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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 |l 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.



Abstrakt

Eukaryotni geny obsahuji nekddujici sekvence — introny, které jsou
z pre-mRNA odstranovany sestfihovymi komplexy. Sestfihové komplexy se
skladaji z péti RNA-proteinovych podjednotek (Ul, U2, U4/U6 a U5), které
postupné nasedaji na pre-mRNA a jsou spole¢né s dalSimi bilkovinami nutné
pro vystfizeni intronu. Mutace v bilkovinach dulezitych pro RNA sestfih mohou
zpusobovat vazna onemocnénim, napfiklad mutace zvana AD29 vedouci
k zaméné jediné aminokyseliny v proteinu hPrp31 (tato bilkovina je soucasti
U4/U6 sestfihového komplexu) je pfFi¢inou nemoci retinitis pigmentosa, ktera
C¢asto konc&i Uplnou slepotou. Ukézali jsme, Ze hPrp31 AD29 mutant je
nestabilni a neni Ffadné zaclenény do sestfihovych komplexd. Presto vadny
hPrp31 zfejmé ma vliv na metabolismus bunky, protoZze zpomaluje bunécny rist
a déleni, coz by mohlo vysvétlit, pro¢ tato mutace vede k retinitis pigmentosa.

Dale se zaméfujeme na roli bunééného jadra v pre-mRNA sestfihu. Nové
U4/U6-U5 snRNP Céastice jsou prednostné skladany v nemembranovych
jadernych strukturach - Cajalovych téliscich. Zjistili jsme, Zze Cajalova téliska
jsou také dulezita pro recyklaci U4/U6-U5 snRNP. Vedle toho jsme se zaméfili
na roli chromatinu (pfedevsim acetylace histonu) pfi regulaci alternativniho
sestfihu. Pomoci inhibitorld histonovych deacetylazy jsme zménili alternativni
sestfih vice jak 700 gend. HDAC1 deacetylazova aktivita méni alternativni
sestfih fibronektinu. Inhibice histonovych deacetylaz zvySuje acetylaci histon
H4 a procesivitu RNA polymerazy Il na alternativné stfihanych exonech
fibronektinu. Souasné HDAC inhibice snizuje kotranskripéni vazbu
sestfihového regulatoru SRp40 na alternativni exon fibronektinu. Véfime, ze je
v budoucnu mozné pouzit inhibitory histondeacetylaz pro pfipadnou IéCbu

onemocnéni souvisejicich s pre-mRNA sestfihem.



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 | and Il 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 | and Il 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)



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 Il self-
splicing introns which were present in proteobacterial endosymbiont —
mitochondria. Group Il 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



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 machin e

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 Ul 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,
Ul 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, U1l 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 Snull4 GTPase will be discussed
experiments in Publication | and 1.

(C) SR proteins help spliceosome to assemble on pre-mRNA. One of them,

SRp40 was used to in experiments in Publication III.



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 Ul 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 DEXxD/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 ShnRNPs
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 Dbrl, which



specifically cleaves the branched 2'-5' phosphodiester bond and induces intron
degradation (Chapman and Boeke, 1991).

3 Spllceosome 1st Catalytic Step

Assembly

Conformational Change

2nd Catalytic Step

Conformational Change

ATP ADP

ATP ADP !

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

mRNA Release

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

Prp43 interacts with Ntrl (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). Ntrl 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 Ntrl causes intron accumulation and retention of ShRNPs
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.
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3. snRNP recycling

The formation of U4/U6<U5 snRNP involves several distinc steps (for overview

of tri-snRNP composition see Fig. 3).

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

The dots indicate protein—protein interactions between individual proteins of
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 U4/ U6 snRNAs annealing. Prp24 (named hPrp24,
SART3 or p110 in humans) is a splicing factor that that binds free U6 snRNA
and reanneals U4 and U6 snRNAs during spliceosome recycling in yeasts and
humans (Bell et al., 2002; Ghetti et al., 1995; Raghunathan and Guthrie, 1998).
After that, Prp24 is released and does not associate with the assembled,
complete tri-snRNP. U4/U6 snRNP specific proteins then bind to snRNAs
in hierarchical way: 15.5K protein binds to the U4 5’ stem—loop (Nottrott et al.,
1999) and this interaction is required for subsequent association of both
the U4/U6 snRNP-specific Prp31 protein and the Prp3/Prp4/CypH protein

11



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 | 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 Ramon 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 (scaRNASs) that guide
modifications of spliceosomal shnRNAs (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 | 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

12



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 shRNPs formation and expression
of spliced mRNAs (Strzelecka et al., 2010).

4. Retinitis pigmentosa — disease connected with sp  licing

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
SsnRNAs (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 shnRNP 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 Prp31l 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 Prp31l 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 IlI). 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

14



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 Prp31l, 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 complexit y

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 mMRNA,
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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Ba Cassette exons Be Retained intron

Bb Mutually exclusive exons Bf Multiple promoters
Bc Competing 5 splice sites Bg Multiple poly(A) sites

Fig. 4 Types of alternative splicing events and reg ulatory 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 Il 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 Il we describe the effect of histone acetylation

on alternative splicing on a model gene fibronectin.

6. Fibronectin: a model gene for alternative splici ng 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, 1l and Ill 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 Ill modules, EDA and

EDB (called also ED-A and ED-B or EIlIIA and EIIIB exons) are cassette exons
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that can be either included or skipped in final mMRNA. The fibronectin mRNA
variability is further increased by alternative splicing of IlICS region near the end
of the gene, which can give 5 different mMRNA isoforms, thus in total fibronectin
alternative splicing results in 20 different mRNA variants. Although it is not
much known about the regulation of IlICS 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 Il 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 3!

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 Pl 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 Il 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 Il
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 Il 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 Il elongation induces alternative exon skipping (Kornblihtt, 2005).

7. Histone acetylation — dynamic chromatin modifica tion

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 3-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 e-amino group of lysines. There are two types of HAT
in cells: so called B-HATSs 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 Ill 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, Il, 1V) are zinc-dependent amidohydrolases related to
the yeast Rpd3, Hadl, and Hos3 proteins. Class | contains four mammalian
HDACs: HDAC1, HDAC2, HDAC3 and HDACS (see Fig. 6). In contrast to other
classes, class | HDACs have quite similar structure basically containing only
deacetylase domain with short C-terminal extensions. Class | 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
HDACG6 deacetylates cytoskeletal proteins such as a-tubulin or transmembrane
proteins (Hubbert et al., 2002; Matsuyama et al., 2002; Tang et al., 2007) or
expression of these HDACSs is restricted only to particular tissues — for example

HDACA4 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 .

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
B-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 Snaill
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 | 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,
HDAC?2 interacts with transcription factor HOP, which regulates cardiomyocyte
proliferation (Chen et al.,, 2002; Kook et al.,, 2003; Shin et al.,, 2002).
In Publication Il 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.
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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 | and lla 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 (y-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 Al 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 mMRNA 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 IlI.
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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 Ill. 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 inthe gradient due to
differences in their sedimentation constant (Svedberg, S), which depends on
their volume, weight, density and shape. Ul 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 | 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 ChiIPs were performed in Publication Ill.

29



nascent RNA with splicing factor
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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 111).

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 shnRNPs

occurs?

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

3. Does chromatin influence alternative splicing?
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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 | 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. | 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. | also
validated the efficiency of sSiRNA knockdowns by Western blotting.

In Publication 1l 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 iliness 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 | 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 sShRNP 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 hPrp31l 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 Il 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 Il 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 |
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 (ChlP) with antibodies against modified
histones, crosslinked ChIPs with antibodies recognizing different variants of
RNA polymerase I, 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 1V, which is a review article summarizing known
interaction between splicing machinery and histones. | 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 Il. 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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The Cajal body (CB) is a nuclear structure closely associated with import and biogenesis of small nuclear ribonucleo-
protein particles (snRNPs). Here, we tested whether CBs also contain mature snRNPs and whether CB integrity depends
on the ongoing snRNP splicing cycle. Sm proteins tagged with photoactivatable and color-maturing variants of fluorescent
proteins were used to monitor snRNP behavior in living cells over time; mature snRNPs accumulated in CBs, traveled
from one CB to another, and they were not preferentially replaced by newly imported snRNPs. To test whether CB
integrity depends on the snRNP splicing cycle, two human orthologues of yeast proteins involved in distinct steps in
spliceosome disassembly after splicing, hPrp22 and hNtrl, were depleted by small interfering RNA treatment. Surpris-
ingly, depletion of either protein led to the accumulation of U4/U6 snRNPs in CBs, suggesting that reassembly of the
U4/U6-U5 tri-snRNP was delayed. Accordingly, a relative decrease in U5 snRNPs compared with U4/U6 snRNPs was
observed in CBs, as well as in nuclear extracts of treated cells. Together, the data show that particular phases of the

spliceosome cycle are compartmentalized in living cells, with reassembly of the tri-snRNP occurring in CBs.

INTRODUCTION

Pre-mRNA splicing is a two-step transesterification reaction
catalyzed by the spliceosome, a large complex assembled
from preformed subcomplexes, called spliceosomal small
nuclear ribonucleoprotein particles (snRNPs) and hundreds
of additional proteins (Jurica and Moore, 2003). In turn, the
five major spliceosomal snRNPs, U1, U2, U4, U5, and Us,
each consist of a single small nuclear RNA (snRNA) and
specific set of proteins. Among the shared protein compo-
nents of snRNPs are the seven Sm proteins, which are as-
sembled as a stable, heteroheptameric ring on the RNA
polymerase II-transcribed snRNAs: Ul, U2, U4, and US.
After transcription, these snRNAs are transported to the
cytoplasm, where the Sm ring is assembled on snRNAs by
the SMN complex. Subsequently, the 5 ends of the snRNAs
are hypermethylated to generate the trimethyl-guanosine
cap, which together with SMN, promotes snRNP nuclear
import (reviewed in Will and Luhrmann, 2001; Matera and
Shpargel, 2006, Tycowski et al., 2006). Because snRNPs do
not shuttle between the nucleus and cytoplasm (Anké and
Neugebauer, unpublished data), Sm ring assembly seems to
occur early and only once in the lifetime of each snRNP. A
related heteroheptameric ring, consisting of seven “like-Sm”
(LSm) proteins, is assembled on U6, an RNA polymerase III
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on March 26, 2008.

Address correspondence to: David Stanék (stanek@img.cas.cz).

Abbreviations used: CB, Cajal body; snRNA, small nuclear RNA;
snRNP, small nuclear ribonucleoprotein particle.

2534

transcript, which is thought to remain in the nucleus for all
assembly steps (Achsel et al., 1999; Mayes et al., 1999; Kiss,
2004; Listerman et al., 2007).

Once back in the cell nucleus, snRNPs first accumulate in
CBs before distributing throughout the nucleoplasm, where
splicing occurs (Sleeman and Lamond, 1999; Sleeman et al.,
2001; Neugebauer, 2002). This suggests a role for CBs in
nuclear steps of snRNP maturation, a prediction borne out
by the following set of observations. First, posttranscrip-
tional modifications of the snRNAs themselves occur in CBs
after snRNP reimport from the cytoplasm (Darzacq et al.,
2002; Kiss, 2002; Jady et al., 2003). These modifications, in-
cluding pseudouridinylation and 2’-O-methylation, are
guided by small Cajal body-specific RNAs. Second, CBs are
the site of complex assembly steps that involve RNA-RNA
annealing and the sequential addition of proteins. For ex-
ample, the U4/U6 snRNP is formed when the U4 and U6
snRNAs anneal, a step catalyzed by U6-specific LSm pro-
teins and SART3 (also named hPrp24 or p110) (Ghetti et al.,
1995; Raghunathan and Guthrie, 1998; Achsel et al., 1999;
Bell et al., 2002). Subsequently, the U4/U6:U5 tri-snRNP
assembles when U5 snRNP associates by protein—protein
interactions with the U4/U6 snRNP (Makarova et al., 2002;
Schaffert et al., 2004). Both U4/U6 and U4/U6:U5 tri-snRNP
assembly occur in CBs (Schaffert et al., 2004; Stanek and
Neugebauer, 2004). Recently, mathematical modeling of
U4/U6 snRNP formation in the cell nucleus revealed that
accumulation of U4 and U6 snRNPs in CBs should greatly
increase the efficiency of U4/U6 assembly (Klingauf et al.,
2006). An additional role of CBs in U2 snRNP formation
(Nesic et al., 2004) further points to CBs as the key site of
nuclear steps in snRNP assembly. The observation that
depletion of coilin, a protein required for snRNP concen-
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tration in CBs, impairs cell proliferation (Lemm et al.,
2006) is consistent with the proposal that snRNP assembly
is inefficient in the absence of CBs.

snRNPs must not only assemble de novo but also may
regenerate after splicing to complete the so-called spliceo-
some cycle. During spliceosome assembly and activation,
snRNPs undergo structural rearrangements, including U4/U6
snRNA unwinding and release of the U4 snRNP from the
spliceosome (Staley and Guthrie, 1998). After splicing,
mRNA is released from the spliceosome by the DEAH-box
helicase hPrp22 /HRH1 and snRNPs remain associated with
the excised intron lariat (Company et al., 1991, Ohno and
Shimura, 1996). In Saccharomyces cerevisine, a complex of
three proteins (Prp43/Ntrl/Ntr2) was shown to be essential
for release of individual snRNPs from the lariat (Arenas and
Abelson, 1997; Martin et al., 2002; Tsai et al., 2005; Boon et al.,
2006; Tanaka et al., 2007; Tsai et al., 2007). If these released
snRNPs are to participate in subsequent rounds of splicing,
they have to be reassembled into the active U4/U6-U5 tri-
snRNP. Several studies provide genetic and biochemical
evidence for snRNP reassembly (Raghunathan and Guthrie,
1998; Bell et al., 2002; Verdone et al., 2004; Chen et al., 2006).
Although snRNPs are highly expressed, the long half-lives
of snRNAs suggests that they likely recycle and function
again (Yu et al., 1999).

In the present study, we address the hypothesis that
snRNPs cycle more than once through CBs. We show in
living cells that CBs contain mostly mature snRNPs, which
are capable of exchanging with nucleoplasm and visiting
multiple CBs. Targeted knockdown of proteins involved in
spliceosome recycling, hPrp22, and the human homologue
of the recently identified yeast Ntrl, led to a dramatic accu-
mulation of the U4/U6 snRNP in CBs. These data demon-
strate that the CB is a vital way station in the spliceosomal
cycle.

MATERIALS AND METHODS

Cells and Antibodies

HeLa cells were cultured in DMEM supplemented with 10% fetal calf serum,
penicillin, and streptomycin (Invitrogen, Carlsbad, CA). To create a stable
HeLa cell line expressing human Prp8 tagged with green fluorescent protein
(GFP) at the C terminus and expressed under the control of its own promoter,
a bacterial artificial chromosome (BAC) harboring the human Prp8 gene was
obtained from the BACPAC Resources Center (http://bacpac.chori.org).
Neo/Kanr-dsRed and EGFP-IRES-Neo cassettes were polymerase chain reac-
tion (PCR) amplified with primers carrying 50 nucleotides of homology to the
targeting sequence. Recombineering of the BACs was performed as described
previously (Zhang et al., 2000) (Gene Bridges, Dresden, Germany); and after
transduction, neo-resistant cells were sorted by fluorescence-activated cell
sorting (FACS) to obtain single colonies. Inmunoprecipitation using anti-GFP
antibodies showed that hPrp8-GFP is properly incorporated into the U5
snRNP and the tri-snRNP (data not shown).

The following antibodies were used: rabbit anti-SART3/p110 antibodies
(Stanek et al., 2003); monoclonal antibody (mAb) anti-coilin (5P10) (Almeida
et al., 1998), kindly provided by M. Carmo-Fonseca (Institute of Molecular
Medicine, Lisbon, Portugal); rabbit antibodies against LSm4 (Achsel ef al.,
1999); hPrp31 (U4/U6-61K) (Makarova et al., 2002); hPrp4 (U4/U6-60K)
(Lauber et al., 1997); and hSnul14 (U5-116K) (Fabrizio et al., 1997), kindly
provided by R. Lithrmann (Max Planck Institute, Gottingen, Germany).
Monoclonal antibodies against U2B"" and U1-70K were purchased from Pro-
gen (Heidelberg, Germany). Rabbit anti-mouse Ntrl was raised against a
peptide, LONEFNPNRQRHWQ (amino acids 32-45; Zymed Laboratories,
South San Francisco, CA), and was provided by Michael Paine (University of
Southern California, Los Angeles, CA).

Protein Tagging

SART3-cyan fluorescent protein (CFP), coilin-CFP, and hPrp31-CFP were
described previously (Stanek and Neugebauer, 2004). SMN-yellow fluores-
cent protein (YFP) was kindly provided by M. Dundr (Chicago Medical
School, North Chicago, IL; Dundr et al., 2004) and SmB-YFP and SmD1-GFP
by A. Lamond (University of Dundee, United Kingdom; Sleeman and Lam-
ond, 1999). SmB was subcloned into ECFP-C1 (Clontech, Mountain View,
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CA), photoactivatable (PA)-GFP-C1 (Patterson and Lippincott-Schwartz,
2004) and E5-red fluorescent protein (RFP)-C1 by using HindIII/KpnlI sites.
SmD1 was recloned into ECFP-C1, PA-GFP-C1, and E5-RFP-C1 by using
BamHI/Pstl sites. E5-RFP-C1 vector was created by replacing GFP sequence
in GFP-C1 plasmid (Clontech) with E5-RFP sequence from pTimer-1 plasmid
(Clontech) by using Agel/BglII restriction sites. SART3-HcDiRed construct
was created by cloning SART3 sequence into the HcDiRed-N1 vector, which
originated from the H2B-HcDiRed-N1 plasmid obtained from J. Ellenberg
(European Molecular Biology Laboratory, Heidelberg, Germany; Gerlich et
al., 2003).

Live Cell Imaging

Cells were plated on glass bottomed Petri dishes (MatTek, Ashland, MA), and
after 20-24 h, they were transfected with appropriate DNA constructs by
using FUuGENE 6 (Roche Diagnostics, Mannheim, Germany). The cells were
imaged 22-24 h after transfection by using either a Zeiss 510 microscope
equipped with water immersion objective (63X 1.2 numerical aperture [NA])
or a Leica SP2 confocal microscope equipped with water immersion objective
(63X 1.2 NA) and an environmental chamber controlling CO, level and
temperature. PA-GFP was activated by short pulses of 405-nm laser line, and
images of activated PA-GFP (excitation with 488-nm laser line) and either CFP
(excitation with 458-nm laser line) or HcDiRed (excitation with 594-nm laser
line) were acquired at 15-s intervals in activation of one CB or every 2 min in
activation of the whole nucleus. The raw images were analyzed using Image]J
software (http://rsb.info.nih.gov/ij/). For publication, fluorescent levels
were linearly adjusted using Adobe Photoshop (Adobe Systems, Mountain
View, CA).

For E5-RFP experiments, cells were transfected with SmB-E5-RFP or
SmD1-E5-RFP, fixed at different times after transfection with 4% parafor-
maldehyde/piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) and em-
bedded in glycerol containing 4',6-diamidino-2-phenylindole and 2.5%
1,4-diazabicyclo[2.2.2]octane (DABCO; Sigma Chemie, Deisenhofen, Ger-
many) as an anti-fade reagent. Alternatively, cells were treated for 2 h before
fixation with 30 ng/ml leptomycin B (LC Laboratories Woburn, MA). Images
were collected using the DeltaVision microscope system (Applied Precision,
Issaquah, WA) coupled with Olympus IX70 microscope equipped with oil
immersion objective (60X 1.4 NA) by using the same settings for each sample.
Stacks of 25 z-sections with 200-nm z-step were collected per sample and
subjected to mathematical deconvolution by using measured point spread
function (SoftWorx; Applied Precision). Mean intensities in green and red
channel were quantified using SoftWorx.

Fluorescence Resonance Energy Transfer (FRET)
Measurement

Cells were transfected with fluorescent protein-tagged constructs using
FuGENE 6, grown for 24-26 h, and fixed in 4% paraformaldehyde/PIPES
(Sigma-Aldrich) for 10 min at room temperature. After rinsing with Mg-
phosphate-buffered saline (PBS) (PBS supplemented with 10 mM Mg?*) and
water, cells were embedded in glycerol containing DABCO. FRET was mea-
sured by acceptor photobleaching method as described previously (Stanek
and Neugebauer, 2004) by using the Leica SP2 confocal microscope. Intensi-
ties of CFP (excited by 405-nm laser set to 5-10% of maximum power) and
YFP (excited by 514-nm laser line set to 2% of maximum power) were
measured. Then, YFP was bleached in a region of interest by three to five
intensive (30% maximum power) pulses of 514-nm laser line and CFP and
YFP fluorescence measured again. Apparent FRET efficiency calculated ac-
cording to the equation FRET.giciency[%] = (CFPagier — CFPpefore) X 100/
CFP ,¢ier- Unbleached regions of the same cell were used as a negative control.
Ten cells were measured per each FRET pair, and average and SE were
calculated.

Small Interfering RNA (siRNA) Transfection

Preannealed siRNA duplexes were obtained either from Ambion (Austin, TX)
or QIAGEN (Hilden, Germany). Three independent siRNA duplexes were
used against hNtr1, and five duplexes were used to target hPrp22. The sequences
of sense siRNAs were as follows: from Ambion: hNtr1-27-5'-CCUGUUAAG-
CAGGACGACUtt, hNtr1-28-5'-GCAGGACGACUUUCCUAAGtt, hNtr1-29-5'-
GGAUUAGCAAGAAGCUCACtt; hPrp22-55-5'-GCUUUAAUGCCCAGCG-
CAGtt; hPrp22-56-5'-GGAAUAAAGUGAAGUCUAGtt; and hPrp22-57-5'-
CCCAAAUAGACGGCGAAAULt; from Qiagen: hPrp22-3-5'-GGGAC-
AGGACAAAGAAGAALt and hPrp22-4-5'-CAGAGAAGUGGGAGAUCAALt.

The negative control 1 siRNA from Ambion was used as a negative control.
Oligofectamine (Invitrogen) was used for siRNA transfection. Cells were
incubated 48 h before further treatment. Within this incubation period we did
not observe any extensive cell death with respect to the treatment with the
negative control siRNA.

Reverse Transcription (RT)-PCR

Total RNA was isolated 48 h after siRNA transfection by using TRIzol reagent
(Invitrogen). cDNA was synthesized using a gene-specific reverse primer and
SuperScript IIT (Invitrogen). Taq polymerase was used to amplify cDNA (25
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cycles). Controls without RT reaction were performed to verify that there was
no residual DNA contamination. The following primers were used for RT-PCR
and quantitative PCR: hPrp22-For, CAAGAGGTGGGCTACACCAT; hPrp22-
Rev, 5'-TGATCGCGTACTGAGTGAGG; hNtrl-For, 5-TGTCTTCACTCCTG-
GCTCCT; hNtrl-Rev, 5-AAGCCACTTGGGGAAGAAGT; 18S-For, 5'-TTGTT-
GGTTTTCGGAACTGAG; 185-Rev, 5'-GCAAATGCTTCGGCTCTGGTC; c-myc-
mRNA-For, 5-GCGACTCTGAGGAGGAACAAGAAG; c-myc-mRNA-Rev,
5'-ACTCTGACCTTTTGCCAGGAGC; c-myc-pre-mRNA-For, 5-TGCTCCCT-
TTATTCCCCCAC; c-myc-pre-mRNA-Rev, 5-GGTCATAGTTCCTGTTGGT-
GAAGC; LDHA mRNA-For, 5'-AGAACACCAAAGATTGTCTCTGGC; LDHA
mRNA-Rev, 5'-TTTCCCCCATCAGGTAACGG; LDHA pre-mRNA-For, 5'-
CCTTTCAACTCTCTTTTGGCAACC; LDHA pre-mRNA-Rev, 5'-AATCTTAT-
TCTGGGGGGTCTGTTC; Tubulin mRNA-For, 5-GCTGCTTTGTGGAGTG-
GATTCC; Tubulin mRNA-Rev, 5-CCGTGTTGTTGCCAATGAAGG; Tubulin
pre-mRNA-For, 5-GACCTTCCTCCTGCTTTCAGTTC; and Tubulin pre-
mRNA-Rev, 5-TCTGCTTGTGTTCCCAGTTGC.

Quantitative PCR was done as described previously (Listerman et al., 2006),
and ratio of pre-mRNA to mRNA was calculated for each siRNA treatment
according to Rygya = 2(CtPre-mRNA = CmRNA) “normalized to NC siRNA
treated cells (R, = Rgrna/Rncsirna), and plotted.

Glycerol Gradient Ultracentrifugation

Nuclear extracts were prepared according to Dignam ef al. (1983), diluted in
gradient buffer (20 mM HEPES/KOH, pH 8.0, 150 mM NaCl, 1.5 mM MgCl,,
and 0.5 mM dithiothreitol), and fractionated in a linear 10-30% glycerol
gradient by centrifugation at 32,000 rpm for 17 h by using the SW-41 rotor
(Beckman Coulter, Fullerton, CA). Individual fractions (700 ul) were col-
lected, and RNA was extracted from each fraction with phenol:chloroform:
isoamylalcohol, separated on 10% urea-polyacrylamide gel electrophoresis
(PAGE), and silver stained. In parallel, proteins were precipitated from the
phenol phase by acetone, dissolved in SDS-PAGE sample buffer, and ana-
lyzed by immunoblotting.

Indirect Immunofluorescence

Forty-eight hours after the siRNA transfection the cells were fixed in 4%
paraformaldehyde/PIPES for 10 min, permeabilized for 5 min with 0.2%
Triton X-100 (Sigma Chemie), and incubated with appropriate primary anti-
bodies. Secondary anti-rabbit antibodies conjugated with fluorescein isothio-
cyanate (FITC) and anti-mouse antibodies conjugated with tetramethylrho-
damine B isothiocyanate (TRITC) (Jackson ImmunoResearch Laboratories,
West Grove, PA) were used. Images were collected using a DeltaVision
microscope system and subjected to mathematical deconvolution as described
above. Mean fluorescence intensities in CBs and the nucleoplasm were deter-
mined in individual optical sections by using Image] as described previously
(Stanek and Neugebauer, 2004).

In Situ Hybridization

Digoxigenin-labeled DNA probes directed against human U2, U4, and U5
snRNAs were obtained by PCR as described previously (Bell et al., 2002) by
using pSP65U2H, pSPU4b, pSP64U5 (Black and Pinto, 1989) as templates.
Forty-eight hours after siRNA transfection cells were fixed in 4% paraformal-
dehyde/PIPES for 10 min, permeabilized with 0.5% Triton X-100 for 5 min,
and incubated with anti-SART3 antibodies as a marker of CBs followed by
incubation with secondary antibody conjugated with FITC (Jackson Immu-

Time after transfection

noResearch Laboratories). Cells were again fixed in 4% paraformaldehyde/
PIPES for 5 min, quenched for 5 min in 0.1 M glycine/0.2 M Tris, pH 7.4, and
incubated with digoxigenin-labeled probe in 2X SSC/50% formamide/10%
dextran sulfate/1% BSA for 60 min at 37°C. After washing in 2X SSC/50%
formamide, 2X SSC and 1X SSC, the probe was detected by mouse anti-
digoxigenin antibody (Roche Diagnostics) followed by incubation with goat
anti-mouse antibody coupled with TRITC (Jackson ImmunoResearch Labo-
ratories). Images were collected using a DeltaVision microscope system, and
fluorescence intensities in CBs and the nucleoplasm were determined as
describe above.

RESULTS

Accumulation of Mature snRNPs in Cajal Bodies

It is not known whether the pool of snRNPs in CBs consists
of only newly imported and incompletely assembled
snRNPs, or whether mature snRNPs that have already par-
ticipated in splicing accumulate in CBs as well. We probed
the relative “age” of snRNPs in CBs, by tagging SmB and
SmD1 proteins with a “fluorescent timer,” a mutant of red
fluorescent protein drFP583 (E5-RFP) that changes its fluo-
rescence emission properties during maturation, converting
from green-to-red emission within the course of 3 h (Ter-
skikh et al., 2000). Changes in the red-to-green ratio over
time are therefore indicative of relative shifts in the age of
the molecules present in a given subcellular location. Be-
cause there is no evidence of Sm protein exchange once the
Sm ring has been assembled on snRNA (Wang and Meier,
2004; Shpargel and Matera, 2005), we assume that Sm pro-
teins remain stably associated with nuclear snRNPs after
assembly and import; thus, Sm protein dynamics likely re-
flect those of mature snRNPs. In addition, fluorescently
tagged Sm proteins efficiently incorporate into snRNP par-
ticles, and their expression is comparable with endogenous
Sm proteins (Supplemental Figure 1). HeLa cells expressing
SmB- or SmD1-E5-RFP were fixed at different times after
transfection, and E5-RFP fluorescence intensities in the
green and red spectra were measured (Figure 1A). Note that
both Sm-E5-RFP constructs localized properly in CBs. Sur-
prisingly, both green and red forms of E5-RFP were clearly
present in CBs at the earliest time point (11 h) that CBs were
detectable, indicating that a portion of E5-RFP had already
matured to the red form before fluorescence reached the
detection threshold. Absolute intensities of green fluores-
cence did not change over the time, indicating a constant
influx of new snRNPs that must reside for a consistent
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Figure 1. Mature snRNPs accumulate in Cajal bodies. To determine the age of snRNPs in CBs, SmB and SmD1 proteins that are stable
components of snRNPs were tagged with E5-RFP. During maturation, E5-RFP changes its fluorescence from green to red in a time course of
a couple hours. (A) HelLa cells were transfected with SmB-E5-RFP or SmD1-E5-RFP and fixed at different times after transfection. Ratio of
red to green was measured in CBs (bars are SD) and in the nucleoplasm (lines). Red fluorescence in CBs increased ~3 times over 22 h,
indicating that mature snRNPs accumulate in CBs. (B) Cells were transiently transfected with SmB-E5-RFP, and 2 h before fixation they were
treated with leptomycin B (LMB) that inhibits biogenesis of new snRNPs by blocking export of new snRNA from the nucleus. A 45% increase
of red-to-green ratio after 38 h indicates import inhibition of the green (new) variant of SmB-E5-RFP. Bars are SE.
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period in the CB. An increase in red fluorescence and the
red-to-green fluorescence ratio was observed, and over the
period of 22 h it increased ~2 times in the nucleoplasm and
3 times in CBs. If CBs selectively recruited only newly im-
ported snRNPs, we would have expected the red-to-green
ratio to remain the same or even decrease in CBs, despite the
fact that more of the red variant accumulates in the nucleus.

To test whether Sm-E5-RFP proteins are imported to the
cell nucleus within snRNP particles, cells were treated for
2 h before fixation with leptomycin B that efficiently inhibits
export of newly synthesized snRNAs to the cytoplasm and
consequently also import of newly formed snRNPs. A 45%
increase in the red-to-green ratio observed 38 h after trans-
fection (Figure 1B) indicates impairment of green SmB-E5-
RFP import, indicating that SmB-E5-RFP is indeed imported
together with snRNAs beginning the biogenesis pathway in
the cytoplasm. The finding that CBs accumulate more old
snRNPs in CBs compared with the nucleoplasm indicates
that the pool of snRNPs concentrated in CB contains not
only fresh snRNPs but also relatively older, presumably
mature snRNPs.

A complementary experiment was suggested by the fact
that, although they are highly concentrated in CBs, snRNPs
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Figure 2. snRNPs newly imported from the cytoplasm represent
only a minor fraction in CBs. (A) The SmD1 protein was tagged with
PA-GFP and coexpressed in HeLa cells with SART3-HcDiRed as a
marker of CBs. To distinguish between nuclear and cytoplasmic
pool of snRNPs, nuclear snRNPs were specifically activated by short
pulse of 405-nm laser line. Images were taken every 2 min for total
20 min. (B) Quantification of CB fluorescence. To avoid photo-
bleaching effects, the ratio of fluorescent signals CB:nucleoplasm
were determined immediately after activation and 20 min later.
Values for individual CBs are plotted. Mean value is indicated by a
solid line SD by a box. A small decrease in CB fluorescence indicates
that within 20 min, snRNPs imported from the cytoplasm represent
only small fraction of snRNPs in CBs.
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exchange rapidly with the surrounding nucleoplasm and
only reside in CBs for few seconds on average (Dundr et al.,
2004; Sleeman, 2007). We tagged Sm proteins with PA-GFP
to determine whether the snRNPs that exit CBs at any given
moment are replaced by new or old snRNPs. SmB- or SmD1-
PA-GFP was expressed and the entire nucleus was photo-
activated (Figure 2). If CBs contain exclusively new (nonac-
tivated) snRNPs imported from the cytoplasm, fluorescence
would be lost from these CBs over time. On the contrary,
SmB-GFP fluorescence CBs remained high 20 min after pho-
toactivation (Figure 2), 100 times longer than the residence
time of snRNPs in CBs. Measurement of fluorescence inten-
sities in CBs and nucleoplasm revealed a 0-25% decrease
(average 6%) in fluorescence intensity in CBs relative to
nucleoplasm. These data show that the exchanging popula-
tion of snRNPs in CBs consists largely of “older” nuclear
snRNPs.

To further examine the assembly status of snRNPs in CBs
and in the cytoplasm, we probed snRNP interactions with
the SMN protein, which is localized both in the cytoplasm
and in CBs. The SMN protein is a part of the SMN complex,
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Figure 3. The SMN protein interacts with Sm proteins in the
cytoplasm. To compare SMN-snRNP complexes in CBs and the
cytoplasm, SMN-YFP was coexpressed with SmD1-CFP, SmB-CFP,
or CFP alone as a negative control, and FRET was measured in the
cytoplasm and in CBs by acceptor photobleaching method. The
SMN-Sm FRET signal was two- to threefold higher over negative
control in the cytoplasm but not in CBs. The SmB-SmD1 pair used
as a positive control exhibited high FRET signal both in the cyto-
plasm and in CBs. In some cells, we observed cytoplasmic accumu-
lation of SmB and SMN proteins (arrows) and high FRET signal was
measured in these cytoplasmic inclusions. Ten measurements for
each pair are averaged and are shown in the graph with SE bars.
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which ensures proper assembly of Sm rings on snRNPs in
the cytoplasm (Terns and Terns, 2001; Meister et al., 2002;
Paushkin et al., 2002; Matera and Shpargel, 2006). The sig-
nificance of SMN accumulation in CBs is not known. Be-
cause SMN is required for the import of newly assembled
snRNPs (Narayanan et al., 2002, 2004), it is hypothesized that
SMN is coimported into CBs with new snRNPs (Matera and
Shpargel, 2006). Interactions between snRNPs and the SMN
protein were measured by FRET. Because Sm proteins and
SMN are present in the cytoplasm and in CBs, a FRET signal
could indicate the presence of snRNP-SMN complexes,
changes in their structure and composition in the different
cellular compartments, or both. SmD1-CFP or SmB-CFP
were coexpressed with SMN-YFP in HeLa cells, and FRET
was measured by the acceptor photobleaching method in
the cytoplasm and CBs of the same cell (Figure 3). As a
negative control, SMN-YFP was coexpressed with CFP only.
As expected, FRET between SMN and the Sm proteins was
detected in the cytoplasm, but no FRET signal above the
negative control was observed in CBs. Overall higher FRET

SmD1-PA-GFP

Figure 4. snRNPs cycle between CBs. To ob-
serve movement of snRNPs between CBs and
the nucleoplasm, SmB-PA-GFP was coex-
pressed with SART3-CFP and SmD1-PA-GFP
with coilin-CFP. Sm-PA-GFPs were specifi-
cally activated in one CB (circle) by short
pulse of 405-nm laser, and movement of acti-
vated molecules was observed for 5 min (also
see Supplemental Videos). Activated mole-
cules moved throughout the whole nucleo-
plasm and accumulated in other CBs in the
same nucleus (arrows). The detection system
was adjusted to detect very low signals of
PA-GFP, but by using this setup we also de-
tected cell autofluorescence in the cytoplasm
(stars).

values in CBs are likely caused by local accumulation of
SMN. In some cells, Sm proteins and SMN accumulated in
cytoplasmic bodies, presumably due to coexpression of ex-
ogenous SMN and Sm proteins (Shpargel et al., 2003); these
aggregates resembled recently identified U bodies (Liu and
Gall, 2007) and contained similar amounts of fluorescent
proteins as nuclear CBs. High FRET signals detected in these
cytoplasmic inclusions indicate accumulation of SmB-SMN
complexes. In addition, FRET between SmB-YFP and SmD1-
CFP were robust in the cytoplasm as well as in CBs. Preas-
sembled Sm subcomplexes are used during assembly of the
Sm-ring; SmB and SmD1 proteins are not part of the same
Sm subcomplexes, but they lay next to each other in the ring
(Raker et al., 1996; Kambach et al., 1999). Thus, detection of
FRET between these two components represents a good
marker for Sm-ring assembly and further indicates that fluo-
rescently tagged Sm proteins are correctly incorporated into
mature snRNPs. These results show that snRNPs in CBs
differ from snRNPs localized in the cytoplasm; snRNPs in
CBs either do not interact with SMN or snRNP-SMN com-
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PCR of 185 rRNA served as a loading control. (B) Ex-
tract from cells treated for 48 h with siRNAs was loaded
on gel, and hNtrl and hPrp22 protein levels were de-
termined. Anti-tubulin antibody used as a loading con-
trol.
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plexes in CBs have an altered structure that does not support
FRET detection.

Cycling of snRNPs between CBs

Because Sm proteins exchange rapidly between CBs and the
nucleoplasm (Dundr ef al., 2004; Sleeman, 2007), our finding
that CBs contain predominantly mature snRNPs implies that
snRNPs cycle constantly between CBs and the nucleoplasm,
visiting CBs repeatedly. To test this directly, SmD1 or SmB
proteins tagged with PA-GFP were coexpressed with CFP-
tagged markers of CBs (SART3, coilin). The Sm-PA-GFP
proteins were activated by a short pulse of 405 nm laser in
one CB and the movement of activated molecules monitored
every 15 s over a 5-min time period (Figure 4, Supplemental
Videos). Activated SmB- and SmD1-PA-GFP proteins moved
from the activated CB, diffused throughout the nucleoplasm
and accumulated in another (nonactivated) CB within the
time course of the experiment. This behavior was not af-
fected by coexpression of any of the CB markers used and no
movement of activated molecules was observed in fixed
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cells (Supplemental Figure 2). These data show directly that
snRNPs repeatedly visit CBs.

Accumulation of U4/U6 snRNPs in CBs after Inhibition of
Spliceosome Disassembly

Previous reports showed that ongoing snRNP biogenesis is
necessary for structural integrity of CBs (Shpargel and Ma-
tera, 2005; Girard et al., 2006; Lemm et al., 2006). However,
our data show that the CB contains mainly mature snRNPs.
We therefore aimed to test whether an ongoing supply of
mature snRNPs is important for maintaining the CB struc-
ture as well. Two proteins implicated in spliceosome disas-
sembly were depleted, with the expectation that inhibition
of snRNP recycling after splicing would reduce the supply
of mature snRNPs. Three different siRNA duplexes were
used to target the human homologue of Ntrl (also named
TFIP11; Wen et al., 2005) and five duplexes for hPrp22. After
48 h, total RNA and proteins were isolated and mRNA and
protein levels tested (Figure 5).
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To address the effects of hNtrl and hPrp22 knockdown on
CB structure, CBs were immunodetected after the siRNA
treatment with anti-coilin and anti-SART3 antibodies. Coilin
is a universal marker of CBs; SART3 interacts with the
U4/U6 snRNP and its presence in the CB is sensitive to
transcription/splicing inhibition (Stanek ef al., 2003). Sur-
prisingly, CBs remained intact and accumulated SART3 af-
ter either treatment (Figure 6A; data not shown). In fact, the
detection of SART3 fluorescent signal in CBs was enhanced
by treatment, and an elevated accumulation in CBs of other
U4/U6 snRNP components was also observed upon deple-
tion of hPrp22 or hNtrl (Figure 6B). The CB accumulation of
U4/U6-specific markers was not due to a decrease in nucle-
oplasmic fluorescence, which remained mostly unaffected
by the siRNA treatment. Partial effects on the U2-specific
U2B” protein were observed after hPrp22 but not hNtrl
knockdown, and no significant changes in CB localization of
the U2 snRNA or the Ul-specific U1-70K protein were de-
tected. In contrast, CB localization of the three tested U5
snRNP components—hSnul14, hPrp8-GFP, and the U5
snRNA—decreased after siRNA treatment. The hPrp8-GFP
protein was expressed from a human BAC under the control
of the endogenous promoter and was properly incorporated
into the U5 and tri-snRNPs (data not shown).

Depletion of hPrp22 or hNtrl caused the dramatic and
specific accumulation of U4/U6 snRNP components in CBs.
To determine whether bona fide U4/U6 snRNP particles
had formed in CBs, we used FRET to measure interactions
that are specific for the SART3-U4/U6 complex, a transient
intermediate en route to tri-snRNP formation that was pre-
viously localized to CBs (Stanek and Neugebauer, 2004).
Cells were incubated for 24h with the indicated siRNA,
cotransfected with hPrp31-CFP and SART3-YFP, incubated
additional 24 h and fixed. FRET was measured as described
previously in the nucleoplasm and CBs by acceptor photo-
bleaching (Stanek and Neugebauer, 2004). No significant
changes were observed in CBs after treatment with anti-
hPrp22 or anti-hNtrl siRNAs (Figure 7), showing that
U4/U6 components accumulating in CBs are assembled into
the U4/U6 snRNP. These data indicate that inhibition of
spliceosome recycling leads to specific accumulation of the
U4/U6 snRNPs in CBs. To test whether U4/U6 snRNP
accumulation in CBs resulted from an inhibition of splicing,
three different genes (c-myc, LDHA, and tubulin) were

2540

tested for splicing efficiency by RT-quantitative PCR. Partial
increases in pre-mRNA-to-mRNA ratios were detected after
treatment with anti-hPrp22 siRNAs, but no substantial inhi-
bition of splicing was observed after hNtrl depletion (Sup-
plemental Figure 3) indicating that U4/U6 snRNP concen-
tration in CBs is not likely a general result of splicing
inhibition and a lack of expression of necessary snRNP
components.

Enhanced accumulation of the U4/U6 snRNPs in CBs had
been previously observed after inhibition of U4/U6-U5
snRNP assembly (Schaffert et al., 2004). If depletion of hNtr1l
and hPrp22 inhibits spliceosome recycling and thus reduces
the amount of the free U5 snRNP, assembly of the functional
tri-snRNP might be delayed. To assess the influence of
hPrp22 or hNtrl knockdown on snRNP assembly and recy-
cling, nuclear extract was prepared from cells treated for
48 h with anti-hPrp22-3 or anti-hNtr1-27 siRNAs and
snRNPs analyzed by glycerol gradient ultracentrifugation.
RNA and proteins were isolated from individual fractions
and Ub5-specific hSnul14 and U4/Ué6-associated hPrp4 pro-
teins detected by immunoblotting (Figure 8). To determine
the position of individual snRNP complexes in the gradient
snRNAs from each fraction were resolved on denaturing
gels and silver stained (data not shown). hPrp4 sedimented
in two distinct peaks that reflect U4/U6 snRNPs (fractions
6-8) and U4/U6-U5 tri-snRNPs (fractions 11-13). The U5
marker hSnull4 fractionated with the tri-snRNP and with
the mono-U5 snRNP (fractions 8-10). In addition to the
mono-U>5 and the tri-snRNP, hSnul14 accumulated in faster
sedimenting complexes (fractions 15 and 16) in anti-hPrp22
siRNA treated cells, which might correspond to post-spli-
ceosomal complexes (Makarov et al., 2002) that were not
recycled properly after hPrp22 knockdown. Importantly,
decreases in the mono-U5 snRNP relative to the U5 in the
tri-snRNP fractions were observed in both hPrp22 and hNtrl
siRNA-treated cells, consistent with the reduced U5 snRNP
concentration in CBs after both knockdowns (Figure 6).

DISCUSSION

It was previously shown that U2, U4/U6, and U4/U6-U5
tri-snRNP assembly steps occur in CBs (Nesic et al., 2004;
Schaffert et al., 2004; Stanek and Neugebauer, 2004); how-
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Figure 8. Mono-U5 snRNP is reduced after hPrp22 and hNtrl
knockdowns. HeLa cells were treated with 22-3 or Ntr-27 siRNA for
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ever, it was not known whether the assembly events re-
flected de novo snRNP assembly or reassembly after splic-
ing. In this study, we present data showing that in addition
to de novo snRNP assembly, CBs could serve as the snRNP
recycling center. These conclusions are based on three inde-
pendent lines of evidence. First, we show by several exper-
imental means, that the snRNPs concentrated in CBs include
a substantial “mature” snRNP pool. Second, we show di-
rectly that snRNPs visit multiple CBs within the same nu-
cleus and do so frequently; thus, there is no reason to sus-
pect that CBs preferentially contain newly imported
snRNPs. Third, targeted depletion of two factors required
for spliceosome disassembly and snRNP release, hPrp22 and
hNtrl, leads to an accumulation of U4/U6 snRNPs in CBs.
We argue below that this accumulation likely reflects a
failure of U5 snRNP recovery from spliceosomes; in the
absence of sufficient U5 snRNP flux through CBs, tri-snRNP
formation is blocked. These observations provide novel in-
sights into how phases of the spliceosome cycle are com-
partmentalized in living cells.

Experiments establishing the relative maturity of snRNPs
in CBs relied on three different fluorescence microscopy
techniques. The E5-RFP fluorescent protein tag, which
changes emission spectra from green to red as it matures,
and PA-GFP were both used to tag Sm proteins (B and D1;
see Figures 1 and 2) and to monitor snRNP movements. Both
approaches proved that the snRNP pool in CBs largely
consists of mature snRNPs that have visited CBs already
multiple times. In agreement with these data, snRNP move-
ments between CBs were observed, in which snRNPs pho-
toactivated in one CB reappeared within a time course of
minutes in another distant CB. A similar movement of
snRNPs between CBs was described recently (Sleeman,
2007).

In the third approach, we sought to compare snRNPs in
CBs and in the cytoplasm by measuring FRET signals be-
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tween Sm proteins and SMN, which plays a role in the
cytoplasmic phase of snRNP biogenesis. SMN is coimported
with new snRNPs to the nucleus, and it is highly concen-
trated in CBs; because SMN binds coilin, it has been pro-
posed that SMN delivers the newly imported snRNPs to CBs
(Stanek and Neugebauer, 2006). However, although we de-
tected SMN-snRNP interactions in the cytoplasm, we did
not observe any significant interaction in CBs. This indicates
that either 1) the SMN-snRNP complex falls apart immedi-
ately after the import of snRNPs, 2) that a conformational
change occurs within the CB that is unfavorable for FRET, or
3) newly imported snRNP-SMN complexes form only a
small fraction of snRNPs and SMN in CBs, and these are
below the detection limit of the FRET assay. At present, we
cannot distinguish among these possibilities; if sSnARNP-SMN
complexes are present in CBs, they must differ at least con-
formationally from the complexes found in the cytoplasm.
Perhaps SMN protein accumulates in the CB as a result of
binding coilin after snRNP import and dissociation in the
CB. Presumably, SMN eventually returns to the cytoplasm
for further rounds of Sm ring assembly.

The conclusion that CBs contain not only new snRNPs
imported from the cytoplasm but also mature snRNPs
agrees with findings that the concentration of snRNPs in
CBs is transcription dependent (Carmo-Fonseca et al., 1992;
Blencowe et al., 1993; Stanek et al., 2003); in the absence of
new intron-containing transcripts (i.e., under conditions of
transcriptional blockade), the splicing process provides
fewer “used” snRNPs for recycling. This highlights a para-
dox emerging in the field, because it has been proposed that
snRNP biogenesis and import from the cytoplasm is re-
quired for snRNP accumulation in CBs and for integrity of
CBs themselves (Carvalho et al., 1999; Shpargel and Matera,
2005; Girard et al., 2006; Lemm et al., 2006). If only a small
proportion of snRNPs in CBs are newly imported, how can
this fraction be required for CB integrity? The simplest ex-
planation is that experimental reduction of snRNP biogene-
sis at various stages has long-term effects on the overall
concentration of snRNPs in the nucleus, not just an acute
effect on import. A reasonable proposal stemming from our
present study and consistent with prior work of others is
that CB integrity depends on the cellular level of splicing
activity and the absolute concentration of nuclear snRNPs
(Carmo-Fonseca et al., 1992; Blencowe et al., 1993; Sleeman
et al., 2001; Stanek et al., 2003).

Our data show that mature snRNPs repeatedly visit CBs.
To test whether this cycling through CBs correlates with
snRNP regeneration after splicing, proteins involved in spli-
ceosome disassembly were depleted, and localization of dis-
tinct snRNPs in CBs was examined. Surprisingly, depletion
of two tested proteins involved in spliceosome disassembly
resulted in accumulation of U4/U6 snRNPs in CBs. Because
transcription/splicing inhibition by a-amanitin leads to op-
posite effects—the snRNPs and SART3 leave CBs (Carmo-
Fonseca et al., 1992; Blencowe et al., 1993; Sleeman et al., 2001;
Stanek et al., 2003)—it seems unlikely that U4/U6 snRNP
accumulates in CBs as a result of splicing inhibition. In
addition, splicing of c-fos and c-myc pre-mRNAs was only
slightly reduced after siRNA treatment (Supplemental Fig-
ure 3). Instead, the phenotype more closely resembles the
situation after inhibition of U4/U6-U5 snRNP formation,
when accumulation of U4/U6 snRNPs in CBs was also
observed (Schaffert ef al., 2004). Why does inhibition of spli-
ceosome disassembly and inhibition of tri-snRNP assembly
have the same phenotype? According to current models of
spliceosome recycling, inhibition of this process should trap
U5 and U6 snRNPs in the late spliceosome (Will and Luhr-
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mann, 2006) and thus decrease levels of free U5 and U6
snRNPs in the nucleoplasm. In contrast, the U4 snRNP
leaves the spliceosome at an earlier step, just as the tri-
snRNP joins the assembling spliceosome (Makarov et al.,
2002; Chan et al., 2003). Thus, the level of free U4 mono-
snRNP in the nucleoplasm should be unaffected by Prp22 or
Ntrl depletion. Early studies showed that there is two- to
threefold excess of the U6 snRNP over the U5 and U4
snRNPs (Tycowski et al., 2006), making it unlikely that U6
snRNP levels are limiting. In contrast to U4 and U6; how-
ever, levels of free U5 snRNP are likely decreased and
formation of the U4/U6-U5 tri-snRNP inhibited, as was
shown after Ntrl depletion in yeast (Boon et al., 2006). Con-
sistent with this, we observed a decrease in U5 snRNP levels
both in CBs and nuclear extracts after knockdown. Thus,
inhibition of spliceosome disassembly leads to a similar
situation as inhibition of tri-snRNP assembly—accumula-
tion of the U4/U6 snRNPs in CBs. Apparently, the supply of
new U5 snRNPs from the cytoplasm is not sufficient to keep
up with tri-snRNP assembly, underscoring the importance
of the recycled U5 snRNP for assembly and regeneration of
tri-snRNDPs.

Together, these observations suggest that snRNP reassem-
bly after splicing may obey similar rules to de novo snRNP
assembly, even though the assembly of new snRNPs in-
cludes additional steps that need not be repeated (e.g., post-
transcriptional RNA modification). This implies that snRNP
assembly in CBs at any stage of their life cycle must be
independent of snRNA posttranscriptional modifications or
any other steps in snRNP biogenesis. Finally, it has been
shown by mathematical modeling that CBs increase the rate
of U4/U6 snRNP assembly, by providing a local environ-
ment with elevated snRNP concentrations (Klingauf et al.,
2006). Thus, the localization of snRNPs to CBs likely pro-
motes the assembly of new as well as regenerating snRNPs
by the same mechanism, because snRNPs from either source
will meet elevated concentrations of their potential partners
in the CB.
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The AD29 mutation in HPRP31 belongs to a series of mutations that were initially linked with the autosomal
dominant disorder retinitis pigmentosa (RP) type 11. The HPRP31 gene encodes the hPrp31 protein that
specifically associates with spliceosomal small nuclear ribonucleoprotein particles (SnRNPs). Despite inten-
sive research, it is still unclear how the AD29 (Ala216Pro) mutation causes RP. In this study, we report that
the expression of this mutant protein affects cell proliferation and alters the structure of nuclear Cajal bodies
that are connected with snRNP metabolism. Interestingly, these effects can be reversed by the over-
expression of the hPrp6 protein, a binding partner of hPrp31. Although Ala216 is not contained within the
U4 or U5 snRNP interacting domains, we present several lines of evidence that demonstrate that the associ-
ation between the AD29 mutant and snRNPs in the cell nucleus is significantly reduced. Finally, we show that
the stability of the AD29 mutant is severely affected resulting in its rapid degradation. Taken together, our
results indicate that the Ala216Pro mutation destabilizes the hPrp31 protein structure in turn reducing its
interaction with snRNP binding partners and leading to its rapid degradation. These findings significantly
impact our understanding of the molecular mechanisms underlying RP and suggest that the insufficiency
of the functional hPrp31 protein combined with the potential cytotoxicity associated with the expression
the AD29 mutant are at least partially causative of the RP phenotype.

INTRODUCTION

Retinitis pigmentosa (RP) is the common name used to
describe a group of inherited diseases characterized by the
gradual degeneration of retina cells that lead to night blindness
and visual field loss. Mutations within a variety of genes have
been connected with RP, most of which are specifically
expressed in photoreceptor cells. Surprisingly, mutations in
three genes directly involved in pre-mRNA splicing have
also been linked to autosomal dominant forms of RP. Products
of these genes are well-characterized components of the spli-
ceosomal small nuclear ribonucleoproteins (snRNP) (1-3;
reviewed in 4). Of these proteins, hPrp8 is a key protein of
the U5 snRNP that lies within the catalytic center of the spli-
ceosome (5,6). hPrp3 and hPrp31 (also known as 61K) are
components of the U4/U6 snRNP involved in the formation

and stability of U4/U6 and U4/U6eUS5 tri-snRNPs (7). In
addition, a mutation in a tentative splicing factor PAP-1 has
also been linked to RP (8).

Initially, the hPrp31 protein directly binds both the U4
snRNA and the U4 snRNP protein 15.5K to create the core of
the U4 snRNP (9,10). This interaction is followed by U4 and
U6 snRNAs annealing to form the U4/U6 snRNP. Finally, the
key interaction for the formation of the U4/U6eUS5 tri-snRNP
is the interaction of hPrp31 with the U5 snRNP-specific
protein hPrp6 (11). During the splicing reaction, the tri-snRNP
undergoes dramatic rearrangements that result in disintegration
of the tri-snRNP into individual snRNP components. In a
process called the spliceosomal cycle, tri-snRNPs are
re-assembled in a step-wise manner similar to de novo formation
described above (7). U4/U6 and U4/U6e U5 snRNP formation

“To whom correspondence should be addressed. Tel: +420 296443118; Fax: +420 224310955; Email: stanek@img.cas.cz
FThe authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

© The Author 2009. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org

1702 ‘€g aunr uo dlgnday Yyaaz) ayl Jo Seaualos Jo Awepedy - ABojoisAyd Jo aimusu Je 610 sfeuinolpiojxo By woly papeojumoq


http://hmg.oxfordjournals.org/

and recycling occur primarily in the nuclear inclusion called the
Cajal body that accelerates the snRNP assembly reaction (12—
16; reviewed in 17). The Cajal body is a dynamic structure
whose integrity depends on transcription/splicing activity as
well as snRNP biogenesis (14,16,18—20).

It is largely unknown why mutations in snRNP-specific pro-
teins cause RP symptoms. It was reported that the expression
of hPrp31 mutants in retina cells negatively influences splicing
of retina-specific genes (21,22). However, most mutations in
the HPRP31 gene result in the destabilization of hPrp31
mRNA that leads to a decrease in the synthesis of functional
protein (23). Moreover, RP-affected families with large del-
etions of the HPRP31 gene have been identified (24,25).
Together, these observations suggest a haploinsufficiency
model that predicts that there is a critical concentration of
snRNP protein necessary to support retina cell survival
(23,26,27). Therefore, the expression from only one allele
may not be sufficient to achieve this critical level of
expression in retina cells. This model, however, does not
apply to all snRNP mutations, as depletion of one HPRP3
allele does not trigger RP in mouse or zebrafish (28). In
addition, it was shown that RP-associated mutations in yeast
Prp8 and hPrp3 influence snRNP assembly (29,30) and thus
might trigger the death program in sensitive cells.

In this study, we have concentrated on the hPpr31 point
mutant, AD29, which contains an Ala216Pro substitution that
does not apparently trigger a nonsense-mediated decay. It was
recently shown that the expression of the AD29 mutant, while
affecting the splicing of mini-gene reporter plasmids, had no
effect on the splicing of a full-length gene derived reporter
(31). Here, we have investigated whether the expression of the
AD29 mutant has any effect on cell proliferation and snRNP
assembly. Further, we have used co-immunoprecipitation, gly-
cerol gradient ultracentrifugation and Forster resonance
energy transfer (FRET) to map the interaction of this mutant
protein with other snRNP proteins. Finally, we have probed
the stability of the mutant protein and tested whether overex-
pression of hPrp31s major interacting partner in the tri-snRNP,
hPrp6, can reverse phenotypes generated by AD29 expression.

RESULTS

Cells expressing the AD29 mutant exhibit slower
proliferation

It has been shown that RP linked mutations in the splicing
factor Prp8 cause disruption of U5 snRNP biogenesis in
yeast (30). In a human cell line, a mutation in hPrp3 has
been shown to have a negative effect on snRNP assembly
(29). In this study, we decided to analyze the effects of
expression of an hPrp31 mutant on cell growth and snRNP
assembly in human cells. To achieve this, we established
two stable cell lines that expressed either YFP tagged wild-
type hPrp31 (WT31 cells) or mutant AD29 tagged with YFP
(AD29 cells) (Fig. 1). Similar to endogenous protein (data
not shown; 12,16), the wild-type hPrp31-YFP (WT31-YFP)
localized to the cell nucleus and accumulated in Cajal
bodies and splicing factor compartments (Fig. 1A). The local-
ization pattern of the AD29-YFP mutant (AD29-YFP) was
more diverse (Fig. 1B). In most cells analyzed, AD29-YFP
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localized to the cell nucleus and the cytoplasm; however,
cells displaying a mostly cytoplasmic or nuclear accumulation
were also presented. In comparison with the localization of
WT31-YFP, AD29-YFP exhibited a more diffuse nuclear
staining pattern and weak accumulation in Cajal bodies. A
similar localization pattern has previously been observed in
cells transiently expressing an AD29-GFP mutant (32). Of
note, nucleolar accumulation was observed in cells highly
expressing either of the YFP tagged proteins.

In order to test the effects of AD29 mutant expression on cell
proliferation, AD29 cells were observed for 24 h and their
growth compared with WT31 cells (Fig. 1C). Cells expressing
the mutant protein divided 10% slower than cells expressing
the wild-type protein. As both stable cell lines expressed the
same amounts of endogenous hPrp31 and the expression of
WT31-YFP and AD29-YFP was comparable (see below
Fig. 3), these data indicate that the AD29 expression has a domi-
nant negative effect on cell proliferation.

During live-cell imaging, we noticed that the localization of
AD29-YFP changes during cell cycle. At early G1 phase,
AD29-YFP was found mainly in the cytoplasm and only
gradually accumulated in the nucleus during interphase. This
observation explains the diverse localization of AD29 in an
unsynchronized cell population. In contrast, WT31-YFP accu-
mulated in the cell nucleus as soon as the nuclear membrane
was formed after mitosis.

The AD29 mutant disrupts formation of Cajal bodies

As described above, our data indicate that the expression of
AD29-YFP has a negative effect on cell growth (Fig. 1C).
Given that hPrp31 is necessary for tri-snRNP formation, we
decided to investigate snRNP metabolism in cells expressing
the mutant protein. First, we analyzed cells for the presence
of Cajal bodies because these bodies facilitate certain steps
in tri-snRNP assembly (17) and their integrity depends on
ongoing snRNP biogenesis and/or splicing (18,19). Staining
cells with the Cajal body marker coilin revealed that the
expression of AD29-YFP altered the structure of Cajal
bodies (Fig. 2). Further, a significant fraction of AD29-YFP
expressing cells did not have apparent Cajal bodies
(Fig. 2C), and if Cajal bodies were present, they were often
smaller than in WT31 cells. In the population of AD29 cells
that did contained Cajal bodies, we analyzed the localization
of snRNP-specific proteins within Cajal bodies. Interestingly,
we observed in AD29 cells that accumulation of SART3, a
marker of U4/U6 snRNP is reduced while the localization of
the U5-specific protein hSnull4 and the U2-specific U2B”
were not significantly altered (Fig. 2D). Cajal body integrity
is sensitive to snRNP metabolism and splicing. Therefore
our data indicate that the expression of the AD29 mutant
impacts upon snRNP metabolism and/or splicing.

Interaction between AD29 and snRNPs is significantly
reduced

To analyze AD29 association with snRNP-specific proteins,
we first employed the technique of FRET to detect protein
complexes in situ. Either AD29-CFP or WT31-CFP was
co-expressed with the YFP-tagged snRNP-specific protein
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Figure 1. The AD29 mutant is aberrantly localized in the cytoplasm and inhibits cell growth. Stable cell lines expressing either the AD29-YFP mutant or wild-
type hPrp31-YFP (WT31-YFP) were created from parental HeLa cells. (A) WT31-YFP was localized in the nucleus within splicing factor compartments (arrow-
heads) and Cajal bodies (arrows). (B) The AD29-YFP mutant was found abnormally localized within both the nucleus and cytoplasm. In the cell nucleus,
AD29-YFP exhibited a more diffuse staining than wild-type protein and was only weakly accumulated in Cajal bodies (arrows). Cajal bodies were visualized
by immunodetection of coilin (shown in red) that preferentially accumulates in Cajal bodies. DNA is visualized by dapi staining (blue). Bars represent 10 pm. (C
and D) Proliferation of WT31 and AD29. (C) WT31 and AD29 cell growth was monitored on the microscope for 24 h and their proliferation graphically rep-
resented. (D) WT31 and AD29 cells were plated to the same density and their number calculated every 24 h for 3 days. The average of two experiments and SEM

are shown.

SARTS3, hPrp4 or hPrp6 (Fig. 3A) and FRET was measured by
acceptor photobleaching (Fig. 3B). We analyzed these snRNP
proteins because they mark different stages of tri-snRNP for-
mation: SART3 is specifically found in the U4/U6 snRNP
intermediate, hPrp4 is a component of the U4/U6 snRNP
and the tri-snRNP while hPrp6 is the US5-specific protein
that interacts with hPrp31 to facilitate U4/U6eUS tri-snRNP
assembly. Cells co-expressing WT31-CFP and SART3-YFP
exhibited a high FRET signal specifically within Cajal
bodies that is consistent with previously published data that
demonstrated that the U4/U6 snRNP is highly concentrated
in Cajal bodies (13). A high FRET signal between
hPrp6-YFP and WT31-CFP in the nucleoplasm indicates that
there is a higher concentration of tri-snRNPs in the nucleo-
plasm than in Cajal bodies. Finally, the FRET signal
between WT31-CFP and hPrp4-YFP was similar in the Cajal
body and the nucleoplasm reflecting the localization of both
U4/U6 and U4/U6eU5 snRNPs. Notably, the association
between the AD29 mutant and U4/U6 snRNP proteins

SART3 and hPrp4 (as measured by FRET) was reduced by
approximately 40—50%. In contrast, the interaction between
AD29 and hPrp6 was lowered only in the nucleoplasm,
while this interaction in Cajal bodies was similar to wild-type
hPrp31. These data indicate that the mutant protein is still able
to partially integrate into snRNPs but its association with
snRNPs is compromised.

To further test the interaction between AD29 and snRNPs,
immunoprecipitation assays were carried out on WT31 or
AD29 cells. As a negative control, the parental cell line was
used. WT31 and AD29 cell lines expressed a similar amount
of YFP-tagged proteins and their levels were lower than the
level of endogenous hPrp31 (Fig. 3C). Co-precipitated proteins
were analyzed by western blotting. Both hPrp3 and hPrp4 (pro-
teins found in U4/U6 and U4/U6eU5 snRNPs) along with
hSnul14 and hPrp6 (U5 and U4/U6eU5 snRNP-specific pro-
teins) were co-precipitated with WT31-YFP illustrating that
WT31-YFP is properly incorporated into U4/U6 and U4/
U6eU5 snRNPs. In contrast, AD29-YFP did not pull-down
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Figure 2. Expression of AD29-YFP affects the formation of Cajal bodies. To reveal how the expression of AD29-YFP affects the formation of Cajal bodies,
WT31 (A) and AD29 (B) cells were stained for the Cajal body marker coilin (blue) and SART3 (red), a marker of the U4/U6 snRNP. Cajal bodies are marked by
arrows. Bar represents 10 pm. (C) Cells containing Cajal bodies were counted (number of cells counted is given within bars). (D) To analyze whether the AD29
mutant influences the localization of snRNPs in Cajal bodies, AD29 and WT31 cells were stained for coilin as a marker of Cajal bodies and either SART3 (U6
and U4/U6 snRNPs), hSnul14 (U5 snRNP and tri-snRNP) or U2B” (U2 snRNP) and the fluorescence ratio of Cajal bodies to nucleoplasm calculated. Expression
of AD29 affected accumulation of SART3 in Cajal bodies. The average of three experiments and SEM are shown.

any of the tested U4/U6-specific proteins signifying that the
single-point mutation is sufficient to disrupt the interaction
between AD29 and the U4/U6 snRNP. However, AD29 precipi-
tated with its U5-specific binding partner hPrp6. This finding
extends the in vifro binding studies (9,31) and shows in human
cells that AD29 interacts with hPrp6. Of interest, we repeatedly
detected limited amounts of hSnull4 pulled down by
AD29-YFP suggesting that under the immunoprecipitation
assay conditions, the AD29 mutant might still be capable of
interaction with the U5 snRNP.

To confirm that the AD29 mutant is impaired in its ability to
incorporate into snRNPs, we prepared nuclear extracts from
AD29 or WT31 stable cell lines. These extracts were subjected
to glycerol gradient fractionation and the presence of
AD29-YFP or WT31-YFP in individual fractions analyzed
(Fig. 3D). Consistent with our previous findings, the AD29
mutant was mainly restricted to the top of the gradient and
its sedimentation behavior was similar to bovine serum
albumin that has a comparable molecular weight (data not
shown). These data further demonstrate that the mutant is
not a stable component of snRNP complexes.

Over-expression of hPrp6 is able to rescue some defects in
AD29 expressing cells

Although the interaction between AD29 and snRNPs is dra-
matically reduced, this mutant is still able to instigate a domi-

nant negative effect on both cell growth and Cajal body
formation (Figs 1 and 2). It has been shown that AD29
binds strongly to hPrp6 in vitro (31) and our data show that
AD29 is able to interact with hPrp6 in vivo (Fig. 3). Thus, it
is plausible that AD29 might sequester free U5 snRNP or
hPrp6 and that in turn changes the dynamics of tri-snRNP for-
mation. To test this hypothesis, we expressed hPrp6-CFP in
AD29 cells and measured the appearance of Cajal bodies
(Fig. 4A—C). Expression of hPrp6-CFP but not CFP alone
increased the number of cells that contained Cajal bodies to
a level comparable to parental HeLa or WT31 cells. This
result indicates that the negative effect AD29 has on Cajal
body formation can be overcome by the expression of hPrp6.

To further test whether hPrp6 can also rescue the
AD29-induced growth phenotype, AD29 cells were trans-
fected with hPrp6-CFP and their proliferation measured as
described previously (Fig. 4D). Neighboring AD29 cells that
did not express hPrp6-CFP served as an internal negative
control. Although the transfection procedure had a general
negative effect on cell proliferation (compare Fig. 4D with
Fig. 1C), AD29 cells expressing hPrp6-CFP divided faster
than their non-transfected neighbors.

The AD29 mutation destabilizes the hPrp31 protein

During live-cell observations, we noticed that the amount of
AD29-YFP in individual cells changed significantly during
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Figure 3. The interaction between AD29 and snRNPs is weakened. (A) AD29-CFP was co-expressed with markers of different snRNPs tagged with YFP and
their association in the nucleoplasm and Cajal bodies measured by FRET. Bar represents 5 um. (B) FRET efficiency indicates the association of wild-type
protein (WT31) or AD29 mutant protein with hPrp6, SART3 or hPrp4. The AD29 mutant exhibited a significantly lower FRET signal with U4/U6 snRNP
markers (SART3 and hPrp4) than wild-type protein. FRET measurements of cells expressing an empty CFP vector were used as a negative control. The
average of two independent experiments and SEM is plotted. (C) AD29-YFP or WT31-YFP was precipitated from extracts made from the WT31 or AD29
stable cell lines using anti-GFP antibodies that cross-react with the YFP variant. Parental HeLa cells (HeLa) were used as a negative control. Two independent
immunoprecipitations are shown. WT31-YFP co-precipitated efficiently with U4/U6 (hPrp3 and hPrp4) and U5 (hSnull14 and hPrp6) snRNP-specific proteins
demonstrating that it is incorporated into the U4/U6 and U4/U6eU5 snRNPs. In contrast, AD29-YFP co-precipitated U5-specific hPrp6 and also a smaller
amount of hSnul 14, but none of the tested U4/U6 specific proteins. (D) Nuclear extracts were prepared from WT31 or AD29 cells, resolved on glycerol gradients
and the position of snRNP-specific proteins visualized by western blotting. In comparison to the wild-type protein, the AD29 mutant does not co-migrate with
snRNPs, but is instead concentrated at the top of the gradient signifying that it is not stably incorporated into snRNP complexes.

the 24 h observation period. The observed changes in
AD29-YFP accumulation were not connected with any particu-
lar cell cycle phase and instead exhibited a rather stochastic
behavior indicating that this effect might be a reflection on the
dynamics of AD29 expression and degradation. To test the stab-
ility of the AD29-YFP protein, cells were treated with the trans-
lation inhibitor cycloheximide and YFP fluorescence monitored
for 5 h (Fig. 5). While the WT31-YFP fluorescence decreased
only marginally, the level of AD29-YFP fluorescence dropped
rapidly after only 1 to 2h incubation in cycloheximide
(Fig. 5A—C). The fluorescent signal decreased both in the
nucleus and the cytoplasm and no preferential degradation
was observed in either of these cell compartments. Similar
results were observed when the degradation of the AD29

mutant was analyzed by western blotting (Fig. 5D). While
endogenous hPrp31 and WT31-YFP were stably present in
cells during the 5 h treatment, AD29-YFP protein disappeared
within a couple of hours. Together, these data suggest that the
Ala216Pro substitution causes a conformational change that
negatively affects the stability of the protein.

DISCUSSION

RP is a heritable disease that affects 1 in 4000 people. So far,
there have been over 40 loci identified that carry mutations
that cause RP. Generally, most of these genes are directly
involved in controlling retina cell metabolism. However,
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Figure 4. Expression of hPrp6 rescues the AD29 phenotype. The AD29 cell line was transfected with (A) CFP or (B) hPrp6-CFP. Twenty-four hour post-
transfection cells were fixed and stained for the Cajal body marker coilin. In CFP transfected cells, Cajal bodies were smaller and coilin was often dispersed
throughout the nucleoplasm with no obvious accumulation. Expression of hPrp6 led to the re-formation of Cajal bodies. Bar represents 10 wm. (C) Parental
HeLa cells, WT31 or AD29 cells, were transfected with CFP or hPrp6-CFP, stained for coilin and the number of cells with Cajal bodies determined. The
average and SEM of two independent experiments is shown. (D) The AD29 cells were transfected with hPrp6-CFP and their proliferation measured 20—
24 h after transfection. Although transfection conditions negatively affected cell growth, the AD29 cells expressing hPrp6-CFP divided faster than non-

transfected cells. An average of three experiments with SEM is shown.

three genes that encode general RNA splicing factors that are
ubiquitously expressed have also been implicated in RP. In
addition, the gene encoding the putative splicing factor
PAPI is also mutated in RP (4). The mechanism underlying
how mutations in splicing factors trigger RP has been exten-
sively investigated during the last couple of years. Such
studies has shown that mutations in HPRP3 and HPRP8 can
influence snRNP assembly and that many mutations in
HPRP31 lead to the degradation of its mRNA by the nonsense-
mediated decay pathway, consequently lowering the
expression of functional hPrp31 protein.

Here we investigated the hPrp31 point mutation found in the
AD29 family that does not apparently activate the mRNA
degradation pathway but instead codes for an alanine to
proline substitution at residue 216. It has been shown
in vitro and by two-hybrid analysis that this amino acid
change does not interfere with the hPrp31—hPrp6 interaction
(9,31). In addition, a structural analysis of the U4snRNA/
15.5K/hPrp31 complex revealed that the Ala216 residue is
not directly involved in the interaction between hPrp31 and
U4 snRNA or 15.5K; however, the effect of the AD29
mutation on the hPrp31 and U4 snRNP interaction has never
been tested (9). Here we have demonstrated that the AD29
mutation dramatically alters the ability of hPrp31 to interact
with U4/U6 snRNPs. Analysis of the association of AD29

and U4/U6 snRNPs in situ by FRET revealed that this associ-
ation was reduced by half. Further, the AD29 mutant precipi-
tated the U5 snRNP, specifically the hPrp6 and hSnull4
proteins but not any of the tested U4/U6 markers. Finally,
the AD29 mutant was mainly concentrated at the top of a gly-
cerol gradient indicating that it is not a stable component of
snRNPs. These data together indicate that the mutant has a
limited ability to associate with U4/U6 snRNPs. In addition,
the interaction between AD29 and snRNPs is weak and does
not withstand the conditions during snRNP immunoprecipita-
tion and gradient centrifugation. As the mutant protein is par-
tially localized in the cytoplasm, one explanation for reduced
interaction with snRNPs could be a defect in nuclear import.
However, the Ala216Pro substitution does not affect the
nuclear localization signal or interaction with importin 31
and direct measurements of nuclear import did not reveal
any differences between wild-type and mutant proteins
(32,33). Therefore, we assume that reduced nuclear localiz-
ation is rather an effect than a cause of reduced AD29
binding to snRNPs.

To date, it is unclear whether the AD29 mutant can bind U4/
U6 and U5 snRNPs simultaneously and form the tri-snRNP or
whether the mutant binds U4/U6 and U5 snRNPs indepen-
dently and prevents tri-snRNP formation. Based on the fact
that AD29 interacts with hPrp6 in vivo as assayed by both
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Figure 5. The AD29 protein is rapidly degraded inside cells. (A—C) To compare the stability of AD29-YFP to WT31-YFP, proteo-synthesis was inhibited by
cycloheximide in WT31 or AD29 cell lines and YFP fluorescence measured every 15 min for 5 h. (A and A’) AD29 cells at time 0 h and (B and B’) 5 h after
cycloheximide addition. (A and B) YFP fluorescence (A’ and B) bright-field images. Bar represents 10 wm. (C) Graph of relative YFP fluorescence after protein
synthesis inhibition. YFP fluorescence did not exhibit any significant decrease before addition of cycloheximide, 15 min post addition of cycloheximide
AD29-YFP fluorescence (n = 28 cells) began decreasing indicative of the rapid degradation of the AD29-YFP protein. In contrast, WT31-YFP protein (n =
22 cells) exhibited only a slow decay during the course of the 5h experiment. (D) Protein synthesis was inhibited as before and proteins detected by
western blotting using anti-hPrp31 antibodies that recognize both endogenous and tagged hPrp31 variants. The results show the relative stability of

WT31-YFP compared to AD29-YFP that is rapidly degraded after 2 h.

FRET and immunoprecipitation (Fig. 3) and that over-
expression of hPrp6 is able to rescue the AD29 phenotype,
we speculate that free AD29 transiently binds via hPrp6 to
the U5 snRNP. This interaction prevents the proper association
with the U4/U6 snRNP and changes the dynamics of
tri-snRNP formation resulting in the observed phenotypes:
reduced cellular proliferation (Fig. 1) and disruption of Cajal
body formation (Fig. 2). Both phenotypes are likely to be
dominant as we did not observe any changes in the expression
of endogenous hPrp31 or other tested snRNP proteins (Fig. 3
and data not shown).

Besides the effects of AD29 expression on cell growth and
nuclear morphology, we also observed the rapid degradation
of the AD29 mutant in HeLa cells. Despite the fact that
these results were acquired using cell culture expressing
normal levels of endogenous hPrp31, such observation raise
two alternative models for RP. The first model predicts that
the AD29 mutant is rapidly degraded in all cell types including
retina cells and RP symptoms are caused by the insufficiency
of functional hPrp31. This hypothesis would be in accordance
with previous findings that demonstrated that large deletions
of the HPRP31 gene and mutations that destabilize hPrp31
mRNA cause RP (23-25). Additionally, this model would
also explain the incomplete penetrance of the AD29
mutation (3).

An alternative hypothetical model would require specific
stabilization and/or high expression of the mutant in retina
cells. In this case, the mutant would only be able to exert its
dominant negative effect on snRNP metabolism and cell via-
bility, when it is present in cells as is the case of our model
system. These defects can be reverted by over-expressing
the hPrp31 binding partner, hPrp6 whose expression might
represent an additional factor that determines whether RP
symptoms are manifested in affected individuals. To dis-
tinguish between these two models, further investigation is
required to determine whether the AD29 mutant is present in
targeted retina cells.

MATERIALS AND METHODS
Cells and antibodies

HeLa cells were cultured in Dulbecco’s modified Eagle
medium supplemented with 10% fetal calf serum, penicillin
and streptomycin (Gibco BRL). Cells were transfected with
Fugene HD (Roche) according to the manufacture’s protocol.
Stable HeLa cell lines were created by transfecting cells with
the hPrp31-YFP (13) or AD29-YFP plasmids. To obtain indi-
vidual YFP positive cell, G418 resistant cells were sorted by
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FACS. After selection, the antibiotics were omitted from the
cell culture medium.

The following antibodies were used: rabbit anti-SART3/
p110 antibodies (14), mAb anti-coilin (5SP10) (34) kindly pro-
vided by M. Carmo-Fonseca, rabbit antibodies against hPrp31
(U4/U6-61K) (11), hPrp4 (U4/U6-60K) (35), hSnull4
(US5-116K) (36) and hPrp3 kindly provided by R. Lithrmann.
Monoclonal antibodies against U2B” were purchased from
Progen and anti-hPrp6 antibodies (H-300) from Santa Cruz
Biotechnology.

Mutation and protein tagging

SART3-YFP-C3, hPrp4-YFP-C1, hPrp31-CFP-C3 and
hPrp31-YFP-C3 were described previously (13). The full-
length hPrp6 was amplified by high fidelity PCR (Phusion,
Finnzymes) from an EST clone and subsequently sub-cloned
into ECFP-C3 or EYFP-C3 vectors derived from EGFP-C3
(Clontech) by using EcoRI/HindIII restriction sites. Correct
sequences were confirmed by sequencing.

The point G646C mutation within the hPrp31 sequence was
introduced by PCR mutagenesis using the ExSite Mutagenesis
kit (Stratagene), primers 646-For: 5-TTCATCCCACCCAA
CCTGTCCATCAT and 646-Rev: 5'-GGACATCCGGGA
CTCCACATACTC and hPrp31-CFP-C3 as a template (13).
The correct sequence was verified by sequencing. Sub-
sequently, the AD29 mutant was re-cloned into the
EYFP-C3 vector using EcoRI/BamHI restriction sites.

Indirect immunofluorescence

Cells were fixed in 4% paraformaldehyde/PIPES (Sigma) for
10 min, permeabilized for 5 min with 0.2% Triton X-100
(Sigma) and incubated with the appropriate primary anti-
bodies. Secondary anti-rabbit antibodies conjugated with
FITC or TRITC and anti-mouse antibodies conjugated with
TRITC or Cy5 (Jackson ImmunoResearch Laboratories)
were used. Images were collected using the DeltaVision
microscope system (Applied Precision) coupled with the
Olympus IX70 microscope equipped with an oil immersion
objective 60x 1.42NA using the same settings for each
sample. Stacks of 25 z-sections with 200 nm z-step were col-
lected per sample and subjected to mathematical deconvolu-
tion using the measured point spread function (SoftWorx,
Applied Precision). Mean intensities in Cajal bodies and
nucleoplasm were quantified using SoftWorx as described pre-
viously (13). Twenty to 40 cells containing ~40—100 Cajal
bodies were analyzed in each experiment.

Live cell imaging

Cells were plated on glass bottomed Petri dishes (MatTek) and
after 20—-24 h imaged using the DeltaVision microscope
system coupled with the Olympus IX70 microscope equipped
with an oil immersion objective 40x 1.3NA and an environ-
mental chamber controlling CO, level and temperature.
Images were taken every 30 min for 24 h using YFP excitation
and emission filters (Applied Precision). To measure the
effects of hPrp6-CFP expression on AD29 cell growth, the
same microscope set up was used and YFP/CFP filters were

Human Molecular Genetics, 2009, Vol. 18, No. 11 2021

used. Eight to 12 positions were imaged simultaneously
using the Multi-point visiting function. There were ~30-75
cells per experiment at time 0 h. The number of YFP or
YFP/CFP positive cells were counted at each time point and
plotted accordingly.

For protein stability measurements, cells were placed under
the DeltaVision microscopic system as descried above and
images were taken every 15 min for 75 min using YFP
filters. Cycloheximide was added to the medium at a final con-
centration of 30 wg/ml and cells were imaged as before for an
additional 5 h. Relative YFP fluorescence of each cell with
respect to the start point was calculated and an average of
all cells was plotted.

Western blotting

Cells were washed with ice-cold PBS, scraped and pelleted at
1000g for 5 min before being resuspended in 30 wl PBS. This
was followed by the addition of 30 pl of 2x protein sample
buffer and incubation at 95°C for 5 min. Cell extracts were
subsequently homogenized by passage through a 22G
needle. Proteins were resolved on a 10% polyacrylamide gel,
blotted onto a nitrocellulose membrane and incubated with
anti-hPrp31 antibodies followed by incubation with goat anti-
rabbit antibodies coupled with horseradish peroxidase
(Jackson ImmunoResearch Laboratories). The SuperSignal
West Pico/Femto Chemiluminiscent Substrate (Pierce) was
used to generate luminiscence.

FRET measurement

HeLa cells were transfected with constructs encoding fluores-
cently tagged proteins using Fugene HD, grown for 24—26 h
and fixed at room temperature in 4% paraformaldehyde/
PIPES (Sigma) for 10 min. After rinsing with Mg-PBS (PBS
supplemented with 10 mm Mg?") and water, cells were
embedded in glycerol containing DABCO. FRET was
measured by the acceptor photobleaching method as pre-
viously described (13) using the Leica SP5 confocal micro-
scope. Intensities of CFP (excited by 405 nm laser set to 5—
10% of maximum power) and YFP (excited by 514 nm laser
line set to 2% of maximum power) were measured. Following
this, YFP was bleached in a region of interest by three to five
intensive (30% maximum power) pulses of 514 nm laser line
and CFP and YFP fluorescence measured again. Apparent
FRET efficiency was calculated according to the equation
FRETefﬁciency (%) = (CFPafter_ CFPbefore) X 100/CFPafrer~
Unbleached regions of the same cell were used as a negative
control. Ten cells were measured per each FRET pair.

Immunoprecipitation

HeLa, WT31 or AD29 cells were grown on 15 cm Petri dishes,
placed on ice, washed three times with ice cold Mg-PBS and
harvested into NET-2 buffer (50 mm TRIS—CI1 pH 7.5, 150 mm
NaCl, 0.05% Nonidet P-40) supplemented with a complete
mix of protease inhibitors (Roche) and pulse-sonicated for
90 s on ice. Cell extracts were centrifuged at 13 000 rpm and
the supernatant incubated with Protein-G Sepharose beads
(GE Healthcare) coated with goat anti-GFP antibodies
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(raised against bacterially expressed full-length EGFP and
obtained from David Drechsel, MPI-CBG, Dresden,
Germany) for 4 h at 4°C. Captured complexes were extracted
by bead incubation in protein sample buffer for 5 min at 95°C
and the precipitated proteins were detected by western
blotting.

Glycerol gradient ultracentrifugation

Nuclear extracts were prepared according to (37), diluted in
gradient buffer (20 mm HEPES/KOH pH 8, 150 mm NaCl,
1.5 mm MgCl2, 0.5 mm dithiothreitol) and fractionated in a
linear 10-30% glycerol gradient by centrifugation at
32 000 rpm for 17 h using the SW-41 rotor (Beckman). The
gradient was divided into 20 fractions (~620 pl) and proteins
from these fractions analyzed by western blotting.
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There is increasing evidence to suggest that splicing decisions are largely made when the nascent RNA is still associated
with chromatin. Here we demonstrate that activity of histone deacetylases (HDACs) influences splice site selection. Using
splicing-sensitive microarrays, we identified ~700 genes whose splicing was altered after HDAC inhibition. We provided
evidence that HDAC inhibition induced histone H4 acetylation and increased RNA Polymerase Il (Pol Il) processivity along an
alternatively spliced element. In addition, HDAC inhibition reduced co-transcriptional association of the splicing regulator
SRp40 with the target fibronectin exon. We further showed that the depletion of HDAC1 had similar effect on fibronectin
alternative splicing as global HDAC inhibition. Importantly, this effect was reversed upon expression of mouse HDAC1 but
not a catalytically inactive mutant. These results provide a molecular insight into a complex modulation of splicing by
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Introduction

Pre-mRNA splicing is an essential step in eukaryotic gene
expression and its regulation vastly increases the coding potential
of our genome. Splicing is catalyzed by the spliceosome which
consists of spliceosomal small ribonucleoproteins (snRNPs) and
additional splicing factors [1]. The critical step in splicing is intron
recognition; this is achieved through the association of the splicing
machinery with pre-mRNA via RNA-RNA and protein-RNA
interactions. Interestingly, there is an increasing body of evidence
suggesting that these interactions are not the only determinants of
the splice-site definition [2].

There are many examples of a close coupling between
transcription and splicing ([3,4] reviewed in [5,6]). Several splicing
factors interact with RNA polymerase II (Pol II), which is
important for their recruitment to pre-mRNA and through the
combination of Pol II processivity and promoter identity, splice-
site selection is influenced ([7,8,9,10] reviewed in [11]). This
regulation involves a co-transcriptional definition of splice-sites,
spliceosome assembly and splicing [12,13]. Indeed, the major
regulators of splicing, snRNPs and SR proteins, are found at the
site of active transcription [14,15,16,17,18], demonstrating that
the splicing machinery assembles while the pre-mRNA is still
associated with the DNA template. Such an observation suggests
that chromatin modification might potentially play a regulatory
role in splicing.

In yeast, the histone acetyltransferase found in the SAGA
complex, Gen) is involved in co-transcriptional recruitment of the
U2 snRNP [19]. In higher eukaryotes, the SWI/SNF chromatin
remodeling complex associates with pre-mRNA and regulates
alternative splicing of endogenous genes [20,21] and treatment
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with histone deacetylase inhibitor trichostatin A (T'SA) affects
minigene alternative splicing [8]. Additionally, splicing factors
interact directly with modified histones, although the significance
of these interactions for splicing regulation remains unclear
[22,23]. Recently, genome-wide nucleosome mapping revealed
that nucleosome localization correlates with exon positioning and
may be involved in exon recognition [24,25,26,27]. The role of
nucleosome packing was supported by finding that stRNA-induced
formation of heterochromatin influenced alternative splicing [28].
H3K36 tri-methylation differs at alternative and consecutive exons
and affects alternative splicing through splicing factor recruitment
[29,30,31,32]. In addition, cell membrane depolarization resulted
in altered RNA polymerase II transcription and chromatin
modifications, correlating with alternative splicing changes [30].
In this study we examined whether enzymes catalyzing histone
deacetylation can modulate alternative splicing of human genes.

Results

HDAC activity regulates alternative splicing

In order to explore the effects of HDAC: activity on alternative
splicing we treated cells with the potent HDAC inhibitor, sodium
butyrate (NaB) and monitored splicing changes by exon arrays.
The analysis revealed that the splicing of 683 genes (out of 17,771
human genes included in the analysis) was altered upon HDAC
mhibition (Table S1). Targeted genes are mainly mvolved in
signaling (transmembrane transporters and receptors), transcrip-
tion regulation, apoptosis, cell cycle and cell organization, all
processes that regulate cell fate and differentiation (Fig. la).
Interestingly, one of the target genes was encoding the Tau
protein, which is abundantly expressed in central nervous system
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and enhanced inclusion of exon 10 causes neurodegenerative Histone H4 acetylation correlates with alternative

diseases as frontotemporal dementia with Parkinsonism linked to splicing

chromosome 17 (FTDP-17) [33]. The NaB treatment reduced One of the genes most affected by HDAC inhibition was
expression of the splice variant that is upregulated during the disease fibronectin (FN7). Given that fibronectin’s alternative splicing
(Fig. 1c). Exons with high splicing change (=3 fold) were further variants are well described and have been extensively studied
analyzed with respect to their inclusion or exclusion (Fig. 1b). While [35,36,37], we decided to use this gene to further characterize the
we found a partial preference for overall exon inclusion (389 role of HDAC:s in alternative splicing. As a model we analyzed
included/294 excluded) there was a strong correlation between exon 25 (called EDB or EDII) that was influenced by HDAC
increased gene expression and alternative events with a partial bias inhibition and exon 33 (called EDA or EDI) that did not alter
towards exon exclusion in up-regulated genes. Recently, a similar splicing pattern upon NaB treatment. Moreover, one of the major
relationship was observed when a smaller set of genes was analyzed advantageous is that proteins regulating splicing of the EDB exon

after UV irradiation [34]. These data suggest that HDAC inhibition were identified. It was shown that SR proteins, in particular
did not only alter transcription but also substantially affected SRp40, and PTB are important for EDB inclusion [38,39,40,41].

splicing pattern. To confirm exon-array results 16 target genes were To test a potential mechanism via HDAGs influence alternative
further analyzed by conventional RT-PCR. Thirteen genes splicing we first analyzed whether HDAC inhibition affected
exhibited alternative splicing changes predicted by exon-arrays. expression of general splicing proteins (namely snRNP specific
Splicing pattern of nine of them is shown in Fig. 1c together with proteins) and splicing regulators (SR proteins or PT'B) (Fig. 2a,b).
two control exons with no splicing change (Fig. 1d). Using the monoclonal antibody m104 that recognizes a set of
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Figure 1. HDAC inhibition induces global changes in alternative splicing. HDAC activity was inhibited by treating cells with sodium butyrate
(NaB) and splicing changes monitored by exon arrays. The splicing pattern of over 680 genes was changed (see Table S1). (A) Gene ontology analysis
was performed with genes from the microarray annotation file as a background, enrichment score is the -log (p-value) of the chi-square test.
Functional groups of over-represented genes with enrichment score >3 are shown. (B) Exons with high change (=3-fold) were analyzed with respect
to their inclusion or exclusion and divided into three groups according to the expression of a gene where the alternative exons are localized. (C)
Several genes identified as top hits by microarray were confirmed by RT-PCR. Alternative exons were skipped after NaB treatment in three genes
(CACNAT1G, FN1 —-exon 24 and MAPT). In KREMEN1 alternative 5'splice site was used and in CAPN5, RFX2, ITGB4, PLTP and CACNATH alternative exons
were included after HDAC inhibition. A graphic illustration of microarray data representing the same genomic loci as RT-PCR is shown next to the gels
(non-treated cells - grey line; NaB treatment - black line). Exon array data show expression of individual alternative exons and neighboring
constitutive exons. Relative decrease of the signal from alternative exon probes indicates alternative exon skipping, e.g. CACNATG alternative exon
signal from control cells (grey line) is higher compared to the surrounding constitutive exons than signal from NaB treated cells (black line). Although
CACNA1G gene expression is elevated in NaB treated cells, the expression of alternative exon decreased, because this exon is preferentially skipped.
(D) Two control exons that did not change splicing pattern upon NaB treatment.

doi:10.1371/journal.pone.0016727.g001
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phosphorylated SR proteins including SRp40 [42] we showed that
HDAC inhibition did not significantly alter the level of
phosphorylated SR proteins (Fig. 2a). In addition, we used a
HeLa cell line stably expressing SRp40-GFP from a bacterial
artificial chromosome (BAC) that preserved endogenous SRp40
regulatory elements [43]. No change in SRp40-GFP expression
was observed following the NaB treatment (Fig. 2b). Moreover, we
did not observe any difference in expression of PTB, Pol II or core
spliceosomal components hSnul14, hPrp4, U5-40K and SmB. It
was shown recently that several splicing regulators including
SRp40 are acetylated [44]. Therefore, we probed acetylation level
of SRp40 before and after HDAC inhibition but did not find any
significant changes in SRp40 acetylation status (Fig. 2c).

To further test whether the HDAC inhibition caused overex-
pression of other splicing factors that may potentially regulate
fibronectin alternative splicing, cellular protein synthesis was
inhibited in conjunction with HDAC activity. The inhibition of
protein synthesis itself did not have any significant effect on EDB
splicing. Further, we did not observe any differences in the splicing
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Figure 2. HDAC inhibition does not alter phosphorylation,
acetylation or expression of SRp40. (A) Hela cells or (B) Hela cells
stably expressing SRp40-GFP from BAC were treated for 15 h with NaB
and levels of SR proteins were analyzed by Western blotting with the
m104 antibody recognizing an SR protein phospho-epitope (A) or anti-
GFP antibody (B). In addition, HDAC inhibition did not alter expression
of several splicing proteins or RNA polymerase Il. (C) SRp40-GFP was
immunoprecipitated from SRp40-GFP stable cell line before and after
HDAC inhibition and acetylation assayed by anti-acetyl lysine antibody.
No significant change was observed after six hours NaB treatment.
Representative Western blot and the average of three independent
experiments is shown. (D) Inhibition of protein synthesis does not affect
alternative splicing of the EDB exon in the FNT gene. Cells were treated
for 9 h with cycloheximide (CHX), sodium butyrate (NaB) or both and
EDB splicing assayed by RT-PCR and RT-qPCR (graph). Inhibition of
HDAC by NaB had a similar effect on EDB skipping after CHX treatment.
A representative RT-PCR (gel) and the average of three independent
quantitative RT-PCR experiments (graph) are shown including SEM,
** indicates p=0.01 of the t-test with respect to non-treated cells.
doi:10.1371/journal.pone.0016727.g002
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of the EDB exon whether cells were treated in combination with
the ribosomal and HDAC inhibitors or HDAC inhibitor alone
(Fig. 2d). These data indicated that NaB treatment did not
influence splicing via altered expression or modification of
regulatory proteins.

Next, we performed a detailed analysis of chromatin marks
along the FNI gene including the EDA exon where we did not
detect any change in alternative splicing after NaB treatment. First
we determined the level of acetylated histone H3 and H4.
Acetylation of histone H3 was maximal at the promoter and
dropped in the body of the gene. HDAC inhibition resulted in
decreased H3 acetylation at the promoter (likely reflecting
clearance of the promoter; see Iig. 3h) and partial increase within
the gene (Fig. 3a). In non-treated cells general H4 acetylation was
highest at the promoter. After HDAC inhibition, general H4
acetylation was more uniform and high all over the gene (Fig. 3b).
Interestingly, the increase of H4 acetylation was significantly
higher at the EDB exon than at the EDA exon, whose splicing did
not respond to HDAC inhibition. Notably, different lysine residues
within histone H4 contributed differently to the general H4
acetylation with highest increase at the lysines 8 and 12 (Fig. 3cH).
Next, we analyzed the level of lysine 36 tri-methylation at histone
H3 as this modification was recently described as a marker of exon
associated chromatin that influenced alternative splicing
[30,31,32]. H3K36 tri-methylation increased partially within the
gene body, including the alternative exon (Fig. 3g). At the same
time no change was found in general nucleosome occupancy
within the body of the gene (Fig. 3h). Together, these data show
that HDAC inhibition has a global effect on chromatin
modifications within the FN/.

As the maximal changes observed were in the acetylation of
histone H4, we tested whether this modification correlated with
alternative splicing. First, we measured the dynamics of H4
acetylation after HDAC inhibition in HeLa cells (Fig. 4a). Histone
acetylation rapidly increased after 3 h of treatment and reached
maximal levels within 6-9 h. However, little splicing effects were
observed within this time period (Fig. 4b and data not shown).
This discrepancy could be caused by mRNA being synthesized
and spliced before HDAC inhibition. Thus, the presence of this
mRNA might delay the detection of any splicing changes. To
reduce the effect of mRNA spliced before HDAC inhibition, cells
were incubated for 6 h with DRB, a reversible inhibitor of Pol II.
Following this incubation, the Pol II inhibitor was removed and
the cells were treated with NaB for an additional 6 h and EDB
inclusion analyzed (Fig. 4b). The subsequent results show that as
soon as 6 h post HDAC inhibition, the splicing of de novo
synthesized pre-mRNA was altered. To further test the correlation
between histone H4 acetylation and FN7 splicing, we analyzed H4
acetylation in a retinoblastoma derived cell line Y79 that almost
exclusively included the alternative exon (Fig. 4c). Using three
different loci of the fibronectin gene, we show that general histone
H4 acetylation is reduced in Y79 cells with respect to HeLa cells
(Fig. 4d).

Pol Il processivity changes after HDAC inhibition

Our data suggest a link between alternative splicing and H4
acetylation. It was previously shown that H4 acetylation was
associated with Pol II processivity [45]. Moreover, there have been
several observations that suggested a close relationship between
Pol II dynamics and alternative splicing [7,46]. Based on these
observations we decided to analyze whether HDAC inhibition
affects Pol II processivity. We probed Pol II processivity at several
FNI gene loci by measuring the ratio between two pre-mRNA
fragments as described previously [30] (Fig. 5a). Our results
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Figure 3. HDAC inhibition induces histone acetylation along the FN7 gene. Chromatin immunoprecipitations were performed 6 h after
HDAC inhibition with NaB using antibodies against (A) acetylated H3, (B) acetylated H4, (C) acetylated H4 lysine 5, (D) acetylated H4 lysine 8, (E)
acetylated H4 lysine 12, and (F) acetylated H4 lysine 16. In addition, (G) tri-methylated lysine 36 histone H3, and (H) total H3 were probed. Probes
detecting gene loci around alternative EDB exon are shaded. The average of at least three experiments is shown including SEM, ** indicates p=0.01
and * p=0.05 of the t-test.

doi:10.1371/journal.pone.0016727.9003

showed the highest increase of Pol II processivity in proximity of the Pol II distribution, phosphorylation and processivity along the

EDB exon that was excluded but only small change at the alternative fibronectin gene.

EDA exon that did not change splicing after HDAC: inhibition.
Next, we determined the distribution of total Pol II as well as T L. .

Pol 11 phophorylated at the C-terminal domain along the HDAC inhibition decreases the association of SRp40 with

fibronectin gene after HDAC inhibition (Fig. 5b—d). Consistent the FNT gene

with elevated levels of fibronectin mRNA (~5-fold, see Table S1), The EDB exon is‘ rcgqlatcd by several cz'.s—r f:gulatory elements. A
we observed an increased occupancy of total Pol II and Pol II couple SRp40 binding sites were found within the EDB exon and
phosphorylated at Ser-5 at the promoter indicating a higher the downstream intron, while PTB sites were identified upstream
frequency of transcription initiation (Fig. 5b,c). Surprisingly, we of the alternative exon. It was reported that EDB exon is

found lower Ser-2 phosphorylation along the gene upon HDAC recognized and spliced co-transcriptionaly [12] and that SR
inhibition with EDB exon as the only exception, which likely proteins directly associate with the nascent RNA at the
reflects accumulation of total Pol II at the EDB exon (Fig. 5d). In transcription site [17]. Therefore, we decided to test whether
addition, we observed accumulation of total Pol II at the EDB HDAC inhibition influenced the interaction of SRp40 or PTB
exon and the intronic sequence downstream of the EDB exon. with the nascent RNA at the transcription site. To detect SRp40 at
Together with measurements of Pol II processivity these data the transcription unit, we used a recently developed system that
indicated that HDAC inhibition resulted in increased Pol II utilizes GFP tagged SR proteins and chromatin immunoprecip-
processivity at upstream and downstream introns and slow down itation (ChIP) [17]. This report showed that GFP tagged SR
at the EDB exon. HDAC inhibition thus had a complex effect on proteins are expressed at the same or at lower levels than the
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Figure 4. H4 acetylation correlates with EDB exon skipping. (A) The dynamics of histone H4 acetylation was assayed by Western blotting at
different times after NaB treatment. A representative blot and the average of three experiments are shown including SEM. (B) EDB splicing was
assayed six hours after HDAC inhibition. To reduce the possible effects of mRNA synthesis before HDAC inhibition, cells were treated with the Pol Il
inhibitor, DRB before the addition of HDAC inhibitor (NaB). The same amount of total RNA was used in each reaction. Following Pol Il inhibition
changes in EDB splicing were detected six hours post NaB treatment. A representative RT-PCR (gel) and the average of three independent
quantitative RT-PCR experiments (graph) are shown including SEM. (C) EDB inclusion was analyzed in two different cell lines (Hela and Y79) using RT-
PCR. (D) Histone H4 acetylation in HeLa and Y79 was assayed by chromatin immunoprecipitation at the EDB exon and the surrounding regions (see
graphical representation of the gene loci below the graph). The average of three experiments is shown including SEM, ** indicates p=0.01 and
* p=0.05 of the t-test.

doi:10.1371/journal.pone.0016727.g004
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treatment indicates higher Pol Il processivity over the assayed region. Pol Il exhibited high processivity increased significantly upstream and
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of three experiments is shown including SEM, * indicates p=0.05 the t-test. (B-D) HDAC inhibition affects Pol Il distribution. HDAC activity was
inhibited by NaB for six hours and distribution of (B) total Pol Il, (C) Pol Il phosphorylated at the C-terminal domain Ser-5, and (D) Pol II
phosphorylated at the C-terminal domain Ser-2 was assayed along the gene by chromatin immunoprecipitation. Probes detecting gene loci around
alternative EDB exon are shaded. The tested gene loci are the same as in fig. 3. The average of three experiments is shown including SEM, ** indicates

p=0.01 and * p=0.05 of the t-test.
doi:10.1371/journal.pone.0016727.g005

endogenous protein and that the behavior of this tagged variant is
indistinguishable from its endogenous counterpart. Our results
revealed that SRp40 association with the FN7 gene decreased upon
HDAC inhibition, with the most significant decrease at the alternative
EDB exon (Fig. 6a). The observed decrease was not a result of overall
reduction of SRp40 protein level because HDAC inhibition did not
alter SRp40 expression (Fig. 2b). In contrast, we did not detect any
significant changes i association of PIB or general splicing Sm
proteins over the alternative EDB exon indicating that changes in
SRp40 interaction were not due to general changes in gene accessibility
(Fig. 6b,c). These data indicated that HDAC activity influenced co-
transcriptional association of SRp40 with the EDB exon.

@ PLoS ONE | www.plosone.org

HDAC1 activity modulates fibronectin alternative splicing

To test whether the observed effects on alternative splicing were
specific for NaB or whether it was a general property of HDAC
mhibitors we reduced HDAC activity using three different
mhibitors - T'SA, valproic acid (VPA) and NaB and determined
their effect on splicing of the fibronectin exon EDB. TSA is a pan-
HDAC 1soform inhibitor that i vitro displays nM potency against
HDAC classes I (HDAC 1, 2, 3 and 8) and I (HDAC 4, 5,6, 7,9
and 10) with the exception of HDACS, which is in the low uM
range [47]. VPA is an established drug in the long-term therapy of
epilepsy. It is a class I selective HDAC inhibitor, which i wvitro
inhibits HDAC 1, 2, 3 and 8 in the mM range [48]. Finally,

6 February 2011 | Volume 6 | Issue 2 | 16727
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immunoprecipitated using an anti-GFP antibody. SRp40 interaction with the FNT gene was measured in cells treated for 6 h with NaB and in control
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doi:10.1371/journal.pone.0016727.g006

sodium butyrate, a short-chain fatty acid sodium salt, primarily
inhibits class I HDACs, but also HDAC 10 [47]. Following the
treatment of cells with each HDAC inhibitor we observed the
exclusion of the EDB exon in all cases, albeit with differing
efficiencies, which might reflect the fact that targets of these
inhibitors were not fully overlapping (Fig. 7a). The effect on
alternative splicing was detectable after 12 h of HDAC: inhibition
and sustained for an additional 12 h. The smallest exclusion was
observed after VPA treatment and Western blot analysis of H4
acetylation revealed that VPA had the smallest effect on H4
acetylation (data not shown). These results correlated with
previous finding that different inhibitors regulated acetylation of
core histones with different efficiencies [44].

To further investigate the role of HDAC:s in alternative splicing,
two highly expressed enzymes from the HDAC class I family,
HDAC 1 and 2, were knocked-down by RNAi (Fig. S1). Similar to
HDAC inhibition, depletion of HDAC1 but not HDAC2 had a
strong effect on fibronectin splicing, resulting in EDB skipping
(Fig. 7b). To demonstrate the splicing effect of the RNAi treatment
was specific to HDAC1, we used RNAi-resistant mouse HDACI,
which reverted the EDB splicing pattern (Fig. 7c and Fig. Sla).
The requirement for HDACI activity was further supported by
expression of HDAC1 mutant carrying an inactivating mutation
within the active site [49], which was unable to rescue the splicing
phenotype after RNAi treatment. These results together with
HDAC inhibition data demonstrate that the enzymatic activity of
HDACI is important for the regulation of fibronectin alternative
splicing.

Discussion

There is an increasing amount of evidence to show that
chromatin modifications play a vital role in pre-mRNA splicing.
However, little is known about the mechanism and factors
involved in this coupling. In this study, we show that alternative
splicing of a hundreds of genes is regulated by HDAC activity.
Recently published i wvitro data indicate that several HDAC
inhibitors work by stalling the splicing reaction, suggesting that
protein acetylation might have a role in regulating splicing activity.
However, Kuhn and his co-workers did not identify a potential
protein target, leaving the mechanism of HDAC inhibitor action
on splicing open [50]. In our study, we did not observe any
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treated with three different HDAC inhibitors (trichostatin A - TSA,
valproic acid - VPA and sodium butyrate - NaB) for 12 h and 24 h. Their
effect on fibronectin alternative EDB exon splicing was analyzed by RT-
PCR (gel) or quantitative RT-PCR (graph). DMSO and non-treated cells
served as negative controls. (B) HDAC1 and HDAC2 were down-
regulated using siRNA and the resulting EDB splicing assayed. Depletion
of HDAC1 but not HDAC2 resulted in EDB exon skipping. For knock-
down efficiency see Fig. S1. (C) Endogenous HDAC1 was knocked-down
by siRNA. The EDB skipping phenotype was rescued by expressing the
mouse HDACT homologue (mHDACT) but not an inactive mouse
HDAC1 mutant (D174H). NC - negative control siRNA, control plasmid -
GFP transfected cells. Expression of endogenous human (hHDACT) and
ectopically expressed mouse HDAC1 (mHDACT) is shown below the
graph. Graphs represent the average of three independent experiments
measured by quantitative RT-PCR including SEM, ** indicates p=0.01
and * p=0.05 of the t-test.

doi:10.1371/journal.pone.0016727.g007
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decrease in global mRNA production indicating that general
splicing was not inhibited after HDAC inhibition with NaB. Thus,
it remains to be clarified whether the observed i wvitro effects of
HDAC inhibitors apply to in vive as well. Interestingly, about half
of the proteins found in the spliceosome are acetylated but the
functional role of these acetylations in splicing is yet to be
established [44]. In addition, Mathias Mann and his colleagues
tested two different HDAC inhibitors (SAHA targeting both
HDAC classes I and II and MS-275 targeting class I) and found
surprisingly low overlap of proteins with enhanced acetylation (43
out of 1750 proteins). Interestingly, histones were among the
common targets and their acetylation increased after treatment
with both drugs [44]. Here, we showed that at least two different
mhibitors had the same effect on fibronectin splicing suggesting
that both act via increased acetylation of histones as shared targets
of different HDAC: inhibitors. Moreover, we analyzed acetylation
of the splicing regulator SRp40 but did not detect any changes
upon HDAC inhibition. Despite that we cannot absolutely rule out
the possibility that HDACs affect splicing via deacetylation of
splicing proteins.

Recently it was shown in yeast that histone acetyltransferase
Gcend affects co-transcriptional recruitment of U2 snRINPs [19].
The authors proposed that H3 acetylation at the promoter is
responsible for the association of splicing factors with Pol II,
resulting in their recruitment to the transcription unit. Our results
with HDAC inhibitors suggest that histone acetylation can play a
more direct role within the gene body. Histone acetylation around
alternatively spliced elements affects splicing through the alteration
of Pol II processivity that consequently modulates co-transcrip-
tional association of splicing regulators with the nascent RNA.

The coupling between the elongation rate and alternative splicing
was previously indicated by several studies. It was shown that the
mutation in Pol II affecting the speed of synthesis, introduction of a
pause site into the DNA template or depletion of transcription
clongation factors influence alternative splicing outcome of
transiently expressed reporter genes [7,11,28,30,46,51,52]. How-
ever, a direct molecular link between transcription dynamics and
alternative splicing has not been described. Karla Neugebauer and
her colleagues showed that reduction of RNA synthesis rate by
camptothecin increases association of general splicing factors with
the transcription unit indicating a kinetic coupling between RNA
synthesis and interaction of splicing factors with the nascent RNA
[16]. Here we describe that increase of Pol II dynamics in the
vicinity of the alternative EDB exon correlates with reduced co-
transcriptional recruitment of SRp40 supporting the model of
kinetic coupling between transcription and splicing. It was shown
that co-transcriptional association of SR proteins with the
transcription unit is RNA dependent and determined by the RNA
recognition domain [17]. Here we show that SR protein interaction
with the transcription unit also depends on HDAC activity. In
addition, SRp40 distribution does not correlate with Pol II
occupancy, indicating that SRp40 does not interact primarily with
Pol II.

More than 20 years ago it was hypothesized that splice-site
selection is accomplished within a short window after transcription
when RNA is naked and splicing factors can interact with target
sequences [53]. Since then, co-transcriptional recognition of
splice-sites was further supported by the study of Roberts et al.
[52] and the significance of co-transcriptional splice-site recogni-
tion was recently demonstrated using the EDB exon that is
recognized and spliced co-transcriptionally [12,13]. Here we
propose that co-transcriptional recruitment of splicing factor is
modulated by histone modifications and Pol II processivity, which
provides a link between chromatin modifications, transcription
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and splicing. Because NaB treatment leads to exclusion as well as
inclusion of alternative exons we speculate that HDAC inhibition
reduces the interaction of splicing enhancers (in the case of exon
exclusion) or silencers (in the case of exon inclusion).

Our data also provide an example of how global changes in
chromatin structure can result in local changes within specific
genes. Global analysis of alternative splicing further revealed that
many genes whose alternative splicing is regulated by HDACs
belong to families of proteins that are involved in signaling and cell
organization; processes that are tightly connected with cell
differentiation. The dynamic interplay between chromatin struc-
ture, transcription and splicing might explain why some genes are
alternatively spliced in different cell types that contain the same or
a similar set of splicing regulators and as such might represent an
efficient method for global splicing regulation during development
and cell differentiation. In addition, many genes affected by
HDAC inhibitor are involved in regulation of membrane
potential, a process linked to signal transduction in neurons.
Thus, HDAC: inhibitors (e.g. VPA) used in epilepsy treatment
might act via modulation of splicing pattern in patient neurons.
For example, misbalanced splicing of Tau protein is a primary
cause of frontotemporal dementias. Interestingly, Tau gene is on
the list of genes whose splicing is modulated by HDAC inhibition.
HDAC inhibitors thus might serve as a drug that acts via alteration
of splicing pattern, which can increase their therapeutic potential.

Materials and Methods

Cell culture and treatments

HelLa and HeLa-GFP-SRp40 cells were cultured in DMEM
supplemented with 10% fetal calf serum, penicillin and strepto-
mycin (Invitrogen) and treated with 50 uM DRB (5,6-Dichlor-
obenzimidazole 1-B-D-ribofuranoside), 5> mM sodium butyrate,
5 mM valproic acid, 330 nM trichostatin A (all from Sigma) or
cycloheximide (50 pg/ml, Calbiochem). Y79 human retinoblasto-
ma cells (ATCC HTB-18, a kind gift of Martina Zikova, IMG
ASCR) were cultured in RPMI with 10% fetal calf serum,
penicillin and streptomycin. HeLa-GFP-SRp40 cell line was a gift
from Ina Poser and Tony Hyman from (Max Planck Institute of
Molecular Cell Biology and Genetics, Germany).

Antibodies

The anti-RNA polymerase II H5 monoclonal antibody
(recognizing phosphoserine 2) and H14 antibody (recognizing
phosphoserine 5) were purchased from Covance, polyclonal
antibodies against acetylated lysine 16 histone H4, Pol II (clone
H-224) and mouse anti-GFP antibody (used for Western blotting)
were from Santa Cruz. Monoclonal antibodies specific for
HDACI, polyclonal for acetyl-histone H4, acetyl-histone H3,
H4K5ac H4K8ac and H4K12ac were all purchased from Upstate.
Anti-H3, anti-H3K36me3 and 8WG16 anti-RNA polymerase II
antibody (used for chromatin immunoprecipitations), anti-
HDAC2 and anti-PTB antibodies were purchased from Abcam.
hSnull4, hPrp4 and U5-40K antiserum was a gift from R.
Lihrmann (Max Planck Institute of Biophysical Chemistry,
Gottingen, Germany), monoclonal m104 antibody recognizing
phosphorylated SR proteins was a gift from K. Neugebauer (Max
Planck Institute of Molecular Cell Biology and Genetics,
Germany), anti-tubulin antibody was kindly provided by Pavel
Draber (Institute of Molecular Genetics ASCR, Prague, Czech
Republic), goat anti-GFP antibody used for ChIP was received
from David Drechsel (Max Planck Institute of Molecular Cell
Biology and Genetics, Germany) and the monoclonal anti-PTB
antibody (BB7, used for chromatin immunoprecipitations) was
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provided by Douglas L. Black (Howard Hughes Medical Institute,
Los Angeles, USA). The anti-Sm antibody Y12 was produced
from a hybridoma cell line (a gift of Karla Neugebauer, Max
Planck Institute for Molecular Cell Biology, Dresden, Germany;
[54]) in the antibody facility at the Institute of Molecular Genetics
ASCR. The polyclonal pan anti-acetyl lysine antibody was
obtained from Immunechem. Nonspecific mouse IgG and anti-
mouse IgM were both purchased from Sigma.

Plasmids and siRNA transfection

Mouse HDAC1 cDNA (gift form Konstantinos Anastassiadis,
TUD, Dresden, Germany) was subcloned into EGFP-N1 with
Sall/Notl. The D174H mutation was introduced by PCR site-
directed mutagenesis as described previously [55]. List of primers
used in this study is listed in List S1. Plasmids were transfected
with FuGENE HD (Roche Applied Science) according to
manufacture’s protocol. Preannealed siRNA duplexes were
obtained from Ambion: HDAC1 5'-GGGAUACUUUUAUG-
CAACCtt-3'; HDAC2 5'-GCCACUGCCGAAGAAAUGALt-3;
The negative control 1 siRNA from Ambion was used as a
negative control. Oligofectamine (Invitrogen) was used for siRNA
transfection according to the manufacture’s protocol. Cells were
incubated for 48 h (78 h for rescue experiments) before further
treatment.

RNA isolation and RT PCR

Total RNA was purified with TRIzol (Invitrogen), reverse
transcribed using SuperScript III (Invitrogen) and cDNA amplified
by Taq polymerase (MBI Fermentas). Primers used for RT-PCR
and qPCR are listed in List S1.

Quantitative real-time PCR

The ratio of mRNA with EDB exon skipped/included was
calculated from relative Ct values of primers 41196 (FNI exon 24)
and 42658 (FNI exon 25, EDB) according to Ryeaunent=
(CHEDE CeliDBupstream) 14 normalized to control cells R
= Ryreated’ Reontol)- RINA polymerase II processivity was calculat-
ed from relative Ct values of primer pairs A (upstream) and B

(downstream) according to pre-mRNA

ratlodistal/proximal =
Q(CtA — CtB)

Exon arrays

HeLa cells were treated with 5 mM NaB for 15 h and their
RNA was isolated with TRIzol. For each sample, 1 ug of total
RNA was processed, amplified, and labeled according to the
Affymetrix GeneChip Whole Transcript (WT) Sense Target
Labeling Assay (P/N 701880 Rev. 5). This protocol resulted in
biotinylated sense strand cDNA samples, which were subsequently
hybridized to GeneChip Human Exon 1.0 ST Array (Affymetrix,
Inc., U.S.). Washing, staining, and scanning of the arrays was done
according to the Affymetrix GeneChip Expression Wash, Stain,
and Scan User Manual (P/N 702731) protocol. The data were
analysed with the Partek Genomics Suite 6.4 software (Partek
Incorporated, U.S.) using the RMA (Robust Multi-Array)
algorithm. Only probesets that were present in the ‘core’ meta-
probe list (17 800 RefSeq genes and full-length GenBank mRNAs)
were used to identify alternative splicing events with Alt-splice
ANOVA. A list of genes with alternative splicing was generated by
using alternative splicing p-values corresponding to the 0.005 FDR
criterion as a cutoff. To identify differentially expressed genes a p-
value of 0.05 FDR was used as a cutoff.

Changes in exon expression were normalized to the changes in gene
expression  (NaBexon  expression/ NTexon  expression)/ NaBgene  expression/
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NTgene expression) and all exons with values =3 were considered as
included, exons =1/3 as excluded. All data are MIAME compliant
and that the raw data has been deposited in a MIAME compliant
database (GEO, the accession numbers is GSE17397) available at the
Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/
geo/nfo/linking . html).

ChIP assays

Y79 or Hela cells (treated with 5 mM NaB for 6 h) were washed
with PBS, crosslinked with 1% formaldehyde/PBS for 15 min at
room temperature and the reaction was stopped by the addition of
glycine (final conc. 125 mM). Cells were scraped into RIPA buffer
(150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS,
50 mM Tris-HCI, pH 8.0, 5 mM EDTA, 0.5 mM PMSF,
complete protease inhibitor cocktail (Calbiochem), 50 mM Nal
and 0.2 mM sodium orthovanadate) and sonicated to generate
~500 nt chromatin fragments. The same total amount of protein
(1 mg or 0.3 mg for histone H3) was used for immunoprecipita-
tion. Immunoprecipitation with the appropriate antibodies (20 pug
anti-P-ser 2 and anti-P-ser 5 RNA Pol II, 5 pg anti-RNA pol II,
12 pg goat anti-GFP, 5 pl anti-PTB, 500 pl Y12 cell supernatant
and 3 pg anti-H3 per reaction) was performed at 4°C overnight.
Subsequently, the beads were rinsed twice with RIPA, four times
with 100 mM Tris-HCI, pH 8.5, 500 mM LiCL, 1% Nonidet P-
40, 1% deoxycholic acid, twice again with RIPA and twice with
TE. Protein-DNA complexes were eluted with 1% SDS for 10
minutes at 65°C, decrosslinked in the presence of 200 mM NaCl
for 5 h at 65°C and treated with 20 pg proteinase K for 30 min at
45°C. DNA was phenol/chloroform extracted, precipitated and
amplified by quantitative real-time PCR on a LightCycler 480
System (Roche Applied Science). Data sets were normalized to
ChIP input values, and the relative proportions of gene fragments
obtained from ChIP with a nonspecific antibody were subtracted
from the values obtained from templates derived from ChIP with
the SpCCiﬁC antibody: 2((lt(input) Cit(spec)) _Q(Gt(input) Ct(unspec))‘ To
measure the level of phosphorylated RNA pol II the signal
obtained for gene regions was further normalized to the value
obtained in non-treated cells with the primer pair FN7 65438. To
compare the level of acetylated histone H4 on FN7 in HeLa and
Y79 cells the signal obtained for FN7 was normalized to the primer
pair amplifying an intergenic region on chromosome 10 where no
annotated genes could be found [16].

Native ChIP assays

Hela cells (treated with 5 mM NaB for 6 h) were scraped into
PBS and resuspended in 0.3 M sucrose, 60 mM KCI, 15 mM
NaCl, 5 mM MgCly, 0.1 mM EGTA, 0,2% NP-40, 15 mM Tris-
HCL, pH 7.7, 0.5 mM DT'T, complete protease inhibitor cocktail
(Calbiochem) and 5 mM NaB. Nuclei were released by passage
through a 22 G needle and loaded on a sucrose gradient (1.2 M
sucrose, 60 mM KCI, 15 mM NaCl, 5 mM MgCly, 0.1 mM
EGTA, 15 mM Tris-HCl, pH 7.7, 0.5 mM DTT, protease
inhibitors and 5 mM NaB) and centrifuged for 20 min at
2000 g, 4°C. Pellets were resuspended in Mnase digestion buffer
(0.32 M sucrose, 1 mM CaCl,, 4 mM MgCly, 15 mM Tris-HCl
pH 7.7 and protease inhibitors) and digestion performed for 6 min
at 37°C (1U Mnase/30 ug chromatin). Reactions were stopped by
EDTA (final concentration 10 mM) and centrifuged. The
supernatant was taken and the pellet resuspended in 0.2 mM
EDTA, 1 mM Tris/HCL, pH 7.7, incubated for 1 h at 4°C,
centrifuged again and both supernatants mixed. ~100 ug of
chromatin was diluted in nChIP buffer (50 mM NaCl, 5 mM
EDTA, 50 mM Tris/HCI, pH 7.7) and incubated overnight at
4°C with appropriate antibody (10 pg anti-acetyl H3, 6 pg ant-
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H3K36me3, 4 pug anti-H4Kl16ac, 10 pg nonspecific IgG, 5 ul
anti-acetyl H4, 6 pl anti-H4K12ac and 5 pl anti-H4Kb5ac and
anti-H4K8ac). The beads were washed once with nChIP buffer,
then twice in the same buffer with increasing salt concentration
(75 mM NaCl, 125 mM NaCl, 175 mM NaCl). Complexes were
eluted with 1% SDS for 15 min at room temperature, treated with
20 ug proteinase K for 30 minutes at 45°C and DNA was
recovered with the QIAGEN PCR Purification Kit, quantified by

gPCR and signal compared to the input and non-specific
antibody: Q(Ct(input) — Cit(spec)) _Q(Ct(in])ut) - Ct(unsp(:(')).

Western blotting and immunoprecipitation

Western blotting and immunoprecipitation was performed as
described previously [55]. Protein extraction from TRIzol after
RNA isolation was done according to manufacturer’s protocol.

Supporting Information

Figure S1 HDACI activity regulates fibronectin alternative
splicing. (A) Before cells were transfected with wild type mouse
HDACIT or a control plasmid, endogenous HDAC]1 was knocked-
down by siRNA. Subsequently, EDB splicing was analyzed by
RT-PCR. Expression of HDAC1 after siRNA treatment was
assayed by Western blotting. The anti-HDACI antibody cross-
reacted with mouse HDAC]1, which resulted in an increased signal
in the last line. Snull4 served as a loading control. (B) Reduction
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There are numerous data suggesting that two key steps in
gene expression—transcription and splicing influence each
other closely. For a long time it was known that chromatin
modifications regulate transcription, but only recently it
was shown that chromatin and histone modifications play
a significant role in pre-mRNA splicing. Here we summarize
interactions between splicing machinery and chromatin
and discuss their potential functional significance. We focus
mainly on histone acetylation and methylation and potential
mechanisms of their role in splicing. It seems that whereas
histone acetylation acts mainly by alterating the transcription
rate, histone methylation can also influence splicing directly by
recruiting various splicing components.

Pre-mRNA Splicing Regulation

The vast majority of our genes has a puzzle-like structure where
short coding sequences (exons) must be correctly identified and
joined together while surrounding much longer non-coding
sequences (introns) have to be removed before a mature mRNA
is exported to the cytoplasm and translated. A typical human
gene contains 8 introns of average length ~3.4 kb but much larger
examples were found (e.g., the last intron of glypican 5 gene is
721 kb in length).! In contrast to long introns, exons are short
having an average length of 145 bp and represent only a small
fraction of primary pre-mRNA transcripts. An extreme example
is the largest human gene CNTNAP2 encoding Caspr2 protein
which spans over 2.3 Mb (!) but its spliced mRNA is only 10
kb long because 99.6% of the CNTNAP2 gene sequence corre-
sponds to introns.?

To further complicate matters, exons and introns are not
always recognized identically and, for example, a particular exon
can be skipped in a fraction of mature mRNAs. This process,
called alternative splicing, produces different mRNA isoforms
from one gene which significantly increases the coding potential
of our genome. It is estimated that in human cells almost 95%
of genes are alternatively spliced®* and that there are on average
7 different alternative splicing events per single gene leading to
different mRNA variants. The complexity of the process puts
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pressure on cells to regulate splicing precisely. Then how is alter-
native splicing regulated?

Introns contain consensus splice sites at both ends. However,
compared to yeasts, most splice site sequences in higher meta-
zoans are degenerate and additional regulatory sequences in
pre-mRNA are needed to help basal splicing machinery (the
spliceosome) to recognize correct splice sites.’ These regulatory
sequences are bound by many different splicing regulatory pro-
teins which are able to interact with the splicing complex. The
combinatorial interplay among splicing factors results in the
usage (or skipping) of individual splice sites. Some of the splicing
regulatory proteins are widely expressed in different tissues (such
as PTB or SR proteins) while the others are highly tissue specific
(for example, Nova proteins are expressed almost exclusively in
neurons). The differences in the expression of splicing regulatory
proteins are believed to be responsible for tissue-specific alterna-
tive splicing.®

The splicing code—the sum of all splicing related features in
a pre-mRNA sequence—can explain a majority of differences in
alternative splicing between individual tissues (e.g., 74% out of
97 tested alternative splicing events specific for the central ner-
vous system and muscle tissue were properly predicted based on
a pre-mRNA sequence).” Although the splicing code model was
effective to estimate whether the alternative exon was included or
skipped it was less precise in the prediction of the level of inclu-
sion/exclusion when tested by Barash et al. which indicates a
presence of additional regulatory signals.”

Splicing is Cotranscriptional and Occurs
in the Vicinity of Chromatin

Intron recognition and removal likely occur in the cell nucleus
very shortly after intron transcription. Splicing complexes associ-
ate with preemRNA immediately after the target sequences are
synthesized and splicing of many introns is completed before pre-
mRNA transcription termination.*"> This was shown not only
for long human genes but also for many yeast genes, which are
much shorter than human genes and are spliced cotranscription-
ally as well.'**! Moreover, splicing can induce pausing of RNA
polymerase II during transcription? and RNA polymerase II was
shown to pause in terminal exons, which increases the time win-
dow for cotranscriptional splicing.'¢

This suggests that transcription and splicing are coupled
not only in time, but also functionally. It was shown that the
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constitutive intron alternative exons and exon-positioned nucleo-
exon exon somes carry a specific set of his-
tone modifications (see Fig. 1),>%®

although the latter statement is still

m a matter of a debate.*®* Three his-

U tone marks were shown to affect

splicing and/or to mediate interac-

H3R2me1% H3K79me2 different level of tion of histones with splicing fac-
H3K27me1”’ (only in the first intron)60 H3K36me3™ *°¢' tors: methylation, acetylation and
H3K27me2"%° H3K9me2°® H3K9mr:§61 phosphorylation (see Table 1).
H3K27me3’"® H3K9me3%®° ' o These modifications differ in the
H3K36me1> % H3K27me3>® than in constitutive exons charge they introduce into the chro-
H3K36me3>"*>°"*" H3K27me2” matin. While methylations are elec-
H3K79me1>>"’ H4K20me1° trostatically neutral and their action
H4K20me1>®' is mediated via specific protein
H2BK5me1>>°"®' readers, it is supposed that histone
acetylation, which adds a negative

charge, can itself affect nucleosomal

nucleosome low  high higher for exons than introns 55:57.5962 stability and make chromatin more

O occupancy [ higher for exons with weak splice sites %659 accessible (reviewed in ref. 61).

Histone phosphorylation, which

reported to be elevated at introns of highly expressed genes.*®

Figure 1. Different sets of chromatin modifications were identified at exons and at introns. The enrich-
ment of a specific histone mark depends on the position of an exon within a gene (e.g., H2BK5me1 and
H4K20me1 are found preferentially at exons toward the 5’ end of genes),' or it can depend on gene
expression (highlighted in bold), e.g., H3K27me3 is high at exons of low expressed genes, but it was

brings a negative charge, can regu-
late the binding of SR proteins to
the chromatin during the cell cycle
but its role in splicing regulation is
unclear.®® The modifications also

promoter composition and the speed of transcription can influ-
ence splicing.?*?® The speed of transcription affects the dynam-
ics of presentation of individual splice and regulatory sites to the
splicing machinery, which then results in using different splice
sites not only in transfected minigenes but also in endogenous
genes.*** The carboxyterminal domain of RNA polymerase II
itself can also contribute to splicing factors recruitment which
then might influence alternative splicing.

Average eukaryotic RNA polymerase 11 elongation rate vary
from ~1.5-4.5 kb/min,*'*4% which means that an average
intron is transcribed in 1-3 minutes. An average splicing event
takes 30 seconds to accomplish?*5*! and therefore it is very
likely that recognition of splice sites as well as intron excision
occur when pre-mRNA is still in close proximity to the chro-
matin of its own gene, and this makes it possible for chromatin
modifications to influence splicing.

Chromatin Marks Affecting Splicing

In cells, DNA is packed together with histones in nucleosomes.
Each nucleosome consists of an octamer composed of four core
histones (H2A, H2B, H3 and H4) and 147 bp DNA, which is
wrapped around this octamer. Histones can be posttranslation-
ally modified on many sites, especially at their N-terminal ends
that protrude out of the nucleosomal core. Regulation of gene
activity via nucleosome positioning and histone modifications
has been well established.”® However, it seems that nucleosome
positions and modifications are also important for exon recog-
nition. In the genome, nucleosomes are preferentially found at

2 Nucleus

differ substantially in their turn-
over: the addition and removal of acetylation is rapid and most
acetyl residues are exchanged within minutes, phosphorylations
can last up to several hours and methylations, the most stable
ones, can be present even for days.®

Histone Acetylation Induces Changes
in the Alternative Splicing

Histone acetylation can be easily increased in cells by histone
deacetylase (HDAC) inhibitors and the treatment with HDAC
inhibitors influences an alternative splicing pattern of tran-
siently expressed minigene splicing reporters.®® Recently, we
showed that HDAC inhibition changes alternative splicing of
~700 endogenous human genes. In addition, HDACI depletion
affected the splicing pattern of the fibronectin gene.*® The cor-
relation between histone acetylation and alternative splicing was
also observed with the NCAM gene, whose alternative splicing
is regulated by depolarization of neuronal membranes.” In this
instance, it is worthy to note that many genes that changed alter-
native splicing after HDAC inhibition were encoding various ion
channels and regulators of cell cycle or apoptosis.?® Thus it seems
that acetylation preferentially modulates alternative splicing of
genes that must react quickly to changing conditions.

The mechanism by which acetylation modulates splicing has
been connected to RNA polymerase II processivity. Increased
RNA polymerase II processivity, which is induced by histone
acetylation, modulates the association of splicing regulators with
the nascent RNA as was shown in the case of the fibronectin gene
and the splicing regulator SRp40 (SRSF5).*® However, in yeast
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Table 1. Interaction of chromatin and splicing machinery

Histone modification Interacting protein

H3K4me3 Chd1
H3K4me3 Sgf29
PTB, hnRNP A1, hnRNP A/B,
H3K9me3 hnRNP A2/B1, hnRNP K,
hnRNP L
methylated H3K9 HP1 (HP1a)
H3K36me3 MRG15
methylated H3K79 TP53BP1
histone H3 (not phosphorylated SRp20 (SRFS3), SF2/ASF
at serine 10) (SRSF1)
DNA methylation MeCP2

the deletion of histone deacetylases or the histone acetyltrans-
ferase Gen5 influenced cotranscriptional recruitment of spliceo-
somal proteins without obvious changes in RNA polymerase II
686 Tt is then possible that histone
acetylation also affects splicing directly via the recruitment of

distribution along the gene.
spliceosomal subunits, without altering transcription elongation.

Mutual Influence between Splicing Machinery
and Chromatin

The spliceosome assembles from five small ribonucleoprotein
particles (snRNPs) that assemble on the pre-mRNA in a step-
wise manner.”!%57%7> Each snRNDP consists of several proteins
and one small nuclear RNA (snRNA) according to which the
snRNPs are named.”® First, the Ul snRNP binds to the pre-
mRNA and recognizes the 5' splice site. Then, the U2 snRNP
binds to the vicinity of the 3" splice site, closely followed by the
U4/U6°U5 tri-snRNP. After tri-snRNP incorporation the spli-
ceosome undergoes extensive rearrangements that result in the
formation of an active complex that catalyzes both steps of the
splicing reaction. The Ul and U2 snRNP binding is important
for the accuracy of splicing as this defines the intron. Ul and U2
snRNPs associate with pre-mRNA quickly and they are already
present when RNA polymerase transcribes only hundreds of
nucleotides downstream of splice sites."""”7#7 This implies that
snRNPs are in close vicinity to chromatin and their association
with pre-mRNA could be influenced by chromatin and vice
versa, snRNPs themselves might influence the chromatin state.
One example of plausible mutual influence is discussed below.

5' Splice Site Influences Transcription
and Chromatin

U1 snRNA interacts with chromatin”” and it has been shown that
the presence of functional 5' splice site in the gene can affect
chromatin state.”® However, Ul snRNA—chromatin interac-
tion might reflect only the role of Ul snRNA in transcription.
The Ul snRNA associates with proteins from two general tran-
scription factor complexes, TFIID and TFIIH.””” In the TFIIH
complex Ul snRNA enhances transcription presumably through

www.landesbioscience.com

Link to splicing

Chd1 associates with SRp20 (SRSF3)"® and U2 snRNP (via SF3 subunits) and

increases efficiency of pre-mRNA splicing®

Sgf29 interacts with SF3B5 (SF3b10) and SF3B3 (SF3b130) subunits of U2 snRNP®”

PTB and most of the hnRNP proteins are direct regulators of alternative splicing
but it is not known whether the association of hnRNP proteins with H3K9me3#’

affects splicing
HP1 binds to Drosophila hnRNP proteins (PEP, DDP1, HRB87F)'"

MRG15 recruits PTB; tethering of PTB to chromatin changes alternative splicing®
TP53BP1 immunoprecipitates UT and U2 snRNA (but also other small RNAs)'2°

Both SR proteins participate in constitutive and alternative splicing, but the role

of interaction with histone H3 in splicing is not known®

MeCP2 regulates alternative splicing''

the interaction with cyclin H and regulation of the cyclin H asso-
ciated kinase CDK7,7*%° which phosphorylates carboxyterminal
domain of RNA polymerase II. It was shown that the functional
5" splice site near the promoter enhances the assembly of gen-
eral transcription factors at this promoter.” If the presence of Ul
snRNA (and Ul snRNP) stimulates transcription then intron-
containing genes should be transcribed more than intron-less
genes. This is true in Saccharomyces cerevisiae where almost half
of all introns found in the genome are located in highly expressed
genes coding ribosomal proteins (95 out of 132 of these genes
contain introns).”*® Moreover, deletion of introns from two non-
ribosomal yeast genes decreases the expression of these genes.®
In mammalian cells, the presence of intron with functional splice
sites also increases gene expression.”s5%%

Interestingly, the presence of a functional 5' splice site can
increase gene specific H3K9 acetylation and H3K4me3,”® which
are chromatin marks associated with active transcription. In
another study, the level of H3K4me3 at the minigene decreased
when both splice sites were mutated compared to the minigene
containing intron with functional splice sites, however the
reported difference was quite small.%? It is not known whether
these changes in the chromatin state are coupled generally with
splicing or whether they are specifically related to Ul snRNP
recruitment. Moreover, it is difficult to distinguish between the
cause and the consequence in these observations. Chromatin
modifications might reflect only changes in transcription and
the increase of H3K4 trimethylation and histone H3 acetylation
occurs independently of splicing. An example of mutual depen-
dence is H3K4me3: the level of H3K4me3 correlates with tran-
scription activity and is enhanced by the presence of a functional
5" splice site within the gene but in turn this chromatin modifica-
tion affects splicing (see below).

H3K4me3 Associates with U2 snRNP

Association of the U2 snRNP with chromatin is mediated by
trimethylated lysine 4 histone H3.5% In addition, the functional

8688 Several

significance of H3K4me3 for splicing was shown.
complexes that methylate lysine 4 of histone H3 in human cells

share the same structural subunits.®” The depletion of one of these
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subunits, Ash2, leads to the decrease of overall H3K4me3.7*%!
Ash2 depletion causes a decrease of splicing efficiency immedi-

ately after induction of transcription®

and Ash2 overexpression
affects alternative splicing.®

U2 snRNP binds to chromatin via the chromatin remodeling
protein Chdl that binds H3K4me3 and enhances pre-mRNA
splicing efficiency within a short time window after activation
of gene transcription.’ U2 snRNDP subunits also interact with
another H3K4me3 reader, Sgf29 protein.¥” Considering that
H3K4me3 is frequently elevated around transcription start
sites,”*?” it is surprising that this particular histone modifica-
tion interacts with U2 snRNP. However, the level of H3K4me3
positively correlates with gene expression indicating that U2
snRNP might be recruited preferentially to highly expressed
genes. 23947

As mentioned before, U2 snRNDP recruitment to the transcrip-
tion unit is also regulated by the histone acetyltransferase Gen5.%
Although Gen5 participates in a number of protein complexes
the most important for U2 snRNP recruitment seems to be the
SAGA complex.®® Gen5 in the SAGA complex acetylates pre-
dominantly histones at promoters® that subsequently serve as an
anchor stabilizing the binding of the whole SAGA complex to
the promoter.”” Interestingly, yeast Msll (a homologue of mam-
malian U2B”, one of the U2 snRNP proteins) was also found
at promoters.”® Sgf29 and Chdl, both of the proteins interact-
ing with U2 snRNP in human cells, are conserved in yeasts and
they are components of the yeast SAGA complex.” It is possible
that Gen5 plays a role in the recruitment of the SAGA complex
to promoters and that SAGA complex subunits are bringing the
U2 snRNP. In human cells, the STAGA complex (homologue of
the yeast SAGA complex) interacts with the U2 snRNP specific
protein SF3B3 (SF3b130).1°

MRG15: Chromatin Binding Protein
that Recruits Splicing Regulator PTB

PTB is an example of a splicing regulator that was shown to
associate with chromatin and, more importantly, to modu-
late through this association alternative splicing of a number
of genes.®® PTB binds chromatin via MRGI5 protein and this
interaction preferentially regulates splicing of pre-mRNAs with
weak PTB binding sites. MRGI5 contains chromodomain that
is able to bind H3K36me3 '*' and H3K36me3 level on a partic-
ular gene correlates with PTB recruitment to pre-mRNAs tran-
scribed from this gene.® Interestingly, MRGI15 does not only
bind H3K36me3, but also interacts with H3K4me3.5” A simple
MRGI15 knock-down influences alternative splicing of more
than 180 genes independently of PTB.® This suggests that
there might be an alternative mechanism that does not depend
on PTB, although many of these alternative splicing changes
might be due to the indirect effects caused by altered expression
of splicing regulators after MRG15 knockdown. MRGIS5 is a
component of several chromatin modifying complexes. These
complexes contain histone acetylases Tip60 '°>'% and hAMOF,!*4
histone deacetylases such as HDAC1 or HDAC2 1% and his-
tone demethylases.'”!%® Eaf3, a yeast orthologue of MRGI5,

4 Nucleus

associates with RNA polymerase II'” and is important for his-
tone deacetylation during transcription elongation that inhibits
the internal transcription initiation inside coding sequences of
genes.'!"! In mammalian cells, a similar complex that consist
of both HDACI and MRGI15 was identified recently and it was
shown to affect progression of RNA polymerase II through
transcribed regions.'®® Thus, MRGI5 significantly participates
in regulation of chromatin acetylation and transcription, pro-
cesses that were shown to modulate splicing outcome (see above)
and it would be interesting to know whether MRGI5 alone is
able to affect alternative splicing directly through modulation
of chromatin.

hnRNP Proteins and H3K9 Methylation

H3K9 methylation, which recruits the HP1 protein, is impor-
tant for the formation and maintenance of heterochromatin.
Although average levels of H3K9me3 and H3K9me2 correlate
with gene silencing, both histone modifications can be also
detected in some actively transcribed genes.®"?3!2113 Recently,
PTB, together with other splicing regulators hnRNPs (hnRNP
Al, hnRNP L, hnRNP K, hnRNP A2/B1, hnRNP A/B),
were identified as proteins able to recognize H3K9me3.¥” In
Drosophila, several other hnRNP proteins interact with HP1
and heterochromatin."' What can be the reason for such an
association? One of the H3K9me3 recognizing proteins, hnRNP
K, binds to large intergenic noncoding RNAs (linc-RNAs) and
the complex of linc-RNA and hnRNP K is an effector of p53
signaling and represses transcription of hundreds of genes.'”
When PTB-RNA interactions were analyzed genome-wide by
CLIP-seq method, a substantial fraction of tags (almost 30%)
was mapped to intergenic regions, implying that PTB may also
bind to noncoding RNAs."® PTB was also detected at the pro-
moter of the HMGA2 gene containing a very specific ~60 bp
polypyrimidine/polypurine element but it is unclear whether
117,118 It is

intriguing to speculate that the association of hnRNP proteins

binding to this promoter is mediated by chromatin.

with the chromatin might regulate transcription. In addition,
hnRNP proteins binding to HP1 are involved in heterochroma-
tin formation in Drosophila.'

H3K9me2 and H3K9me3 were also reported to be enriched
at introns in contrast to exons.”®” hnRNP proteins associated
with chromatin then might help to define intronic sequences. In
human cells, the increase of heterochromatin marks (H3K9me2,
H3K27me3) together with the presence of HPla leads to changes
in alternative splicing of the fibronectin gene. Recently, it was
shown that association of HP1y with H3K9me3 modulates alter-
native splicing of several genes including CD44.'"% Although the
induced heterochromatin formation near the alternative exons
reduces the processivity of RNA polymerase II which causes the
increased inclusion of alternative exon, it is still possible that
methylation of H3K9 influences splicing of certain genes directly
via tethering of splicing factors. Interestingly, exons enriched in
the H3K9me3 are preferentially excluded from mature mRNAs
indicating again the role of H3K9me3 in the regulation of
splicing.”!
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Perspectives

well. The better we understand the connection between splicing

and chromatin the higher chance to identify such a drug,.

The major task in the near future will be to reveal molecular details

and mechanism(s) through which chromatin modifications affect

pre-mRNA splicing. This knowledge is important not only from a
theoretical point of view but might be essential for practical medi-
cal usage. Many small molecules that influence chromatin modi-
fications serve as therapeutical agents and thus there is a hope that
these compounds might help to treat splicing related diseases as
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