2015).  

 

 

Figure  S2 .  qRT-PCR  analysis  of  circRNA  expression  during  embryonic  and  postnatal  mouse  brain              
development,  calculated  as  a  percentage  of  ribosomal  18S  expression.  Linear  mRNA  transcripts             
(GUS,   ActB,   Sox2)   serve   as   controls   (Rybak-Wolf   et   al.   2015).   
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Figure  S3 .  Quan�fica�on  of  rela�ve  circRNA  expression  (circular-to-linear  ra�o)  vs.  host  gene             
expression  (TPM)  for  whole  mouse  brain,  brain  cytoplasmic  frac�on  and  synapses  (Rybak-Wolf             
et   al.   2015).  
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Figure  S4 .  (A)  qRT-PCR  valida�on  of  conserved  circRNAs’  resistance  to  RNase  R.  RNA  isolated               
from  adult  mouse  brain  and  human  SH-  SY5Y  cells  was  treated  with  RNAse  R  (+  RNase  R)  or                   
mock  treated  (-  RNase  R).  Data  are  mean  ±  SD;  n=3,  technical  replicates.  Linear  mRNA                
transcripts  (human:  GAPDH,  POL2RF  and  mouse:  Pum1,  Rims2)  serve  as  controls.  (B)  Sanger              
sequencing  traces  confirming  nucleo�de  conserva�on  of  mouse  and  human  circRNAs           
head-to-tail   splice   junc�ons   (Rybak-Wolf   et   al.   2015).   
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Figure  S5 .  The  architecture  and  conserva�on  of  miR-7a  and  miR-671  binding  sites  on  Cdr1as.               
Mul�species  alignment  for  mmu-miR-7a-5p  (A)  and  mmu-miR-671-5p  (B)  complementary          
regions  on  Cdr1as.  miR-7  seed  complementary  sites  are  highlighted  in  yellow.  Muta�ons             
neutral  or  posi�ve  for  hybridiza�on  are  colored  in  blue,  disrup�ng  muta�ons  are  colored  in               
red.  Solid  lines  indicate  Watson-Crick  base  complementarity,  dashed  lines  G:U  base  pairing             
(Piwecka   et   al.   2017).  
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Figure  S6 .  Cdr1as  expression  in  the  mouse  cortex.  (A)  RNA  in  situ  hybridiza�on  for  Cdr1as  (red)                 
on  sagi�al  brain  sec�ons  from  wild  type  mouse  brain.  DAPI  was  used  to  counterstain  (blue).                
(B-E)  Le�:  representa�ve  coronal  sec�ons  of  the  motor,  somatosensory,  visual  and  prefrontal             
cortex  hybridized  with  a  Cdr1as-specific  probe  and  co-stained  with  an�bodies  against  NeuN,  or              
co-hybridized  with  VGLUT1  (mRNA)  or  GAD67  (mRNA)  in  situ  probes.  Cor�cal  layers  are              
indicated  (L1-L6).  NeuN  -  neuronal  marker,  VGLUT1  –  excitatory,  GAD67  -  inhibitory  neurons.              
Right:  quan�fica�on  of  NeuN+  (purple  columns),  VGLUT1+  (brown  columns)  and  GAD67+            
(yellow  columns)  cells  co-expressing  Cdr1as.  Note  that  quan�fica�on  is  provided  for  individual             
cor�cal  layers  of  the  motor,  somatosensory  and  visual  cortex  from  n  =  3  P60  wild  type  mice,                  
two  images  per  layer  per  cor�cal  region.  Means  and  standard  devia�ons  are  plo�ed  (Piwecka               
et   al.   2017).  
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Figure  S7 .  Cdr1as  expression  in  the  mouse  hippocampus.  (A-B)  Upper  panels:  representa�ve             
sagi�al  view  of  the  hippocampus  of  a  P60  wild  type  mouse  co-hybridized  with  Cdr1as  and                
VGLUT1  mRNA  or  GAD67  mRNA-specific  RNA  22  probes.  Lower  panels:  representa�ve            
magnifica�ons  of  the  CA3,  CA1  and  dentate  gyrus  (DG)  regions.  ML-  molecular  layer.  (C)               
Quan�fica�on  of  VGLUT1+  (green  column)  and  GAD67+  (orange  column)  cells  co-expressing            
Cdr1as  in  the  CA1,  CA3  regions  and  the  en�re  hippocampus,  respec�vely.  The  quan�fica�on  is               
provided  for  n  =  3  P60  wild  type  mice.  A  minimum  of  2  photographs  at  63x  magnifica�ons                  
were  used  per  hippocampal  area  to  es�mate  the  number  of  VGLUT1+;Cdr1as+  cells  and  3               
images  encompassing  the  whole  hippocampus  were  analyzed  to  es�mate  the  number  of             
hippocampal  GAD67+;Cdr1as+  cells.  Means  and  standard  devia�on  are  plo�ed.  (D)  The  Cdr1as             
circRNA  is  expressed  only  in  neurons,  but  not  in  oligodendrocytes  and  astrocytes.  Le�:              
representa�ve  magnifica�on  of  Cdr1as  FISH  in  dentate  gyrus  co-stained  with  an�bodies            
against  OLIG2  (marker  of  oligodendrocytes)  and  NeuN  (marker  of  neurons).  Right:            
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representa�ve  magnifica�on  of  Cdr1as  FISH  in  dentate  gyrus  co-stained  with  an�body  against             
GFAP   (marker   of   astrocytes)   and   NeuN   (Piwecka   et   al.   2017).  

 

 

Figure  S8 .  Expression  of  Cdr1as  in  the  mouse  midbrain  and  hindbrain.  (A)  Sagi�al  view  of  the                 
cerebellum,  midbrain  and  hindbrain  of  a  P60  wild  type  mouse.  The  sec�on  was  hybridized  with                
a  Cdr1as-specific  probe  and  counterstained  with  DAPI.  (B)  Magnifica�ons  of  the  hindbrain             
pon�ne  nuclei  (PN)  expressing  Cdr1as  (red)  and  VGLUT2  mRNA  (green).  Single  fluorescent             
signals  are  provided  in  the  upper  panel  and  a  merge  is  displayed  in  the  lower  panel.  Note  that                   
co-expression  of  Cdr1as  and  VGLUT2  appears  yellow.  (C)  Cdr1as  FISH  in  the  sagi�al  sec�on  of                
the  cerebellum.  ML-  molecular  layer,  GL-  granular  layer,  DCN  -  deep  cerebellar  nucleus.  (D)               
Cdr1as+  cells  co-expressing  NeuN  protein  and  VGLUT2  mRNA,  but  not  GAD67  mRNA,  indicate              
the  predominant  expression  of  Cdr1as  transcript  in  cerebellar  excitatory  neurons.  Right,  23             
magnifica�ons  of  the  boxed  area  illustrated  in  (C).  Consecu�ve  sec�ons  were  hybridized  with  a               
Cdr1as-specific  probe  and  co-stained  with  an�bodies  against  NeuN  and  GFAP  or  co-hybridized             
with   VGLUT2   mRNA   (excitatory   specific)   and   GAD67   mRNA   (inhibitory   specific)   probes.   
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Figure  S9 .  Cdr1as  knockout  strategy.  Using  CRISPR/Cas9  the  Cdr1as  locus  was  deleted  as              
confirmed  by  (A)  genotyping  PCRs  and  (B)  Sanger  sequencing.  (C)  The  loss  of  Cdr1as  transcript  in                 
knockout  animals  was  confirmed  by  BaseScope  chromogenic  RNA  in  situ  hybridiza�on  with             
probes  spanning  the  head-to-tail  junc�on  of  Cdr1as  and  (D)  Northern  blots  on  P0  whole  brain                
RNA  extract.  In  (C)  red:  Cdr1as,  blue:  cell  nuclei,  two  magnifica�ons  from  the  cortex  are  given,                 
scale  bar  =  50  µm.  (E)  General  brain  anatomy  is  unaltered  between  wild  type  and  Cdr1as                 
knockout   animals;   NeuN   -   neuronal   marker,   GFAP   –   astrocyte   marker   (Piwecka   et   al.   2017).   
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Figure  S10 .  Loss  of  Cdr1as  is  accompanied  by  post-transcrip�onal  reduc�on  of  miR-7  in              
neural  �ssues,  qRT-PCR  analysis.  (A,  B)  Cdr1as,  (C)  miR-7a,  (D)  pre-miR-7a-1  and  (E)  miR-671               
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expression  in  wild  type  versus  Cdr1as  knockout  mice  measured  with  qRT-PCR.  Cdr1as  was  not               
detected  in  KO  animals  in  any  of  the  assayed  �ssues,  therefore  not  plo�ed  in  (A).  Reduced                 
levels  of  Cdr1as  were  observed  in  the  brain  of  heterozygous  Cdr1as+/-  females  compared  to               
wild  type  females  and  males;  FB  -  forebrain,  OB  -  olfactory  bulb,  CB  –  cerebellum,  BS  –                  
brainstem.  Cdr1as  and  pre-miR-7a-1  rela�ve  expression  was  normalized  to  Actb  and  Hprt             
housekeeping  genes  and  calculated  rela�ve  to  WT  cortex  (A,  D)  or  WT  female  forebrain               
samples  (B);  Divergent  and  convergent  primer  sets  were  used  as  indicated.  miRNA             
expression  was  measured  with  TaqMan  assays,  normalized  to  sno-202  and  U6  and  calculated              
rela�ve  to  WT  cortex.  All  animals  were  P57  +/-  3  days,  bar  heights  represent  mean                
rela�ve  expression  across  biological  replicates  (n  =  6  for  miR-7a  in  cortex  and  pituitary  gland,                
n  =  2  for  Cdr1as  in  heart,  elsewhere  n  =  3);  data  plo�ed  as  mean  +/-  standard  devia�on.  SD  not                     
provided  for  heart  samples  (n  =  2).  Individual  rela�ve  expression  values  plo�ed  as  points  in                
(B-E)   (Piwecka   et   al.   2017).  

 

 

Figure  S11 .  miR-7a  is  downregulated  in  Cdr1as  knockout  brain.  miR-7a  expression  in  Cdr1as  KO               
and  WT  mouse  brain  detected  using  (A)  northern  blo�ng,  (B)  fluorescent  in  situ  hybridiza�on               
and  (C)  chromogenic  in  situ  hybridiza�on.  nCx  -  neocortex,  St  -  striatum,  Sp  -  septum,  pCx  -                  
piriform  cortex,  L1  -  L6  cor�cal  layers,  WM  -  white  ma�er,  U6  and  miR-124  -  control  RNAs                  
(Piwecka   et   al.   2017).  
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Figure  S12 .  Predicted  miR-7-5p  targets  are  upregulated  in  cortex,  cerebellum  and  olfactory             
bulb  of  Cdr1as  knockout  mice.  Log2-fold-change  distribu�on  of  predicted  miR-7-5p  targets            
was  compared  to  the  background  (non-targets)  with  Mann-Whitney  U  test  in  (A)  cortex  (318               
targets,  14227  non-targets,  P  <  10 -4 )  ,  (B)  cerebellum  (312  targets,  13948  non-targets,  P  <                
10 -3 ),  (C)  hippocampus  (315  targets,  4184  non-targets,  no  significant  difference)  and  (D)             
olfactory   bulb    (315   targets,   14430   non-targets,   P   <   10 -7 )   (Piwecka   et   al.   2017).   
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Figure  S13 .  qRT-PCR  valida�on  of  gene  expression  changes  in  Cdr1as  knockout  versus             
wild  type  brains.  (A)  qRT-PCR  in  cortex  and  (B)  hippocampus  for  differen�ally  expressed              
and  control  genes.  Data  are  normalized  to  Actb  and  represented  as  mean  +/-  s.e.m  of                
biological  replicates.  Cortex:  n  =  5,  hippocampus  n  =  4;  animals  were  P57  +/-  3  days  (Piwecka  et                   
al.   2017).  
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Figure  S14 .  Western  Blot  analysis  of  differen�ally  expressed  immediate  early  genes  in  cor�cal              
lysates,   Gapdh   serves   as   a   loading   control   (Piwecka   et   al.   2017).  
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Figure  S15 .  Gene  expression  changes  in  Cdr1as  knockout  brain.  rRNA-depleted  RNAs  were             
sequenced  from  WT  and  KO  (A)  cerebellum,  (B)  cortex,  (C)  hippocampus  and  (D)  olfactory               
bulb,  each  in  biological  replicates  (n  =  3).  Red:  significantly  differen�ally  expressed  (DE)  genes               
(Wald  test,  DESeq2  analysis,  P  <  0.05),  blue:  significantly  differen�ally  expressed  (DE)  miR-7              
targets,  triangles:  immediate  early  genes  (IEGs).  Mean  normalized  read  counts  from  WT             
animals   plo�ed   on   the   x   axis   (Piwecka   et   al.   2017).  
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Figure  S16 .  Electrophysiological  synap�c  parameters  from  Cdr1as  knockout  neurons.  (A)  The            
mEPSC  amplitude  (pA)  and  charge  (fC)  of  WT  and  Cdr1as  KO  autap�c  neurons  were  not                
different  (WT  n  =  32;  KO  n  =  31).  (B)  The  sizes  of  the  readily  releasable  pool  (RRP)  determined                    
as  charge  of  a  transient  synap�c  current  induced  by  hypertonic  sucrose  solu�on  from  WT  and                
KO  were  not  different  (KO  n  =  34;  WT  n  =  35).  The  calculated  numbers  of  synap�c  vesicles  (SV)                    
in  the  readily  releasable  pool  and  the  vesicle  release  probability  (Pvr)  were  not  different               
between  WT  and  KO  neurons  (number  SV:  KO  n  =  34;  n  =  34;  Pvr:  KO  n  =  34;  WT  n  =  35).  (C)                         
Le�:  normalized  EPCS  amplitudes  from  50  ac�on  poten�als  at  10  Hz  from  WT  (n  =  30)  and  KO                   
(n  =  27)  autap�c  neurons.  Right:  First  11  ac�on  poten�als  from  the  train  of  50  show  higher                  
depression  of  the  EPSC  amplitude  in  Cdr1as  KO  neurons.  Non-parametric  Mann-Whitney  U  test              
was  used  for  sta�s�cal  analysis.  All  data  are  represented  as  mean  +/-  s.e.m  (Piwecka  et  al.                 
2017).   
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Figure  S17 .  Cdr1as  knockout  mice  display  normal  response  to  acous�c  s�muli,  unperturbed             
locomotor  func�ons  and  anxiety  levels,  normal  social  and  exploratory  behaviors.  (A)  Wild  type              
and  Cdr1as  KO  animals  showed  no  difference  in  a  baseline  startle  response  to  120  dB  pulse.                 
(B-C)  Cdr1as  KO  mice  showed  normal  locomotor  ac�vity  and  (D)  anxiety  levels  in  the  open  field                 
(OF)  test.  (E)  Cdr1as  KO  mice  showed  normal  social  interac�on  behavior  in  the  Sociability  test                
(SOC).  (F)  No  significant  difference  between  wild  type  and  Cdr1as  KO  mice  in  exploratory               
behavior  in  the  Novel  Object  Recogni�on  (NOV)  test.  (G-H)  The  anxiety  levels  were  not               
different  in  KO  mice  compered  to  WT  controls  as  revealed  by  the  Elevated  Plus  Maze  (EPM).                 
Significant  change  in  the  EPM  was  noted  between  males  and  females  irrespec�ve  of  the               
genotype.  Cdr1as  KO  females  n  =  13,  WT  females  n  =  13,  Cdr1as  KO  males  n  =  10,  WT  males  n  =                       
10.  Boxes  are  defined  by  the  first  and  third  quar�les,  median  is  indicated  as  a  horizontal  bar,                  
while  whiskers  span  1.5x  inter-quar�le  range.  Three-way  ANOVA  with  Bonferroni-corrected           
Welch  t-test  (SOC,  EPM)  and  two-way  ANOVA  (NOV,  OF)  were  used  for  sta�s�cal  analysis,  *  P  <                  
0.05,   **   P   <   0.01,   ***P   <   0.001   (Piwecka   et   al.   2017).  
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