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Abstract 


Eukaryotic  genes  contain  non-coding  sequences  -  introns  that  are 
 removed  during  pre-mRNA  splicing  by  the  spliceosome.  The  spliceosome  is 
 composed  of  five  snRNPs  (U1,  U2,  U4/U6  and  U5)  which  assemble  on  pre-
 mRNA in a step-wise manner and together with additional non-snRNP proteins 
 catalyse  splicing.  Mutations  in  splicing  factors  can  cause  severe  diseases,  for 
 example  a  point  missense  mutation  (called  AD29)  in  hPrp31  (U4/U6  snRNP 
 specific protein) induces retinitis pigmentosa, disease often leading to complete 
 blindness. In this PhD thesis we show that the hPrp31 AD29 mutant is unstable 
 and  is  not  properly  incorporated  into  spliceosomal  snRNPs.  In  addition,  the 
 expression of the mutant protein reduces cell proliferation, which indicates that 
 it  interferes  with  cellular  metabolism  (likely  splicing)  and  could  explain 
 the induction of retinitis pigmentosa.  


Next, we focus on a role of nuclear environment in pre-mRNA splicing. It 
 was  shown  that  new  U4/U6·U5  snRNPs  are  preferentially  assembled  in non-
 membrane  nuclear  structure  -  Cajal  body.  Here  we  expand  this  finding  and 
 provide  evidence  that  Cajal  bodies  are  also  important  for  U4/U6·U5  snRNP 
 recycling  after  splicing.  In  addition,  we  analyzed  a  role  of  chromatin  and 
 particularly  histone  acetylation  modulates  in  splicing  regulation.  Using  inhibitor 
 of histone deacetylases we change alternative splicing of more than 700 genes. 


Specifically  HDAC1  deacetylase  activity  regulates  alternative  splicing  of  the 
fibronectin gene. We provide evidence that HDAC inhibition induces histone H4 
acetylation and increases RNA polymerase II processivity along an alternatively 
spliced  fibronectin  elements.  In  addition,  HDAC  inhibition  reduces  co-
transcriptional  association  of  the  splicing  regulator  SRp40  with  the  fibronectin 
alternative  exon.  We  believe  that  there  is  a  potential  to  use  HDAC  inhibitors 
in therapy of splicing related disorders in the future.  
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Abstrakt 


Eukaryotní  geny  obsahují  nekódující  sekvence  –  introny,  které  jsou 
 z pre-mRNA  odstraňovány  sestřihovými  komplexy.  Sestřihové  komplexy  se 
 skládají  z pěti  RNA-proteinových  podjednotek  (U1,  U2,  U4/U6  a  U5),  které 
 postupně  nasedají  na  pre-mRNA  a  jsou  společně  s dalšími  bílkovinami  nutné 
 pro vystřižení intronu. Mutace v bílkovinách důležitých pro RNA sestřih mohou 
 způsobovat  vážná  onemocněním,  například  mutace  zvaná  AD29  vedoucí 
 k záměně  jediné  aminokyseliny  v proteinu  hPrp31  (tato  bílkovina  je  součástí 
 U4/U6  sestřihového  komplexu)  je  příčinou  nemoci  retinitis  pigmentosa,  která 
 často  končí  úplnou  slepotou.  Ukázali  jsme,  že  hPrp31  AD29  mutant  je 
 nestabilní  a  není řádně  začleněný  do sestřihových  komplexů.  Přesto  vadný 
 hPrp31 zřejmě má vliv na metabolismus buňky, protože zpomaluje buněčný růst 
 a dělení, což by mohlo vysvětlit, proč tato mutace vede k retinitis pigmentosa.  


Dále se zaměřujeme na roli buněčného jádra v pre-mRNA sestřihu. Nové 
U4/U6·U5  snRNP  částice  jsou  přednostně  skládány  v nemembránových 
jaderných  strukturách  -  Cajalových  tělíscích.  Zjistili  jsme,  že  Cajalova  tělíska 
jsou také důležitá pro recyklaci U4/U6·U5 snRNP. Vedle toho jsme se zaměřili 
na  roli  chromatinu  (především  acetylace  histonů)  při  regulaci  alternativního 
sestřihu.  Pomocí  inhibitorů  histonových  deacetylázy  jsme  změnili  alternativní 
sestřih  více  jak  700  genů.  HDAC1  deacetylázová  aktivita  mění  alternativní 
sestřih  fibronektinu.  Inhibice  histonových  deacetyláz  zvyšuje  acetylaci  histonů 
H4  a  procesivitu  RNA  polymerázy  II  na  alternativně  stříhaných  exonech 
fibronektinu.  Současně  HDAC  inhibice  snižuje  kotranskripční  vazbu 
sestřihového regulátoru SRp40 na alternativní exon fibronektinu. Věříme, že je 
v budoucnu  možné  použít  inhibitory  histondeacetyláz  pro  případnou  léčbu 
onemocnění souvisejících s pre-mRNA sestřihem. 
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Introduction 


1.  Eukaryotic genes are interspersed with introns 


By  the  late  70s  it  was  believed  that  the  structure  of  eukaryotic  gene  is  very 
 similar to the structure of bacterial gene. It was assumed that the sequence of 
 expressed  protein  corresponds  to  the  entire  sequence  of  the  gene  and  both 
 genes  and  proteins  are  collinear.  However,  in  1977  it  was  discovered  that 
 adenoviral  mRNA  does  not  matches  completely  the  gene  it  is  originally 
 transcribed  from  and  surprisingly,  parts  of  the  internal  adenoviral  gene 
 sequence are missing from the mRNA (Berget et al., 1977; Chow et al., 1977). 


Soon  it  became  evident  that  not  only  adenoviral  genes  but  a  majority 
 of eukaryotic  genes  are  split.  These  genes  have  introns  or  intervening 
 sequences  which  are  removed  from  the  pre-mRNA  in  the  cell  nucleus  by 
 the process called RNA splicing.  


Several types of introns and a number of splicing mechanisms have appeared 
during evolution. These include classes I and II introns, rare structured introns 
present in bacteria, in ribosomal RNAs in the nucleus of protists, fungi or plants 
and  in  eukaryotic  organelles  (Haugen  et  al.,  2005;  Lambowitz  and  Zimmerly, 
2010). Group I and II self-splicing introns functions as ribozymes that are able to 
catalyse  their  own  excision.  Another  special  type  of  introns  are  introns  found 
in tRNAs,  that  are  removed  only  by  protein  enzymes.  Most  of  the  introns  in  
eukaryotes are spliceosomal introns, that are spliced by large ribonucleoprotein 
complex named spliceosome. At least two different types of spliceosome have 
been  described:  major  spliceosome  recognizing  introns  starting  with  GU  and 
finishing with AG, minor spliceosome recognizing AT-AC intron boundaries (Hall 
and  Padgett,  1996;  Tarn  and  Steitz,  1996)  and  spliceosomes  that  are  able  to 
perform  trans-splicing  where  two  RNA  pieces  originated  from  different  RNA 
molecules  are  spliced  together  (Bruzik  et  al.,  1988;  Van  Doren  and  Hirsh, 
1988). The AT-AC introns are present also in human genome (e.g. NOP2 gene 
encoding nucleolar protein), but they represent only a little more than 0,1 % of 
all  our  introns  (Scherer,  2008).  The  trans-splicing  was  described  for  example 
in Trypanosoma  (Campbell  et  al.,  1984),  C.  elegans  (Krause  and  Hirsh,  1987) 
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or sea squirt Ciona (Vandenberghe et al., 2001). The further text will be focused 
 only on the most abundant type of splicing performed by major spliceosome.  


It  is  not  known  how  introns  have  evolved  and  what  is  their  function.  Current 
 views  hold  the  first  introns  are  likely  to  have  arisen  very  early  in  eukaryotic 
 evolution  and  together  with  the  spliceosome  were  present  already  in 
 the ancestor  of  all  contemporary  eukaryotes  (Rodriguez-Trelles  et  al.,  2006). 


The  introns-late  hypothesis  suggests  intron  acquisition  occured  together  with 
 the origin of eukaryotic cell and spliceosomal introns evolved from group II self-
 splicing  introns  which  were  present  in  proteobacterial  endosymbiont  – 
 mitochondria.  Group  II  introns  invaded  uninterrupted  nuclear  genes,  then  lost 
 the ability of self-splicing and started to be spliced by spliceosome (Cech, 1986; 


Sharp, 1985). This concept is supported by the discovery of introns in primitive 
 protists like Giardia (Simpson et al., 2002) or Entamoeba histolytica (Wilihoeft et 
 al.,  2001)  or  other  deep-branching  eukaryotes  such  as  Plasmodium  falcifarum 
 and  Trichomonas  vaginalis  (Vanacova  et  al.,  2005).  Noticebly,  most  of 
 the spliceosomal components were found in all eukaryotic genomes sequenced 
 so  far  (Collins  and  Penny,  2005).  Alternative  „intron-early“  theory  postulates 
 the presence of introns before the origin of eukaryotes, at the earliest stage of 
 life evolution suggesting that the first protein-coding genes already had introns 
 that  facilitated  recombination  of  sequences  coding  small  protein  modules  and 
 played a role in protein evolution (Rodriguez-Trelles et al., 2006). These introns 
 were  later  lost  in  prokaryotes.  „Intron-first“  model  suggests  that  introns  even 
 date  back  to  the  RNA  world.  mRNA  arose  as  a  byproduct  of  ribozyme 
 processing reactions and originally it is from unused genetic material (Poole et 
 al.,  1998).  In  eukaryotic  genome,  many  small  nucleolar  RNAs  (snoRNAs)  – 
 relicts of RNA world necessary for maturation of ribosomal RNAs are encoded 
 in introns of ribosomal and heat-shock proteins. So, supporting the theory some 
 ancient ribozymes survive in introns.   


In  human  genome,  intron  lenght  can  be  enormous.  The  largest  human  intron 
which  is  found  in  HS6ST3  heparan  sulfate  sulfotransferase  gene  has  740 kb 
(Scherer,  2008).  This  is  the  size  of  minimal  genome  -  it  is  for  example 
approximately  the  size  of  the  genome  of  Gram-negative  bacteria 
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Wigglesworthia  glossinidia  brevipalpis  living  in  the  gut  of  tse-tse  fly  (Akman  et 
 al.,  2002).  Although  most  of  the  introns  are  shorter  with  an  average  lenght 
 of  3.4 kb, they are still ten times longer than an average exon having the lenght 
 of  145 bp  (Lander  et  al.,  2001).  Spliceosome  must  recognize  correctly  introns 
 and  joint  exons,  although  the  exons  represent  actually  only  a  small  fraction 
 of the genes.  


2.  Spliceosome: RNA – protein macromolecular machine 


Spliceosome  is  one  the  largest  molecular  complex  in  the  cell.  It  resembles 
the ribosome  –  not  only  with  the  size,  but  also  with  the  composition.  Both, 
spliceosome  and  ribosome  are  ribonucleoprotein  enzymes  with  RNAs  located 
in active  sites  and  playing  a  direct  role  in  catalysis  of  the  reactions  (Nissen  et 
al.,  2000;  Valadkhan  and  Manley,  2001).  It  is  estimated  that  more  than  150 
proteins participates in pre-mRNA splicing (Makarov et al., 2002) together with 
5  small  nuclear  RNAs  (snRNAs).  snRNAs  form  with  proteins  small 
ribonucleoprotein complexes (snRNPs). The spliceosome is a dynamic machine 
building  anew  on  pre-mRNA  each  round  of  splicing:  the  building  blocks  of 
the spliceosome  are  U1,  U2,  U4/U6  and  U5  snRNP  that  assemble  in  ordered, 
step-wise manner on the pre-mRNA, see Fig. 1 (Jurica and Moore, 2003; Wahl 
et al., 2009). snRNPs are named according to the snRNAs they are composed 
of  –  for  example  U1  snRNP  is  a  complex  of  U1  snRNA  and  a  specific  set  of 
proteins.  The  proteins  are  different  for  each  different  type  of  snRNP  with 
exception of seven Sm proteins, which are assembled as a stable ring on each 
of U1, U2, U4 and U5 snRNAs. How is the pre-mRNA splicing performed? First, 
U1  snRNP  binds  to  5´splice  site  via  the  base-pairing  between  the  U1  snRNA 
and the consensus sequence at the splice site. In the cell nucleus, U1 snRNP is 
much  more  abundant  than  other  snRNPs,  the  interaction  of  U1  snRNP  with 
pre-mRNA  occurs  within  seconds  (Huranova  et  al.,  2010)  and  is  ATP-
independent.  Then  3´splice  site  elements  must  be  recognized  by  SF1  protein 
(that  interacts  with  branch  point)  and  U2AF  subunits.  At  this  stage  the  intron 
boundaries are defined (see Fig. 1).   
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 Fig. 1 Pre-mRNA splicing (Wahl et al., 2009) 


(A) Consensus splice sites recognized by spliceosome. 


(B) Step-wise spliceosome assembly on the pre-mRNA substrate, activation 
 of  spliceosome  and  disassembly  of  final  products  of  splicing  reaction. 


Prp22  RNA  helicase  and  Snu114  GTPase  will  be  discussed  in 
 experiments in Publication I and II.  


(C) SR proteins help spliceosome to assemble on pre-mRNA. One of them, 
SRp40 was used to in experiments in Publication III.  
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After  that  U2  snRNP  complex  replaces  SF1  protein  and  U2  snRNA  directly 
 base-pair with the branch point. Subsequently, the U4/U6 and U5 snRNPs are 
 recruited  as  a  preassembled  U4/U6·U5  tri-snRNP,  several  compositional  and 
 conformational  rearrangements occur  (U1  snRNA  interaction  at 5´splice  site  is 
 replaced  with  U6  snRNA  and  both  U1  snRNP  and  U4  snRNP  are  lost  from 
 the complex)  and  spliceosome  becomes  competent  to  catalyse  the  first 
 transesterification  reaction.  After  the  second  catalytic  step  mRNA  with  ligated 
 adjacent exons is released and U2, U5 and U6 snRNPs remain associated with 
 the excised intron lariat. Thus, snRNPs must be recycled to allow a new round 
 of pre-mRNA splicing. 


Although  two  transesterification  reactions  that  excise  the  intron  do  not 
 themselves  need  ATP  to  proceed  and  can  be  reversible  under  certain  ion 
 conditions (Tseng and Cheng, 2008), the spliceosome assembly, multiple RNA-
 RNA  rearrangements  and  spliceosome  disassembly  require  ATP.  Eight 
 evolutionarily  conserved  DExD/H-type  RNA-dependent  ATPases/helicases 
 (named  after  one  of  the  consensus  amino  acid  sequence  motifs)  participates 
 in splicing (Fig. 1).  


One  of  helicases  is  Prp22,  that  has  several  functions  (see  Fig.  2).  Prp22 
 promotes the second transesterification reaction of splicing (Schwer and Gross, 
 1998), enhances fidelity of this reaction (Mayas et al., 2006), together with other 
 spliceosomal  proteins participates  in  splicing  of  atypical  introns  (Gahura et  al., 
 2009)  and  importantly,  Prp22  mediates  the  release  of  spliced  mRNA  from 
 the spliceosome (Company et al., 1991; Ohno and Shimura, 1996; Schwer and 
 Gross, 1998; Wagner et al., 1998). Prp22 disrupts contacts between U5 snRNA, 
 Prp8  (U5  snRNP  protein,  Fig.  3)  and  spliced  mRNA  (Aronova  et  al.,  2007). 


Thus, Prp22 is necessary for recycling of U5 snRNP components. 


Prp43  is  an  RNA  helicase  important  in  the  next  step  -  it  dissociates  snRNPs 
from  excised  intron  lariat  (Arenas  and  Abelson,  1997).  Postsplicing  complex 
contains    intron  lariat  with  bound  U2,  U5,  U6  snRNAs  and  some  of 
the spliceosomal  proteins  (Fig.  1).  These  spliceosomal  components  must  be 
removed before the free lariat is degraded by debranching enzyme Dbr1, which 
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specifically cleaves the branched 2′-5′ phosphodiester bond and induces intron 
 degradation (Chapman and Boeke, 1991). 


Fig. 2  Functions of Prp22 RNA helicase in pre-mRNA splicing  


Prp22  discards  spliceosome  with  intron  lariat  from  spliced  mRNA  (McManus 
 and Graveley, 2008). 


Prp43 interacts with Ntr1 (human TFIP11) and Ntr2 proteins and these proteins 
 are required for lariat release (Boon et al., 2006; Martin et al., 2002; Tanaka et 
 al.,  2007;  Tsai  et  al.,  2005;  Tsai  et  al.,  2007).  Ntr1  recruits  Prp43  to 
 the postsplicing intron complex and  stimulates Prp43 helicase activity which is 
 necessary  for  efficient  debranching  and  turnover  of  excised  introns.  Lack  of 
 functional  Prp43  or  Ntr1  causes  intron  accumulation  and  retention  of  snRNPs 
 with the introns (Boon et al., 2006; Martin et al., 2002; Yoshimoto et al., 2009). 


However, after each splicing cycle, released snRNAs and spliceosomal proteins 
must be correctly reassembled into the active snRNPs. 



(14)3.  snRNP recycling  


The formation of U4/U6•U5 snRNP invol
 of tri-snRNP composition see 


Fig. 3 Proteins of U4/U6·U5 tri
 The  dots  indicate  protein


tri-snRNP.  The  interaction  between  Prp31  and  Prp6  is  important  for 
 U4/U6•U5 snRNP  assembly.  Mutations  in  the  gene  encoding  proteins  Prp31, 
 Prp8 and Prp3 cause retinitis pigmentosa. 


During  splicing  U4/U6  snRNA  base  pairing  is  destroyed.  Thus,  the  first  step 
 in tri-snRNP  recycling  is


SART3  or  p110  in  humans)
 and reanneals U4 and U6 snRNA


humans (Bell et al., 2002; Ghetti et al., 1995; Raghunathan and Guthrie, 1998)
 After  that,  Prp24  is  released 


complete  tri-snRNP. 


in hierarchical  way:  15.5K protein  binds to  the  U4 5
 1999)  and  this  interaction  is  required  fo


the U4/U6  snRNP-specific  Prp31  protein  and  the  Prp3/Prp4/CypH  protein 


11 
 snRNP recycling   


of U4/U6•U5 snRNP involves several distinc steps
 composition see Fig. 3).  


3 Proteins of U4/U6·U5 tri-snRNP (Liu et al., 2006).  


The  dots  indicate  protein–protein  interactions  between  individual  proteins  of 
 nRNP.  The  interaction  between  Prp31  and  Prp6  is  important  for 
 snRNP  assembly.  Mutations  in  the  gene  encoding  proteins  Prp31, 
 and Prp3 cause retinitis pigmentosa.  


U4/U6  snRNA  base  pairing  is  destroyed.  Thus,  the  first  step 
 snRNP  recycling  is  U4/  U6  snRNAs  annealing.  Prp24  (named 


in  humans)  is  a  splicing  factor  that  that  binds  free  U6
 reanneals U4 and U6 snRNAs during spliceosome recycling


(Bell et al., 2002; Ghetti et al., 1995; Raghunathan and Guthrie, 1998)
 is  released  and  does  not  associate  with  the 


    U4/U6  snRNP  specific  proteins  then  bind  to  snRNAs 
 hierarchical  way:  15.5K protein  binds to  the  U4 5′  stem–loop 


and  this  interaction  is  required  for  subsequent  association  of  both 
 specific  Prp31  protein  and  the  Prp3/Prp4/CypH  protein 
 ves several distinc steps (for overview 


protein  interactions  between  individual  proteins  of 
 nRNP.  The  interaction  between  Prp31  and  Prp6  is  important  for 
 snRNP  assembly.  Mutations  in  the  gene  encoding  proteins  Prp31, 


U4/U6  snRNA  base  pairing  is  destroyed.  Thus,  the  first  step 
 Prp24  (named  hPrp24, 
 binds  free  U6  snRNA 
 s during spliceosome recycling in yeasts and 
 (Bell et al., 2002; Ghetti et al., 1995; Raghunathan and Guthrie, 1998). 


with  the  assembled, 
then  bind  to  snRNAs 
loop  (Nottrott  et  al., 
r  subsequent  association  of  both 
specific  Prp31  protein  and  the  Prp3/Prp4/CypH  protein 
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complex  with  U4/U6  snRNA  duplex  (Nottrott  et  al.,  2002).  U5  snRNP  binds 
 to U4/U6  snRNP  via  protein-protein  interactions,  see  Fig.  3  (Liu  et  al.,  2006), 
 especially  via  the  interaction  between  Prp31  and  Prp6  proteins.  Depletion  of 
 the U5-specific  Prp6  or  the  U4/U6-specific  Prp31  inhibits  tri-snRNP  assembly 
 and  leads  to  the  accumulation  of  U5  mono-snRNPs  and  U4/U6  di-snRNPs 
 (Makarova et al., 2002; Schaffert et al., 2004). However, protein posttranslatinal 
 modifications  such  ubiquitination  have  been  also  reported  to  affect  tri-snRNP 
 stability (Song et al., 2010). 


In  Publication  I  we  focused  on  the  question  in  what  part  of  the  cell  nucleus 
 spliceosome  recycling  takes  place.  Specific  steps  of  the  assembly  of  newly 
 made  spliceosomal  snRNPs  are  localized  in  Cajal  bodies.  These  are 
 nonmembrane nuclear structures present in the nuclei of most cells. They were 
 named after the Spanish neurobiologist Ramón y Cajal, who first observed them 
 in  1903  (Cajal,  1903).  Marker  of  Cajal  bodies  is  coilin  (Andrade  et  al.,  1991; 


Raska et al., 1991; Tuma et al., 1993).  Although coilin was identified 30 years 
 ago, its function remains mysterious. During de novo assembly, snRNPs enter 
 Cajal  bodies,  which  contains  Cajal  body-specific  RNAs  (scaRNAs)  that  guide 
 modifications of spliceosomal snRNAs (Darzacq et al., 2002; Jady et al., 2003; 


Kiss  et  al.,  2002).  snRNAs  are  extensively  modified  by  both  2′-O-ribose 
methylation  and  pseudouridylation  and  these  modified  nucleotides  influence 
snRNP and spliceosome assembly (Karijolich and Yu, 2010). There are several 
evidences  that  U4/U6  snRNP  formatin  occurs  in  Cajal  bodies:  There  are 
present  all  components  necessary  for  the  assembly  (SART3,  U4  and  U6 
snRNAs as well as U6 and U4/U6 specific proteins are enriched in Cajal bodies 
(Stanek  and  Neugebauer,  2006)  and  transient  assembly  intermendiates  were 
also detected there (Stanek and Neugebauer, 2004). The inhibition of the next 
step, tri-snRNP formation leads to accumulation of the U4/U6 snRNPs in Cajal 
bodies (Schaffert et al., 2004). The explanation for this observation can be that 
the tri-snRNP formation  occurs  also  in  Cajal  bodies:  U4/U6  snRNP  is  retained 
there and waits until the U5 snRNP joins and only after that mature tri-snRNP is 
released to the nucleoplasm.  Publication I confirmed this hypothesis. Although 
there  are  some  cells  lacking  Cajal  bodies  and  tri-snRNP  can  be  formed  also 
in the  nucleoplasm,  tri-snRNP  assembly  in Cajal  bodies  is  at  least  ten  times 
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faster  than  in  nucleoplasm  (Klingauf  et  al.,  2006;  Novotny  et  al.,  2011). 


Concentration  of  snRNP  components  in  CBs  helps  to  overcome  rate-limiting 
 assembly  steps,  increases  the  efficiency  of  snRNPs  formation  and  expression 
 of spliced mRNAs (Strzelecka et al., 2010). 


4.  Retinitis pigmentosa – disease connected with splicing  


Retinitis pigmentosa (RP) is a hereditary eye disease that causes degeneration 
of  photoreceptor  cells  in  the  retina.  In  many  patients  this  disease  leads  to 
compelete  blindness.  It  has  a  prevalence  of  approximately  1  in  4000  and 
at least  more  1,5  million  people  worlwide  are  affected.  Almost  50  genes  were 
found  to  be  associated  with  the  retinitis  pigmentosa  –  including  visual 
transduction  proteins  such  as  rhodopsin,  the  first  mutated  gene  identified 
in some  of  the  patiens  (Dryja  et  al.,  1990),  proteins  involved  in  photoreceptor 
differentiation,  trafficking  or  cytoskeletal  proteins  (Hamel,  2006).  Interestingly, 
three  proteins  involved  in  pre-mRNA  splicing  also  carry  mutations  causing 
retinitis  pigmentosa.  These  proteins  are  Prp8,  Prp31  and  Prp3,  ubiquitously 
expressed  components  of  the  spliceosome  (Chakarova  et  al.,  2002;  McKie  et 
al., 2001; Vithana et al., 2001), see Fig. 3. They are all parts of the U4/U6•U5 
tri-snRNP and they are important for tri-snRNP assembly and stability. It is not 
known  why  mutations  in  general  splicing  factors  cause  only  retina-restricted 
phenotype  -  specifically  the  loss  of  photoreceptors  and  degeneration  of 
the retina.  One  of  the  reasons  could  be  that  retina  has  a  high  demand  of 
snRNPs.  Compared  to  other  tissues,  retina  expresses  the  highest  amount  of 
snRNAs  (Tanackovic  et  al.,  2011).  The  expression  of  retinitis-pigmentosa 
associated genes Prp8, Prp31 and Prp3 is also significantly higher in retina than 
in  other  tissues  of  adult  mouse  (Cao  et  al.,  2011).  This  suggests  that  retina 
needs  higher  steady-state  basal  levels  of  splicing  components  than  other 
metabolically active tissues. Out of 30 different tissues, retinal cells were shown 
to have the highest level of spliced transcripts of housekeeping genes indicating 
a  high  level  of  splicing  activity  in  retina  (Tanackovic  et  al.,  2011).  The reason 
might  be  that  photoreceptors  must  constantly  renew  their  light-sensitive  outer 
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segments  and  this  requires  continuous  synthesis  of  membranes  and  many 
 components of the cell metabolism.  


There  are  several  models  how  aberrant  spliceosomal  proteins  can  initiate 
 the disease  (Mordes  et  al.,  2006).  The  first  is  the  haploinsufficiency  model. 


According  to  this  model,  mutated  copy  of  the  spliceosomal  gene  leads  to 
 the production  of  nonfunctional  protein  and  this  causes  reduced  level  of 
 functional snRNP and lack of snRNPs in retina. As mentioned above, the high 
 amount  of snRNPs  is  necessary  for  the  metabolism  of  photoreceptors.  To 
 support  this  model,  it  has  been  observed  in  some  of  the  retinitis  pigmentosa 
 patiens  that  the expression  of  Prp31  is  lower  (Vithana  et  al.,  2003).  The re-
 duction  of  Prp31  protein  level  to  70%  by  morpholino  in  zebrafish  recapitulates 
 retinis  pigmentosa  disease  –  it  affects  photoreceptor  morfology  and  causes 
 defects in their visual function (Linder et al., 2011). In another model organism, 
 in  Drosophila,  downregulation  of  Prp31  induces  the  absence  of  eyes  or 
 reduction  of  eye  size  connected  with  photoreceptor  degeneration  (Ray  et  al., 
 2010).  The  second  model  predicts  the  presence  of  specific  factor  in  photo-
 receptors  that  would  interact  with  spliceosomal  proteins  and  that  would  be 
 responsible  for  photoreceptor-restricted  phenotype.  However,  any  such  factor 
 has not been identified so far. The third model is based on the assumption that 
 mutated spliceosomal proteins are toxic for the sensitive cells in retina and they 
 function  in  a  dominant  negative  way.  This  model  is  supported  for  example  by 
 the observation  that  heterozygous  Prp3  knockout  mice  or  zebrafish  develop 
 normally and do not show any defects in photoreceptors (Graziotto et al., 2008). 


In  addition,  overexpression  of  the  retinitis  pigmentosa  -  mutated  spliceosomal 
 proteins  in  the  cells  with  two  non-mutated  functional  copies  of  the  gene  can 
 cause apoptosis or disease-like phenotype (Yuan et al., 2005).  


Retinitis  pigmentosa  can  be  caused  by  the  combination  of  these  models.  To 
elucidate  this  question,  we  have  studied  one  of  the  missense disease-causing 
mutations called „AD29“, which is in exon 7 of Prp31 gene and swaps alanine to 
proline at the position 216 (Publication II). The alanine at this position is highly 
conserved  among  eukaryotes.  Although  this mutation  has a  severe  phenotype 
in  humans  (Vithana  et  al.,  2001),  no  degenerative  phenotype  in  retina  was 
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found  in  Prp31(A216P/+)  heterozygot  mouse  (Bujakowska  et  al.,  2009). 


However,  several  heterozygous  mouse  models  with  other  genes  mutated  in 
 retinitis pigmentosa had just a mild changes in retina, for example (Gao et al., 
 2002).  Nevertheless,  mouse  with  Prp31(A216P/A216P)  genotype  was 
 embryonic  lethal  indicating  that  this  mutation  impairs  substantially  the  function 
 of Prp31 protein (Bujakowska et al., 2009). Previously it has been reported that 
 AD29  mutation  partially  retains  Prp31  protein  in  the  cytoplasm  (Deery  et  al., 
 2002)  and enhances  interaction  of Prp31  with  its  binding  partner  in  tri-snRNP, 
 Prp6 (Wilkie et al., 2008). Why the mutation induces retinitis pigmentosa is not 
 known.  Although  some  of  the  mutations  in  Prp31,  Prp3  and  Prp8  cause 
 changes  in  constitutive  and  alternative  splicing  (Tanackovic  et  al.,  2011), 
 processing of transcripts specifically important for retina function does not seem 
 to  be  affected  (Wilkie  et  al.,  2008).  Threfore  the  mechanism  of  disease 
 causation is still unclear. 


5.  Alternative splicing increases protein complexity 


In  human  cells,  genes  have  approximately  9  exons  on  average  (Lander  et  al., 
 2001). These exons are not recognized and spliced with the same efficiency – 
 some  of  them  called  constitutive  exons  are  always  present  in  final  mRNA, 
 whereas  the  alternative  exons  can  be  present  or  missing.  The  process  which 
 decides  about  the  exon  appearence  in  mRNA  is  called  alternative  splicing. 


However,  there  are  various  other  types  of  alternative  splicing  including  usage 
 of alternative  splice  sites  (both  5´and  3´)  or  intron  retention,  which  occurs 
 predominantly  in  plants  (see  Fig.  4).  Alternative  splicing  is  extremely 
 widespread  in  higher  eukaryotes.  For  example,  in  human  cells  almost  95% 


of genes  are  alternatively  spliced  (Pan  et  al.,  2008;  Wang  et  al.,  2008).  What 
are rules for selection of alternative exons? Some of the signals are carried by 
pre-mRNA sequence itself: these signals are usually blocks of short sequences 
localized  close  to  splice  sites  that  can  help  or  prevent  correct  recognition 
of splice  sites,  Fig.  4  (Wang  and  Burge,  2008).  These  sequences  are  called 
splicing enhancers or splicing silencers and all together they form the „splicing 
code“ which determines alternative splicing outcome (Barash et al., 2010).  
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Fig.  4  Types  of  alternative  splicing  events  and  regulatory  elements       
 (Matlin et al., 2005).  


(A) Intronic  splicing  (IS)  or  exonic  splicing  (ES)  enhancers  or  silencers  are 
 short  sequences  in  pre-mRNA  that  are  bound  by  splicing  factors  which 
 help  to  recruit  spliceosome  or  block  the  recognition  of  5´and  3´splice 
 sites.  


(B) Different alternative splicing events, the fibronectin EDB exon discussed 
in Publication III is spliced by cassette exon mechanism (Ba). 
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However,  it  seems  that  „splicing  code“  cannot  explain  all  alternative  splicing 
 events  that  occur  in  the  cell.  First,  splicing  silencers  and  enhancers  are 
 recognized  by  splicing  factors  and  in  many  cell  types  or  tissues  with  different 
 alternative  splicing  patterns  the  concentration  of  these  splicing  factors  is  very 
 similar.  Second,  the  sequences  identified  by  splicing  factors  are  often  very 
 short,  they  can  be  found  on  many  places  in  the  pre-mRNA  and  there  are 
 examples  that  these  sequences  cannot  solely  explain  the  differential  binding 
 of splicing  factors  to  dictinct  mRNAs  (Anko  et  al.,  2010).  Recently,  evidences 
 that  alternative  splicing  can  be  regulated  also  by  other  mechanisms  have 
 appeared. These mechanisms are based on observations that many introns are 
 spliced  cotranscriptionally  and  splicing  is  coupled  with  transcription  (these 
 connections  are  discussed  in  Publication  IV).    Moreover,  splicing  seems  to  be 
 at least  in  some  genes  regulated  by  chromatin.  Several  histone  modifications 
 have  been  reported  to  interact  with  spliceosomal  proteins  (detailly  described 
 in Publication IV). In Publication III we describe the effect of histone acetylation 
 on alternative splicing on a model gene fibronectin. 


6.  Fibronectin: a model gene for alternative splicing studies 


Fibronectin (FN1) is a large 250-kDa glycoprotein, which assembles into dimers 
 that are connected by disulfide bonds at the C-termini. The protein is composed 
 of three regions with repeated subunits that are called type I, II and III modules. 


The  size  of  each  structural  module  is  40-90  amino  acid  residues  depending 
 on the type. Each of these repeated modules is encoded by separate exon and 
 very similar modules can be also found in other proteins (Pankov and Yamada, 
 2002). This lead to hypothesis that 75-kb fibronectin gene originally arose from 
 exon shufling, which means that individual exons coding distict protein domains 
 were  gradually  added  and  mixed  during  evolution  (Patel  et  al.,  1987). 


Fibronectin  which  has  several  alternatively  spliced  exons  (White  et  al.,  2008) 
was  one  of  the  first  genes  where  alternative  splicing  had  been  detected 
(Kornblihtt et al., 1984; Schwarzbauer et al., 1983). Three alternatively spliced 
regions can be found in this gene: Two exons coding type III modules, EDA and 
EDB (called also ED-A and ED-B or EIIIA and EIIIB exons) are cassette exons 
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that  can  be  either  included  or  skipped  in  final  mRNA.  The  fibronectin  mRNA 
 variability is further increased by alternative splicing of IIICS region near the end 
 of the gene, which can give 5 different mRNA isoforms, thus in total fibronectin 
 alternative  splicing  results  in  20  different  mRNA  variants.  Although  it  is  not 
 much known about the regulation of IIICS alternative splicing, the EDA and EDB 
 exons  have  been  extensively  studied  due  to  their  relationship  to  human 
 diseases.  Both  EDA  and  EDB  exons  served  as  model  exons  in  experiments 
 performed in Publication III in this thesis. 


Fibronectin  is  a  component  of  extracellular  matrix.  It  binds  to  integrins, 
 transmembrane proteins that connect extracellular matrix to actin cytoskeleton. 


Therefore fibronectin is important for cell adhesion, embryonic development and 
 all  processes  connected  with  cell  migration.  Fibronectin  is  also  needed  during 
 wound  healing  when  the  extracellular  matrix  must  be  renewed.  Two  types 
 of fibronectin  can  be  found  in  human  body.  The  cellular  type  of  fibronectin  is 
 expressed locally, it is assembled on the surface of the cells and contains low 
 levels  of  EDA  and  EDB  (Maurer  et  al.,  2010).  However,  extracellular  matrix 
 fibronectin can also originated from deposition of plasma fibronectin (Moretti et 
 al., 2007). Plasma type of fibronectin is soluble abundant protein in blood which 
 participates  in  platelet  coagulation  and  formation  of  blood  clot  as  a  ligand  of 
 platelet surface receptors. Plasma fibronectin is synthetised in livers and lacks 
 completely  EDA  and  EDB  (White  et  al.,  2008).  It  was  shown  that  aberrant 
 alternative  splicing  of  EDA  and  EDB  exons  causes  various  disorders.  Mouse 
 strains  constitutively  expressing  EDA  exon  (EDA+/+)  in  all  fibronectin  mRNAs 
 develop  thrombosis  easily  (Chauhan  et  al.,  2008).  The  increase  of  EDA  and 
 EDB containing fibronectin in extracellular matrix of blood-vessels is associated 
 with  the  development  of  artherosclerosis  (Magnusson  and  Mosher,  1998). 


Fibronectin  with  high  content  of  EDA  and  EBD  seems  to  be  essential  for 
cardiovascular  development,  however  not  only  during  during  embryogenesis, 
but also during tumorigenesis (Astrof and Hynes, 2009). Strong upregulation of 
EDA  or  EDB  fibronectin  correlates  with  tumor  angiogenesis  and  these  types 
of fibronectins are often observed in blood-vessels around tumors (Castellani et 
al.,  1994).  EDA and  EDB  fibronectin  splice  variants  are even  called  “oncofetal 
fibronectin isoforms” which reflects their high expression in embryos and tumors 
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(Astrof  and  Hynes,  2009;  Ruoslahti,  2002).  Recently,  antibodies  recognizing 
 specifically  EDA  or  EDB  domains  of  fibronectin  have  been  developed  and 
 tested  in  patients  (Pini  et  al.,  1998;  Villa  et  al.,  2008).  These  antibodies  were 
 able  to  target  tumors  (Borsi  et  al.,  2002;  Santimaria  et  al.,  2003).  L19  against 
 EDB  domain  conjugated  with  131I  together  with  F8  (recognizing  EDA) 
 conjugated  with  Interleukin-10  are  now  in  clinical  trials  for  targeted 
 pharmacodelivery  of  radionucleotides  and  cytokines  and  might  be  new 
 therapeutic agents in the future. On the contrary, mice lacking completely EDA 
 exon  display  abnormal  skin  wound  healing  (Muro  et  al.,  2003).  Mice  without 
 both EDA and EDB exons (EDA−/−/EDB−/−) are embryonic lethal (Astrof et al., 
 2007) and resemble knockout mice lacking the whole fibronectin gene (George 
 et al., 1993) indicating that not only fibronectin itself, but also correct fibronectin 
 splicing are necessary for proper development. However, although EDB exon is 
 extremely  conserved  among  vertebrates  (White  et  al.,  2008),  the  exact  EDB 
 function  remains  unclear.  EDB−/−  mouse  strain  develops  normally,  but  EDB 
 depleted  fibroblast  grow  slowly  compared  to  wild  type  cells  for  unknown 
 reasons (Fukuda et al., 2002).  


How is alternative splicing of these two alternative exons regulated? Both exons 
contain regulatory sequences, which are bound by SR proteins. SR proteins are 
RNA-binding  proteins  that  contain  RRM  (RNA  Recognition  Motif)  domain  and 
RS  domain  rich  in  serine  and  arginine  amino  acids,  which  is  important  for 
interactions  of  SR  proteins  with  spliceosome  (Fig.  1).  SR  proteins  mostly 
enhance  the  recognition  of  splice  sites  by  promoting  spliceosome  assembly, 
however  there  are  also  some  examples  of  SR  protein  induced  exon  skipping 
(Han  et  al.,  2011;  Lemaire  et  al.,  1999).  EDA  exon  contains  exonic  splicing 
enhancers  that  are  bound by  SF2/ASF  and 9G8 proteins  (members  of  the  SR 
protein  family).  The  binding  of  both  SF2/ASF  and  9G8  enhances  recognition 
and  inclusion  of  EDA  exon  (Cramer  et  al.,  1999;  de  la  Mata  and  Kornblihtt, 
2006), however, it can be modulated by pre-mRNA secondary structure (Buratti 
et  al.,  2004).  SF2/ASF  effect  on  EDA  splicing  is  also  controlled  by  signaling 
pathways. Activation of the PI 3-kinase pathway and its downstream target Akt 
kinase  by  mitogenic  signals  such  as  growth  factors  causes  SF2/ASF 
phosphorylation and EDA exon inclusion (Blaustein et al., 2004; Blaustein et al., 
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2005).  mTOR  pathway  was  reported  to  regulate  splicing  of  EDA  exon 
 presumably  also  through  SF2/ASF  (White  et  al.,  2010).  Interestingly, 
 overexpression  of  Clk  and  SRPK  kinases,  two  members  of  the  SR  protein 
 kinase  families  that  also  phosphorylate  SR  proteins  including  SF2/ASF,  has 
 completely  opposite  effect  and  induces  EDA  exon  skipping  (Blaustein  et  al., 
 2005),  which  is  really  surprising.  Another  SR  protein,  SRp20  promotes  EDA 
 exon skipping, but only when the gene is transcribed by RNA polymerase II with 
 complete  carboxyterminal  domain  indicating  that  this  type  of  regulation  is 
 coupled with transcription (de la Mata and Kornblihtt, 2006). EDA exon was one 
 of  the first exons  whose  splicing  was  shown  to be dependent  on  transcription. 


The  first  experiments  performed  on  minigenes  10  years  ago  showed  that 
 the promoter  structure  affects  EDA  alternative  splicing  (Kadener  et  al.,  2002; 


Kadener et al., 2001; Nogues et al., 2002). Later on, partial explanation of this 
 phenomenon came with the observations that the speed of RNA polymerase II 
 during transcription elongation regulated EDA exon inclusion or skipping (de la 
 Mata  et  al.,  2003;  Kadener  et  al.,  2002;  Nogues  et  al.,  2003).  This  lead  to 
 the kinetic  model  of  coupling  between  transcription  and  alternative  splicing, 
 which  postulates  that  when  the  speed  of  transcription  is  high,  splicing 
 machinery  does  not  have  enough  time  to  recognize  weak  splice  sites  of 
 alternative exon, downstream constitutive exon with strong splice sites is used 
 and alternative exon is skipped (see Fig. 5).  


EDB  exon  splicing  is  regulated  mainly  by  SR  protein  SRp40  (Du  and  Taub, 
 1997; Lim and Sharp, 1998). SRp40 increases EDB exon inclusion. A negative 
 regulator  of  EDB  exon  recognition  is  PTB,  which  promotes  EDB  skipping 
 (Norton and Hynes, 1993). In transfected minigenes, SRp40 regulation of EDB 
 exon  splicing  can  be  also  modulated  by  promoters  (Monsalve  et  al.,  2000). 


SRp40  interacts  with  PGC-1,  transcription  coactivator  that  regulates  genes 
 involved  in  energy  metabolism. When PGC-1  is  loaded  on promoter,  it  inhibits 
 SRp40 directed inclusion of EDB alterantive exon. However, when PGC-1 is not 
 tethered to the promoter, it does not have any effect on EDB alternative splicing 
 indictaing  that  transcription  also  influences  EDB  alternative  splicing. 


In Publication III we studied association of SRp40 and a negative regulator PTB 
with EDB exon in a context of endogenous fibronectin gene.  
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Fig. 5 The kinetic coupling model for regulation of alternative splicing  
 Slow  transcription  rate  promotes  inclusion  of  alternative  exon,  fast  RNA 
 polymerase II elongation induces alternative exon skipping (Kornblihtt, 2005). 


7.  Histone acetylation – dynamic chromatin modification 


First studies describing histone modifications appeared in the early 60s (Allfrey 
et  al.,  1964).  Since  that  many  different  types  of  histone  posttranslational 
modifications have been identified. Histones can be acetylated, phosphorylated, 
methylated,  ubiquitinylated,  sumoylated,  arginines  and  citrullines  of  histones 
can be deiminated, serine and threonine can be modified by single sugar β-N-
acetylglucosamine,  glutamate  and  arginine  residues  can  be  mono-  and  poly-
ADP ribosylated, prolines are isomerated and finally, the whole histone tail can 
be clipped by proteolytic cleavage (Kouzarides, 2007). The histone acetylation 
is  a  dynamic  modification  regulated  by  histone  acetyltransferases  (HAT)  and 
histone  deacetylases  (HDAC).  Histone  acetyltransferases  add  an  acetyl  group 
from  acetyl  CoA  to  the ε-amino  group  of  lysines.  There  are  two  types  of  HAT 
in cells: so called B-HATs acetylate free histones in the cytoplasm (histones H4 
have  to  be  acetylated  on  lysine  5  and  12  before  they  are  deposited  on 
the DNA).  More  diverse  A-HATs  operate  in  the  nucleus  and  includes  GNAT, 
MYST and p300/CBP enzyme families (Hodawadekar and Marmorstein, 2007). 
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Histone  acetylation  neutralize  positive  charge  of  lysines.  It  is  supposed  that 
 acetylation weakens the interactions between histones and DNA and promotes 
 less  compact  chromatin  structure.  There  are  over  20  different  lysine  residues 
 that  can  be  acetylated  in  one  nucleosome.  This  lead  to  hypothesis  that 
 acetylation  might  influence  chromatin  by  cumulative  mechanism  independent 
 of specific  lysines  that  would  have  to  be  acetylated,  e.g.  (Dion  et  al.,  2005). 


Nevetheless, acetylation of lysine 16 histone H4 was shown to affect chromatin 
 state directly and independently of other acetylated lysines (Shogren-Knaak et 
 al., 2006). H4K16ac modulates higher order chromatin structure – it inhibits the 
 formation  of  compact  30  nm  fiber.  Acetylated  histones  are  recognized 
 by bromodomain-containing  proteins  and  these  proteins  can  also  efficiently 
 distinguish particular lysines (Sanchez and Zhou, 2009).  


Histone deacetylases remove acetyl groups from lysines and although they are 
called  „histone“  deacetylases,  they  act  also  on  many  other  protein  substrates 
in addition  to  histones  (Peserico  and  Simone,  2010).  Mammalian  HDACs  are 
divided  into  four  classes  based  on  their  highly  evolutionary  conserved 
deacetylase domain. Interestingly, bacterial homologues of these domains have 
been also identified indicating the role of HDACs in deacetylation of non-histone 
proteins (Khochbin and Wolffe, 1997). Class III HDACs are homologous to the 
yeast-silencing  protein  Sir2  and  they  are  called  sirtuins.  Sirtuins  require 
nicotinamide adenine dinucleotide (NAD+) for the deacetylation reaction. Three 
other  classes  (class  I,  II,  IV)  are  zinc-dependent  amidohydrolases  related  to 
the yeast  Rpd3,  Had1,  and  Hos3  proteins.  Class  I  contains  four  mammalian 
HDACs: HDAC1, HDAC2, HDAC3 and HDAC8 (see Fig. 6). In contrast to other 
classes,  class  I  HDACs  have  quite  similar  structure  basically  containing  only 
deacetylase  domain  with  short  C-terminal  extensions.  Class  I  HDACs  are 
expressed  ubiquitinously  in  different  tissues  and  cell  types  and  they  are 
localized  in  the  nucleus  (Haberland  et  al.,  2009).  On  the  contrary,  HDACs 
from other  classes  can  be  localized  also  in  the  cytoplasm  -  cytoplasmatic 
HDAC6 deacetylates cytoskeletal proteins such as α-tubulin or transmembrane 
proteins  (Hubbert  et  al.,  2002;  Matsuyama  et  al.,  2002;  Tang  et  al.,  2007)  or 
expression of these HDACs is restricted only to particular tissues – for example 
HDAC4 is expressed in brain and growing parts of skeleton (Vega et al., 2004). 
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Fig. 6 HDAC protein family (Haberland et al., 2009)      
 All  HDACs  have  conserved  histone  deacetylase  domain  (green  rectangle).  „S“ 


indicates  serine  phosphorylation  sites,  „ZnF“  zinc  finger  and  „MEF2“  and 


„14-3-3“ are binding sites for these factors.  


HDAC1 and HDAC2 were used in experiments in Publication III. 


HDAC1  and  HDAC2  are  nearly  identical  -  there  is  82%  amino  acid  identity 
 between  human  HDAC1  and  HDAC2  (Brunmeir  et  al.,  2009).  Not  surprisingly 
 considering their sequence homology, both HDAC1 and HDAC2 are often found 
 in the same protein complexes. Several HDAC1/HDAC2-containing complexes 
 exist  in  human  cells:  the  SIN3  corepressor  complex  involved  in  transcriptional 
 silencing  (Grzenda  et al.,  2009);  the nucleosome  remodelling  and deacetylase 
 complex (NuRD) that is a large macromolecular complex coupling deacetylase 
 and  chromatin  remodeling  ATPase  activity  (Denslow  and  Wade,  2007); 


CoREST  complex  which  plays  an  important  role  in  regulating  neuronal  gene 
expression  (Lakowski  et  al.,  2006)  and  NODE  (Nanog  and  Oct4  associated 
deacetylase)  complex  which  is  found  in  embryonic  stem  cells  and  represses 
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Oct4  and  Nanog  target  genes  (Liang  et  al.,  2008).  Recently,  SHIP  complex 
 containing HDAC1 has been characterized in spermatocytes and it seems to be 
 important for chromatin remodeling during spermatogenesis (Choi et al., 2008). 


Besides  HDAC1/2  presence  in  large  multiprotein  complexes,  both  HDACs  can 
 also interact directly with transcription factors. HDAC1 associates with mamma-
 lian DNA methyltransferase DNMT1, Rb and E2F1 to repress transcription from 
 promoters  containing  E2F-binding  sites  (Robertson  et  al.,  2000).  HDAC1/2 
 binds  truncated  isoform  of  transcription  factor  p73  which  modulates  neuronal 
 differentiation  (Zhang  and  Chen,  2007)  or  HDAC1  in complex  with  Groucho 
 regulate  Wnt  signalling  pathway  by  inhibition  of TCF/LEF  transcription  factors 
 (Chen et al., 1999). There is a plenty of various transcription factors that need 
 HDAC1/2 for transcription repression: for example EKLF which regulates adult 
 β-globin expression in erythroid cells (Chen and Bieker, 2001), GFI-1 regulating 
 cell death and cell cycle in hematopoietic cells (Saleque et al., 2007) and Snail1 
 repressing  E-cadherin  during  epithelial-mesenchymal  transition  in  gastrulation 
 but also during cancer development (Peinado et al., 2007; Peinado et al., 2004). 


Thus, HDAC1/2 that themselves do not contain any DNA binding domains, are 
 targeted to chromatin by many transcription factors and protein complexes and 
 these complexes then control and direct histone deacetylation.  


Because of HDAC1/2 similarity it has been suggested that HDAC1 and HDAC2 
 might be redundant and interchangeable. However, knockout mice lacking any 
 of class I HDACs are not viable (Haberland et al., 2009) implicating that HDAC1 
 cannot  be  compensated  by  HDAC2  and  vice  versa.  HDAC1−/−    mice  die 
 by embryonic  day  10.5  (Lagger  et  al.,  2002;  Montgomery  et  al.,  2007)  and 
 HDAC1  deficient  cells  show  reduced  proliferation  rate  (Lagger  et  al.,  2002). 


In contast  to  HDAC1  knockout  mouse,  HDAC2−/−    mice  die  after birth  due  to  
 the severe cardiac malformations (Montgomery et al., 2007). In cardiomyocytes, 
 HDAC2 interacts with transcription factor HOP, which regulates cardiomyocyte 
 proliferation  (Chen  et  al.,  2002;  Kook  et  al.,  2003;  Shin  et  al.,  2002). 


In Publication III we examined the role of both HDAC1 and HDAC2 in regulation 
of alternative splicing. 
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 8.  HDAC inhibitors – therapeutic agens 


Plenty  of  chemical  substances  have  been  reported  to  inhibit  histone 
 deacetylases  (Fig.  7).  Typically,  HDAC  inhibitors  have  a  broad  effect  -  they 
 usually inhibit nonspecifically at least several different histone deacetylases and 
 importantly, they are able to modify transcription. By altering  gene expression, 
 HDAC  inhibitors  can  influence  many  processes  in  the  cell,  particularly 
 proliferation,  differentiation  or  apoptosis. While  normal  cells  are  quite  resistant 
 to  HDAC  inhibition,  transformed  cells  treated  with  HDAC  inhibitors  activate 
 antitumor pathways and undergo growth arrest, differentiation or apoptosis (Xu 
 et al., 2007). Therefore dozens of HDAC inhibitors are currently in clinical trials 
 as  anti-cancer  drugs  (Wagner  et al.,  2010). Two  of  them  have  been  approved 
 recently: First drug approved by FDA in October 2006 was Vorinostat (Zolinza®, 
 suberoylanilide  hydroxamic  acid,  SAHA)  currently  used  to  treat  patients  with 
 cutaneous  T-cell  lymphoma  (CTCL).  A  second  HDAC  inhibitor,  Romidepsin 
 (Istodax®), has been approved recently for the treatment of the same disease. 


However,  HDAC  inhibitors  are  also  widely  used  in  psychiatry  and  neurology 
 (Grayson  et  al.,  2010).  Vaplroic  acid  is  an  antiepileptic  drugs  (sold 
 as Depakene®  or  Convulex®)  and  mood  stabilizing  drug  used  to  treat  bipolar 
 disorder (manic-depressive disorder). Other HDAC inhibitors are now in clinical 
 trials focused on neurodegenerative diseases (Morrison et al., 2007). 


HDAC inhibitors have been divided into different groups based on their structure 
–  see  Fig.  7  (de  Ruijter  et  al.,  2003).  Above  mentioned  Vorinostat  belongs 
together  with  Trichostatin  A  to  the  group  of  hydroxamid  acids.  Generally, 
hydroxamid acid based inhibitors are pan-HDAC inhibitors with high nanomolar 
potency.  Trichostatin  A  is  a  natural  compound  isolated  originally  from 
Streptomyces  hygroscopicus  as  an  antifungal  antibiotic  in  1976  (Tsuji  et  al., 
1976).  Ten  years  later,  TSA  was  shown  to  induce  differentiation  of  murine 
erythroleukemia cells, to inhibit cell cycle (Yoshida et al., 1987) and to increase 
histone  acetylation  (Yoshida  et  al.,  1990).  This  lead  to  the  conclusion  that  the 
effect  of  HDAC  inhibitors  on  cell  proliferation  is  caused  by  modulation of  gene 
expression.  



(29)26 


Fig. 7 HDAC inhibitors (de Ruijter et al., 2003) 


Four  structurally  distinct  types  of  HDAC  inhibitors. Red  – HDAC  inhibitors  that 
 have  been  already  approved  by  FDA.  Many  others  are  in  clinical  trials 
 (for example Belinostat, Parabinostat or Entinostat are in trials for hematologic 
 malignancies), bold – HDAC inhibitors used in Publication III.  


Short-chain fatty acid inhibitors include components with simple structure such 
 as  sodium  butyrate  or  valproic  acid.  They  are  less  potent  working  mostly 
 in millimolar  range  for  class  I  and  IIa  HDACs.  Valproic  acid  (VPA)  was  first 
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derived  in  1882  from  valeric  acid  produced  in  plant  Valeriana  officinalis  and 
 almost  one  century  it  had  been  used  as  a  solvent  for  organic  compounds 
 (Chateauvieux et al., 2010). During studies in 1960s where VPA was used as a 
 molecular  carrier  of  chemical  compounds  tested  for  anti-convulsive  activity,  it 
 was  observed  that  VPA  itself  prevents  convulsions  and  has  anti-epileptic 
 properties (Lebreton et al., 1964). Although valproic acid has a weak inhibitory 
 potential, it is broadly used in psychopharmacology (mentioned above). In brain, 
 VPA  affects  excitation  of  neurons  via  modulation  of  the  level  of  inhibitory 
 neurotransmitter  GABA  (γ-Aminobutyric  acid)  and  it  also  influences  activity 
 of several other voltage dependent channels (Mesdjian et al., 1982; VanDongen 
 et  al.,  1986).  Today,  VPA  is  in  several  monotherapy  clinical  studies  for 
 neurological  disorders  such  as  autism,  migraine  or  dependences  (cocaine, 
 alcohol). VPA is also in combination clinical trials including other diseases and 
 cancer.  For  example,  the  combination  of  valproic  acid  and  5-azacytidine 
 (Vidaza®) is tested as a therapeutic agens to treat myelodysplastic syndrome, 
 disease  causing  loss  of  blood  cells  (Voso  et  al.,  2009).  The  four-carbon  fatty 
 acid butyrate is a natural by-product of dietary fibre bacterial fermentation in the 
 human colon. Butyrate was one of the first HDAC inhibitors described (Riggs et 
 al.,  1977).  It  has  been  even  suggested  that  butyrate  in  the  gut  putatively 
 suppresses colorectal cancer (Sengupta et al., 2006; Scharlau et al., 2009) and 
 prevents  infections  (Fernandez-Rubio  et  al.,  2009),  for  these  reasons  butyrate 
 was  introduced  as  feed  additive  in  poultry  farms.  In  addition,  butyrate  and  its 
 derivates are again in many clinical trials for human diseases. Although different 
 HDAC  inhibitors  are  utilized  in  variety  of  applications,  the  precise  mechanism 
 they operate in these diverse circumstances remains often unclear. 


9.  Alternative splicing and disease 


Retinitis pigmentosa is not the only disease connected with splicing. Especially 
misregulaton  of  alternative  splicing  causes  plenty  of  human  diseases.  One  of 
the  examples  is  upregulation  of  fibronectin  EDB  alternative  exon  during 
vascularization  of  tumors  discussed  previously.  During  cancer  development, 
many genes change alternative splicing pattern (Srebrow and Kornblihtt, 2006). 
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One of these genes is CD44 cell surface glycoprotein that contains a region of 
 nine  alternative  spliced  exons.  These  exons  are  expressed  only  during 
 development and T-cell activation and they are not present in CD44 molecules 
 of healthy adult tissues (Faustino and Cooper, 2003). However, CD44 variants 
 with  included  alternative  exons  were  found  also  in  several  types  of  malignant 
 tumors  (Sneath  and  Mangham,  1998)  and  have  been  reported  to  induce 
 metastatic  potencial  of  cells  (Klingbeil  et  al.,  2009).  Recently,  the  regulation 
 pathway  controlling  alternative  splicing  of  pyruvate  kinase  has  been  described 
 (David  et  al.,  2010).  Pyruvate  kinase  has  two  alternatively  spliced  functionally 
 distinct isoforms: PKM1, the adult isoform promotes oxidative phosphorylation, 
 whereas  PKM2  is  expressed  during  embryonic  development  and  promotes 
 aerobic  glycolysis.  PKM2  is  present  in  cancer  cells  where  it  alters  their 
 metabolism.  PTB,  hnRNP  A1  and  A2  are  splicing  factors  that  enhance 
 expression of „cancer isoform“ PKM2 (Clower et al., 2010; David et al., 2010). 


In  cancer  cells, these  splicing  factors  are  upregulated  by  transcription  factor 
 c-Myc.  Another  splicing  factor  SF2/ASF,  one  of  the  SR  proteins,  is  a  well 
 established  proto-oncogene  frequently  elevated  in  tumors  which  affects 
 alternative splicing of genes involved in apoptosis or cell motility (Ghigna et al., 
 2005;  Karni  et  al.,  2007). Other  diaseases  induced  by  incorrect  alternative 
 splicing  are  for  example  Spinal  Muscular  Atrophy  causing  loss  of  motor 
 neurons,  Myotonic  Dystrophy  leading  to  muscle  wasting  or  FTDP-17 
 (Frontotemporal  dementia  and  Parkinsonism  linked  to  Chromosome  17). 


FTDP-17  is  caused  by  aggregation  of  tau  protein  in  neurons.  Tau  is 
 microtubule-associated  protein  with  several  alternative  spliced  isoforms. 


Abnormal splicing which increases inclusion of exon 10 into tau mRNA leads to 
tau accumulation  and aggregation  in  neurons  of  affected patients  (Zhou  et  al., 
2008).  Tau  was  one  of  the  genes  changing  alternative  splicing  after  HDAC 
inhibition in Publication III.  
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 10.  Methods to study splicing 


We  used  several  methods  that  are  able  to  monitor  changes  in   alternative 
 splicing pattern or differences in composition of snRNP complexes. 


Experiments  using  exon  microarrays  (GeneChip®  Human  Exon  1.0  ST  Array 
 produced by Affymetrix) were performed in Publication III. Exon arrays measure 
 the  expression  of  every  identified  or  predicted  exon  in  genome  separately. 


These  arrays  contain  on  average  4  probes  for  each  particular  exon.  Labelled 
 cDNA  is  hybridised  to  these  probes  and  the  mean  of  signal  determines 
 the expression  of  the  exon  which  is  then  compared  to  expression  of  mRNA 
 (calculated as an average of all exons). The expression of exons is compared 
 between  samples  and  exons  with  increased/decreased  expression  are 
 identified.  


To  distinguish  snRNP  complexes,  we  separated  them  by  the  zonal  glycerol 
 gradient  centrifugation.  The  sample  –  nuclear  extract  (Dignam  et  al.,  1983)  is 
 loaded  on  a  linear  10-30%  preformed  gradient  which  is  made  of  a  viscous 
 component usually glycerol. Fractionation is achieved by ultracentrifugation for 
 a  defined  time.  The  snRNP  complexes  sediment  in the  gradient  due  to 
 differences  in  their  sedimentation  constant  (Svedberg,  S),  which  depends  on 
 their  volume,  weight,  density  and  shape.  U1  snRNPs  peakes  in  fractions 
 corresponding  to  a  sedimentation  coefficient  of  10-12S,  U2  snRNP 
 sedimentation  constant  is  17S,  free  U5  has  20S,  tri-snRNP  sediments  as  25S 
 particle,  activated  spliceosome  45S  and  U5  snRNP  retained  in post-
 spliceosomal  complex  sediments  at  35S  (Makarov  et  al.,  2002).  This  method 
 was used in Publication I and II.  


The association of splicing proteins with nascent RNAs in the cell nucleus can 
be  measured  by  splicing  factor  ChIP  (Listerman  et  al.,  2006).  This  type  of 
chromatin  imunoprecipitation  is  performed  with  antibodies  recognizing  splicing 
factors  which  bind  to  the  nascent  RNA  and  will  pull  down  only  the  genome 
regions to which they are attached via this nascent RNA (see Fig. 8 on the next 
page). These ChIPs were performed in Publication III.  
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Fig. 8 Splicing factor ChIP 


Antibody recognizing RNA-binding protein pulls down genome regions attached 
 to  this  protein  through  nascent  RNA.  This  method  was  used  to  examine 
 cotransriptional binding of SRp40 with nascent fibronectin RNA (Publication III). 



Aims 


The aims of this thesis were to study the regulation of pre-mRNA splicing. 


The main questions were: 


1.  How and where in the cell nucleus recycling of spliceosomal snRNPs 
 occurs? 


2.  What is the role of AD29 mutation in spliceosomal snRNP assembly? 


3.  Does chromatin influence alternative splicing? 


DNA with RNA polymerase 
nascent RNA with splicing factor 
antibody 
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Commentary to the results 


The first  results  are focused  on  assembly  and  recycling  of  splicing  machinery, 
 the  second  part  of  the  thesis  mainly  discuss  the  regulation  of  alternative 
 splicing.  


In Publication I we show that Cajal bodies play a role in tri-snRNP metabolism. 


By microscopic  techniques  we  verified  that  mature  snRNPs  repeatedly  cycle 
 through  Cajal  bodies.  To  elucidate  whether  tri-snRNP  is  recycled  in  Cajal 
 bodies, we depleted by siRNA TFIP11 and hPrp22, two proteins necessary for 
 disassembly  of  postspliceosomal  complexes.  After  the  depletion,  U4/U6 
 snRNPs  accumulated  in  Cajal  bodies,  but  the  level  of  U5  snRNP  components 
 in Cajal bodies decreased. We suggest that this decrease is caused by the lack 
 of  U5  snRNP  in  the  nucleus  because  proteins  from  U5  snRNP  cannot  be 
 efficiently  released  from  postspliceosomal  complexes.  Supporting  this 
 hypothesis,  we  could  partially  see  reduction  of  free  U5  snRNP  in TFIP11  or 
 hPrp22  depleted  cells.  These  data  show  that  reassembly  of  the  tri-snRNP 
 occurs  in  Cajal  bodies.  I  contributed  to  this  project  by  performing  biochemical 
 experiments  (isolation  of  nuclear  extracts  with  spliceosomal  complexes  and 
 optimalization  of snRNP  complexes  separation  in  glycerol  gradients  by  
 ultracentrifugation). These methods were used to show that the amount of free 
 U5  snRNP  was  affected  by  knockdown  of  TFIP11  and  hPrp22  proteins.  I  also 
 validated the efficiency of siRNA knockdowns by Western blotting.  


In Publication II we prepared a model cell line carrying AD29 mutation in hPrp31 
protein.  This  is  one  of  the  mutations  causing  retinitis  pigmentosa,  the  disease 
ending  usually  with  complete  blindness.  Although  the  disease  is  rather 
common,  the  mechanism  of  induction  of  this  illness  is  still  unclear.  hPrp31  is 
spliceosomal  protein  of  U4/U6  snRNP  important  for  association  of  U4/U6 
snRNP  with  U5  snRNP  (hPrp31  interacts  with  U5-specific  protein  hPrp6  and 
this  interaction  is  necessary  for  tri-snRNP  formation).  We  found  that  AD29 
mutation decreases cell growth. Although AD29-hPrp31 is not inserted to U4/U6 
snRNP,  suprisingly  it  partially  interacts  with  U5  snRNP  proteins,  especially  it 
strongly  binds  to  hPrp6.  It  seems  that  AD29-hPrp31  affects  tri-snRNP  by 
tethering of hPrp6, because when hPrp6 is added to mutation containing cells, 
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they  start  to  grow  normally.  The  AD29-hPrp31  is  also  unstable  and  degraded 
 within  6  hours  in  the  cells  indicating  again  its  toxic  probably  even  in  a  limited 
 amount  –  it  can  harm  the  cellular  metabolism,  although  it  is  quite  rapidly 
 removed  from  the  cells.  These  results  indicate  that  the  onset  of  retinitis 
 pigmentosa  can  be  caused  by  mixture  of  proposed  models  (these  models  are 
 discussed in the introduction). The AD29 mutation is toxic, but it can also lead 
 to  haploinsufficiency  in  patients  because  it  causes  protein  instability.  In  this 
 project  I  performed  glycerol  gradient  ultracentrifugation  to  analyze  distribution 
 of wild type and mutated hPrp31 among different snRNP complexes containing 
 mutated and wild type hPrp31 and stability of different snRNP complexes. 


Specific conclusions reflecting general snRNP metabolism are: 


•  Tri-snRNP is assembled in Cajal bodies and used repeatedly for splicing 
 catalysis. 


•  The  final  steps  of  splicing  reaction  and  spliceosome  recycling  are 
 precisely regulated: the disassembly of spliceosome from intron depends 
 on  the  presence  of  TFIP11  and  hPrp22  and  both  proteins  are  required 
 for recycling of spliceosome components. 


•  The  imbalance  in  the  level  of  tri-snRNP  proteins  can  partially  explain 
 the cause  of  retinitis  pigmentosa:  AD29  mutation  in  hPrp31  leads  to 
 hPrp31 degradation, it slows down cell growth and also affects its binding 
 partner  hPrp6;  the  phenotype  induced  by  AD29  can  be  rescued 
 by addition of hPrp6. 


Many  human  diseases  are  caused  by  aberrant  alternative  splicing.  One  of the 
examples is the form of dementia called FTDP-17 caused by aberrant splicing 
of Tau protein. We showed in Publication III that there might be a possibility to 
treat  this  disease  by  addition  of  HDAC  inhibitors,  which  are  able  to  repair 
alternative  splicing  of  Tau  mRNA. We  used  exon  arrays  to  monitor  alternative 
splicing  changes  and  identified  almost  700  genes  with  modified  alternative 
splicing pattern after HDAC inhibition. One of them was fibronectin EDB exon, 
therefore  we  focused  on  this  gene  to  reveal  mechanism  of  HDAC  inhibition 
effect  on  alternative  splicing.  We  showed  that  increased  histone  acetylation 
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enhances  RNA  polymerase  II  processivity  which  subsequently  diminishes 
 binding of SRp40 - splicing regulator of EDB exon. This leads to skipping of this 
 particular  alternative  exon.  Skipping  of  EDB  exon  is  also  increased  in  HDAC1 
 depleted cells. Mouse HDAC1 can rescue EDB exon inclusion, however, mouse 
 HDAC1  without  deacetylase  activity  has  no  rescue  effect.  Thus,  it  seems  that 
 histone  acetylation  can  modulate  alternative  splicing  outcome.  In  this  project  I 
 performed  majority  of    experiments  (including  preparation  of  samples  for  exon 
 arrays  and  RT  PCR  validation  of  resuls,  DRB  treatment,  HDAC  inhibition, 
 HDAC1/2  knockdowns  and  RT  PCR  and  quantitative  PCR  measurement  of 
 fibronectin  alternative  splicing,  preparation  of  catalytically  inactive  mouse 
 HDAC1  mutant and  rescue  experiments after  human  HDAC1 depletion, native 
 chromatin  immunoprecipitations  (ChIP)  with  antibodies  against  modified 
 histones,  crosslinked  ChIPs  with  antibodies  recognizing  different  variants  of 
 RNA polymerase II, splicing factor ChIPs and control Western blots). 


Specific  conclusions  regarding  the  role  of  histone  acetylation  in  alternative 
 splicing are: 


•  Sodium butyrate changes alternative splicing of 700 genes. 


•  HDAC1 deacetylase activity regulates alternative splicing of fibronectin.  


•  Histone  acetylation  affects  cotranscriptional  binding  of  splicing  factors, 
 probably thought the modulation of transcription.  


•  there is a potential to use HDAC inhibitors in therapy of splicing related 
 disorders.  


The  idea  that  chromatin  state  regulates  alternative  splicing  was  further 
expanded  in  Publication  IV,  which  is  a  review  article  summarizing  known 
interaction between splicing machinery and histones. I prepared the figure and 
table and wrote vast majority of the manuscript. 
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Conclusion 


For  a  long  time  pre-mRNA  splicing  has  been  studied  as  an  isolated  process 
 which is rather independent on processes ocurring in the surrounding. A lot of  
 important  observations  were  made  in  experiments  using  in  vitro  splicing 
 reactions.  This  fundamental  assay  enabled  to  identify  individual  steps 
 of pre-mRNA splicing catalysis, but  nowadays, it seems that it is necessary to 
 extend  this  research  to  the  cellular  level  and  to  study  splicing  in  the  context 
 of the  cell  nucleus  which  can  have  a  huge  impact  on  the  whole  process. 


The results  of  this  PhD  thesis  confirmed  this  assumption  and  showed  that 
 splicing is influenced by the cellular environment. 


How can splicing in the nucleus be different than splicing in in vitro reactions? 


Splicing,  formation  and  recycling  of  spliceosomal  components  in  the  cell  are  
compartmentalized and the efficiency of both events depends on their locations 
inside the nucleus. This is highly functionally important, because the place can 
modify the event; for example, alternative splicing decisions can be affected by 
the vicinity of chromatin or RNA polymerase II. The influence of these factors is 
lost  when  pre-mRNA  is  detached  from  the  site  of  transcription.  Furthemore, 
recycling of tri-snRNP spliceosomal complex takes place in Cajal bodies where 
single subunits of this complex are captured. Another important factor that might 
play  a  significant  role  in  pre-mRNA  splicing  is  time.  Introns  in  the  pre-mRNA 
molecule  are  presented  to  the  splicing  machinery  sequentially  as  they  are 
transcribed and emerge from RNA polymerase II. Splicing proceeds differently if 
the  whole  pre-mRNA  molecule  appears  immediately  at  once.  The  time 
influences  the  probability  that  particular  sequence  is  recognized  by  splicing 
factor  and  we  showed  that  at  least  for  some  genes,  time  delay  during 
transcription  can  modulate  splicing.  Therefore  it  appears  that  it  is  needful  to 
investigate  pre-mRNA  splicing  in natural  surroundings.  Today,  the  research 
in this  field  is  just  at  the  beginning  and  it  is  valid  to  suppose  that  our  current 
knowledge about this issue represents just the tip of the iceberg.  
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