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ABSTRACT 

It was shown that 95 % of human multi-exon genes are alternatively spliced and the 

regulation of alternative splicing is extremely complex. Most pre-mRNA splicing 

events occur co-transcriptionally and there is increasing body of evidence, that 

chromatin modifications play an important role in the regulation of alternative 

splicing. Here we showed that inhibition of histone deacetylases (HDACs) 

modulates alternative splicing of ~700 genes via induction of histone H4 acetylation 

and increase of Pol II elongation rate along alternative region. We identified 

HDAC1 the catalytic activity of which is responsible for changes in alternative 

splicing. Then, we analyzed whether acetylhistone binding protein Brd2 regulates 

alternative splicing and showed that Brd2 occupies promoter regions of targeted 

genes and controls alternative splicing of ~300 genes. Later we showed that 

knockdown of histone acetyltransferase p300 promotes inclusion of the alternative 

fibronectin (FN1) EDB exon. p300 associates with CRE sites in the promoter via the 

CREB transcription factor. We created mini-gene reporters driven by an artificial 

promoter containing CRE sites. Both deletion and mutation of the CRE site affected 

EDB alternative splicing in the same manner as the p300 knockdown. Next we 

showed that p300 controls histone H4 acetylation along the FN1 gene. Consistently, 

the p300 depletion and CRE deletion/mutation both reduced histone H4 acetylation 

on mini-gene reporters. Finally, we revealed specific enrichment of H3K9me3 

across exon boundaries by bioinformatics analysis. This finding suggests a role of 

H3K9me3 in the definition of splice site and subsequently affecting efficiency of co-

transcriptional splicing. Together, these data suggest that histone modifications are 

crucial components of the splicing regulatory network.
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ABSTRAKT 

Bylo ukázáno, že až 95 % genů obsahujích více než dva exony, podstupuje 

alternativní sestřih. Regulace alternativního sestřihu je velmi složitý proces. Většina 

intronů je odstraněna z pre-mRNA během transkripce a přibývá důkazů, které 

poukazují na důležitost chromatinových modifikací v regulaci alternativního 

sestřihu. V této práci ukazujeme, že inhibice histonových deacetyláz (HDACs), 

která způsobuje zvýšení acetylace histonů a zrychlení elongace Pol II, ovlivňuje 

alternativní sestřih přibližně 700 genů. Identifikovali jsme HDAC1, jejíž 

enzymatická aktivita je zodpovědná za změny v alternativním sestřihu. Poté jsme se 

zaměřili na Brd2 protein, který váže acetylované histony a ovlivňuje alternativní 

setřih ~ 300 genů. Dále jsme ukázali, že se Brd2 protein váže na promotory genů, 

které ovlivňuje. Dále jsme zjistili, že deplece histonacetyltransferázy p300 

podporuje zahrnutí alternativního EDB exonu fibronektinového genu (FN1) v 

mRNA. Asociace p300 proteinu s CRE místy v promotoru je zprostředkována 

interakcí s CREB transkripčním faktorem. Vytvořili jsme sestřihové reportéry pod 

kontrolou arteficiálních promotorů obsahující CRE místa. Delece i mutace CRE míst 

v promotoru ovlivnila alternativní sestřih EDB exonu stejně jako deplece p300 

proteinu. Poté jsme ukázali, že deplece p300 snižuje acetylaci histonu H4 jak na 

endogenním FN1 genu tak na sestřihovém reportéru. Delece i mutace CRE míst také 

snižuje acetylaci histonu H4 na sestřihových reportérech. Na závěr jsme pomocí 

bioinformatické analýzy zjistili, že se histonová modifikace H3K9me3 nachází na 

okrajích exonů. Toto zjištění naznačuje možnou roli H3K9me3 v definici 

sestřihových míst a následně by mohla ovlivnit efektivitu ko-trankripčního sestřihu.  

Tyto výsledky nasvědčují tomu, že histonové modifikace jsou nedílnou součástí 

regulační sítě pre-mRNA sestřihu. 
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SUMMARY 

Eukaryotic genes are composed of coding sequences - exons - and non-coding 

sequences – introns. When genes are transcribed into pre-mRNA, it is necessary to 

remove introns and join exons to form the final mRNA. Removal of introns is a two-

step reaction catalyzed by the ribonucleoprotein complex called the spliceosome. 

The spliceosome has unique ability to recognize correct splice sites and precisely 

excise introns. But not all exons are always recognized and included in mRNA. This 

process is called alternative splicing and it is used to increase a coding potential of 

the genome via producing multiple mRNA isoforms from one gene. Regulation of 

alternative splicing is very complicated and it is not yet fully understood. In this 

thesis, I aim to uncover a molecular mechanism behind regulation of alternative 

splicing via chromatin modification.  

 First, we used Affymetrix exon-arrays to identify genes alternative splicing 

of which sensitive to changes in histone acetylation was caused by HDAC 

inhibition. We validated alternative splicing changes upon HDAC inhibition 

by classical and quantitative RT-PCR. Then we aimed to find a mechanism 

how histone acetylation affects alternative splicing. We tested the levels of 

histone acetylation and distribution of Pol II along FN1 gene upon HDAC 

inhibition by chromatin immunoprecipitations. We found a correlation 

between the increase of the histone H4 acetylation and the Pol II elongation 

rate along the alternative region of FN1.  

 We determined the effect of depletion of Brd2 protein on transcription and 

alternative splicing by Affymetrix exon-arrays. Then we validated the 

alternative splicing changes by RT-PCR. By chromatin immunoprecipitation 

we found Brd2 protein present at promoter region of targeted genes. Then we 
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used several methods, such as FRAP, 5´FU incorporation assay and 

transfection of C4 Pol II, to test Pol II elongation rate after Brd2 depletion. 

We did not detect any change of Pol II elongation rate, and thus alternative 

splicing changes are not caused by changes in Pol II elongation rate.  

 We revealed that knockdown of histone acetyltransferase p300 affects 

alternative splicing of EDB exon of FN1 gene. We created splicing reporters 

driven by promoters with or without CRE sites and we found that the 

presence of CRE site in the promoter is necessary for the p300 effect on 

alternative splicing. We found that deletion/mutation of CRE sites in the 

promoter of splicing reporter determines the level of histone H4 acetylation. 

We confirmed the correlation between histone acetylation, Pol II elongation 

rate and alternative splicing.  

 Finally, we aim to decipher the H3K9me3 function in constitutive pre-

mRNA splicing. First, we performed a bioinformatics analysis in 

collaboration with Fernando Carrilo-Oesterreich and found enrichment of 

H3K9me3 on the weak splice sites. Then we established doxycycline-

inducible stable cell lines possessing histone demethylase and histone 

methyltranasferase. Upon enzyme induction we tested the splicing efficiency 

of a selected gene by RT-qPCR and we determined changes in methylation 

along selected genes by chromatin immunoprecipitations. We found a 

connection between H3K9me3 presence and splicing effectivity. 

Together, all projects presented in this thesis are focused on revealing the 

mechanism of splicing modulation by histone modifications.
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AIMS OF THE STUDY 

The main goal of this work is to determine molecular mechanisms that regulate 

alternative splicing. I mainly focused on the role of histone modifications in 

alternative splicing regulation.  

 Determine mechanism of how histone acetylation modulates alternative 

splicing.  

 Describe a role of histone acetylation reader protein Brd2 in alternative 

splicing. 

 Uncover molecular details of promoter determined alternative splicing.  

 Define H3K9me3 role in constitutive pre-mRNA splicing. 
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LITERATURE REVIEW 

 Discovery of pre-mRNA splicing 

Molecular processes in the production of mRNAs are one of the most complicated 

events in eukaryotic cells. Most protein-coding genes in higher eukaryotes are 

transcribed into pre-mRNAs that contain coding regions (exons) and non-coding 

regions (introns). Introns need to be spliced out and exons are joined together by 

huge RNA-protein machinery (spliceosome) to form mRNA. This process is called 

pre-mRNA splicing. Pre-mRNA splicing was first uncovered in 1977 by an electron 

microscopic (EM) analysis of adenovirus mRNAs (Figure 1) (Berget et al., 1977, 

Chow et al., 1977). The EM pictures of labeled nascent RNA hybridized to already 

processed mRNA revealed that pre-mRNA splicing caused reduction of ~ 28kb long 

adenovirus RNA. The year after, pre-mRNA splicing was shown for the first time on 

genomic sequence of mouse -globin gene (Konkel et al., 1978). During following 

years more details and mechanisms of splicing were deciphered. RNA chemistry of 

splicing was described (reviewed in Cech, 1983). 

 

Figure 1 - Discovery of pre-mRNA splicing. On the left: EM picture of nascent mRNA hybridized to spliced 

mRNA. On the right: schematic view of the EM picture. (Berget et al., 1977) 

 

The key components of spliceosome -  small nuclear RNAs (snRNAs) - were 

explored (Hinterberger et al., 1983) and later it was shown that spliceosome 
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assembles at each splice site to orchestrate stepwise process of connecting exons 

(reviewed in Wahl et al., 2009). 

 Pre-mRNA splicing 

Because most pre-mRNAs contain multiple exons and introns, pre-mRNA splicing 

is a key step in gene expression. Although splicing reaction is chemically simple in 

vitro, orchestrating this process within each cell is very complicated. Splicing is 

catalyzed in two consecutive transesterification reactions by a dynamic multi-

megadalton ribonucleoprotein (RNP) complex called the spliceosome (Lerner et al., 

1980). It requires the hydrolysis of a large amount of ATP (Will and Luhrmann, 

2011). In most eukaryotes two unique spliceosomes are found: the major U2-

dependent spliceosome, which catalyzes the removal of U2-type introns, and less 

abundant U12-dependent spliceosome, which is present in only a subset of 

eukaryotes and splices U12-type introns (Patel and Steitz, 2003).  

The major spliceosome is assembled from five (U1, U2, U4, U5 and U6) 

individual particles called the small nuclear ribonucleoprotein particles (snRNPs) 

and numerous non-snRNP proteins. Each snRNP consist of a small nuclear RNA 

(snRNA) and a set of common and specific proteins (Figure 2). 
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Figure 2 – snRNPs. Protein composition and RNA secondary structure of the human U2-type spliceosomal 

snRNPs. Adapted from from Will and Luhrmann, 2011. 

Three basic sequences within a pre-mRNA provide the core information that is 

necessary for spliceosome to define exons and introns. Those sequences are the 

5´splice site (5´ss), the 3´ splice site (3´ss) and the branch site (BS). The BS is 

usually located 18-40 nucleotides upstream from the 3´ss and contains an adenine 

nucleotide at the site of lariat formation. The BS in higher eukaryotes is followed by 

a polypyrimidine tract (PPT) (Figure 3).  

 

Figure 3  - Consensus sequences at pre-mRNA in metazoans and budding yeast. Y - pyrimidine, R - purine. 

Adapted from Will and Luhrmann, 2011 

The consensus sequences found at the 5´ss, 3´ss and BS exhibit a higher level of 

conservation in budding yeast Saccharomyces cerevisiae than in metazoans. Most 

mammalian introns vary in length (from several hundred to several thousand 

nucleotides) (Deutsch and Long, 1999), whereas the exons have a rather fixed length 

(~120 nt on average) (Ast, 2004). When an intron length exceeds 200-250 

nucleotides, splicing components form across an exon (Fox-Walsh et al., 2005). 

First, 5´ss is recognized by base pairing with the snRNA within the U1 snRNP and 
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interaction with U1C protein (Du and Rosbash, 2002). This interaction could be 

facilitated by C-terminal domain (CTD) of RNA polymerase II (Pol II) which 

interacts with U1 snRNP, but the functional role of this interaction is still elusive 

(Gornemann et al., 2011). Then U2 snRNP together with the splicing factor 1 (SF1) 

and U2 auxiliary factors (U2AFs) recognize the BS and the 3´ss. U2 snRNA-BS 

duplex is formed in which branch adenosine is bulged out, specifying its 2´-OH as 

the nucleophile for the first catalytic step of splicing (Will and Luhrmann, 2011). 

Then a pre-assembled tri-snRNP U4/U6*U5 is recruited to the site of the splicing 

reaction. This results in several compositional and conformational changes which 

create catalytically active spliceosome. First, U4/U6 interaction is disrupted and U6 

snRNA displaces U1 snRNA from the 5´ss. During this process U1 and U4 leave the 

active spliceosome and extensive base pairing network is formed between U6 and 

U2. This rearrangement brings together 5´ss and BS for the first step of splicing 

reaction. Additional rearrangements are required after the first step of splicing to 

prepare intermediates for the second transesterification reaction. The U6-5´ss 

interaction must be disrupted before second step (Konarska et al., 2006). U5 snRNP 

contacts nucleotides within the exon downstream of the 3´ss, attracts the 5´exon to 

the spliceosome after the first step and also aligns both exons for the second 

catalytic step (Turner et al., 2004). After the second step of splicing, the post-

spliceosomal complex is formed: the exons are connected, the intron is removed in 

the lariat form and the U2, U5 and U6 snRNPs are released. 

Rearrangements whoch occur between snRNAs, spliceosomal proteins and pre-

mRNA during splicing reaction are necessary for the catalytically active 

spliceosome. For a long time it was proposed that the snRNA creates catalytically 

active site, but the definite proof was missing. Just recently, U6 snRNA was 
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unraveled as a heart of the catalytically active spliceosome in budding yeast (Fica et 

al., 2013). Using a “metal rescue” strategy, U6 snRNA was shown to position 

bivalent ions to catalyze both steps of splicing by stabilizing the leaving group (Fica 

et al., 2013).  

Figure 4 – Step-wise assembly of the spliceosome (Matera and Wang, 2014). 

The energy required for both transesterification reactions is minimal, but a large 

amount of energy is devoted to the RNA remodeling of snRNAs. Spliceosome 

remodeling is primarily catalyzed by multiple DExD/H RNA helicases/ATPases 

(Cordin et al., 2012) and elongation factor G – like GTPase proteins (Small et al., 

2006). 

 Where and when pre-mRNA splicing occurs 

The process of pre-mRNA splicing was mainly studied in cell-free nuclear extracts. 

However, the process of splicing is not isolated but it is tightly connected to the 

other nuclear steps in the manufacturing of mRNA, including transcription and 

mRNA export (Pandit et al., 2008, Perales and Bentley, 2009). Splicing of a pre-

mRNA can occur co-transcriptionally (when pre-mRNA is still attached to Pol II) or 
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post-transcriptionally (after 3´-end cleavage and release from Pol II and their DNA 

template). The existence of co-transcriptional splicing was initially suggested by 

microscopy studies (Bauren and Wieslander, 1994, Berget et al., 1977, Beyer et al., 

1981) and later supported by chromatin immunoprecipitation experiments 

(Gornemann et al., 2005, Kotovic et al., 2003, Lacadie and Rosbash, 2005, 

Listerman et al., 2006). Pre-mRNA splicing is accomplished within tens of seconds 

(Huranova et al., 2010, Martin et al., 2013), which also supports co-transcriptional 

splicing. Recent work revealed that ~ 80% of pre-mRNA splicing occurs co-

transcriptionally and post-transcriptional splicing of the rest of introns is happening 

in nuclear speckles (Girard et al., 2012). 

 Alternative splicing 

Alternative splicing is an elegant mechanism by which eukaryotic cells can increase 

their coding potential by production of multiple mRNAs from a single gene. It was 

discovered together with constitutive splicing itself when the production of several 

mRNA isoforms was observed (Berget et al., 1977, Chow et al., 1977). Since then, 

what seemed to be an interesting mechanism of expression control restricted to a 

few dozen mammalian genes has matured into a fundamental regulatory crossroad 

between transcription and translation (Kornblihtt et al., 2013). With improvement of 

high-throughput sequencing, it was shown that nearly 95% of mammalian multi-

exon genes undergo alternative splicing (Croft et al., 2000, Pan et al., 2008, Wang et 

al., 2008a). As was already mentioned, every splice site consists of a consensus 

sequences, which are recognized by the spliceosome. We can divide splice sites into 

groups according to their strength. “Strong” splice sites are more adjusted to the 

consensus sequence, more efficiently recognized and used than “weak” splice sites, 
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which are suboptimal (Zhang, 1998). Basically, alternative splicing is a result of 

competition between strong and weak splice sites.  

Alternative splicing is common in multicellular eukaryotes compared to unicellular 

eukaryotes. In Saccharomyces cerevisiae, introns are rather short and present in a 

small subset of genes, so although canonical splicing exists, alternative splicing is 

very rare (for review see Howe et al., 2003). In invertebrates, alternative splicing is 

common, for example Drosophila melanogaster is one of the model organisms used 

for studying alternative splicing. Alternative splicing regulates sex determination in 

flies (for review see Salz, 2011). The most fascinating case of alternative splicing 

was also found in flies. Dscam (Down syndrome cell adhesion molecule) gene is a 

cell surface protein that is involved in the axon guidance in the brain development. 

This gene encodes more than 38,000 mRNA isoforms through a complex pattern of 

alternative splicing in four different regions of its pre-mRNA (for review see Park 

and Graveley, 2007). Remarkably, this single gene itself can produce more mRNAs 

than the rest of the genes in the D. melanogaster genome. 

Nearly all instances of alternative splicing result from the use of one or more of four 

basic modules: alternative 5´ss choice, alternative 3´ss choice, cassette exon 

inclusion or exclusion, and intron retention (Figure 5). 
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 Genes that encode small number of mRNA isoforms usually have one or two 

alternative splicing modules. Diverse mRNAs from one gene can be produced by 

using more modules. For example, the human gene KCNMA1 (also known as SLO) 

contains several modules: alternative 3´ss and 5´ss and cassette exon. With 

combination of those modules, more than 500 mRNA isoforms can be produced 

(Navaratnam et al., 1997, Rosenblatt et al., 1997).  

 

Figure 5- Basic modules of alternative splicing. A) Alternative 3´ss choice. B) Alternative 5´ss choice. C) 

Cassette exon. D) Intron retention. (Nilsen and Graveley, 2010)  

 Regulation of alternative splicing 

The fact that alternative splicing is such a widespread mechanisms means that it 

needs to be tightly controlled and regulated. Such regulation can be tissue specific or 

dictated by developmental (Sanchez, 2008) or differentiation-specific cues (Boutz et 

al., 2007, Makeyev et al., 2007). The biochemical mechanism that control splice site 

usage, and therefore alternative splicing, are complex and in large part remain 

poorly understood (Matlin et al., 2005). It is clear that there cannot be unique 

splicing factor for every alternative splicing event. There are main regulators of 

alternative splicing (splicing enhancers and silencers) which are supported by 

additional levels of regulation (coupling to transcription and chromatin 

modification). All those inputs create a complex regulatory network that determines 

the splicing outcome. 
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SR and hnRNP proteins 

 As was already mentioned, splice sites differ in their strength. The degree to which 

“weak” splice sites are used is regulated by both cis-regulatory sequences and trans-

acting factors. Cis-regulatory sequences are short elements within the pre-mRNA. 

We can divide them depending on their position within pre-mRNA and the effect on 

the splice site choice: exonic splicing enhancer (ESE) or silencer (ESS) and intronic 

splicing enhancer (ISE) or silencer (ISS). Human long introns contain “decoy” 

splice sites which mimic authentic exons in terms of length and splice site strength 

(“pseudoexons”) but are very rarely spliced (Sun and Chasin, 2000). The regulatory 

sequences are necessary for proper recognition of correct splice sites. These splicing 

regulatory elements (SRE) have most often been found by direct mutagenesis of 

alternatively spliced genes or by analysis of naturally occurring mutation which 

affect alternative splicing of a disease gene (Wang and Burge, 2008). In general, 

SREs function by recruiting a trans-acting splicing factors (such as well-

characterized SR and hnRNP proteins (Figure 6)) that activate or suppress splice site 

recognition or spliceosome assembly by various mechanisms (Chasin, 2007, Matlin 

et al., 2005).  

SREs differ in their sequences and it is proposed that every exon contains an internal 

ESE (Cartegni et al., 2002, Fairbrother et al., 2002, Schaal and Maniatis, 1999). 

Most splicing enhancers function by recruiting SR proteins (for review see, 

Graveley, 2000). SR proteins usually regulate splicing by binding ESE or ISE 

through their N-terminal RNA recognition motive (RRM) and mediating protein-

protein interactions that facilitate spliceosome assembly through C-terminal RS 

domain (Graveley and Maniatis, 1998). The opposite effect on splice site 

recognition have ISS or ESS which are bound by hnRNP proteins containing a RNA 
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binding domain and sometimes splicing inhibitory domains such as glycine-rich 

motifs (Pozzoli and Sironi, 2005). hnRNP proteins function by a variety of 

mechanisms. They can block the essential interaction between U1 and U2 snRNPs 

(Izquierdo et al., 2005, Sharma et al., 2005), prevent splicing by binding on either 

side of an exon and looping it out or directly displace snRNP (Nasim et al., 2002, 

Zhu et al., 2001). 

 

Figure 6 - Alternative splicing regulatory sequences and factors. Adapted from (Kornblihtt et al., 2013). 

Generally, we can say that SR proteins bind to splicing enhancers and promote 

alternative exon inclusion and on the other hand, hnRNP proteins bind to splicing 

silencers and inhibit alternative exon inclusion. However, some splicing factors can 

act as enhancers as well as inhibitors depending on the position which they bind at 

the pre-mRNA. For example, brain-specific splicing factors Nova1 and Nova2 bind 

to YCAY clusters (where Y stand for a pyrimidine) (Buckanovich and Darnell, 

1997, Jensen et al., 2000, Lewis et al., 2000) and their position in the pre-mRNA 

determines an outcome of splicing. Nova binding to an exonic YCAY cluster 

changes the protein complexes assembled on pre-mRNA, blocking U1 snRNP 

binding and exon inclusion, whereas Nova binding to an intronic YCAY cluster 

promotes spliceosome assembly and exon inclusion (Figure 7) (Ule et al., 2006). 

Figure 7 - Nova splicing factor binding to a generic pre-mRNA. Peaks demonstrate the position of Nova 

dependent splicing enhancers (red) or silencers (blue). (Ule et al., 2006).  
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Another example of location-dependent regulation of splicing outcome comes from 

the hnRNP H splicing factor, which binds to G-run sequence (Caputi and Zahler, 

2001). When hnRNP H binds to G-runs located downstream of the 5´ss, it functions 

as splicing enhancer (Chou et al., 1999, Hastings et al., 2001, Schaub et al., 2007, 

Caputi and Zahler, 2001). When G-runs are located in exons, hnRNP H can inhibit 

splicing (Caputi and Zahler, 2001, Chen et al., 1999). The fact that not just the type 

of splicing factor but also the position where it binds, decides about the splicing 

outcome reflects the flexibility and enormous complexity of splicing regulation.  

Crosstalk between transcription and splicing 

Early experiments showed that synthetic pre-mRNA can be spliced within tens of 

minutes in nuclear extract (Grabowski et al., 1984) but in vivo splicing is happening 

much faster, within tens of seconds (Huranova et al., 2010, Martin et al., 2013). One 

of the reasons for this difference is that splicing is tightly connected to transcription. 

First insight into the co-transcriptional nature of splicing came from chromatin 

immunoprecipitation studies in yeast. They uncovered that splicing factors fail to 

associate with intron-less genes but they are recruited to intron-containing genes 

concomitant with the splicing sites they recognize (Gornemann et al., 2011, Lacadie 

and Rosbash, 2005). The same process was observed in human cells (Listerman et 

al., 2006). But the recruitment of splicing factors to nascent RNA alone does not 

mean that splicing is happening co-transcriptionally. This problem was addressed by 

in situ hybridization with the single-molecule resolution (Vargas et al., 2011) and by 

RNA-seq analysis of total RNA, cytoplasmic RNA, nuclear and chromatin 

associated RNA fractions (Ameur et al., 2011, Bhatt et al., 2012, Khodor et al., 

2012, Tilgner et al., 2012). All these studies came to the same conclusion that most 

introns are spliced co-transcriptionally and that the likelihood of co-transcriptional 
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splicing increases with the distance from the 3´ends of genes. Interestingly, a set of 

introns which are spliced post-transcriptionally are enriched for alternatively spliced 

introns. Also it was shown that some transcripts are cleaved and polyadenylated 

before all introns are removed and such a transcript stays associated with chromatin 

until splicing is completed (Bhatt et al., 2012). Because most splicing events occur 

co-transcriptionally it is important to understand how transcription affects splicing. 

There is a couple of proposed mechanisms of how transcription affects splicing. 

The Pol II contains unique CTD which is very well conserved during evolution. This 

CTD domain is not crucial for in vitro transcription but it is essential for 

transcription in vivo (Buratowski, 2003). It contains a repeating amino heptad 

sequence with the consensus Y1S2P3T4S5P6S7. The number of repeats changes from 

organism to organism and it actually correlates with the evolutionary degree of an 

organism itself. The CTD can be post-translationally modified by phosphorylation 

on each of the residues Y1S2T4S5P6S7 and these changes play an important and 

distinct roles in transcription and RNA processing. Phosphorylation of CTD changes 

during transcription. First, Ser5 and Ser7 residues are hyperphosphorylated at 

promoters. Then Ser5 phosphorylation is replaced by Ser2 when Pol II comes to the 

elongation phase and Ser7 residues remain phosphorylated along the entire gene unit 

(Akhtar et al., 2009, Boeing et al., 2010, Glover-Cutter et al., 2009, Kim et al., 2009, 

Tietjen et al., 2010). 

The first evidence that CTD is important for the RNA processing came from -

amanitin resistant mutants that harbored a mutation in CTD. This mutation caused 

defects in the mRNA capping, splicing and 3`end processing of model pre-mRNA 

reporters (for review see  McCracken et al., 1998). Later it was shown that CTD 

affects alternative splicing outcome as well (de la Mata and Kornblihtt, 2006, 
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Rosonina and Blencowe, 2004). Many splicing factors are able to interact with Pol II 

in vivo, including all known SR proteins and U1 snRNP (Das et al., 2006). For 

example, splicing factor SRSF3 needs intact CTD to facilitate the inhibitory effect 

on the alternative exon inclusion (de la Mata and Kornblihtt, 2006). In this model, 

CTD serves as a landing pad for splicing factors, which can in turn affect alternative 

splicing. However, SR proteins are not delivered to splicing sites by Pol II alone but 

rather require ongoing pre-mRNA synthesis (Sapra et al., 2009), proposing that 

recruitment is not dependent on pre-assembled SR-Pol II complexes. 

Another model how transcription could affect alternative splicing is through Pol II 

elongation rate. A kinetic aspect to the effect of transcription on splicing was 

originally proposed by Eperon et al. in 1988. He observed that the elongation rate 

affects RNA secondary structure which in turn affects splicing (Eperon et al., 1988). 

The next proof that Pol II elongation rate could affect alternative splicing came from 

-amanitin resistant Pol II with C4 point mutation which caused lower elongation 

rate (Coulter and Greenleaf, 1985). Expression of this Pol II mutant revealed that 

slower Pol II promoted the inclusion of an alternative exon (de la Mata et al., 2003). 

Kinetic-coupling model was proposed based on those data (Figure 8) (Kornblihtt, 

2007). This model propose that slow elongation rate promotes recognition of weaker 

splice sites of alternative exons and thereby stimulates exon inclusion. On the other 

hand, high Pol II elongation rate results in fast pre-mRNA synthesis, weaker splice 

sites are not recognized and alternative exon is skipped (Kornblihtt, 2006).  
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Figure 8 - Kinetic coupling model (Kornblihtt, 2006). 

More recent work employed a genome-wide screen to understand the extent and 

functional relevance of this mode of regulation. In a recent study, alternative 

splicing changes of genes involved in apoptosis and cell cycle control were caused 

by UV-induced DNA damage, which resulted in CTD hyperphosphorylation and 

decreased Pol II elongation rate (Munoz et al., 2009). In another study, Pol II 

elongation rate was perturbed by camptothecin or DRB (5,6-dichloro-1--D-

ribofuranosyl-benzimidazole) and global alternative splicing patterns and Pol II 

occupancy were compared (Ip et al., 2011). Among the sensitive genes to Pol II 

elongation inhibition, were genes contributing to RNA processing and RNA binding 

(Ip et al., 2011). They observed higher Pol II occupancy in intronic regions flanking 

alternative exons which were more included. A large fraction of those exons 

introduce premature stop codon that elicited nonsense-mediated mRNA decay 

(NMD), thereby reducing mRNA levels. This mechanism appears to be conserved, 

because amino acid starvation, which cause reduced Pol II elongation rate and 
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consequent changes in alternative splicing, was observed in C. elegans as well (Ip et 

al., 2011).  

Altogether, coupling of transcription and splicing provides a rapid mechanism by 

which cells can respond to changes in environment.  

 Epigenetics in alternative splicing 

Chromatin structure affects splicing 

DNA is negatively charged polymer and it cannot fit as itself within the small 

confines of the nucleus. This problem was solved by evolution of highly basic 

protein, histones, that bind to DNA and neutralize the negative charge. The 

formation of chromatin allows tight packaging of DNA and it creates both a problem 

and an opportunity: wrapping DNA around histones potentially obstructs access to 

the genetic code. However, the ubiquity of the histones that are bound at all regions 

of chromosomal DNA can be exploited so that the enzymes that read, replicate and 

repair DNA can be navigated to specific sites. In this way, Pol II starts to transcribe 

gene at the promoter rather than in the gene body.  

The nucleosome is the basic unit of chromatin (Kornberg and Klug, 1981). It 

contains core histones and DNA which is wrapped around (Figure 9). Each histone 

core is composed of two copies of each of the histone proteins: H2A, H2B, H3 and 

H4. Approximately 147 bp of DNA coils 1,65 times around the histone octamer in 

left-handed toroid (Vargas et al., 2011). 
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Figure 9 - Nucleosome octamer with a DNA loop around it. (Vargas et al., 2011). 

It is interesting that the average size of a mammalian exon is similar to the length of 

DNA wrapped around an octamer of histone proteins, possibly pointing to a 

protective role of the nucleosome and a function in the exon definition (Schwartz et 

al., 2009, Tilgner et al., 2009). Nucleosomes are drawn by GC-rich sequences and 

repelled by GC-poor ones (Tillo and Hughes, 2009) and exons are characterized by 

higher GC content than introns (Schwartz et al., 2009, Tilgner et al., 2009). 

Nucleosomes may confer protection to the exonic sequences coiled around them 

(Kogan and Trifonov, 2005), as sequences coiled around them are less sensitive to 

UV radiation and chemical attack (Kogan and Trifonov, 2005, Thrall et al., 1994). 

This is supported by genome-wide studies which showed that histones are non-

randomly positioned along genes and are particularly enriched at intron-exon 

junctions, thus marking exons (Andersson et al., 2009, Chodavarapu et al., 2010, 

Dhami et al., 2010, Kolasinska-Zwierz et al., 2009, Nahkuri et al., 2009, Schwartz et 

al., 2009, Spies et al., 2009, Tilgner et al., 2009). Indeed, nucleosome positioning 

around exons is conserved in the evolution from plants to mammals and it is found 

in somatic cells and gametes (Nahkuri et al., 2009). Furthermore, isolated exons 

within long introns display higher nucleosome positioning than those in clusters 
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separated by short introns (Spies et al., 2009). Nucleosomes also help to distinguish 

pseudo-exon and exons. Pseudo-exons, non-included intronic sequences flanked by 

strong splice sites, are depleted from nucleosomes (Tilgner et al., 2009). Moreover, 

included alternatively spliced exons are more highly enriched in nucleosomes than 

excluded ones (Schwartz et al., 2009) and nucleosome density varies according to 

the splice site strength with stronger positioning at exons with weak splice elements 

(Spies et al., 2009, Tilgner et al., 2009), arguing for a role of nucleosome positioning 

not only in the exon definition but also in the regulation of splicing (Luco et al., 

2011). The main caveat of those studies pointing to the role of nucleosome 

positioning in alternative splicing regulation is their correlative nature. Direct 

experiments which would affect nucleosome positioning and thus splicing are still 

missing.  

Although chromatin is unfolded in the promoter region upon transcription initiation, 

the DNA remains packed along a gene and the nucleosome forms a strong barrier to 

Pol II transcription in vitro. So, how does Pol II overcome this hurdle of 

nucleosomes? During the first round of transcription, Pol II passage through the 

template causes loss of H2A/H2B dimer and thus leaving behind an imprint of 

disrupted chromatin (Kireeva et al., 2005, Kireeva et al., 2002).  

The first identified factor which promotes Pol II transcription through chromatinized 

template in vitro was FACT (Chang and Luse, 1997) which reorganizes the 

nucleosomes, making it more accessible to polymerases (Belotserkovskaya et al., 

2003). Another complex facilitating nucleosome reorganization is the elongator with 

histone acetyltransferase activity (Kim et al., 2002, Wittschieben et al., 1999). But 

still, even if FACT and the elongator are present in the in vitro transcription reaction 

of chromatinized templates, the elongation rate is much lower compared to the 
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elongation rate within the cell and significant fraction of Pol II molecules are 

trapped by the nucleosome (Belotserkovskaya et al., 2003, Kim et al., 2002). When 

Pol II starts to transcribe chromatinized template it pauses at certain sites that are 

presumably related to the strength or nature of DNA-histones linkage (Bondarenko 

et al., 2006, Kireeva et al., 2005). This pausing leads to Pol II backtracking which is 

reversed by the reactivation of Pol II by transcription elongation factor TFIIS which 

leads to the promotion of elongation (Kireeva et al., 2005). This suggest that more 

factors are necessary for proper Pol II passage through chromatin. 

Chromatin structure is affecting the Pol II elongation rate or the Pol II pausing at 

specific sites. SWI/SNF chromatin remodeling complex interacts directly with the 

Pol II (Neish et al., 1998, Wilson et al., 1996) and its catalytic Brm subunit interacts 

with several components of the spliceosome (Batsche et al., 2006). It was also 

shown that Brm subunit promotes inclusion of alternative exons in CD44 transcript. 

It could be result of higher Pol II occupancy detected over CD44 alternative exons, 

with elevated Ser5 phosphorylation of the CTD which is connected with Pol II 

pausing (Batsche et al., 2006). This study also supports the kinetic coupling model, 

which connects the Pol II elongation rate and the alternative splicing. 

Chromatin modifications 

The N-terminal histone tails emanate from the nucleosome core and the polypeptide 

chains of the histone tails are subject to at least eight types of covalent post-

translational modifications, including acetylation, methylation, phosphorylation and 

ubiquitination. These modifications can alter the chromatin structure and 

accessibility, and subsequently gene expression level (for review see Kouzarides, 

2007). Histone modifications exert their effects via two main mechanisms. The first 

involves the modification directly influencing the overall structure of chromatin, 
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either over short or long distances. The second involves the modification regulating, 

either positively or negatively, the binding of effector proteins (Bannister and 

Kouzarides, 2011).  

Histone methylation in the regulation of splicing 

Histones can be mono-, di- or tri-methylated on their lysines or symmetrically or 

assymetrically di-methylated on arginins. Adding methyl group to the histone tails 

does not affect the charge of the histone and thus does not affect the DNA-histone 

interaction. Enzymes which catalyze addition of methyl group to lysines are called 

histone lysine methyltransferases (HKMT) and first HKMT identified was 

SUV39H1 (Rea et al., 2000). All HKMTs that methylate histone lysines possess a 

SET domain that harbors enzymatic activity (Bannister and Kouzarides, 2011). 

Removal of the methyl group is facilitated lysine demethylases. The first identified 

histone tri-methyl lysine demethylase was JMJD2D that demethylates H3K9me3 

and H3K36me3. (Whetstine et al., 2006) 

Genome-wide histone modification studies analyzed 38 to 41 histone modifications 

in humans and found particular modifications associated with specific gene features 

(Figure 10) (Andersson et al., 2009, Dhami et al., 2010, Kolasinska-Zwierz et al., 

2009, Schwartz et al., 2009, Spies et al., 2009, Tilgner et al., 2009, Hon et al., 2009). 

We have to consider, that some of the enrichment of histone marks could be due to 

the higher nucleosome occupancy. But still some marks, like H3K36me3, H3K4me3 

and H3K27me2, are elevated in specific regions even after normalization for 

nucleosome occupancy (Dhami et al., 2010, Spies et al., 2009).  
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Figure 10 – Schematic summary of histone marks enriched at gene features. (modified from Hnilicova and 

Stanek, 2011). 

H3K36me3 is generally associated with transcribed regions (Kouzarides, 2007). It is 

facilitated by Set2 histone methyltransferase, which interacts with elongating Pol II 

and modifies histones co-transcriptionally (Krogan et al., 2003, Li et al., 2002, 

Schaft et al., 2003). An initial study observed that H3K36me3 globally marks exons 

in transcription-dependent manner (Kolasinska-Zwierz et al., 2009). They also found 

the different levels of H3K36me3 between alternative (lower H3K36me3 signal) and 

neighboring exons (higher H3K36m3 signal) (Kolasinska-Zwierz et al., 2009). The 

possibility of connection between H3K36me3 and alternative splicing was later 

confirmed (Luco et al., 2010). They showed that H3K36me3 levels differ in 

different cell lines on the same alternative region and that this difference correlates 

with alternative splicing outcome. Levels of H3K36me3 also mirrored amount of 

MRG15 protein and PTB splicing factor at an alternative region. MRG15 protein 

recognizes H3K36me3 and also binds splicing factor PTB (Zhang et al., 2006). 

Taken together, MRG15 functions as an adaptor protein which reads H3K36me3 

marks, attracts splicing factor PTB to specific sites and thus affects alternative 

splicing. This regulatory module is not unique, another examples were described in 

human and Drosophila (Figure 11) (Piacentini et al., 2009, Luco et al., 2010, Saint-

Andre et al., 2011, Sims et al., 2007, Vermeulen et al., 2010). 
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Figure 11 - Histone marks and adaptor proteins with role in pre-mRNA splicing. AS stands for alternative 

splicing. 

Feedback loop from splicing to transcription and chromatin 

Increasing amount of evidence suggests that splicing can have major impact on 

chromatin organization and transcription. An initial indication of this feedback loop 

was that the efficient expression of transgene constructs required the presence of an 

intron (Brinster et al., 1988). Recent evidence supports bidirectional communication 

between the splicing and chromatin marks (de Almeida et al., 2011, Kim et al., 

2011). Those studies both found that pre-mRNA splicing can affect H3K36me3 

levels but their observations slightly differ. The first work showed that H3K36me3 

level is splicing and transcriptional dependent on intron-containing genes and 

inhibition of splicing caused decreased level of H3K36me3 which was the result of a 

decreased co-transcriptional association of HYPB/Setd2 methyltransferase with Pol 

II (de Almeida et al., 2011). The second study showed that splice site mutations and 

inhibition of splicing caused reposition of H3K36me3 towards the 3´end of genes 

(Kim et al., 2011). Taken together, those results imply that the co-transcriptional 

splicing influences establishment of proper histone modification patterns.  

Following study found concentrated H3K4me3 and H3K9ac over first exon-intron 

boundaries (Bieberstein et al., 2012). In genes with long first exons, these marks are 

reduced, whereas in the genes with short first exons, the marks are increased at the 
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promoters as are the transcription levels. This was confirmed by intron deletion 

which caused decrease of H3K4me3 and reduced transcriptional level (Bieberstein 

et al., 2012). Taken together with previous observation of associations between U1 

snRNP and Pol II (Damgaard et al., 2008) and between U2 snRNP and H3K4me3 

(Sims et al., 2007), a complex network emerges in which first intron splicing serves 

to establish promoter proximal marks which in turn recruit general transcription 

factors.  

Histone acetylation in the regulation of splicing 

The histones can be acetylated on their lysine residues and this modification was 

proved to be very dynamic and regulated by two oppositely working families of 

enzymes. Addition of an acetyl group is catalyzed by histone acetyltransferases 

(HATs) and removal of an acetyl group is facilitated by histone deacetylases 

(HDACs). Histone acetylation, which is a positive mark of transcription, neutralizes 

the charge on the basic histone proteins leading to relaxation of the protein/DNA 

interactions, and the acetylated histone tails can serve as binding sites for regulatory 

proteins (Gunderson and Johnson, 2009). In yeast, histone acetylation is facilitated 

by well-characterized protein Gcn5, a component of multi-subunit transcription co-

activating complex SAGA (Spt/Ada/Gcn5/Ada). The Gcn5 contributes to the H3 

acetylation of the promoter and ORF nucleosomes at constitutively transcribed or 

even repressed genes (Kristjuhan et al., 2002, Kuo et al., 2000, Vogelauer et al., 

2000) and it mediates targeted acetylation in the promoters during transcriptional 

activation (Krebs et al., 2000, Krebs et al., 1999, Kuo et al., 2000, Reinke and Horz, 

2003). Recent study proved genetic interaction between Gcn5 and the genes 

encoding the heterodimeric U2 snRNP proteins Msl1 and Lea1 (Gunderson and 

Johnson, 2009). This interaction is dependent on histone acetyltransferase activity of 
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Gcn5 and is important for co-transcriptional recruitment of U2 snRNP and the 

recognition of the branch-point (Gunderson and Johnson, 2009).  

In our lab, we have focused on the role of histone acetylation modulating enzymes 

in the regulation of alternative splicing and those results will be described and 

discussed later in the Results and Discussion sections of this thesis. 

p300/CBP histone acetyltransferases 

HATs are grouped into a few evolutionary conserved groups. For example, GNAT 

family contains Gcn5 protein, p300/ CBP family and MYST family. CBP/p300 are 

transcriptional co-activators and are recruited to specific promoters through 

interaction with transcription factors such as E1A, c-Jun, c-Myc, TFIID and CREB 

through which they may integrate several signaling pathways with transcriptional 

response (Vernarecci et al., 2010). CBP/p300 are homolog and are present in many 

multicellular organisms, including flies, worms and plant, but not in lower 

eukaryotes such as yeast (Arany et al., 1994, Bordoli et al., 2001, Yuan and 

Giordano, 2002). CBP/p300 proteins contain several evolutionary conserved 

domains, like three cysteine-histidine rich regions (CH-1, -2, -3), KIX domain which 

serves as binding site for CREB, bromodomain, HAT domain and steroid 

coactivator-1 interaction domain (SID), and other regions which are poorly 

conserved (Arany et al., 1994). CBP and p300 interact with basal transcriptional 

factors (Kwok et al., 1994, Yuan et al., 1996) and form complex with Pol II (Neish 

et al., 1998) and thus play an important role in the initiation of transcription. Beside 

the interaction with the basal transcription machinery, p300 and CBP are capable to 

acetylate promoter proximal histones, which results in an increased accessibility of 

the DNA for other factors (Bannister and Kouzarides, 1996, Kundu et al., 2000, 

Ogryzko et al., 1996). They preferentially acetylate H2B histone at K12 and K15, 
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H3 histone at K14 and K18 and H4 histone at K5 and K8 in vitro (Schiltz et al., 

1999). Although CBP and p300 are highly related and share many functional 

properties, there is evidence that these factors are not really interchangeable (Vo and 

Goodman, 2001). Heterozygosity for CBP causes hematological defects and a 

predisposition to cancer that is not seen in mice lacking one allele of p300 (Kung et 

al., 2000). Subtle differences in the expression of CBP and p300 were detected 

during mouse embryogenesis (Partanen et al., 1999), which could explain why 

knockouts of those co-activators have different phenotypes.  

Histone deacetylases 

Opposite function to HATs is mediated by HDACs which remove acetyl group from 

histone tails and thus reestablish the positive charge of histone which tightens the 

DNA/histone interaction. HDACs are crucial transcriptional co-repressors in highly 

diverse physiological and pathological systems (Barneda-Zahonero and Parra, 

2012). 18 human HDACs have been identified up to date and they are divided into 4 

groups. Class I HDACs (HDAC 1, 2, 3 and 8) share homology with the yeast 

transcriptional regulator RPD3, class II HDACs are closely related to HDAC1 

(HDAC4, 5, 6, 7, 9, 10), class III HDACs, also called sitruins, are homologous with 

Sir2, and class IV (HDAC11) is homologous with class I and II (Haberland et al., 

2009). Class I HDACs are expressed ubiquitously, localize to the nucleus and are 

highly enzymatically active towards histone substrates (Haberland et al., 2009). 

HDAC1 and HDAC2 are nearly identical and are generally found together in 

repressive complexes such as Sin3, NuRD, CoREST and PRC2 complexes (Yang 

and Seto, 2003). The ubiquitous expression and high homology between class I 

HDACs suggests a functional redundancy among these HDACs in vivo. However, 

the deletion of members of class I in mice leads to the embryonic death 
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(Montgomery et al., 2007, Bhaskara et al., 2008) which demonstrates the unique 

roles of HDACs in gene expression. 

Histone acetylation readers – BET protein family  

Histone acetylation is one of the gene expression control factors which control and 

its recognition by specific “readers” is essential for its proper function. BET family 

of proteins in mammals comprises of Brd2, Brd3, Brd4 and BrdT, which are widely 

expressed in all tissues (except the BrdT which is a testis-specific protein). All BET 

proteins consist of two bromodomains (BDs, BD1, BD2) and the extra terminal 

interaction domain (ET) at the C-terminus. The ET domain includes the N-terminal 

extra terminal (NET) domain, and the C-terminal SEED motiv (Florence and Faller, 

2001). It is well established that BDs bind to the acetylated chromatin while the 

functions of the rest of the domains are poorly understood. For example, the BDs of 

Brd2 protein bind preferentially to the acetylated histone H4, and it is interesting 

that they differ in the binding specificity.  The BD1 of Brd2 recognizes 

H4K5ac/K8ac, whereas the BD2 of Brd2 protein binds to H4K12ac or 

H4K5ac/K12ac (Filippakopoulos and Knapp, 2012, Huang et al., 2007, Umehara et 

al., 2010). Brd2 protein is a transcriptional factor (LeRoy et al., 2008) and it was 

shown that it interacts with the Pol II and the TATA-box binding protein-associated 

factors (TAFs), histone acetyltransferases (p300/CBP), histone deacetylases and 

chromatin remodeling proteins (Denis et al., 2006). The analysis of knock-out mice 

revealed that Brd2 and Brd4 are essential for the embryonic development 

(Houzelstein et al., 2002, Shang et al., 2009).  

 Promoter-dependent regulation of alternative splicing 

Finally, findings that connect the promoter with the alternative splicing regulation 

strengthened the relationship between transcription and pre-mRNA splicing (Cramer 
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et al., 1999, Cramer et al., 1997, Pagani et al., 2003). Alternative splicing regulation 

was apparently not dependent on the promoter strength or the amount of mRNA 

transcribed from individual promoters (Pagani et al., 2003). Experiments with 

steroid-sensitive promoters showed steroid hormones affected alternative splicing 

only in the case of steroid-sensitive promoters (Auboeuf et al., 2002). These results 

pointed to the possibility that factors regulating alternative splicing somehow act 

through specific promoter occupancy. Indeed, different promoter-associated 

transcriptional co-activators affected alternative splicing and the thermogenic 

coactivator PGC-1 influenced alternative splicing only when tethered to the 

promoter (Kadener et al., 2001, Monsalve et al., 2000, Nogues et al., 2002). 

However, the molecular mechanism of how promoters regulate alternative splicing 

is missing. 

 Fibronectin – alternative splicing model gene 

Fibronectin (FN1) is a large multifunctional glycoprotein found in the plasma and in 

the extracellular matrix (ECM) of tissues. It is expressed by several cell types and it 

facilitates cell adhesion and migration. Without FN1 none of processes dependent on 

cell interaction with ECM, like embryogenesis, hemostasis and wound healing, 

would be possible. Its importance was demonstrated by the lethal effect of FN1 

knockout mice (George et al., 1993). The functional molecule of FN1 consist of two 

almost identical subunits of 200-250 kDa that are held together by two disulphide 

bonds near their C-terminus, forming a dimer. Each monomer consists of a 

combination of three different types of homologous repeating domains, termed type 

I, II and III. FN1 gene undergoes alternative splicing that can generate as many as 

20 isoforms in humans (Ffrench-Constant, 1995). FN1 gene contains two alternative 

cassette exons (EDB/EIIIB/EDII and EDA/EIIIA/EDI) within the type III repeat. 
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Alternative splicing of EDB exon is regulated by cis-elements located within the 

EDB exon and in the downstream intron (Lim and Sharp, 1998). Those sequences 

are recognized by SR protein SRSF5 and PTB which by their binding to the pre-

mRNA influence the EDB inclusion (Du et al., 1997, Norton, 1994).  
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MATERIAL AND METHODS 

Cell lines 

HeLa, SRSRF1-GFP (HeLa, BAC), Brd2-GFP (HeLa, BAC), cell lines were 

cultured in DMEM supplemented with 10% fetal calf serum, penicillin and 

streptomycin (Invitrogen). Cells were treated with 5 mM sodium butyrate for 12 

(splicing assays) or 6 (nChIP assay) hours, with 50 M DRB (5,6-

Dichlorobenzimidazole 1--D-ribofuranoside),5 mM valproic acid, 330 nM 

trichostatin A (all from Sigma) or cycloheximide (50 g/ml, Calbiochem). Y79 

human retinoblastoma cells (ATCC HTB-18, a kind gift of Martina Zikova, IMG 

ASCR) were cultured in RPMI with 10% fetal calf serum, penicillin and 

streptomycin. 

Plasmids 

The FN1 cassette containing the EDB exon, together with its neighboring introns 

and exons (~ 3kb) were amplified from human genomic DNA, analyzed by 

sequencing and cloned into the BamHI site in the pcDNA3 plasmid (Invitrogen) 

(wt). The deletion mutants (Δ all, Δ 1, Δ 3-4, Δ 2-4, Δ 1-3) were prepared by PCR 

with specific primers. The mut1 plasmid was constructed by PCR site-specific 

mutagenesis. The sequence of the FN1 promoter was amplified from genomic DNA 

(403bp) and cloned into the BglII and HindIII restriction sites of pcDNA3 plasmid. 

The FN1 cassette was then inserted into the BamHI site. The Tet responsive 

promoter was removed from from the pTet-ON plasmid (Shav-Tal et al., 2004) with 

BglII and HindIII restriction enzymes and inserted into the pcDNA3 plasmid into 

the same restriction sites. The FN1 cassette was then inserted into the BamHI site in 

pcDNA3. All promoter changes were confirmed by DNA sequencing. Mouse 
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HDAC1 cDNA (gift form Konstantinos Anastassiadis, TUD, Dresden, Germany) 

was subcloned into pEGFP-N1 with SalI/NotI. The D174H mutation was introduced 

by PCR site-directed mutagenesis. Brd2-wt was obtained by cloning human Brd2 

cDNA into the pEGFP-C1 vector using EcoRI/KpnI restriction sites. Brd2 mutant 

constructs were then prepared by site-directed mutagenesis of Brd2-wt. Tyrosines 

113 or 386 or both were replaced by phenylalanines in Brd2-mut1, Brd2-mut2 and 

Brd2-mut1+2, respectively. Bromodomains (corresponding to amino acids 1-472) 

were isolated by PCR from Brd2 wt and Brd2-mut1+2 and subsequently cloned to 

pEGFP-C1 using EcoRI/KpnI restriction sites, generating BD-wt and BD-mut1+2 

constructs. Plasmids were transiently transfected with Lipofectamine® LTX 

(Invitrogen) according to the manufacturer’s protocol and incubated for 24 hours.  

siRNA 

Pre-annealed siRNA duplexes were obtained from Ambion: 

p300 #1: 5` GGACUACCCUAUCAAGUAAtt 3`, 

p300 #2: 5` GCCUGGUUAUAUAACCGCAtt 3`, 

p300 #3 5` CCACUACUGGAAUUCGGAAtt 3`, 

CBP #1: 5` GAAUCUUUCCCAUAUCGAAtt 3`, 

CBP #2: 5` CAGCUAUCAGAAUAGGUAUtt 3`, 

HDAC1: 5' GGGAUACUUUUAUGCAACCtt 3', 

HDAC2: 5' GCCACUGCCGAAGAAAUGAtt-3', 

Brd2: 5′ UUAUGUUCUCCAACUGCUAtt 3′, 

Brd2-3´UTR: 5′ GGGCCCUGUUUUGAGAUUGtt 3′. 

The negative control # 5 siRNA from Ambion was used as a negative control 

siRNAs (f.c.: 20 nM and 70nM). siRNAs were transfected with Oligofectamine 

(Invitrogen) according to the manufacture’s protocol. Cells were incubated for 48 
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hours. For co-transfection experiments, cells were transfected with siRNAs and after 

24 hours transfected with reporters and incubated further 24 hours. 

Antibodies 

Polyclonal antibody for acetylated histone H4 was purchase from Upstate. Anti-H3, 

anti-GAPDH and anti-p300 (used for ChIP) antibodies were purchase from Abcam. 

The monoclonal m104 antibody, which recognizes phosphorylated SR proteins, was 

a gift from K. Neugebauer (Max Planck Institute of Molecular Cell Biology and 

Genetics, Germany).  Nonspecific mouse IgG, anti-p300 (used for Western blotting) 

and anti-CBP antibodies were purchased from Sigma. The anti-GFP antibody was 

purchase from Santa Cruz Biotechnology. 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 Biotechnology. Monoclonal 

antibodies specific for HDAC1, acetyl-histone H3, H4K5ac H4K8ac and H4K12ac 

were all purchased from Upstate. Anti-H3K36me3 and 8WG16 anti-RNA 

polymerase II antibody (used for chromatin immunoprecipitations), anti-HDAC2 

and anti-PTB antibodies were purchased from Abcam. hSnu114, hPrp4 and U5-40K 

antiserum was a gift from R. Lührmann (Max Planck Institute of Biophysical 

Chemistry, Göttingen, 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) The polyclonal pan 

anti-acetyl lysine antibody was obtained from Immunechem. Nonspecific anti-

mouse IgM and the rabbit anti-Brd2 antibody were purchased from Sigma. 
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RNA isolation and RT-PCR/RT-qPCR 

Total RNA was isolated with TRIzol (Invitrogen). Reverse transcription was 

performed using SuperScript III (Invitrogen) and cDNA amplified by Taq 

polymerase (Fermentas). Primers used for RT-PCR and qPCR are detailed in the 

Supplementary material. For RT-qPCR reactions, SyberGreen mix (Invitrogen) was 

used. The ratio of mRNA with EDB exon included/excluded was calculated from 

relative Ct values of primers EDBinclud and EDBexclud according to R = 

2(CtEDBinclud – CtEDBexclud). The ratio of endogenous mRNA with EDB exon was 

calculated from relative Ct values of primers UP EDB (FN1 exon 24) and EDB 

(FN1 exon 25) according to R = 2(CtEDB – CtUP). RNA polymerase II processivity was 

calculated from relative Ct values of primer pairs A (upstream) and B (downstream) 

according to pre-mRNA ratio distal/proximal = 2(CtA – CtB). 

Native ChIP assay 

We used native ChIP to increase effectiveness of histone immunoprecipitation. Hela 

cells transfected with splicing reporters for 24 hours were washed by PBS and 

resuspended in 0.3 M sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 0.1 mM 

EGTA, 0.2% NP-40, 15 mM Tris-HCl, pH 7.7, 0.5 mM DTT and complete protease 

inhibitor cocktail (Calbiochem). Nuclei were released by passaging through a 22 G 

needle and loaded onto a sucrose gradient (1.2 M sucrose, 60 mM KCl, 15 mM 

NaCl, 5 mM MgCl2, 0.1 mM EGTA, 15 mM Tris-HCl, pH 7.7, 0.5 mM DTT, 

protease inhibitors) and centrifuged for 20 min at 2000g, 4ºC. Pellets were 

resuspended in MNase digestion buffer (0.32 M sucrose, 1 mM CaCl2, 4 mM 

MgCl2,15 mM Tris-HCl pH 7.7 and protease inhibitors) and digestions were 

performed for 3 to 6 min at 37ºC (1U MNase/30ug chromatin). Reactions were 

stopped with the addition of EDTA (final concentration 10 mM) and centrifuged. 
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The supernatant was taken and the pellet resuspended in 0.2 mM EDTA, 1 mM 

Tris/HCl, pH 7.7, incubated for 1 hour at 4ºC, centrifuged again and both 

supernatants were mixed. ~100 µg of chromatin was diluted in nChIP buffer (50 

mM NaCl, 5 mM EDTA, 50 mM Tris/HCl, pH 7.7) and incubated overnight at 4ºC 

with the appropriate antibody and pre-blocked beads. 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 µg proteinase K for 30 minutes 

at 45ºC and DNA was recovered with the QIAGEN PCR Purification Kit, quantified 

by qPCR and signals were compared to the input: 2Ct(input) – Ct(spec). The signal of 

acetylated-H4 was normalized to the H3 signal.  

ChIP assays 

We used classical ChIP for non-histone proteins. It is necessary to cross-linked 

bound proteins to chromatin to immunoprecipitate them, because they would not 

retained on the DNA during nuclease digestion of native chromatin (O'Neill and 

Turner, 2003). Hela cells transfected with reporters were washed with PBS, 

crosslinked with 1% formaldehyde/PBS for 10 min at room temperature and the 

reaction was stopped with the addition of glycine (final conc. 125 mM). Cells were 

resuspended in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% 

SDS, 50 mM Tris-HCl, pH 8.0, 5 mM EDTA, 0.5 mM PMSF, complete protease 

inhibitor cocktail (Calbiochem), 50 mM NaF and 0.2 mM sodium orthovanadate) 

and sonicated to generate ~500 nt chromatin fragments. The same total amount of 

protein (2 mg) was used for immunoprecipitation. Immunoprecipitation with the 

appropriate antibodies was performed at 4°C overnight. Subsequently, the beads 

were rinsed twice with RIPA, four times with 100 mM Tris-HCl, pH 8.5, 500 mM 
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LiCl, 1% Nonidet P-40, 1% deoxycholic acid, twice again with RIPA and twice with 

TE buffer. Protein-DNA complexes were eluted with 1% SDS for 10 minutes at 

65°C, uncrosslinked in the presence of 200 mM NaCl for 5 h at 65°C and treated 

with 20 µg proteinase K for 30 min at 45°C. DNA was recovered with the QIAGEN 

PCR Purification Kit and amplified by quantitative real-time PCR on a LightCycler 

480 System (Roche Applied Science). Data sets were normalized to ChIP input 

values. 

Exon arrays  

HeLa cells were treated with 5 mM NaB for 15 h or with Brd2-siRNA for 48 hrs and 

their RNA was isolated with TRIzol. For each sample, 1 g 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 analyzed 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/NTgene expression) and all exons with 
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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 are GSE17397, GSE39937) available at the 

Gene Expression Omnibus (GEO) 

(http://www.ncbi.nlm.nih.gov/geo/info/linking.html). 

Western blotting and immunoprecipitation 

Western blotting and immunoprecipitaion was performed as previously described 

(Huranova et al., 2009) Proteins were extracted with TRIzol, after RNA isolation, 

according to manufacturer's protocol. 

FRAP 

U2OS E3 cells were plated on glass-bottomed Petri dishes. After 20-24 hrs cells 

were transfected with Brd2 and NC siRNA using Oligofectamine transfection 

reagent according to manufacturer’s protocol. The cells were imaged 48 hrs after 

transfection. FRAP experiments were performed on the Leica TCS SP5 AOBS 

TANDEM microscope system equipped with an environmental chamber with 

controlled temperature (37°C) and CO2 level (5%). Photobleaching of a spot in the 

nucleoplasm was achieved with laser pulse at 488 nm. Fluorescence recovery in a 

circular spot with a 2 m radius was monitored in a series of 65 images in 512x512 

pixels format until reaching a plateau of recovery or for 400 seconds. FRAP curves 

were double normalized to background and whole cell fluorescence loss during 

acquisition. 12-15 separate FRAP measurements were performed for each 

experiment.  

http://www.ncbi.nlm.nih.gov/geo/info/linking.html
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5FU incorporation assay 

HeLa cells were transfected with Brd2 and NC siRNA using Oligofectamine 

transfection reagent according to manufacturer’s protocol. 5´fluorouridine (2 mM 

final concentration) was added to the medium and cells were incubated for further 

10 minutes. Cells were then harvested, transferred into Eppendorf tubes, washed and 

incubated with 4% paraformaldehyde for 10 minutes. Ice-cold methanol was added 

to cells and incubated on ice for 30 minutes. Then cells were spined down and 

washed twice with 1% BSA in PBS. Fixed and washed cells were immunostained 

with mouse anti-BrU (BU33) antibody and then with goat-FITC -mouse secondary 

antibody. Cells were washed with 1% BSA in PBS and resuspended in PBS. 

Immunofluorescence was measured on LSRII flow cytometer. 

Primers: 

Complete list of primers can be found in Supplementary section. 

  

  



RESULTS 

 

48 

 

RESULTS 

This section is composed of our published and unpublished results about close 

relationship between chromatin modifications and splicing. 

HNILICOVA, J., HOZEIFI, S., DUSKOVA, E., ICHA, J., TOMANKOVA, T. & 

STANEK, D. 2011. Histone deacetylase activity modulates alternative splicing. 

PLoS One, 6, e16727 

This project was published in PLoS One journal (IF: 3.73) and I participated in it by 

verifying exon array data and validation of HDAC inhibition by western blot. 

HNILICOVA, J., HOZEIFI, S., SIMKOVA, E., DUSKOVA, E., POSER, I., 

HUMPOLICKOVA, J., HOF, M. & STANEK, D. 2013. The C-terminal domain 

of Brd2 is important for chromatin interaction and regulation of transcription 

and alternative splicing. Mol Biol Cell. 

This project was published in Molecular Biology of the Cell journal (IF: 4.803) and 

I participated in this project by verifying exon array data and by experiments 

concerning Pol II elongation rate (FRAP, 5FU assay, WT and C4 Pol II). 

DUSKOVA, E., HNILICOVA, J. & STANEK, D. 2014. Promoter CRE site 

regulates alternative splicing through p300-mediated histone acetylation. 

This project was published in RNA biology (IF: 4.841) and I performed all the 

experiments presented in this study.  
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 HISTONE DEACETYLASE MODULATES ALTERNATIVE 

SPLICING 

 

Results presented in this chapter were included in publication HNILICOVA, J., 

HOZEIFI, S., DUSKOVA, E., ICHA, J., TOMANKOVA, T. & STANEK, D. 2011. 

Histone deacetylase activity modulates alternative splicing. PLoS One, 6, e16727 

 

Inhibition of HDACs changes alternative splicing 

To decipher a role of histone acetylation in the regulation of alternative splicing we 

used a potent inhibitor of HDACs - sodium butyrate (NaB), which abolishes 

functions of class I and class II HDACs (Blackwell et al., 2008) and causes overall 

increase in histone acetylation (Figure 12). We monitored dynamic changes of H4 

acetylation in several time points and we observed that the H4 acetylation rapidly 

increases after 3 hours of treatment and stays high till 12 hours when it starts to 

decrease. We decided to use 6 hours of treatment for further experiments. 

 

Figure 12 - Inhibition of HDACs by NaB. Changes in levels of histone H4 acetylation were analyzed by 

western blot. Samples were collected in different time points. Total H4 is used as a loading control. Chart shows 

the average of three independent experiments, including SEM. Quantification of H4 acetylation signal was done 

in ImageJ software.  

Then we inhibited HDACs by NaB, isolated total RNA and analyzed global changes 

of alternative splicing by Affymetrix exon arrays. For analysis of the array data we 
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used Partek ® Genomics Suite™ software. We identified 683 genes (out of 17 771 

human genes included in the array) that changed alternative splicing (complete list 

can be found in Supplementary material). To identify what cellular processes are 

affected after NaB treatment, we performed gene ontology (GO) analysis. GO 

analysis provides an information about gene product function. We found out that 

targeted genes are mostly involved in signaling, transcription regulation, apoptosis, 

cell cycle and cell organization (Figure 13A). We then divided altered genes 

according to change in expression; 392 genes were up-regulated, 16 genes were 

down-regulated and 275 genes did not change (Figure 13B). Overall, we detected 

more of alternative exon inclusion events (294 excluded exons, 389 included exons), 

however we detected strong correlation in the group of up-regulated genes towards 

alternative exon exclusion. This correlation was also observed in smaller set of 

genes (Munoz et al., 2009). 

 
Figure 13 – Summary of exon-array analysis. (A) Gene ontology analysis of altered genes after HDAC 

inhibition. (B) Genes with high change in alternative splicing are divided according to their change in expression 

and inclusion or exclusion of alternative exon. 

To verify the exon array results we chose 16 target genes which were analyzed by 

classical RT-PCR (Figure 14A). 13 genes displayed alternative splicing changes 

predicted by exon array analysis, 9 of them are shown in Figure 14A. We also 

included two control genes which did not change alternative splicing after HDAC 

inhibition (Figure 14B). Among genes with the highest splicing change is Tau gene 

(MAPT), which is specifically expressed in central nervous system. HDAC 
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inhibition decreased the level of mRNA containing alternative exon 10 (Figure 

14A), which is up-regulated in neurodegenerative diseases (Zhou et al., 2008).  

 

Figure 14 - (A) Validation of Affymetrix exon array results by classical RT-PCR after HDAC inhibition. (B) 

RT-PCR of control genes which did not change alternative splicing after HDAC inhibition.  

HDAC1 is responsible for EDB alternative splicing changes 

NaB is a known HDAC inhibitor, but it is possible that it also targets some other 

factors. Therefore, we used two additional HDAC inhibitors - valproic acid (VPA) 

and trichostatin A (TSA) and analyzed EDB splicing (Figure 15A). VPA inhibits 

selectively HDAC class I (Khan et al., 2008) and TSA inhibits HDAC class I and II 

(Blackwell et al., 2008). VPA and TSA had the same effect on EDB splicing like 

NaB and promoted EDB exon exclusion, albeit with different efficiencies. Smaller 

changes in the EDB splicing after VPA treatment can be explained by the fact that 

HDAC inhibitors affect histone acetylation to different extent (Choudhary et al., 

2009). Then we wanted to identify the HDAC which affects the alternative splicing. 

Inhibitors which used in our study targeted HDAC class I. So we specifically 

knocked down HDAC1 and HDAC2 by RNAi. Similarly to HDAC inhibitors, 

depletion of HDAC1 promoted EDB exon exclusion, but we did not observe this 

effect upon HDAC2 downregulation (Figure 15B). To support our finding that 

HDAC1 modulates EDB splicing, we expressed mouse HDAC1 (mHDAC1) and 
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catalytically inactive mHDAC1 (D147H) (Taplick et al., 2001) in HDAC1 depleted 

cells. We observed that mHDAC1, which was not targeted by siRNA, was able to 

rescue EDB splicing, whereas the inactive mHDAC1 mutant was not (Figure 15C). 

To conclude, we identified HDAC1 enzymatic activity as a new modulator of EDB 

alternative splicing. 

 

Figure 15 – HDAC1 modifies EDB splicing. (A) We treated cells with two additional HDAC inhibitors (TSA, 

VPA) and tested their effect on EDB splicing by clasical and quantitative RT-PCR. (B) Transfection of siRNA 

targeting HDAC1 or HDAC2. 48 hours post-transfection we analyzed splicing pattern of EDB by clasical and 

quantitative RT-PCR. (C) Rescue of HDAC1 depletion. 24 hours post siRNA transfection we transfected cells 

with mouse HDAC1 wt, catalyticaly inactive mutan (D147H) and control plasmid. EDB splicing pattern was 

monitored by clasical and quantitative RT-PCR. Levels of mRNA of human and transfected mouse HDAC were 

controlled by RT-PCR. 

Alternative splicing changes correlate with histone H4 acetylation 

Alternative splicing of EDB exon of the fibronectin gene (FN1) was one of the most 

affected by HDAC inhibition (Figure 14A). As already mentioned in literature 

review, FN1 is one of the model genes for studying alternative splicing and its 

regulatory features are well known (Caputi et al., 1994, Kornblihtt et al., 1996, 

White et al., 2008). Thus we decided to use this model gene to decipher the role of 

HDACs in alternative splicing. First, we looked at the expression of splicing factors 

like SRSF5 and PTB which are known to regulate EDB splicing (Figure 16A and 

B). We did not observe any change in the levels and phosphorylation state of SR 

proteins. We took an advantage of HeLa cells expressing SRSF5-GFP from bacterial 

artificial chromosome (BAC) which preserves gene structure and expression level 
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(Figure 16B). We observed no change of expression of SRSF5-GFP upon HDAC 

inhibition and moreover we did not observe increase or decrease of PTB splicing 

factor (Figure 16B). HDAC inhibition also did not affect expression of basal 

spliceosomal components (hSnu114, hPrp4, U5-40K, SmB) and Pol II (Figure 16B). 

Because it was shown that some SR proteins can be acetylated (Choudhary et al., 

2009) and the acetylation could modify their function, we looked at the acetylation 

status of SRSF5 upon HDAC inhibition (Figure 16C). We did not detect any 

changes in lysine acetylation of SRSF5 protein after HDAC inhibition. 

 

Figure 16 – Splicing factors do not react to HDAC inhibition. (A) Expression levels of SRSF proteins upon 

HDAC inhibition determined by western blot with monoclonal antibody m104 recognizing a set of 

phosphorylated SR proteins. (B) Expression level of SRSF5 splicing factor, PTB, Pol II and other splicing 

factors. Tubulin is used as a loading control. (C) Acetylation status of SRSF5 upon HDAC inhibition. (D) RT-

PCR analysis of EDB splicing after inhibition of ribosomal proteins by CHX with or without HDACs inhibitors. 

By classical western blot analysis it would be very difficult to check levels of all 

proteins important for EDB alternative splicing, and thus we prevented translation of 

newly made proteins by cycloheximide (CHX) together with HDAC inhibition 

(Figure 16D). Inhibition of translation by itself did not alter EDB splicing but 

together with HDAC inhibition caused promotion of EDB exon exclusion. This is 

the same effect we see just upon HDAC inhibition. From those results, we can 

conclude, that HDAC inhibition does not affect splicing by altering the expression 

or modification of regulatory proteins.  
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Then, we analyzed in detail histone marks along FN1 gene upon HDAC inhibition 

by chromatin immunoprecipitation (Figure 17). First, we looked at general 

acetylation at histone H3 and H4 in non-treated (NT) and NaB treated cells along 

FN1 gene (Figure 17A and B). H3 acetylation peaked at the promoter region and 

then decreased along the gene body. HDAC inhibition probably caused nucleosome 

clearance from promoter, and thus we observed lower H3 acetylation and total H3 

signal after the NaB treatment (Figure 17A and H), however, we did not detect any 

changes in nucleosome occupancy within the gene body (Figure 17H). Same as for 

H3 acetylation, H4 acetylation peaked at the promoter region and then slightly 

dropped along the gene body in the non-treated cells, but signal of H4 acetylation 

was higher than H3 acetylation (Figure 17A and B). We also observed lower H4 

acetylation at the promoter after HDAC inhibition. Overall, we detected significant 

increase of H3 and H4 acetylation along FN1 gene upon HDAC inhibition.  

Interestingly, H4 acetylation was more sensitive to HDAC inhibition than H3 

acetylation, and thus we performed additional chromatin immunoprecipitation with 

specific antibodies against H4K5 acetylation, H4K8 acetylation, H4K12 acetylation 

and H4K16 acetylation (Figure 17C-F). Individual lysines are acetylated differently 

along the FN1 gene and the lysine residues most sensitive to NaB treatment are 

H4K8 and H4K12. Both, H4K8 and H4K12 are subjected to acetylation and has not 

been shown to  
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Figure 17 - Detailed analysis of histone acetylation along FN1 gene. Chromatin precipitation were done with 

several antibodies (A) acetylated H3, (B) acetylated H4, (C) acetylated H4 lysine 5, (D) acetylated H4 lysine 8, 
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(E) acetylated H4 lysine 12, (F) acetylated H4 lysine 16, (G) tri-methylated lysine 36 histone H3 and (H) total 

H3. The average of three experiments is shown including SEM, ** indicates p≤0,001 and * p≤0,05 of the t-test. 

be methylated till now. H4K8 acetylation is found at most active promoters and is 

thought to serve as a transcriptional co-activator (Wang et al., 2008b). This 

correlates with our results of NT cells, where we see peak of H4K8ac around 

promoter. After the NaB treatment we detected overall increase of H4K8ac (Figure 

17D). H4K12 acetylation is also connected to the transcriptional initiation but it is 

also found within the gene body (Wang et al., 2008b). Again, we detected similar 

pattern along FN1 gene with significant increase of H4K12ac after NaB treatment 

(Figure 17E). Of interest, H4K12 acetylation appears to control gene expression in 

the hippocampus associated with memory and learning (Peleg et al., 2010).  

We also analyzed H3K36me3, which was previously shown to affect alternative 

splicing (Kolasinska-Zwierz et al., 2009, Luco et al., 2010, Schor et al., 2009). We 

detected increase of H3K36me3 along FN1 after NaB treatment but those changes 

were not significant (Figure 17G). In conclusion, HDAC inhibition affects 

chromatin modification landscape within the FN1 gene. 

Pol II elongation rate reacts to changes in histone acetylation 

How histone acetylation could affect alternative splicing? Previously it was shown 

that histone acetylation correlates with Pol II elongation rate (LeRoy et al., 2008). 

Therefore we decided to look at Pol II distribution and elongation rate in non-treated 

and NaB treated cells. To decipher Pol II occupancy and elongation rate we had to 

use two different methods, ChIP and elongation assay. By classical ChIP we can 

detect Pol II distribution along gene, which can tell us if Pol II pauses on some 

specific gene region. By specific antibodies against phosphorylated CTD, we can 

draw a conclusions about initiating or elongating Pol II. We probed total Pol II and 

Pol II phosphorylated at Ser5 and Ser2 residues on CTD. FN1 transcript was 
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increased by 5 fold after HDAC inhibition and it goes together with the higher total 

and Ser5 phosphorylated Pol II signal at the promoter region indicating higher 

frequency of initiation (Figure 18B and C). In addition, we found lower Ser2 

phosphorylated Pol II along the gene body after NaB treatment with EDB exon 

region as an only exception, which likely reflects accumulation of the total Pol II at 

the EDB exon (Figure 18D). However, to make a conclusion about Pol II elongation  

 

Figure 18 - Pol II elongation rate. The speed of Pol II was calculated as a ratio of two pre-mRNA sequences 

(B:A) along several regions within FN1 gene. The average of three independent experiments is shown including 

SEM, * indicates p≤0,05 of the t-test. 

rate we had to use an elongation assay. We measured Pol II elongation rate by 

calculating a ratio of two pre-mRNA regions originating from the same intron, as 
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previously described (Schor et al., 2009). We detected a significant increase in Pol II 

elongation rate around the EDB exon after HDAC inhibition (Figure 18A). Taken 

together, HDAC inhibition resulted in an increase of Pol II elongation rate at the 

upstream and downstream regions of EDB exon. The elongation assay results 

together with Pol II ChIP data supports the kinetic coupling model of the regulation 

of alternative splicing.  
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 BRD2 PROTEIN ALTERS TRANSCRIPTION AND ALTERNATIVE 

SPLICING 

 

Part of the data presented in this chapter were included in publication HNILICOVA, 

J., HOZEIFI, S., SIMKOVA, E., DUSKOVA, E., POSER, I., HUMPOLICKOVA, 

J., HOF, M. & STANEK, D. 2013. The C-terminal domain of Brd2 is important 

for chromatin interaction and regulation of transcription and alternative 

splicing. Mol Biol Cell. 

 

Because we observed increased Pol II elongation rate after HDAC inhibition, we 

focused on Brd2, a protein that was shown to bind acetylated histones and promote 

Pol II passage through the chromatin in vitro. First, we analyzed Brd2 function in 

regulation of transcription. 

 

Brd2 as a transcriptional factor 

To globally analyze Brd2 protein role in gene expression we depleted Brd2 by RNAi 

in HeLa cells possessing GFP-tagged Brd2 (BAC). We used Brd2-GFP cell line to 

be able to specifically pull-down Brd2 protein (there was no commercially available 

antibody suitable for ChIP experiments). siRNA used to deplete Brd2 targeted both 

endogenous and BAC-originating Brd2 mRNA (Figure 19).  
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Figure 19 - Brd2 siRNA knock-down efficiency in HeLa cells possesing Brd2-GFP (BAC). Tubulin is used 

as a loading control.  

Then we performed Affymetrix exon arrays and monitored gene expression changes 

on a whole-genome level. Brd2 depletion altered transcription of 1453 genes (Figure 

20A). Most of the genes did not change their expression (91%) but we detected 482 

genes (3%) which increased expression and 971 genes (6%) which decreased 

expression after Brd2 knockdown. Brd2 was thought to be positive transcriptional 

regulator, but our analysis revealed that it is also capable, directly or indirectly, act 

as a repressor of transcription. To group the affected genes we performed gene 

ontology (GO) analysis. We found out that most of the affected genes regulate signal 

transduction within the cells, particularly cell signaling, communication, 

differentiation, regulation of cell adhesion and macromolecule modification. It was 

described that Brd2 protein regulates expression of cyclin A, B and D1 and thus 

affects cell cycle (Croft et al., 2000, Pan et al., 2008, Wang et al., 2008a). Our exon 

array data also showed that Brd2 depletion decreased cyclin D1 mRNA by 70% 

which goes together with previous observation (LeRoy et al., 2008). We also 

detected decrease in the expression of proapoptotic genes like Fas receptor, caspase 

1, caspase 7 or APAF-1 upon Brd2 depletion. Again, this changes in expression are 

in agreement with studies which reported induction of apoptosis upon Brd2 

overexpression (Wang et al., 2010, Zhou et al., 2006). We also checked members of 

the BET proteins family and we observed that Brd2 depletion caused down-
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regulation of Brd4 (by 75%) whereas Brd3 is up-regulated by 40%. This suggests a 

possible cross-regulation among BET proteins. Of interest, Brd2 knockdown 

affected the expression of genes directly connected to transcription – general 

transcriptional factor IIA (GTF2A1), the largest subunit of Pol I (POLRIA), the 

largest subunit of Pol II (POLRIIA), TAF2 and cyclin-dependent kinase 9.  

 

Figure 20 – Expression changes upon Brd2 knock down. (A) Analysis of transcriptional changes after Brd2 

knock down. (B) Transcriptional changes of genes with altered alternative splicing.  

Brd2 as a splicing regulator 

The Affymetrix exon array analysis revealed significant changes of alternative 

splicing of 290 genes (Figure 20B). Unfortunately, we detected only minimal 

overlap between the genes affected by the Brd2 depletion and HDAC inhibition. We 

decided to analyze exon array data in more detail and explore Brd2 role in 

alternative splicing regulation.  

GO analysis of genes with splicing altered upon Brd2 depletion revealed that most 

of the genes are involved in signal transduction, cell communication or adhesion and 

regulation of localization. One of the affected genes was IL17RC – transmembrane 

receptor with several isoforms. It regulates its binding to proinflammatory cytokines 

(Kuestner et al., 2007). Interestingly, the most of genes with splicing altered upon 

Brd2 depletion decreased their expression (159 genes) (Figure 20B). This points to 

the fact that Brd2 preferentially regulates alternative splicing of those genes whose 

transcription it up-regulates. All the genes alternative splicing of which is affected 
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are listed in Supplementary material. We verified the alternative splicing changes 

predicted by exon array for 9 out of 14 genes by classical RT-PCR (Figure 21A, B).  

 

Figure 21 - Alternative splicing changes after Brd2 depletion. (A) We verify alternative splicing changed by 

classical RT-PCR. (B) Alternative splicing analysis of Brd2 and PTB targets by classical RT-PCR. 

Brd2 depletion affected different types of alternative splicing from cassette exon 

inclusion/exclusion to intron retention. Especially intron retention came to our 

attention. Alternative intron retention is connected with NMD pathway when 

premature stop codon is introduced into mRNA and this leads to mRNA degradation 

(reviewed in Kervestin and Jacobson, 2012). Thus we inhibited NMD pathway by 

RNAi against its core particle UPF2 and monitored alternative splicing changes 

(Figure 22). We did not observe any increase of intron-containing isoform upon 

NMD inhibition. 
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Figure 22: - Intron retention is not connected to NMD pathway. We transfected cells with siRNA targeting 

UPF2 and control siRNA. 48 hours later we analyzed the splicing pattern by classical RT-PCR.  

This suggest that alternative intron retention in particular transcripts did not regulate 

their abundance in the cell. 

Depletion of Brd2 affected alternative splicing and thus we wanted to test if Brd2 

overexpression could cause changes in the opposite direction. We transfected cells 

with Brd2-GFP and consequently doubled the amount of Brd2 protein within cells 

(Figure 23).  

 

Figure 23 - Transfection of Brd2-GFP protein. HeLa cells were transfected with Brd2-GFP plasmid and 

protein levels were tested by western blot with antibody against Brd2 protein. -actin was used as a loading 

control. 

Then we analyzed splicing patterns of the same set of genes. We were able to 

change alternative splicing of four genes (SENP1, ICMT, DUSP2, SORBS2) 

affected by Brd2 knockdown. 
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Figure 24 - Alternative splicing changes after Brd2 overexpression. Alternative splicing of genes that reacted 

to Brd2 depletion was monitored after Brd2 overexpression by classical RT-PCR. 

Clearly, Brd2 protein affects alternative splicing, but this could be an indirect effect 

of altered expression of some splicing factor. Although, we did not detect any GO 

terms connected to RNA processing or binding in our analysis, we manually 

checked the expression level of 55 well established splicing factors (Gabut et al., 

2008). The majority of splicing factors, like SR proteins, main heterogeneous 

nuclear ribonucleoproteins, or neuronal polypyrimidine tract-binding proteins, were 

not altered upon Brd2 depletion. However, we identified five alternative splicing 

regulators whose expression was changed: PTB, MBNL1 and MBNL2, RPSN1, 

QKI. We compared genes regulated by those splicing factors with 289 genes which 

changed splicing after Brd2 knockdown. We did not find any overlap between 

RPSN1 and Brd2 targets. We only detected a modest overlap of 30 genes between 

PTB, MBNL1/2 and QKI and Brd2 targets (Hall et al., 2013, Han et al., 2013, 

Llorian et al., 2010). We tested 3 genes (ADD1, SORBS2, SRPK2) which are PTB 

splicing factor targets (Llorian et al., 2010) and analyzed their splicing pattern after 
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Brd2 knockdown by classical RT-PCR (Figure 21B). The ADD1 and SORBS2 

genes are both regulated by Brd2 and PTB proteins, but in the case of SORBS2, 

PTB regulates different alternative exon then Brd2. After the Brd2 depletion, Brd2 

regulated region was induced whereas PTB regulated region showed only minor 

change. SRPK2 is a PTB target and its splicing is not affected upon Brd2 depletion. 

Those data together suggest that Brd2 protein does not regulate alternative splicing 

by changing expression of some splicing factor.  

So, how could Brd2 regulate alternative splicing? First we analyzed Brd2 

distribution along targeted (DUSP2, IL17RC, SLCO4A1) and control genes 

(positive control – CyclinD1, negative control – CACNA1G, KREMEN1, RFX2, 

SMEK2) (Figure 25). Here, we took advantage of cell line expressing Brd2-GFP 

from BAC, so we could use highly specific anti-GFP antibody for ChIP (Vermeulen 

et al., 2010). We detected higher Brd2 occupancy on the regulated genes, especially 

at their promoter region, which is in agreement with the transcription role of Brd2. 

However, we did not detect Brd2 protein within the gene body of the targeted genes, 

which suggests that Brd2 protein is not associated with alternatively spliced regions 

of genes and thus it modifies alternative splicing through some other mechanism. 
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Figure 25 – Brd2 occupancy. Brd2-GFP ChIP along control and targeted genes. 

It was reported that Brd2 can interact with Pol II (Denis et al., 2006) and that it is 

important for Pol II passage through acetylated chromatin in a defined transcription 

system (LeRoy et al., 2008). We and others showed that Pol II elongation rate can 

modulate alternative splicing outcome (Carrillo Oesterreich et al., 2011, Hnilicova et 

al., 2011, Schor et al., 2009). Therefore we decided to analyze Pol II elongation rate 

by several methods. 

First, we performed the elongation assay to establish Pol II elongation rate after 

Brd2 depletion. We compared the ratio of two pre-mRNA regions within one intron 

(B/A) (Figure 26A). Unfortunately, we did not observe any change in Pol II 

elongation rate upon Brd2 depletion. Another approach how to measure 

transcription efficiency is by incorporation of a modified nucleotide into mRNA. We 

depleted Brd2 protein and added 5´florouridine (5FU) into the medium. After 10 

minutes, we collected cells, stained them with antibody against 5FU and measured 

fluorescent intensity by a flow cytometer (Figure 26B). We detected a partial defect 
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in transcription upon Brd2 depletion. However, we have to consider that Brd2 

depletion decreased transcription of 971 genes, which is not a small number, and 

thus the partial defect of transcription cannot be simply interpreted as a decrease of 

Pol II elongation rate. It was reported that Pol II speed can be monitored by FRAP 

(Fromaget and Cook, 2007). To be sure that we are monitoring real transcription we 

implemented the E3-U2OS cell line (Shav-Tal et al., 2004) with integrated 

doxycycline-inducible -globin reporter with MS2-binding sites. We can detect the 

site of transcription upon transfection of MS2 protein fused to GFP and induction of 

the expression reporter. So we depleted Brd2 protein and measured recovery time of 

MS2-GFP at the site of transcription (Figure 26C). Again, we did not observ any 

significant changes. And finally, if Brd2 protein affects Pol II elongation rate even 

slightly splicing of targeted genes should react to the -amanitin resistant C4 Pol II 

mutant which has a slower elongation rate. We transfected cells with -amanitin 

resistant WT and C4 mutant and 24 hours later we inhibited endogenous Pol II by -

amanitin. Then we analyzed the splicing pattern of target genes by RT-PCR. 

However, transcription by the C4 mutant did not alter alternative splicing of the 

DUSP2 gene (Figure 26D). To conclude, Brd2 affects alternative splicing via a 

different mechanism than modulation of Pol II elongation rate around alternative 

regions.  
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Figure 26 - Brd2 depletion does not alter Pol II elongation rate. (A) Brd2 protein was depleted and Pol II 

elongation rate calculated as a ration of two fragments of pre-mRNA within one intron. (B) 5FU incorporation 

assay after Brd2 depletion. Cells were immunostained with antibody against 5FU and fluorescent intensity was 

measured by flow cytometer. Non stained cells were used as a control of staining. (C) Recovery curve of MS2-

GFP protein on the E3 gene. (D) Transfection of - amanitin resistant WT, C4 mutant Pol II. Splicing pattern of 

DUSP2 gene was monitored by classical RT-PCR 
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 PROMOTER CRE SITE REGULATES ALTERNATIVE SPLICING 

THROUGH P300-MEDIATED HISTONE ACETYLATION 

 

Data presented in this chapter were published in DUSKOVA, E., HNILICOVA, J. & 

STANEK, D. 2014. CRE promoter sites modulate alternative splicing via p300-

mediated histone acetylation. RNA Biol, 11. 

 

p300 knockdown changes alternative splicing 

In our previous work we have shown that alternative splicing of the EDB exon of 

FN1 is sensitive to changes in histone acetylation and that HDAC inhibition or 

depletion promoted EDB exon exclusion (Hnilicova et al., 2011). We then searched 

for histone acetyltransferases which would affect alternative splicing of EDB in the 

opposite manner. First, we focused on the protein p300, a transcription co-activator 

that possesses histone acetyltransferase activity and adds acetyl groups on to the 

histone H2B (K12/K15), H3 (K12/K18) and H4 (K5/K8). (Shaywitz and Greenberg, 

1999). We knocked down p300 by RNAi and analyzed the splicing pattern of the 

endogenous EDB exon by classical and quantitative RT-PCR (Figure 27A). Upon 

p300 depletion we observed an increase in the EDB exon inclusion, which was the 

opposite effect than HDAC inhibition (Hnilicova et al., 2011). To test the specificity 

of the knockdown we utilized three different siRNAs and observed a similar effect 

on EDB splicing (Figure 28A and B). In addition, the knockdown of another histone 

acetyltransferase, CBP, showed no effect on EDB alternative splicing (Figure 28D), 

suggesting that the effect of p300 is specific. Because EDB exon inclusion is 

regulated by SR proteins (Du et al., 1997), we checked the levels of splicing 
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regulators after p300 knockdown (Figure 27B and Figure 28C). We did not observe 

any significant change in the expression of EDB splicing regulators SRSF1 and 

SRSF5. It should be noted that we did not detect any global changes of acetylated 

histone H4 either. These data suggested that p300 is not the major cellular histone 

acetyltransferase but rather, acts locally at selected sites. 

 

Figure 27 p300 knockdown affects alternative splicing of EDB alternative exon. (A) Splicing pattern of 

endogenous alternative EDB exon was analyzed by classical RT-PCR and by RT-qPCR after p300 knockdown 

(black box – EDB exon, grey boxes – constitutive exons). The graph shows the ratio of endogenous EDB 

included or excluded after p300 knockdown normalized to NC siRNA. The average of four experiments is 

shown including SEM, * indicates p ≤ 0.05 of the paired t-test with respect to cells treated with NC siRNA. (B) 

Western blots showing levels of splicing factors after p300 knockdown. It also shows the p300 knockdown 

efficiency and global H4 acetylation after p300 knockdown, GAPDH served as a loading control. Expression 

level of SRSF1 after p300 knockdown was monitored in a HeLa cell line stably expressing SRSF1-GFP from 

bacterial artificial chromosome that preserves endogenous SRSF1 promoter as well as its exon-intron structure. 

Parental HeLa cells were used as a negative control and GAPDH as a loading control. (C) Analysis of splicing of 

EDB alternative exon transcribed from mini-gene reporter driven by endogenous FN1 promoter after p300 

knockdown. (D, E) Analysis of splicing pattern of EDB alternative exon from the Tet driven mini-gene reporter 

(D) or the CMV driven mini-gene reporter (E) by classical RT-PCR and RT-qPCR after p300 knockdown. 

Graphs show the ratio of EDB included or excluded after p300 knockdown normalized to NC siRNA. The 

average of three experiments is shown including SEM. ** indicates p ≤ 0.01 of the t-test with respect to cells 

treated with NC siRNA. In all cases mRNAs originated from mini-gene reporters were detected by reverse 

primer specific for mini-gene reporter. 
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Figure 28 - p300 affects alternative splicing of EDB exon. (A) Ratio of endogenous EDB included to excluded 

after p300 knockdown analyzed by RT-qPCR. The average of three experiments (normalized to NC siRNA) is 

shown including SEM, * indicates p ≤ 0.05 of the paired t-test with respect to cells treated with NC siRNA. (B) 

Ratio of EDB included or excluded mRNAs originated from the CMV driven mini-gene after p300 knockdown 

analyzed by RT-qPCR. The average of three experiments (normalized to NC siRNA) is shown including SEM. 

(C) Western blot showing p300 knockdown efficiency and expression level of SR proteins after p300 

knockdown using two different siRNAs. GAPDH is used as a loading control. (D) Ratio of endogenous EDB 

included or excluded mRNAs after CBP knockdown analyzed by RT-qPCR. The average of three experiments 

(normalized to NC siRNA) is shown including SEM. Western blot showing CBP knockdown efficiency, 

GAPDH is used as a loading control. 

CRE site controls EDB alternative splicing 

p300 associates with promoters via the CREB protein, by binding a short 8 

nucleotide sequence (TGACGTCA) called the cAMP response element (CRE). The 

CRE site is present in the promoters of many genes including FN1 (Muro et al., 

1992). We tested alternative splicing of six additional genes containing CRE sites in 

their promoters. Three of these genes produced two splicing variants in HeLa cells 

and the ratio of these splicing variants changed upon p300 knockdown (Figure 29).  
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Figure 29 - Alternative splicing of genes with CRE site in the promoter after p300 knockdown. (black box 

– alternative exon, grey boxes – surrounding exons). Ratio of alternative exon inclusion or skipping analyzed by 

colorimetric analysis using ImageJ software. The average of three experiments is shown including SEM. 

To examine whether the CRE site is important for p300 regulation of alternative 

splicing, we created a splicing reporter comprised of the alternative EDB exon, the 

surrounding introns and a partial section of the neighboring exons, all under control 

of the endogenous FN1 promoter. Unfortunately, this splicing reporter produced 

only one mRNA variant with included EDB exon (Figure 27C). Because p300 

knockdown promoted inclusion of the EDB exon we could not use this construct for 

further experiments. Therefore we substituted the FN1 promoter in the splicing 

reporter by the CMV promoter, which possesses four CRE sites, or Tet responsive 

promoter, which is leaky in HeLa cells and does not contain any CRE site. Both 

reporters generated two splicing variants (Figure 27D and E), but only the CMV 

driven reporter was sensitive to p300 depletion and exhibited elevated EDB exon 

inclusion after p300 knockdown. This alternative splicing change of the CMV 

reporter corresponded to alternative splicing changes of the endogenous EDB exon. 

These data suggest that the CRE site is important for p300-mediated splicing 

regulation. To confirm the importance of CRE sites in alternative splicing regulation 

we deleted all CRE sites in the CMV promoter ( all) and tested EDB splicing. 

Removal of all CRE sites had a similar effect as p300 depletion and promoted EDB 

inclusion, but the inclusion was less pronounced than in the case of p300 
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knockdown (Figure 30B). Next, we analyzed whether individual CRE sites 

controlled alternative splicing in a similar way. We deleted various CRE sites and 

found that only the removal of the first CRE site ( 1) promoted EDB inclusion, 

while deletion of other CRE sites had only minimal effect (Figure 30B and data not 

shown). Surprisingly, deletion of the first CRE site showed a stronger effect than 

deletion of all four CRE sites, suggesting that additional sequences in the promoter 

might counterbalance the first CRE. To further demonstrate that the first CRE site is 

important for EDB alternative splicing regulation, we mutated two nucleotides 

essential for binding of the CREB protein, which interacts with p300 and navigates 

it to the promoter (Alonso et al., 1996). Mutation of the first CRE site (mut 1) had a 

similar effect on alternative splicing as its deletion and promoted inclusion of the 

EDB exon (Figure 30B). 

 

Figure 30 – Splicing reporters. (A) Schematic interpretation of splicing reporters used in this study. White 

boxes – promoter with CRE sites, grey boxes – constitutive exons, black lines – introns, black box – alternative 

EDB exon, light gray lines above scheme represent primers used for RT-PCR. Grey lines above the scheme 

represent primers used for RT-PCR. The mutated first CRE site and mutated nucleotides are marked by a star. 

(B) Analysis of splicing pattern of EDB exon after manipulation with CMV promoter by RT-PCR and RT-

qPCR, (black box – EDB exon, grey boxes – surrounding exons, * marks an unspecific band). The graph shows 

the ratio of endogenous EDB included or excluded mRNAs originating from individual reporters. The average of 

three to six experiments (normalized to wt reporter) is shown including SEM, * indicates p ≤ 0.05 of the paired t-

test with respect to wt reporter. 

To confirm that CRE site mutations abolished targeting of p300 to this site we 

performed chromatin immunoprecipitation (ChIP) with p300 and found significantly 

reduced p300 association with the promoter containing the mutated CRE site (Figure 

31A). To test whether mutations in the promoter affected transcription of the 
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reporter we compared expression of the splicing reporter and the ampicillin 

resistance gene. Both genes are transcribed from the same plasmid (Nejepinska et 

al., 2012) and allow normalization of mini-gene reporter transcription to transfection 

efficiency. We observed the same amount of transcribed reporter RNA from 

different promoters (Figure 31B), suggesting that promoter modifications did not 

significantly affect total amounts of reporter RNA. 

 

Figure 31 – Mutation of CRE site decrease p300 interaction. (A) p300 binding to first CRE site analyzed by 

ChIP. The average of three experiments is shown including SEM, * indicates p ≤ 0.05 of the t-test with respect to 

wt reporter. (B) Relative expression of FN1 cassette from individual reporters was measured by comparing total 

FN1 reporter mRNA to mRNA of ampicillin resistance gene on the same plasmids. The average of three 

experiments is shown including SEM. 

CRE site and p300 affect H4 acetylation  

The previous data showed that the mutation of the CRE site in the CMV promoter 

reduced binding of histone acetyltransferase p300 (Figure 31A). To test whether 

decreased p300 association affected histone acetylation along the mini-gene reporter 

we analyzed histone H4 acetylation by native chromatin immunoprecipitation 

(nChIP) at two positions unique to the reporters – the promoter itself and the 

sequence downstream of the FN1 cassette. We normalized the H4 acetylation signal 

to the total H3 signal to rule out the increased H4 acetylation signal being caused by 

an increase in the nucleosome occupancy. We observed reduced H4 acetylation at 

promoters with deleted CRE sites (Figure 32A). Surprisingly, we observed even 

greater differences in H4 acetylation in the region downstream of the FN1 cassette, 
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suggesting that proteins bound to the CRE site in the promoter region influenced 

histone acetylation of regions several kilobases downstream of that promoter (Figure 

32A). The wt reporter, which preferentially excludes the EDB exon, manifested the 

highest level of H4 acetylation compared to the other reporters. Conversely, the 1 

reporter, which largely includes the EDB exon, exhibited the lowest H4 acetylation. 

To confirm that p300 depletion reduced histone acetylation we used nChIP to 

analyze histone acetylation on the endogenous FN1 gene and the wt reporter after 

the p300 knockdown (Figure 32B and C).  

It was previously described that the level of histone acetylation affected Pol II 

elongation rate (LeRoy et al., 2008). Therefore, we analyzed the elongation rate of 

Pol II on the endogenous FN1 gene sequences around the alternative EDB exon. Pol 

II elongation rate was measured by calculating the ratio of two regions within one 

intron as previously described (Schor et al., 2009). We observed a partial reduction 

of Pol II elongation rate after p300 knockdown at both introns upstream and 

downstream of the EDB exon (Figure 32D). Those findings correlate with our 

previous results showing that an increase in H4 acetylation both promotes EDB exon 

exclusion and enhances Pol II elongation rate (Hnilicova et al., 2011). 
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Figure 32 - Mutation or deletion of the first CRE site and p300 knockdown reduce H4 acetylation. (A) 

Native ChIP showing histone H4 acetylation at the promoter and downstream of the FN1 cassette of reporters 

with different promoters. Grey lines under reporter schemes show primer positions. Nonspecific IgG signal was 

below 1% of input in all cases. The average of three experiments (normalized to H3 signal and wt reporter) is 

shown including SEM, * indicates p ≤ 0.05 of the paired t-test with respect to wt reporter. (B) Decrease of 

histone H4 acetylation after p300 knockdown on wt reporter was determined by nChIP. Nonspecific IgG signal 

was below 1% of input in all cases. The average of four experiments normalized to H3 and NC siRNA treated 

cells is shown including SEM, * indicates p ≤ 0.05 of the paired t-test with respect to NC siRNA treated cells. 

(C) Significant changes of H4 acetylation along the endogenous FN1 gene after p300 depletion were determined 

by nChIP. The average of three experiment is shown including SEM, * indicates p ≤ 0.05 and ** indicates 

p ≤ 0.01 of the paired t-test with respect to NC siRNA treated cells. (D) Pol II elongation rate on the FN1 

endogenous gene was determined as a ratio of two pre-mRNA sequences (downstream:upstream, B:A) around 

EDB exon. The average of three experiment is shown including SEM, * indicates p ≤ 0.05 of the paired t-test 

with respect to NC siRNA treated cells. 

HDAC inhibition counteracts the deletion/mutation of CRE sites 

Our data showed a negative correlation between histone acetylation and alternative 

exon inclusion (Figure 30 and 32). Next we tested whether the effect of a CRE 

mutation/deletion can be overridden by an increase in histone acetylation. We 

transfected cells with individual reporters and 24 hours after transfection treated 

cells with sodium butyrate (NaB), a potent HDAC inhibitor, to increase histone 

acetylation. Inhibition of HDACs was shown by both a global increase in H4 

acetylation as monitored by Western blot using an antibody against acetylated H4 

(Figure 33A) and a specific increase of H4 acetylation on splicing reporters by 

nChIP (Figure 33B).  
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Figure 33 - Inhibition of HDACs promotes EDB exon exclusion. (A) Global histone acetylation of H4 

analyzed by Western blotting before and after NaB treatment. GAPDH used as a loading control. (B) RT-PCR 

analysis of alternative splicing of EDB exon from reporters in non-treated and NaB treated cells (* marks an 

unspecific band). (C) Ratio of EDB inclusion or skipping analyzed by densinometric analysis using ImageJ 

software and normalized to non-treated cells. The gray dashed line represents ratio of EDB includ./exclud in 

non-treated cells. The average of three experiments is shown including SEM, * indicates p ≤ 0.05 of the paired t-

test with respect to non-treated reporter. (D) Fold increase of H4 acetylation (normalized to H3 signal) after NaB 

treatment over non-treated cells. The gray dashed line represents level of H4 acetylation in non-treated cells.  

The average of three experiments is shown including SEM. 

Next, we analyzed the splicing pattern of mini-gene reporters by classical RT-PCR 

and observed that higher histone acetylation induced by NaB treatment promoted 

EDB exclusion. The only exception was the wt reporter, which was not affected by 

HDAC inhibition, likely due to the fact that the EDB exon was already largely 

excluded in untreated control cells (Figure 33C and D). These data are consistent 

with the model that dynamic interplay between histone acetylases and deacetylases 

modulate alternative splicing.  
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 H3K9ME3 ROLE IN PRE-MRNA SPLICING 

Even though H3K9me3 is considered to be a mark of heterochromatin this 

modification was found at actively transcribed genes as well (Barski et al., 2007, 

Hon et al., 2009, Saint-Andre et al., 2011, Vakoc et al., 2005). It was recently 

reported that H3K9me3 together with its binding partner HP1affect alternative 

splicing of FN1 (Allo et al., 2009) and CD44 (Saint-Andre et al., 2011). They 

showed that increase of H3K9me3 creates islands of heterochromatin which works 

as a speed bump for Pol II and thus promotes exon inclusion. Because H3K9me3 

was found also on exons which are not alternatively spliced, we decided to explore 

H3K9me3 function in gene expression. 

H3K9me3 overlaps with splice sites 

We took publicly available ChIP-seq data and performed genome-wide analysis of 

H3K9me3 distribution along actively transcribed genes, particularly on 

transcriptional start site (TSS), 3´and 5´splice site and polyA site. From the analysis 

it is clear that H3K9me3 is missing on TSS and polyA site whereas it peaks close to 

the splice sites (Figure 34). This result was very exciting and we were wondering 

why H3K9me3 would mark splice sites.  

 

Figure 34 – Distribution of H3K9me3 along gene features. 
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Interestingly, some hnRNP proteins were found to interact with H3K9me3 and thus 

we decided to test the hypothesis that H3K9me3 helps with the recognition of splice 

site. Therefore we divided the splice sites according to their strength and correlated 

with H3K9me3 distribution. We grouped splice sites into four clusters using splice 

site matrices (Figure 35A) (Zhang, 1998). The group of splice sites with the lowest 

score displays the lowest similarity with consensus and contrary, splice sites with 

the highest score share the consensus sequence.  

 

Figure 35 – Correlation of H3K9me3 and splice sites according to their strength. (A) Division of splice sites 

according to similarity to consensus sequence into four groups. (B) Correlation of H3K9me3 and splice sites 

according to their strength. 

Then we correlated H3K9me3 distribution with four groups of splice sites and found 

out that splice sites with high score have a lowest level of H3K9me3 and splice site 

with lowest score show highest H3K9me3 level (Figure 35B). This correlation 
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between weak splice site (lowest score) and H3K9me3 level suggest that H3K9me3 

could help the spliceosome to recognize weak splice sites.  

H3K9me3 was reported to affect Pol II distribution and elongation rate (Saint-Andre 

et al., 2011) and therefore we cross-correlated the data from Pol II ChIP-seq against 

H3K9me3 distribution (Figure 36). The analysis revealed peak of Pol II which is 

followed by H3K9me3 peak.  

 

Figure 36 – Cross-correlation of Pol II ChIP-seq and H3K9me3 ChIP seq data.  

H3K9me3 presence is important for FOSL1 splicing 

Histone methylation status is maintained by histone methyltransferases and 

demethylases. To study the impact of H3K9me3 on pre-mRNA we selected two 

enzymes (SUV39H1 and JMJD2D) which can change histone methylation levels. 

SUV39H1 belongs to the family of histone methyltransferases which were first 

discovered and described (Rea et al., 2000) and it specifically methylates H3K9 

(Lachner et al., 2001, Peters et al., 2001, Rea et al., 2000). JMJD2D demethylase 

was shown to remove methyl group from H3K9 (Shi and Whetstine, 2007, Trojer et 

al., 2009, Whetstine et al., 2006). Therefore, we created stable cell lines with 

doxycycline inducible expression of histone methyl transferase SUV39H1 and 

histone demethylase JMJD2D (Figure 37A). We used Tet-ON system to control 
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enzyme expression. In this type of inducible system doxycycline binds to rtTA 

protein which interacts with TRE-responsive sequence in promoter and activates 

transcription. The expression of both proteins was tested by western blotting and 

mRFP fluorescence (Figure 37B and C). We tested two different concentration of 

doxycycline for induction of expression – 15 and 30 ug/ml. Both concentration were 

able to induce expression of proteins. We decided to use lower concentration of 

doxycycline (15ug/ml) for further experiments to decrease possible side effects of 

doxycycline treatment. By expressing histone methylation-modifying enzymes we 

altered global histone methylation status. 

 

Figure 37 – Inducible stable cell lines. (A) Scheme of inducible constructs which were used to prepare stable 

cell lines. (B) Western blot showing induction of expression of JMJD2D and SUV39H1 enzymes by 

doxycycline. We also monitored global level of H3K9me3 Tubulin was used as a loading control. (C) 

Expression and localization of JMJD2D and SUV39H1 was monitored by fluorescent microscopy. 

After the JMJD2D expression we decreased global H3K9me3 and by expression of 

SUV39H1 we increased H3K9me3 (Figure 37B).  

If H3K9me3 is important for splice site recognition we should observe defects in 

splicing after changing the chromatin landscape. First we checked splicing 

efficiency on total RNA after induction of JMJD2D and SUV39H1. We selected 

candidate gene with weak a splice site which should be affected the most by 

removing H3K9me3. We focused on co-transcriptional splicing efficiency. For this 
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method we used relatively short gene because we run RT reaction with primers 

across polyA site to be sure that we are amplifying nascent RNA. We calculated 

splicing efficiency as a ratio of pre-mRNA/mRNA (Figure 38).  

 

Figure 38 – Splicing efficiency assay. Co-transcriptional splicing efficiency was calculated as a ratio of pre-

mRNA to mRNA. Expression of SUV39H1 and JMJD2D was induced by doxycycline and pre-mRNA/mRNA 

ratios were normalized to non-induced  cells (NT.) 

We detected significant increase of non-spliced intron3-4 of FOSL1 gene after 

JMJD2D induction. This intron belongs to the group with weak splice sites and thus 

removal of H3K9me3 corresponds to our hypothesis that H3K9me3 presence on the 

splice site is important for its proper recognition. However, we did not detect any 

improvement of splicing upon SUV39H1 induction. This could be caused by the fact 

that chromatin cannot be more methylated and therefore we cannot improve 

splicing.  

We know that expression of SUV39H1 and JMJD2D changed global levels of 

H3K9me3 (Figure 37B) but we did not know if methylation was changed at the 

FOSL1 gene as well. Therefore we performed ChIP experiments with specific 

antibody against H3K9me3 and looked at the affected intron (Figure 39). Induction 

of JMJD2D caused rapid decrease of H3K9me3. On the contrary, induction of 

SUV39H1 did not change H3K9me3 level which goes together with our splicing 

efficiency results where we did not see a change upon SUV39H1 induction either. 
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Different basal levels of H3K9me3 can be explained by the fact that we are looking 

at two different clones of U2OS cells.  

 

Figure 39 – Native ChIP experiment with H3K9me3 antibody. Expression of SUV39H1 and JMJD2D was 

induced by doxycycline and IgG was used as a negative control. 
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DISCUSSION 

Now, in the post-genomic era of molecular biology, we need to focus on 

understanding how human cells are able to generate proteome that has five-times 

more proteins than genes. Alternative splicing has a pivotal role in the production of 

such a diverse proteome. The mechanisms that regulate alternative splicing are 

multiple and varied; they are not limited to interaction of splicing factors with pre-

mRNA but involve also a complex connection with transcription and chromatin 

machineries. The recent discovery that chromatin and histone modifications 

contribute to RNA processing, especially to alternative pre-mRNA splicing, 

encouraged new direction of research of alternative splicing - but at the same time 

raised a lot of questions. For a start we need to have a comprehensive view of how 

histone modifications affect alternative splicing outcome. In the laboratory of RNA 

biology, IMG ASCR, we were one of the first to show that histone acetylation 

modulates alternative splicing. 

In the first study (Hnilicova et al., 2011) we showed that alternative splicing of 683 

genes is sensitive to changes of histone acetylation by HDAC inhibition. In yeast, 

histone acetyltransferase Gcn5 affects the co-transcriptional recruitment of U2 

snRNP and the authors suggest that histone H3 acetylation on a promoter is 

responsible for the association of splicing factors with Pol II and consequently their 

tethering to a transcriptional unit (Gunderson and Johnson, 2009). Here we propose 

that histone H4 acetylation can affect alternative splicing by a different mechanism. 

We found that hyperacetylated chromatin around alternative EDB exon can increase 

Pol II elongation rate and consequently decrease splicing factor SRSF5 recruitment 

to nascent transcript (data not shown). This is in agreement with previous findings 

that SR proteins are recruited to RNA co-transcriptionally and associate with 
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nascent transcripts in RNA dependent manner (Sapra et al., 2009). Our exon array 

analysis revealed that NaB treatment caused alternative exon exclusion and 

inclusion as well. Here we can hypothesize that histone acetylation together with Pol 

II elongation rate can decrease interactions of negative or positive splicing factors 

with nascent transcripts and therefore increase or decrease exon inclusion. 

The coupling between transcription and RNA processing has been widely studied. 

Several studies reported that transcription by “slow” C4 Pol II, introduction of a 

pause site in the DNA template or depletion of an elongation factor modulates 

alternative splicing outcome of transiently transfected splicing reporters (Allo et al., 

2009, Barboric et al., 2009, de la Mata et al., 2003, Kadener et al., 2002, Kornblihtt, 

2006, Schor et al., 2009, Roberts et al., 1998). Another study showed that decrease 

of Pol II elongation rate by camptothecin increased association of core splicing 

factors with transcriptional unit (Listerman et al., 2006). Those results, together with 

our data, support kinetic coupling model which was previously proposed to regulate 

alternative splicing through Pol II elongation rate (reviewed in Kornblihtt, 2007). 

Another histone mark which was shown to alter Pol II elongation rate is H3K9me3 

(Saint-Andre et al., 2011). Therefore, we decided to study H3K9me3 relationship to 

splicing. H3K9me3 is one of the most stable chromatin marks and for long time it 

was proposed that it is present only at the transcriptionally inactive chromatin. But 

recent findings implicate H3K9me3 together with H3K9Ac and H3K4me2 in 

transcriptional activation and mRNA elongation by Pol II (Wiencke et al., 2008). 

Here we propose that H3K9me3 plays an important role not only alternative splicing 

as previously thought (Saint-Andre et al., 2011) but in constitutive pre-mRNA 

splicing as well. We performed a genome-wide analysis of actively transcribed 

genes and H3K9me3 distribution on those genes. We observed specific enrichment 
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of H3K9me3 on splice sites which lead us to hypothesis that H3K9me3 could help 

the spliceosome to recognize weak splice sites. An unbiased genome-wide screen of 

histone modification readers identified several splicing factors like PTB, hnRNP A1, 

hnRNP A2, hnRNP K and hnRNP L as H3K9me3 interaction partners. All those 

proteins have some role in RNA splicing (reviewed in Han et al., 2010). 

Additionally, it was reported that H3K9me3 marks some alternative exons and 

together with its binding partner HP1 modulates alternative splicing of CD44 gene 

(Saint-Andre et al., 2011). This work propose that the local H3K9me3/HP1 

complex enrichment slows down Pol II and thus promotes alternative exon 

inclusion. Our results of Pol II cross-correlation with H3K9me3 is consistent with 

previous work and supports higher Pol II occupancy upstream of the H3K9me3 

peak. On top of that, when we removed H3K9me3 by JMJD2D we increased the 

ratio of FOSL1 pre-mRNA to mRNA. This could be explained by two mechanisms 

or possibly a combination thereof. First, removal of H3K9me3 disrupted the 

interactions of splicing factors which recruit spliceosome to a weak splice site. 

Second explanation is that the decrease of H3K9me3 increased the Pol II elongation 

rate which resulted in a lower efficiency of splice site recognition and thus 

recognition. Currently, we are performing experiments that aim to test these two 

hypotheses. 

So far, we know only fragments of this complicated regulatory circuit. To fully 

understand this problem, we need to decipher complete histone modifications map 

across the genome in different cell types and tissues and then compare those data to 

genome-wide alternative splicing patterns. This evidence can be gained from 

genome-wide histone modification mapping projects and the parallel transcriptome 

analysis by deep-sequencing in particular cell types and tissues. Genome-wide 
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analyses should also answer an intriguing question if histone modification affects all 

the alternative splicing events or whereas just a subset of transcripts is sensitive to 

them. Until now the main determinants of alternative splicing were SR and hnRNP 

proteins and histone modifications were proposed to be fine tuning tool. But 

alternative splicing at the time of its discovery was thought to be minor event as 

well. We also expect to decipher a question if histone modifications act alone or in a 

combinatorial manner to create an “alternative splicing histone code”. 

Here we added another piece into the alternative splicing regulation puzzle. We 

propose that the co-transcriptional recruitment of splicing factors is modulated by 

histone modification and Pol II elongation rate, thus providing a connection between 

chromatin modification, splicing and transcription. We also provide an evidence 

how global change of chromatin can lead to local changes within specific genes. It is 

not surprising that histone acetylation affects genes which are key components of 

important pathways like signaling, cell organization and differentiation. 

Interestingly, genes connected to signal transduction in neurons have been affected 

by HDAC inhibition as well. VPA inhibitor is an established drug in the long-term 

therapy of epilepsy and we can hypothesize that VPA acts via modulation of 

alternative splicing via an increasing histone acetylation in neurons. Thus, HDAC 

inhibitors therapeutic potential may be caused by modulating splicing patterns.  

In the second study (Hnilicova et al., 2013) we focused on Brd2 protein and its 

potential role in alternative splicing. It has been known for some time that 

mammalian Brd proteins bind to acetylated lysines in histones but the purpose of 

this interaction was not clear. First it was shown that Brd2 plays a role in 

transcription regulation of cell cycle genes like Cyclin A and D1 (Denis et al., 2006, 

Denis et al., 2000, Sinha et al., 2005). Then, Brd2 was found to interact with 
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components of transcriptional and chromatin remodeling machinery (Denis et al., 

2006) and it was proposed to be a “bridge” between histone acetylation and 

transcription (LeRoy et al., 2008). Our data are consistent with proposed Brd2 role 

in the transcriptional regulation – after Brd2 depletion we monitored expression 

changes of 1453 genes mostly involved in cell signaling. Brd2 is a positive 

transcription regulator and Brd2 depletion preferentially decreases transcription but 

we also found genes with increased expression after Brd2 knockdown. This could be 

a consequence of lower expressions of negative regulators which in turn control 

expression of those genes manisfesting higher transcription upon Brd2 depletion. 

Others and we showed that Brd2 associated with promoter regions of target genes 

(Leroy et al., 2012, Hnilicova et al., 2013). How is Brd2 navigated to specific 

promoters? To answer this question we analyzed H4 lysine acetylation along 

targeted genes (data not shown) but we did not find any significant differences 

between control and targeted genes. This means that H4 acetylation alone is not the 

only requirement for Brd2 to bind to a specific promoter. One explanation of Brd2 

attraction to promoters could be a combination of histone modifications. This 

hypothesis is supported by a recent study, where authors found that Brd2's 

preference for H2A.Z nucleosomes is mediated through a combination of 

hyperacetylated H4 on these nucleosomes, as well as additional features on H2A.Z 

itself (Draker et al., 2012). Brd2 was found at different DNA/chromatin 

subcomplexes which contained: a) the core promoter and TATA binding factor-

associated factors and Pol II, b) activated transcription factors E2F and DP-1, c) 

Mediator/scaffold proteins Brd2 and MED6, d) chromatin/histone modifying 

enzymes HDAC11, CBP and p300. Therefore, Brd2 could be navigated to promoters 

through interaction with specific complexes which are in turn loaded to promoters.  
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Brd2 is a unique transcriptional factor because most of the transcriptional factors 

disassociate from chromatin during mitosis, whereas Brd2, together with Brd4, stays 

associated with chromatin even during mitosis (Dey et al., 2003, Dey et al., 2009, 

Kanno et al., 2004, Zhao et al., 2011). There are several possible reasons why Brd2 

stays associated with chromatin during the mitosis. Brd2 may play a role in a 

transcriptional restart after mitosis or it may facilitate a handover of histone 

acetylation pattern to daughter cells. 

Brd2 depletion did not affect only the transcription. We identified 290 genes which 

change alternative splicing upon Brd2 depletion. Most genes with alternative 

splicing defect also showed decrease in expression. Therefore we can conclude that 

Brd2 protein regulates alternative splicing of genes whose transcription it controls. 

We and others showed that histone modifications alter alternative splicing (reviewed 

in Acuna et al., 2013, Braunschweig et al., 2013, Hnilicova and Stanek, 2011, Luco 

and Misteli, 2011). However only two proteins, MRG15 and CHD1, were identified 

so far as adaptor proteins which bridge histone modification to alternative splicing 

regulation. We showed that histone acetylation affects alternative splicing via 

modifying SRSF5 interaction with pre-mRNA and Pol II elongation rate (Hnilicova 

et al., 2011). Brd2 protein was shown to have a role in the Pol II passing through 

acetylated chromatin on Cyclin D1 gene in vivo because it possess histone 

chaperone activity (LeRoy et al., 2008). However we did not observe any Pol II 

elongation rate changes after Brd2 knock down on targeted genes. This could be 

explained by the fact that in the study, where Brd2 was shown to be important for 

Pol II passing through chromatin, authors used cyclin D gene, where Brd2 is 

localized along the whole gene sequence. However, we found Brd2 largely at 

promoters of other target genes. To conclude, Brd2 affects alternative splicing by 
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different mechanism than affecting Pol II elongation speed. An adaptor protein for 

histone acetylation still needs to be identified.  

Our Brd2 study showed that composition of the complex that assembles on the 

promoters affects alternative splicing decision, which occurs several thousand 

nucleotides downstream of the promoter. For more than fifteen years it has been 

known that promoter identity affects alternative splicing decisions (reviewed in 

Kornblihtt, 2005). However, the molecular mechanisms that underlie this regulation 

have been elusive. To further understand how promoters might regulate alternative 

splicing we employed an alternative splicing reporter system where we modified 

promoter sequences. Here, we provide evidence that promoter controlled histone 

acetylation correlates with alternative splicing changes, suggesting the promoter 

modulates alternative splicing via chromatin acetylation. Our data show that a 

deletion or mutation of the CRE site in the promoter reduces the interaction of the 

promoter with histone acetyltransferase p300, which in turn lowers histone 

acetylation at both the promoter and sequences several kilobases downstream of the 

promoter. A similar promoter modulation of downstream histone positioning was 

recently shown in yeast (Perales et al., 2013). This suggests that promoter 

occupancy regulates events that occur on chromatin domains that largely exceed the 

promoter region. How is this achieved? First, histone acetylation, which is necessary 

for proper transcription initiation and is present at the promoters of active genes 

(reviewed in Struhl, 1998), could be propagated in a similar fashion as it was 

described for H3K9me3 spreading in yeast (Bannister et al., 2001). Thus, the initial 

level of histone acetylation is transmitted throughout the entire gene and modulates 

alternative splicing of exons located many thousands of nucleotides downstream of 

the promoter. It is possible that Brd2 and other acetylated histone binding proteins 
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mediates this spreading. Alternatively, promoters and the complexes which form on 

the promoters, might directly contact downstream regions by DNA looping. 

Recently, it was shown that promoters contact exons, preferentially alternative 

exons, in a tissue specific manner and this promoter-exon association correlates with 

alternative splicing changes (Mercer et al., 2013). In this view, histone 

acetyltransferases bound to the promoter could directly modify histones downstream 

within the gene.  

A mutation or deletion of the first CRE site resulting in decreased histone 

acetylation had no effect on the overall expression of the model mini-gene reporter. 

This result suggests that promoter elements, other than the first CRE site, control 

formation of the transcription initiation complex and transcription efficiency. This 

finding supports previous results that different features of the promoter, other than 

its strength, are important for promoter dependent splicing regulation (Cramer et al., 

1997). We have previously shown that increased histone acetylation of alternative 

exons locally enhance Pol II elongation rate, which in turn affects alternative exon 

inclusion (Hnilicova et al., 2011). Here we propose that the elongation rate of Pol II 

in the vicinity of alternative exons is modulated through promoter controlled histone 

acetylation. The total amount of RNA transcribed from the gene would not be 

significantly altered due to the fact that the RNA amount depends mainly on the 

number of transcribing polymerases and not their speed. Thus, different elements in 

the promoter could independently control transcription efficiency and alternative 

splicing. 

The CRE site is also found in the endogenous FN1 gene. It was previously shown 

using a mini-gene reporter that the mutation of the FN1 CRE site, together with the 

mutation of the CCAAT site, largely promoted inclusion of another FN1 alternative 
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exon – EDA (ED I) (Cramer et al., 1997). These data are consistent with our results 

and show that the mutation of the CRE site in different promoters affects alternative 

splicing the same way. In addition, we showed that alternative splicing of three other 

genes, all of which contain CRE sites in their promoters, is sensitive to p300 

knockdown.  

More than half of all human protein-coding genes contain alternative promoters 

(Kimura et al., 2006) and more than 90% of multi-exon genes are subject to 

alternative splicing (Xin et al., 2008). Our data suggest promoters and enhancers 

contain elements that can control alternative splicing independently of transcription 

regulation and that this regulation involves chromatin acetylation. In contrast to 

histone methylation, histone acetylation is more dynamic and provides a regulatory 

system that could rapidly react to changes in the cells environment 
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CONCLUSIONS 

The main part of this thesis is focused on deciphering the regulatory path of 

alternative splicing and the role of histone acetylation, Brd2 protein and CRE 

promoter site in this process. The key conclusions are: 

 Alternative splicing is modulated by histone acetylation via affecting the Pol 

II elongation rate and SR protein interactions with pre-mRNA. 

 Brd2 protein controls transcription and alternative splicing of genes whose 

promoters it occupies.  

 CRE promoter sites affect alternative splicing via modulation of histone 

acetylation along FN1 gene and consequently changing the Pol II elongation 

rate. 

Meanwhile we also studied H3K9me3 role in constitutive splicing and showed that 

H3K9me3 is important for proper recognition of some weak splice sites. 
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SUPPLEMENTARY MATERIAL 

List of primers 

 

 

 

Name sequence 5´-> 3´ description

CTTGCCAGGCCTTCAACCACTAT RT PCR 

ACACCAGGCGGACAATGTAACGTA RT PCR 

ATTTCATTGCCCTCATGACC RT PCR 

GCCAAGCACTTCTTCCTGTC RT PCR 

ACAACGTGGCTACCTTCTGC RT PCR 

TCCAGGAATGGTGAGCTCTT RT PCR 

GGAGGAGTGGCAGAAAGTGA RT PCR 

GCTGGATGCAGATCAGGACT RT PCR 

CCCACACCTGCTGGACTACT RT PCR 

TTGAGGAAGAGACGGGACAC RT PCR 

AATCCAAGCGGAGAGAGTCA RT PCR 

TTCATTGGTCCGGTCTTCTC RT PCR 

AGTTGGTTAAATCAATGGATG RT

TGGAGTACAATGTCAGTGTTT PCR 

CTGGACCAATGTTGGTGAATC PCR 

ACCTGCTGAAGCCTGACACT RT PCR 

TGGTCTGCAGTGAGGGTGTA RT PCR 

GGAGCTTCTGGATGGCTACA RT PCR 

GGCTGTGACTGTGAGGATGA RT PCR 

ATCTGCCCTGTCCTCTACCA RT PCR 

ACAGAGATGGTGGTGCCAGA RT PCR 

ATGGACAGCACCAGACACTC RT PCR 

TGGGTCTAGCTTGTGCTCCT RT PCR 

AAGATCGGCTCCACTGAGAA RT PCR 

ATGAGCCACACTTGGAGGTC RT PCR 

CACGGAGACGAATGTGGAC RT PCR 

ATCTCTGAGGGTCACGGACA RT PCR 

AACCACTTTGAGGGCCTTTT RT PCR 

GGCGACTCTGCATGAGGTAT RT PCR 

SLCO 4A1

DUSP2

ITGB4 exon 22

KREMEN1 exon 7

PLTP exon 8,10 

RFX2 exon 6

MAPT exon 10

FN1 exon 25 (EDB)

BCL2L11 exon 3

CACNA1G exon 14 

CACNA1H exons 13-15

CAPN5 exon 9

DENND1C

FN1 (EDA)
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GGCTCTGTGGTATATGACTGCTT RT PCR 

GGAACCAGGTCTGTGTGGTT RT PCR 

TCTTCCAGGCAAGGACATTT RT PCR 

TGAGCCAAGAAAACTGTCTGAG RT PCR 

CTCTTGTGCCAAGATGCAAG RT PCR 

TAGGCGAAGAGGAAGTCAGC RT PCR 

TAGCCATCCGAGCTTGTTTC RT PCR 

ACTCCAGGCTGTGATTCAGG RT PCR 

CCGAGGCCTCAAAACCAG RT PCR 

TCATCTCAAACTCCCTCCAAA RT PCR 

TGAAGGCGGAGTATGGAAAG RT PCR 

GCCAATAACTGAGGCAGGAA RT PCR 

TGGGGATACAGGGATTGCTA RT PCR 

TTCCCCTCACGAAGAAGTTG RT PCR 

TGGACCAATGTTGGTGAATC qPCR - alternative splicing assay

AGCCGGGCATTGACTATGAT qPCR - alternative splicing assay

GAGGAACAGCTGGGATGATG qPCR - alternative splicing assay

TCACTATAGGGAGACCCAAGC qPCR - alternative splicing assay

GGAAGAAGTGGTCCATGCTG qPCR - alternative splicing assay

GGGACACTTTCCTTGTCATCC qPCR - alternative splicing assay

AGGTGCCCCAACTCACTGACC qPCR - alternative splicing assay

TGCCGCAACTACTGTGATGCGGTA qPCR - alternative splicing assay

AAATGTTGACTTTTGGTGGACA qPCR - alternative splicing assay

GGAAGGATTATCTGAAAATTGATGA qPCR - alternative splicing assay

ATTTTATCTTCCAGGCAAGGAC qPCR - alternative splicing assay

CTGAGGAAGGATTATCTGAGTAATAGC qPCR - alternative splicing assay

TTCAACCACAAGAGGGAGATG qPCR - Pol II elongation rate

TGGTAACCAAAACAAAAACTGTG qPCR - Pol II elongation rate

TTCCTCTTCTTAAACTTTCTTATAGCC qPCR - Pol II elongation rate

CATATGTAGCATTGAATGAATCTGTG qPCR - Pol II elongation rate

GAGTCACTTTGGCTGGTAAGAAT qPCR - Pol II elongation rate

GAACCCTGAACAGCCTTCTG qPCR - Pol II elongation rate

CAGCTGTGGTGACAGCATTC qPCR - Pol II elongation rate

GTGGGGATGCACTAGATGTGA qPCR - Pol II elongation rate

CCCACAGCCACTGTAGGATT qPCR - Pol II elongation rate

TCCGGCAAAGAAGGATTAGA qPCR - Pol II elongation rate

TCCACTTTTTGCAAACCTGA qPCR - Pol II elongation rate

ATGACAGGGAGCACATGTACCTA qPCR - Pol II elongation rate

CCTGAATCACAGCCTGGAGTA qPCR - Pol II elongation rate

ACTGTCCTCAGCCTGAATGG qPCR - Pol II elongation rate
ICMT ex4in4 - A

ICMT  in2ex3 - B

ICMT ex3 in3 - A

ICMT in3ex4 - B

IL17RC

SENP1

CASP7

ICMT

FN1 EDB

SENP1_ex5-ex6

SENP1_ex4-ex6

CPSF2 ex6in6 - A

CPSF2 in6-ex7 - B

ICMT  ex2in2 - A

O CEL1

UBE2H

EXO 1

EDB includ

EDB exclud

FN1 ex24
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GAGCTCAGGCCAGTGTTTTC qPCR - Pol II elongation rate

CGCCTTCCTCAGACATTCTC qPCR - Pol II elongation rate

TCTTCCAGGCAAGGACATTT qPCR - Pol II elongation rate

TCCCTTGACTCCAAGTAATGTG qPCR - Pol II elongation rate

CCCACCTGCTTTCTTACTGG qPCR - Pol II elongation rate

TGGTGTCCACCAAAAGTCAA qPCR - Pol II elongation rate

GAAACCTGCTCCAGTGCATC qPCR - Pol II elongation rate

CTCGTCCTGTGCCTCACC qPCR - Pol II elongation rate

TTTCATGCCATTAGGATCTGG qPCR - Pol II elongation rate

TGTGACACAGTGGCCATAGG qPCR - Pol II elongation rate

CACTGTCAAGGATGACAAGGAA qPCR - Pol II elongation rate

CCCCACTCTTATTGGAAGTGTC qPCR - Pol II elongation rate

TTTTTCCCTCTATTTTCCTTTTG qPCR - Pol II elongation rate

GTTATATCAACAAAGCTTAGGTCAGTG qPCR - Pol II elongation rate

GGGTAGAGTGGATGGGCATT qPCR - Pol II elongation rate

CATGCTTGTCCCCAGACTGT qPCR - Pol II elongation rate

CCTTTCCAGCTACTTCGTTAGC qPCR - Pol II elongation rate

AATGTTGGTGAATCGCAGGT qPCR - Pol II elongation rate

CAGCCCACAGTGGAGTATGT qPCR - Pol II elongation rate

GCAGTGGTTACGTACTGGTTACTG qPCR - Pol II elongation rate

TTTGCCTAACAGACATTGATCG qPCR - Pol II elongation rate

TGGAAACTTGCCCCTGTG qPCR - Pol II elongation rate

CACCAAAATCAACGGGACTT qPCR - nChIP/ChIP

AGCCAGTAAGCAGTGGGTTC qPCR - nChIP/ChIP

TAGTTGCCAGCCATCTGTTG qPCR - nChIP/ChIP

GCGATGCAATTTCCTCATTT qPCR - nChIP/ChIP

GGCTAATCCTCTATGGGAGTCTGTC qPCR - nChIP/ChIP

CCAGGTGCTCAAGGTCAACATC qPCR - nChIP/ChIP

GCCAGATATACGCGTTGACA qPCR - nChIP/ChIP

GGAAAGTCCCTATTGGCGTTA qPCR - nChIP/ChIP

TTGATGACCGCAAAGGAAAC qPCR - nChIP/ChIP

TCGCAGCGAACAAAAGAGAT qPCR - nChIP/ChIP

CCGTCTCAACATGCTTAGGG qPCR - nChIP/ChIP

ATTTGCTGAGCCTGCCTCTT qPCR - nChIP/ChIP

ATTAGGATCTGGCCCCTTCA qPCR - nChIP/ChIP

TGTGACACAGTGGCCATAGG qPCR - nChIP/ChIP

AAAATGATGTTGGCGACGAG qPCR - nChIP/ChIP

CGTCTCTCCTGTCACGGTGT qPCR - nChIP/ChIP

GGAAGAAGTGGTCCATGCTG qPCR - nChIP/ChIP

GGGACACTTTCCTTGTCATCC qPCR - nChIP/ChIP

FN1 exon 7

FN1 intron 14 - exon 15 

FN1 exon 24

Reporter promoter

Reporter down

intergenic region

CRE

FN1 promoter 

FN1 exon 1 

FN1 ex24in24 - A

FN1 in24ex25 (EDB) - B 

FN1 in25 - A

FN1 in25ex26 - B

FN1 ex32in32 - A

FN1 in32ex33 (EDA) - B

ICMT in4ex5 - B

SENP1 ex4in4 - A

SENP1 in4ex5 - B

FN1 ex6in6 - A

FN1 in6ex7 - B 
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AGGTGCCCCAACTCACTGACC qPCR - nChIP/ChIP

TGCCGCAACTACTGTGATGCGGTA qPCR - nChIP/ChIP

GGGTAGAGTGGATGGGCATT qPCR - nChIP/ChIP

CATGCTTGTCCCCAGACTGT qPCR - nChIP/ChIP

CAGCCCACAGTGGAGTATGT qPCR - nChIP/ChIP

GCAGTGGTTACGTACTGGTTACTG qPCR - nChIP/ChIP

TTTGCCTAACAGACATTGATCG qPCR - nChIP/ChIP

TGGAAACTTGCCCCTGTG qPCR - nChIP/ChIP

CACCCAATTCCTTGCTGGTA qPCR - nChIP/ChIP

GGACCACTTCTCTGGGAGGA qPCR - nChIP/ChIP

ACCAGTGCCACTCTGACAGG qPCR - nChIP/ChIP

TTCCCGAACCTTATGCCTCT qPCR - nChIP/ChIP

AGAAAGATGGGGCCTTGACT qPCR - nChIP/ChIP

CACAGCCCAAGTCTTCTTCC qPCR - nChIP/ChIP

CCAGGAGGACTGGAACAAAG qPCR - nChIP/ChIP

AGAGCACGTAGTTGCCGAAG qPCR - nChIP/ChIP

TGAGCTAAGCAAGGGAAAACA qPCR - nChIP/ChIP

TCCAAGGGTAGGATCAGCAG qPCR - nChIP/ChIP

AGCCACCCACCTCAGACT qPCR - nChIP/ChIP

GTCAAGAGCGCTACCTTCAA qPCR - nChIP/ChIP

CTTAGCCTCCCAAAGTGCTG qPCR - nChIP/ChIP

TTTACCCCACAGGAGGAGTG qPCR - nChIP/ChIP

TCTCTTTCTAACAGACGAACAGC qPCR - nChIP/ChIP

CTGGGGCCTCGAAGTAAGA qPCR - nChIP/ChIP

TGTACTGCTGAAGGGTGTCC qPCR - nChIP/ChIP

ACTGACCCTGCAGTGCATC qPCR - nChIP/ChIP

AGCCACCTCCACCTCACCCC qPCR - nChIP/ChIP

CCCGCTGCAGCCTTTCTCCC qPCR - nChIP/ChIP

GTGCAAGGCCTGAACCTG qPCR - nChIP/ChIP

CGGGTCACACTTGATCACTC qPCR - nChIP/ChIP

AATCACCCGTGGCAGCAGGC qPCR - nChIP/ChIP

CCACCCCCTAACCCCACGCT qPCR - nChIP/ChIP

GGCCATAGGCTTCATTGGTA qPCR - nChIP/ChIP

GTGGTGTCAGACGGAATGTG qPCR - nChIP/ChIP

CCCCTCCCAGCCAGGTGTCA qPCR - nChIP/ChIP

CGCCCCTCTCTGTCCCTCCC qPCR - nChIP/ChIP

CTGCTGGGGTAGGGGCTA qPCR - nChIP/ChIP

CTGTGAGCTTCTGAGATGTGG qPCR - nChIP/ChIP

GGATGCAGAAGAGGTGAGGA qPCR - nChIP/ChIP

CAGATGCACGTTGTCACCAT qPCR - nChIP/ChIP

DUSP2 pro

DUSP2 alt-in

IL17RC pro

IL17RC ex7in7

IL17RC in7ex8

KREMEN1 ex7

RFX2 pro

RFX2 ex5

SMEK2 pro

CyclinD1 pro

CyclinD1 ex6

FN1 intron 32 – exon 33 

FN1 exon 38 

FN1 exon 42 

Gene desert

CACNA1G ex13

KREMEN1 pro

FN1 exon 25 

FN1 intron 25 

FN1 exon 32-intron 32
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AAAGGACGCAGTGCCATATC qPCR - nChIP/ChIP

GAAGAGGAGGAGGCCAAAGT qPCR - nChIP/ChIP

GTCCGTTCGGAACCGCCTCG qPCR - nChIP/ChIP

GACTCCCCGCTCCAGCTCCA qPCR - nChIP/ChIP

AATGTTCCCTCCTGGATGTG qPCR - nChIP/ChIP

GGGAGTGGCCAAGTGGTAT qPCR - nChIP/ChIP

TCCCCTTGTAATCGGAGCTA qPCR - nChIP/ChIP

GGCCAAAACCAGAGGAAA qPCR - nChIP/ChIP

CTCAGCAGCATTCCTGCACT qPCR - nChIP/ChIP

TTCCTGGAGTGCTCCTGTCT qPCR - nChIP/ChIP

ACTGGCCTAGGGGGTGACT qPCR - nChIP/ChIP

CAGGGCAAAGGATCTCTGA qPCR - nChIP/ChIP

ACAAGGCCTGTCTGCTGTG qPCR - nChIP/ChIP

CTGGGCCTGCTTACCTTGTA qPCR - nChIP/ChIP

CCCCTCATCTGAGGTTTCAC qPCR - nChIP/ChIP

GCGCGTGCTTTAAAGGTTAT qPCR - nChIP/ChIP

TCCCTATCTGTCGGGGGAAG qPCR - nChIP/ChIP

TCTGTTCCCTCTGCTCCCTT qPCR - nChIP/ChIP

GACGTGATTGTCTATAATGACTGCTCT qPCR - nChIP/ChIP

TCAAGTGATCCTCCCACCTT qPCR - nChIP/ChIP

GCTGCCTCTGAAAATGCTG qPCR - nChIP/ChIP

CGGCATTTGTATGGTCCTC qPCR - nChIP/ChIP

GGATAGCGACGACGAGATGG qPCR - relative expression level

TTCCCCCGTCCGTTCTTTTC qPCR - relative expression level

ATGGGGGACCGGGAGC qPCR - relative expression level

TCATTCAGCTCTGTCACCGC qPCR - relative expression level

ACCAGCAAGCATGCAGTTAC qPCR - relative expression level

TGTCATGTTTGGGGTGATGGT qPCR - relative expression level

GTCTTCCCCTCCATCGTG qPCR - relative expression level

AGGGTGAGGATGCCTCTC qPCR - relative expression level

CGCATGACCCATAACTTGCT qPCR - relative expression level

ATTTCTTCGGCAGTGGCTTT qPCR - relative expression level

TTGTTGGTTTTCGGAACTGAG qPCR - relative expression level

GCAAATGCTTCGGCTCTGGCT qPCR - relative expression level

Pho- ATGGGAGTTTGTTTTGGC preparation of plasmids

Pho- GAACTCCATATATGGGCT preparation of plasmids

Pho- ATGACGGTAAATGGCCCG preparation of plasmids

Pho- GAACTCCATATATGGGCT preparation of plasmids

HDAC2

18S rRNA

HO MER1

B actin

1-4

1-3

SLCO 4A1 in10ex11

SENP1pro

CASP7 ex5in5

CASP7 in5ex6

SETD7

YWHAH

SLCO 4A1 pro

SLCO 4A1 ex2in2

SLCO 4A1 alt-in

SLCO 4A1 ex8in8

SLCO 4A1 in8ex9

SLCO 4A1 ex10in10

IL17RC alt-in
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Pho- ATAATGACGTATGTTCCC preparation of plasmids

Pho- GAACTCCATATATGGGCT preparation of plasmids

Pho- ATAGGGGGCGTACTTGGC preparation of plasmids

Pho- ATGGGAGTTTGTTTTGGC preparation of plasmids

Pho-ATGGAAAGTCCCTATTGG preparation of plasmids

Pho- ATGGGAGTTTGTTTTGGC preparation of plasmids

CCAACGACCCCCGCCCATTGGCTTCAATAATG

ACGTATGTTCC preparation of plasmids

GGAACATACGTCATTATTGAAGCCAATGGGC

GGGGGTCGTTGG preparation of plasmids

GGAAGATCTCTCAAACACTACCACCACCC preparation of plasmids

CCCAAGCTTGAGCCGGGGCTTATATG preparation of plasmids

CAAACTGGGTCTACCGGATTTTCACAAAATT

ATAAAACAGCC preparation of plasmids

GGCTGTTTTATAATTTTGTGAAAATCCGGTA

GACCCAGTTTG preparation of plasmids

TTGGCCTGCATGACTACCATGACATCATTAA preparation of plasmids

TTAATGATGTCATGGTAGTCATGCAGGCCAA preparation of plasmids

CCGGAATTCTATGCTGCAAAA preparation of plasmids

CGGGGTACCGCCAGGGGGCATGGCAGT preparation of plasmids

GGGTGCTCTATATTCACATTGATATTCACC preparation of plasmids

GGTGAATATCAATGTGAATATAGAGCACCC preparation of plasmids

GGAGAAGCCAGAAGCCAAAGGGGT preparation of plasmids

CTGAGAAGTGAGGAACTTGGGG preparation of plasmids

GGAGAAGCCAGAAGCCAAAGGGGT preparation of plasmids

GGAAGAAACGTGAGGGACTCAGCA preparation of plasmids

D174H

Mouse HDAC1 

Human HDAC1

  2-4

Mut1

FN1p

Brd2_mut_dom1

Brd2_mut_dom2

Brd2_del

   1

  3-4
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List of genes with change in alternative splicing upon HDAC inhibition 

 

 

Alternative spliced genes decreased 

expression

Gene assignment
Gene 

Symbol
RefSeq

p value alt-

splicing

Fold-

Change(Na

B vs. NT)

laminin, alpha 1 LAMA1 NM_005559 8.69E-14 -1.69568

aryl-hydrocarbon receptor repressor  AHRR NM_020731 3.19E-11 -1.28159

solute carrier family 6 neurotransmitter 

transporter
SLC6A9 NM_201649 9.52E-11 -2.67902

PHD finger protein 15 PHF15 NM_015288 1.27E-10 -3.74588

sorbin and SH3 domain containing 2 SORBS2 NM_021069 3.63E-10 -3.29731

dihydrouridine synthase 3-like DUS3L NM_020175 7.03E-10 -2.92906

forkhead box M1 FOXM1 NM_202002 7.85E-09 -3.08501

potassium channel tetramerisation domain 

containing 15 
KCTD15 NM_024076 1.13E-08 -3.50744

ATP synthase, H+ transporting, mitochondrial F0 

complex
ATP5J

NM_00100370

3
2.33E-08 -2.34984

adipocyte-specific adhesion molecule ASAM NM_024769 4.10E-08 -2.86675

spectrin, beta, non-erythrocytic 2 SPTBN2 NM_006946 6.02E-08 -2.04821

C1q and tumor necrosis factor related protein 6 C1QTNF6 NM_031910 1.08E-07 -2.52679

protein tyrosine phosphatase, receptor type, R PTPRR NM_002849 4.95E-07 -2.87249

interleukin 27 receptor, alpha IL27RA NM_004843 1.05E-06 -3.45083

coiled-coil domain containing 97 CCDC97 NM_052848 2.92E-06 -1.91835

replication initiator 1 REPIN1 NM_013400 3.72E-06 -2.11475

histone cluster 1, H2ac HIST1H2AC NM_003512 3.86E-06 -1.47406

phosphodiesterase 1A, calmodulin-dependent PDE1A NM_005019 4.85E-06 -2.53505

nicotinamide N-methyltransferase NNMT NM_006169 5.39E-06 -3.27776

nuclear receptor coactivator 2 NCOA2 NM_006540 6.74E-06 -2.97186

v-raf murine sarcoma 3611 viral oncogene 

homolog 
ARAF NM_001654 8.12E-06 -1.99886

AKT1 substrate 1 (proline-rich) AKT1S1 NM_032375 9.05E-06 -2.26619

low density lipoprotein receptor-related protein 8 LRP8 NM_004631 9.73E-06 -2.04053

LanC lantibiotic synthetase component C-like 2 LANCL2 NM_018697 1.18E-05 -3.45531

phosphodiesterase 4B, cAMP-specific PDE4B NM_002600 2.10E-05 -1.82125

family with sequence similarity 83, member H FAM83H NM_198488 2.12E-05 -2.22903

apoptosis, caspase activation inhibitor AVEN NM_020371 2.14E-05 -2.56224

histone deacetylase 7 HDAC7 NM_015401 2.84E-05 -2.74032

PHD finger protein 19 PHF19 NM_015651 3.35E-05 -2.91161

gamma-aminobutyric acid (GABA) A receptor, 

alpha 1
GABRA1

NM_00112764

4
3.99E-05 -3.19599

CCCTC-binding factor (zinc finger protein) CTCF NM_006565 4.05E-05 -1.82974
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cytoskeleton-associated protein 4 CKAP4 NM_006825 4.50E-05 -1.91553

sema domain, immunoglobulin domain (Ig) SEMA4C NM_017789 5.03E-05 -1.66954

PR domain containing 11 PRDM11 NM_020229 5.31E-05 -1.74516

TRM1 tRNA methyltransferase 1 homolog TRMT1
NM_00113603

5
5.63E-05 -2.40902

transcription factor AP-4 TFAP4 NM_003223 6.20E-05 -3.07322

proteasome (prosome, macropain) subunit, beta 

type
PSMB2 NM_002794 8.70E-05 -1.42939

methylphosphate capping enzyme MEPCE NM_019606 9.11E-05 -2.52981

minichromosome maintenance complex 

component 7
MCM7 NM_005916 9.26E-05 -1.66892

solute carrier family 19 (folate transporter) SLC19A1 NM_194255 9.26E-05 -1.82681

histone cluster 1, H3h HIST1H3H NM_003536 0.000106343 -1.69359

polypyrimidine tract binding protein 1 PTBP1 NM_002819 0.000106946 -1.37071

solute carrier family 16, member 6 SLC16A6 NM_004694 0.000121445 -2.53271

serpin peptidase inhibitor, clade H SERPINH1 NM_001235 0.000166339 -3.70433

Alternative spliced genes increased 

expression

Gene assignment
Gene 

Symbol
RefSeq

p value alt-

splicing

Fold-

Change(Na

B vs. NT)

calcium channel, voltage-dependent, T type, 

alpha 1G subunit
CACNA1G NM_018896 0 3.83419

ATPase, class I, type 8B, member 3 ATP8B3 NM_138813 0 1.63656

fibronectin 1 FN1 NM_212482 1.32E-28 4.9015

actin binding LIM protein 1 ABLIM1 NM_002313 2.38E-25 1.66126

low density lipoprotein-related protein 1 LRP1 NM_002332 1.09E-23 2.01805

hexokinase 1 HK1 NM_033500 8.25E-21 7.05987

solute carrier family 17 (sodium-dependent 

inorganic phosphate cotransporter), member 7 
SLC17A7 NM_020309 4.03E-20 4.21513

sorbin and SH3 domain containing 1 SORBS1
NM_00103495

4
1.92E-18 3.59106

RAB11 family interacting protein 4 (class II) RAB11FIP4 NM_032932 1.19E-17 1.91518

gelsolin (amyloidosis, Finnish type) GSN
NM_00112766

3
9.17E-17 3.69633

kringle containing transmembrane protein 1 KREMEN1
NM_00103957

0
1.68E-15 3.69565

ankyrin 3, node of Ranvier (ankyrin G) ANK3 NM_020987 1.84E-15 1.31441

 GRINL1A complex locus GCOM1
NM_00101809

0
2.05E-15 2.63158

enolase 2 (gamma, neuronal) ENO2 NM_001975 2.27E-15 3.90406

peptidyl arginine deiminase, type III PADI3 NM_016233 4.24E-15 6.00719

DENN/MADD domain containing 2C DENND2C NM_198459 4.90E-15 2.03838

glycerophosphodiester phosphodiesterase domain 

containing domain containing 5
GDPD5 NM_030792 8.17E-15 1.87947
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calpain CAPN5 NM_004055 1.32E-14 2.6842

transglutaminase 2 TGM2 NM_004613 1.87E-14 4.53361

ankyrin repeat domain 1 (cardiac muscle) ANKRD1 NM_014391 2.55E-14 15.2369

phosphate cytidylyltransferase 1, choline, beta PCYT1B NM_004845 2.87E-14 3.22599

tight junction protein 3 (zona occludens 3) TJP3 NM_014428 3.24E-14 2.41659

carboxypeptidase A4 CPA4 NM_016352 6.34E-14 4.31945

phospholipid transfer protein PLTP NM_006227 7.50E-14 2.3416

dispatched homolog 2 (Drosophila) DISP2 NM_033510 8.99E-14 3.48927

ubiquitin specific peptidase 2 USP2 NM_004205 3.27E-13 2.46672

protein phosphatase 1J (PP2C domain 

containing) 
PPM1J NM_005167 4.36E-13 2.64876

regulatory factor X, 2 (influences HLA class II 

expression)
RFX2 NM_000635 7.41E-13 1.7602

ras homolog gene family, member U RHOU NM_021205 1.17E-12 2.66669

ATPase, H+ transporting, lysosomal 56/58kDa, 

V1 subunit
ATP6V1B2 NM_001693 1.27E-12 1.68074

furry homolog (Drosophila) FRY NM_023037 1.98E-12 2.36254

Rho GTPase activating protein 28 ARHGAP28
NM_00101000

0
5.05E-12 4.5474

neurobeachin NBEA NM_015678 5.14E-12 2.41002

RAP1 GTPase activating protein RAP1GAP NM_002885 6.49E-12 2.24282

sema domain, immunoglobulin domain (Ig), short 

basic domain, secreted, (semaphorin) 3C
SEMA3C NM_006379 1.27E-11 2.60428

intraflagellar transport 80 homolog 

(Chlamydomonas) 
IFT80 NM_020800 1.70E-11 2.62353

inositol polyphosphate-5-phosphatase K INPP5K
NM_00113564

2
1.75E-11 1.96564

microtubule associated monoxygenase MICAL2 NM_014632 1.91E-11 2.3732

microtubule-associated protein 1A MAP1A NM_002373 2.08E-11 3.72109

G protein-coupled receptor, family C, group 5, 

member B
GPRC5B NM_016235 2.72E-11 8.45924

SLIT-ROBO Rho GTPase activating protein 3 SRGAP3 NM_014850 3.44E-11 2.47378

acyl-CoA synthetase short-chain family member 

2 
ACSS2 NM_018677 3.73E-11 1.74274

v-erb-b2 erythroblastic leukemia viral oncogene 

homolog 3 (avian)
ERBB3 NM_001982 3.77E-11 5.47148

cadherin 15, type 1, M-cadherin (myotubule) CDH15 NM_004933 3.82E-11 3.07553

hippocalcin like 4 HPCAL4 NM_016257 5.33E-11 4.45324

sulfatase 1 SULF1
NM_00112820

5
8.95E-11 2.53793

ecotropic viral integration site 5-like EVI5L NM_145245 1.13E-10 2.60308

FCH domain only 1 FCHO1 NM_015122 1.18E-10 1.63395

coronin, actin binding protein, 1A CORO1A NM_007074 1.19E-10 5.96826

diacylglycerol O-acyltransferase homolog 2 

(mouse) 
DGAT2 NM_032564 1.55E-10 2.3886

 yippee-like 3 (Drosophila) YPEL3 NM_031477 2.03E-10 2.40641

cytokine receptor-like factor 1 CRLF1 NM_004750 3.11E-10 1.73643

clusterin CLU NM_001831 3.11E-10 2.10822

olfactomedin 1 OLFM1 NM_014279 3.28E-10 2.35624

ATP-binding cassette, sub-family A (ABC1), 

member 3
ABCA3 NM_001089 4.13E-10 1.90114

beta-site APP-cleaving enzyme 1 BACE1 NM_012104 6.18E-10 1.99224
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cysteine-rich secretory protein LCCL domain 

containing 2 
CRISPLD2 NM_031476 7.15E-10 2.129

solute carrier family 7 (cationic amino acid 

transporter)
SLC7A8 NM_012244 7.61E-10 1.96095

WD repeat domain, phosphoinositide interacting 

1 
WIPI1 NM_017983 7.71E-10 2.44543

DSN1, MIND kinetochore complex component, 

homolog (S. cerevisiae)
DSN1 NM_024918 8.58E-10 2.28225

chimerin (chimaerin) 1 CHN1 NM_001822 8.99E-10 2.44685

CAP-GLY domain containing linker protein 2 CLIP2 NM_003388 1.18E-09 2.95169

cell adhesion molecule 4 CADM4 NM_145296 2.02E-09 2.27936

beta-carotene oxygenase 2 BCO2 NM_031938 2.04E-09 5.10527

milk fat globule-EGF factor 8 protein MFGE8 NM_005928 2.06E-09 2.20675

WD repeat domain 31 WDR31
NM_00101236

1
2.33E-09 2.63259

transmembrane protein 49 TMEM49 NM_030938 3.13E-09 1.6771

protein phosphatase 2, regulatory subunit B', beta 

isoform
PPP2R5B NM_006244 3.62E-09 1.79366

silver homolog (mouse) SILV NM_006928 3.85E-09 9.37342

reticulon 2 RTN2 NM_005619 5.01E-09 2.96415

zinc finger, FYVE domain containing 19 ZFYVE19
NM_00107726

8
6.28E-09 1.22024

guanine nucleotide binding protein (G protein), 

gamma 7
GNG7 NM_052847 6.72E-09 3.59193

interleukin 10 receptor, beta IL10RB NM_000628 7.94E-09 1.8828

G protein-coupled receptor 155 GPR155
NM_00103304

5
8.43E-09 2.46503

F11 receptor F11R NM_016946 9.60E-09 1.93181

neurocalcin delta NCALD
NM_00104062

4
9.81E-09 2.2696

frizzled homolog 4 (Drosophila) FZD4 NM_012193 9.86E-09 1.58227

glutathione S-transferase mu 2 (muscle) GSTM2 NM_000848 9.86E-09 6.24823

ATPase, class I, type 8B, member 2 ATP8B2 NM_020452 1.06E-08 2.8335

RALBP1 associated Eps domain containing 2 REPS2 NM_004726 1.07E-08 2.77028

tropomyosin 1 (alpha) TPM1 NM_000366 1.33E-08 2.21034

pecanex-like 2 (Drosophila) PCNXL2 NM_014801 1.44E-08 2.12034

KIAA0427 KIAA0427 BC042146 1.57E-08 1.97998

bone morphogenetic protein 4 BMP4 NM_001202 1.67E-08 2.17433

kinesin light chain 3 KLC3 NM_177417 1.70E-08 1.81405

regulator of G-protein signaling 9 RGS9 NM_003835 1.71E-08 1.84975

armadillo repeat containing 9 ARMC9 NM_025139 1.74E-08 2.61837

ethylmalonic encephalopathy 1 ETHE1 NM_014297 1.84E-08 1.7351

erythrocyte membrane protein band 4.1 like 5 EPB41L5 NM_020909 1.85E-08 2.44373

complement component 1, q subcomponent-like 1 C1QL1 NM_006688 2.05E-08 2.20894

transmembrane protein 38A TMEM38A NM_024074 2.20E-08 3.59959

LAG1 homolog, ceramide synthase 4 LASS4 NM_024552 2.34E-08 1.77796

limb region 1 homolog (mouse)-like LMBR1L NM_018113 2.70E-08 1.94344

KIAA0513 KIAA0513 NM_014732 2.91E-08 2.11742
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tubulin tyrosine ligase-like family, member 1 TTLL1
NM_00100857

2
3.01E-08 2.70285

pleckstrin homology domain containing, family H 

(with MyTH4 domain) member 2
PLEKHH2 NM_172069 3.04E-08 2.38788

egl nine homolog 3 (C. elegans) EGLN3 NM_022073 3.40E-08 1.86192

sialidase 1 (lysosomal sialidase) NEU1 NM_000434 3.95E-08 2.42304

OTU domain, ubiquitin aldehyde binding 2 OTUB2 NM_023112 4.77E-08 2.36506

transient receptor potential cation channel, 

subfamily M, member 4
TRPM4 NM_017636 5.24E-08 1.31503

matrix metallopeptidase 19 MMP19 NM_002429 5.48E-08 2.38079

tyrosine kinase 2 TYK2 NM_003331 5.53E-08 1.56856

interleukin 17 receptor D IL17RD NM_017563 6.27E-08 2.39565

heat shock 70kDa protein 2 HSPA2 NM_021979 6.48E-08 8.99733

platelet/endothelial cell adhesion molecule PECAM1 NM_000442 6.64E-08 1.96007

chromosome 16 open reading frame 57 C16orf57 NM_024598 6.83E-08 1.64629

cytochrome P450, family 2, subfamily S, 

polypeptide 1 
CYP2S1 NM_030622 7.43E-08 1.52148

phosphatase, orphan 1 PHOSPHO1 NM_178500 7.48E-08 4.93284

StAR-related lipid transfer (START) domain 

containing 5
STARD5 NM_181900 7.94E-08 4.44161

serpin peptidase inhibitor, clade E (nexin, 

plasminogen activator inhibitor type 1), member 1
SERPINE1 NM_000602 8.98E-08 3.73563

synaptotagmin-like 2 SYTL2 NM_206927 9.42E-08 1.49566

alpha-2-macroglobulin A2M NM_000014 9.67E-08 1.84244

guanine nucleotide binding protein (G protein), 

alpha z polypeptide
GNAZ NM_002073 1.03E-07 2.26294

solute carrier family 2 (facilitated glucose 

transporter)
SLC2A4 NM_001042 1.03E-07 5.02557

secretory carrier membrane protein 5 SCAMP5 NM_138967 1.08E-07 6.08534

neurexin 3 NRXN3 NM_004796 1.10E-07 1.32971

abhydrolase domain containing 8 ABHD8 NM_024527 1.47E-07 2.04755

golgi-specific brefeldin A resistant guanine 

nucleotide exchange factor 1
GBF1 NM_004193 1.51E-07 1.68808

zinc finger, MIZ-type containing 2 ZMIZ2 NM_031449 1.51E-07 2.15943

placenta-specific 1 PLAC1 NM_021796 1.61E-07 5.90406

ethanolamine kinase 2 ETNK2 NM_018208 1.62E-07 4.90219

sushi domain containing 2 SUSD2 NM_019601 1.64E-07 1.92805

phospholipase D family, member 3 PLD3 NM_012268 1.72E-07 1.57381

arginase, type II ARG2 NM_001172 1.90E-07 3.38889

polymerase (DNA directed) nu POLN NM_181808 1.99E-07 2.49592

tubulin tyrosine ligase-like family, member 7 TTLL7 NM_024686 2.04E-07 3.16178

serine carboxypeptidase 1 SCPEP1 NM_021626 2.14E-07 2.09527

RAB, member RAS oncogene family-like 5 RABL5
NM_00113082

1
2.19E-07 2.26649

microtubule-associated protein, RP/EB family, 

member 2
MAPRE2 NM_014268 2.25E-07 1.89569

dehydrogenase/reductase (SDR family) member 

1 
DHRS1 NM_138452 2.45E-07 1.49994

zinc finger protein 488 ZNF488 NM_153034 2.49E-07 2.29643
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sterol regulatory element binding transcription 

factor
SREBF1

NM_00100529

1
2.62E-07 1.35959

TMEM189-UBE2V1 readthrough transcript 
TMEM189-

UBE2V1
NM_199203 2.63E-07 1.94055

heparanase HPSE
NM_00109854

0
2.63E-07 2.55308

carboxypeptidase M CPM NM_001874 2.70E-07 2.73505

glycerophosphodiester phosphodiesterase domain 

containing 1
GDPD1 NM_182569 2.75E-07 2.70045

ST6 beta-galactosamide alpha-2,6-

sialyltranferase 1 
ST6GAL1 NM_173216 3.38E-07 4.01039

tweety homolog 2 (Drosophila) TTYH2 NM_032646 3.62E-07 2.6812

tumor protein p53 inducible protein 11 TP53I11
NM_00107678

7
3.75E-07 2.1401

solute carrier family 7 (cationic amino acid 

transporter, y+ system), member 7
SLC7A7 NM_003982 3.87E-07 2.0619

ral guanine nucleotide dissociation stimulator-like 

1
RGL1 NM_015149 3.96E-07 3.64227

hyaluronan binding protein 4 HABP4 NM_014282 4.05E-07 1.82218

G protein-coupled receptor 56 GPR56 NM_201524 5.33E-07 1.94602

dopey family member 2 DOPEY2 NM_005128 5.46E-07 1.89404

EF-hand domain (C-terminal) containing 1 EFHC1 NM_018100 5.66E-07 4.1281

tetratricopeptide repeat domain 39B TTC39B NM_152574 5.80E-07 2.27315

egf-like module containing, mucin-like, hormone 

receptor-like 1
EMR1 NM_001974 5.91E-07 2.41612

folate receptor 1 (adult) FOLR1 NM_016730 6.77E-07 3.19022

regulatory factor X, 3 (influences HLA class II 

expression)
RFX3 NM_134428 7.07E-07 1.82118

brain-specific angiogenesis inhibitor 2 BAI2 NM_001703 7.16E-07 2.243

amyloid beta (A4) precursor-like protein 1 APLP1
NM_00102480

7
9.41E-07 2.44494

chromosome 15 open reading frame 27 C15orf27 NM_152335 9.67E-07 2.10229

phosphatidylinositol-3,4,5-trisphosphate-

dependent Rac exchange factor 1
PREX1 NM_020820 9.89E-07 1.93709

trafficking protein particle complex 9 TRAPPC9 NM_031466 1.15E-06 1.77195

potassium large conductance calcium-activated 

channel, subfamily M, beta member 4
KCNMB4 NM_014505 1.17E-06 2.41684

IQ motif containing H IQCH
NM_00103171

5
1.21E-06 2.7532

exostoses (multiple) 1 EXT1 NM_000127 1.24E-06 2.58145

 isocitrate dehydrogenase 2 (NADP+), 

mitochondrial 
IDH2 NM_002168 1.41E-06 2.44482

Ras association (RalGDS/AF-6) domain family 

member 4
RASSF4 NM_032023 1.46E-06 3.24002

 DnaJ (Hsp40) homolog, subfamily C, member 1 DNAJC1 NM_022365 1.60E-06 1.95377

lipid phosphate phosphatase-related protein type 

2 
LPPR2 NM_022737 1.63E-06 1.64504

adaptor-related protein complex 2, alpha 1 

subunit
AP2A1 NM_014203 1.67E-06 1.82027
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cingulin CGN NM_020770 1.75E-06 3.22532

pleckstrin homology domain containing, family A 

member 6
PLEKHA6 NM_014935 1.75E-06 2.65722

peroxisome proliferator-activated receptor 

gamma, coactivator 1 alpha 
PPARGC1A NM_013261 1.92E-06 3.70463

receptor accessory protein 1 REEP1 NM_022912 2.01E-06 3.92538

solute carrier family 17 (anion/sugar transporter), 

member 5
SLC17A5 NM_012434 2.14E-06 1.7285

integrin, alpha 5 (fibronectin receptor, alpha 

polypeptide
ITGA5 NM_002205 2.17E-06 1.71366

tetraspanin 15 TSPAN15 NM_012339 2.27E-06 1.89453

LAUR domain containing 6 LYPD6 NM_194317 2.28E-06 2.26455

Nsterile alpha and TIR motif containing 1 SARM1 NM_015077 2.46E-06 1.81686

NIMA (never in mitosis gene a)- related kinase 

9 
NEK9 NM_033116 2.46E-06 1.5887

mannosidase, alpha, class 2B, member 1 MAN2B1 NM_000528 2.51E-06 1.51199

arrestin, beta 2 ARRB2 NM_004313 2.56E-06 1.88966

insulin-like growth factor binding protein 3 IGFBP3
NM_00101339

8
2.99E-06 2.60504

talin 2 TLN2 NM_015059 3.16E-06 1.77612

serpin peptidase inhibitor, clade G (C1 inhibitor), 

member 1 
SERPING1 NM_000062 3.18E-06 2.59498

endonuclease domain containing 1 ENDOD1 NM_015036 3.18E-06 1.82012

septin 6 SEPT6 NM_145799 3.88E-06 1.37105

TIMP metallopeptidase inhibitor 3 TIMP3 NM_000362 3.89E-06 1.78527

tubulointerstitial nephritis antigen-like 1 TINAGL1 NM_022164 4.07E-06 3.26826

prosaposin PSAP NM_002778 4.33E-06 1.67671

F-box and leucine-rich repeat protein 2 FBXL2 NM_012157 4.61E-06 2.92863

glycerophosphodiester phosphodiesterase domain 

containing 3
GDPD3 NM_024307 4.70E-06 1.58607

carnitine acetyltransferase CRAT NM_000755 5.05E-06 1.92506

tetraspanin 13 TSPAN13 NM_014399 5.25E-06 1.86992

mitogen-activated protein kinase kinase kinase 

kinase 2
MAP4K2 NM_004579 5.44E-06 1.91775

pyroglutamyl-peptidase I PGPEP1 NM_017712 5.52E-06 2.44157

lactamase, beta LACTB NM_032857 5.69E-06 2.25195

phospholipase C, gamma 2 (phosphatidylinositol-

specific) 
PLCG2 NM_002661 5.73E-06 2.00215

solute carrier family 39 (zinc transporter), 

member 13 
SLC39A13

NM_00112822

5
5.81E-06 1.93396

cytoplasmic polyadenylation element binding 

protein 
CPEB4 NM_030627 6.06E-06 2.73632

dehydrogenase E1 and transketolase domain 

containing 1
DHTKD1 NM_018706 6.21E-06 1.75075

tetratricopeptide repeat domain 38 TTC38 NM_017931 6.24E-06 1.24776

microtubule-associated protein tau MAPT NM_016835 6.29E-06 1.6334

SET and MYND domain containing 3 SMYD3 NM_022743 6.98E-06 2.02434
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periplakin PPL NM_002705 7.15E-06 1.75022

ATPase, Ca++ transporting, plasma membrane 4 ATP2B4
NM_00100139

6
7.26E-06 2.34557

phosphoglucomutase 2-like 1 PGM2L1 NM_173582 7.33E-06 2.36554

zinc finger protein 449 ZNF449 NM_152695 7.73E-06 1.6041

prenylcysteine oxidase 1 like PCYOX1L NM_024028 8.08E-06 2.72324

acyl-Coenzyme A binding domain containing 4 ACBD4
NM_00113570

4
8.26E-06 2.78401

cadherin 1, type 1, E-cadherin (epithelial) CDH1 NM_004360 8.49E-06 1.99213

WD repeat domain 79 WDR79 NM_018081 8.54E-06 1.67664

guanine nucleotide binding protein (G protein), 

alpha activating activity polypeptide O
GNAO1 NM_020988 8.58E-06 1.93557

PQ loop repeat containing 3 PQLC3 NM_152391 9.79E-06 2.9696

ST3 beta-galactoside alpha-2,3-sialyltransferase 

5
ST3GAL5 NM_003896 1.02E-05 3.18412

olfactomedin-like 2A OLFML2A NM_182487 1.14E-05 1.49064

KIAA0913 KIAA0913 NM_015037 1.16E-05 1.41259

sterile alpha motif domain containing 12 SAMD12 NM_207506 1.21E-05 2.78861

chromosome 10 open reading frame 140 C10orf140 NM_207371 1.24E-05 1.54098

sodium channel, voltage-gated, type I, alpha 

subunit 
SCN1A NM_006920 1.25E-05 2.99928

tripartite motif-containing 45 TRIM45 NM_025188 1.27E-05 2.1495

tumor protein p53 inducible nuclear protein 1 TP53INP1 NM_033285 1.28E-05 4.27012

coagulation factor II (thrombin) receptor F2R NM_001992 1.39E-05 3.89127

non-metastatic cells 7, protein expressed in 

(nucleoside-diphosphate kinase)
NME7 NM_013330 1.40E-05 2.77064

transforming growth factor, beta-induced, 68kDa TGFBI NM_000358 1.56E-05 1.93333

ubiquitin-conjugating enzyme E2H (UBC8 

homolog, yeast) 
UBE2H NM_003344 1.59E-05 2.28675

A kinase (PRKA) anchor protein 13 AKAP13 NM_006738 1.67E-05 2.48514

serine/threonine/tyrosine interacting-like 1 STYXL1 NM_016086 1.82E-05 1.8806

bone morphogenetic protein 6 BMP6 NM_001718 1.86E-05 1.73193

ATPase, Na+/K+ transporting, beta 2 

polypeptide 
ATP1B2 NM_001678 2.02E-05 3.55052

dual specificity phosphatase 5 DUSP5 NM_004419 2.13E-05 1.43011

 nipsnap homolog 1 (C. elegans) NIPSNAP1 NM_003634 2.20E-05 1.75573

alkaline phosphatase, placental-like 2 ALPPL2 NM_031313 2.27E-05 4.55031

carboxypeptidase A2 (pancreatic) CPA2 NM_001869 2.44E-05 2.7387

myosin, heavy chain 10, non-muscle MYH10 NM_005964 2.49E-05 2.08033

sphingomyelin phosphodiesterase 1, acid 

lysosomal 
SMPD1 NM_000543 2.58E-05 1.87328

RASD family, member 2 RASD2 NM_014310 2.66E-05 2.70649

serine incorporator 2 SERINC2 NM_178865 2.76E-05 1.58181

glycerophosphodiester phosphodiesterase 1 GDE1 NM_016641 2.81E-05 1.66983

secreted protein, acidic, cysteine-rich 

(osteonectin) 
SPARC NM_003118 2.91E-05 2.10911

tyrosylprotein sulfotransferase 1 TPST1 NM_003596 3.19E-05 2.13727

TOX high mobility group box family member 2 TOX2 NM_032883 3.30E-05 1.75425
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LAG1 homolog, ceramide synthase 5 LASS5 NM_147190 3.33E-05 2.47618

zinc finger protein 354A ZNF354A NM_005649 3.46E-05 2.06585

interleukin 17 receptor C IL17RC NM_153461 3.78E-05 1.47376

atlastin GTPase 1 ATL1 NM_015915 3.94E-05 1.7086

chromosome 22 open reading frame 29 C22orf29 NM_024627 4.00E-05 1.48202

syntaxin binding protein 1 STXBP1 NM_003165 4.02E-05 1.71138

zer-1 homolog (C. elegans) ZER1 NM_006336 4.06E-05 1.90175

cAMP responsive element binding protein 3-like 

3 
CREB3L3 NM_032607 4.21E-05 4.19917

tudor domain containing 7 TDRD7 NM_014290 4.33E-05 2.80165

occludin/ELL domain containing 1 OCEL1 NM_024578 4.71E-05 1.64928

ATPase, H+ transporting, lysosomal 42kDa, V1 

subunit
ATP6V1C2

NM_00103936

2
4.98E-05 1.66653

transmembrane protein 175 TMEM175 NM_032326 5.04E-05 1.36195

family with sequence similarity 129, member A FAM129A NM_052966 5.05E-05 2.73748

tudor domain containing 6 TDRD6
NM_00101087

0
5.24E-05 2.41653

pregnancy specific beta-1-glycoprotein 4 PSG4 NM_002780 5.28E-05 3.26594

hypothetical LOC147664 FLJ32214 AK056776 5.30E-05 1.87879

basal cell adhesion molecule (Lutheran blood 

group) 
BCAM NM_005581 5.34E-05 1.89463

LIM homeobox 2 LHX2 NM_004789 5.37E-05 3.00416

prolyl 4-hydroxylase, alpha polypeptide II P4HA2 NM_004199 5.39E-05 2.17147

leucine rich repeat containing 23 LRRC23
NM_00113521

7
5.43E-05 2.30577

sirtuin (silent mating type information regulation 2 

homolog) 4 (S. cerevisiae)
SIRT4 NM_012240 5.48E-05 2.06097

connective tissue growth factor CTGF NM_001901 5.76E-05 1.8907

TIMP metallopeptidase inhibitor 4 TIMP4 NM_003256 5.78E-05 1.96956

glutamine-fructose-6-phosphate transaminase 2  GFPT2 NM_005110 6.26E-05 2.59086

SLIT and NTRK-like family, member 6 SLITRK6 NM_032229 6.34E-05 4.7674

amidohydrolase domain containing 1 AMDHD1 NM_152435 6.36E-05 1.73864

integral membrane protein 2C ITM2C NM_030926 6.50E-05 2.22579

HtrA serine peptidase 2 HTRA2 NM_013247 6.82E-05 1.37293

semaphorin 7A, GPI membrane anchor SEMA7A NM_003612 6.87E-05 1.74459

pleckstrin and Sec7 domain containing 3 PSD3 NM_015310 6.93E-05 2.25502

major histocompatibility complex, class II, DM 

alpha
HLA-DMA NM_006120 7.12E-05 2.94361

similar to RIKEN cDNA 1110012D08 LOC440104 AY358778 7.70E-05 1.73117

protein kinase N1 PKN1 NM_002741 7.97E-05 1.81935

coenzyme Q10 homolog A (S. cerevisiae) COQ10A NM_144576 7.98E-05 2.01312

profilin 2 PFN2 NM_053024 8.08E-05 2.572

RUN domain containing 3A RUNDC3A NM_006695 8.94E-05 2.47325

Rho GDP dissociation inhibitor (GDI) beta ARHGDIB NM_001175 9.24E-05 5.0859

nucleoredoxin NXN NM_022463 9.28E-05 1.5136

mutS homolog 5 (E. coli) MSH5 NM_025259 9.99E-05 2.06374

UDP-N-acetyl-alpha-D-

galactosamine:polypeptide N-

acetylgalactosaminyltransferase 10

GALNT10 NM_198321 0.000100292 1.62907

insulin induced gene 1 INSIG1 NM_198336 0.000104009 1.70423
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transmembrane protein 110 TMEM110 NM_198563 0.000104216 1.80127

chromosome 10 open reading frame 54 C10orf54 NM_022153 0.000106255 2.34211

jun oncogene JUN NM_002228 0.000107982 2.87749

N-myc downstream regulated 1 NDRG1
NM_00113524

2
0.000108981 3.35124

unc-5 homolog B (C. elegans) UNC5B NM_170744 0.000110124 1.797

 RAB3D, member RAS oncogene family RAB3D NM_004283 0.000119403 2.16274

 phosphatidylinositol-5-phosphate 4-kinase, type 

II, alpha
PIP4K2A NM_005028 0.000119659 1.93518

 thrombospondin 1 THBS1 NM_003246 0.000132598 3.28966

 mitogen-activated protein kinase kinase kinase 

12 
MAP3K12 NM_006301 0.000138908 2.23487

 leucine-zipper-like transcription regulator 1 LZTR1 NM_006767 0.000139962 1.38311

3-hydroxymethyl-3-methylglutaryl-Coenzyme A 

lyase 
HMGCL NM_000191 0.000140708 2.15865

N tumor necrosis factor receptor superfamily, 

member 21 
TNFRSF21 NM_014452 0.000141702 1.85411

WD repeat domain 65 WDR65 NM_152498 0.000143307 3.30051

kinesin-associated protein 3 KIFAP3 NM_014970 0.000145428 3.5781

grainyhead-like 1 (Drosophila) GRHL1 NM_014552 0.000153195 1.71129

neogenin homolog 1 (chicken) NEO1 NM_002499 0.000161675 1.85767

adaptor-related protein complex 3, delta 1 subunit AP3D1 NM_003938 0.000162029 1.27669

ubiquitin specific peptidase 20 USP20 NM_006676 0.000162527 1.53864

cyclin-dependent kinase inhibitor 1A (p21, Cip1) CDKN1A NM_078467 0.000181129 3.59715

nuclear receptor binding protein 2 NRBP2 NM_178564 0.000181976 1.59368

peroxisomal biogenesis factor 1 PEX1 NM_000466 0.000186056 1.84826

GDP-mannose 4,6-dehydratase GMDS NM_001500 0.000198007 1.75576

Alternative spliced genes expression not 

changed

Gene assignment
Gene 

Symbol
RefSeq

p value alt-

splicing

collagen, type V, alpha 3 COL5A3 NM_015719 3.70E-39

calcium channel, voltage-dependent, P/Q type, 

alpha 1A subunit
CACNA1A

NM_00112722

1
2.44E-35

potassium voltage-gated channel, KQT-like 

subfamily, member 2
KCNQ2 NM_172107 9.57E-25

polycystic kidney disease 1-like 2 PKD1L2 NM_052892 3.25E-23

BAI1-associated protein 3 BAIAP3 NM_003933 1.85E-21

MADD domain containing 1C DENND1C NM_024898 1.39E-19

LIM domain and actin binding 1 LIMA1
NM_00111354

6
2.24E-19
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G protein-coupled receptor 124 GPR124 NM_032777 2.72E-19

calcium channel, voltage-dependent, T type, 

alpha 1H subunit 
CACNA1H NM_021098 4.59E-19

myosin light chain kinase MYLK NM_053025 1.25E-17

torsin A interacting protein 1 TOR1AIP1 NM_015602 1.71E-15

Rho GTPase activating protein 8 ARHGAP8
NM_00101752

6
4.40E-15

potassium voltage-gated channel, subfamily H 

(eag-related)
KCNH3 NM_012284 5.70E-15

dynamin 1 DNM1 NM_004408 2.24E-14

CD19 molecule CD19 NM_001770 3.95E-14

SH3 and PX domains 2A SH3PXD2A NM_014631 6.55E-14

collagen, type VI, alpha 1 COL6A1 NM_001848 6.63E-14

chromosome 1 open reading frame 225 C1orf225
NM_00101364

2
1.01E-13

hydroxysteroid (11-beta) dehydrogenase 1-like HSD11B1L NM_198706 1.23E-13

alpha-kinase 2 ALPK2 NM_052947 1.25E-13

KIAA1324 KIAA1324 NM_020775 1.87E-13

nestin NES NM_006617 2.32E-13

ryanodine receptor 1 (skeletal) RYR1 NM_000540 3.06E-13

vinculin VCL NM_014000 4.15E-13

mannosidase, alpha, class 1C, member 1 MAN1C1 NM_020379 6.21E-13

diacylglycerol kinase, alpha 80kDa DGKA NM_201444 6.95E-13

chromosome 17 open reading frame 28 C17orf28 NM_030630 7.95E-13

RhoA/RAC/CDC42 exchange factor GEFT
NM_00111127

0
8.82E-13

dapper, antagonist of beta-catenin, homolog 3 

(Xenopus laevis)
DACT3 NM_145056 1.64E-12

basigin (Ok blood group) BSG NM_001728 4.19E-12

FCH and double SH3 domains 1 FCHSD1 NM_033449 6.51E-12

interleukin 21 receptor IL21R NM_181078 2.70E-11

myopalladin MYPN NM_032578 3.32E-11

sodium channel, voltage-gated, type IV, alpha 

subunit
SCN4A NM_000334 4.43E-11

integrin, beta 4 ITGB4 NM_000213 6.06E-11

leucine rich repeat containing 15 LRRC15
NM_00113505

7
7.57E-11

collagen, type XVIII, alpha 1 COL18A1 NM_130444 1.45E-10

rho/rac guanine nucleotide exchange factor 

(GEF) 18 
ARHGEF18 NM_015318 1.83E-10

coronin 6 CORO6 NM_032854 1.97E-10

G protein-coupled receptor 133 GPR133 NM_198827 1.98E-10
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transient receptor potential cation channel, 

subfamily V, member 2
TRPV2 NM_016113 4.31E-10

poly(rC) binding protein 4 PCBP4 NM_020418 4.80E-10

desmin DES NM_001927 4.93E-10

protein kinase C, gamma PRKCG NM_002739 5.02E-10

LIM and cysteine-rich domains 1 LMCD1 NM_014583 7.86E-10

EF-hand domain family, member D1 EFHD1 NM_025202 9.87E-10

ectonucleoside triphosphate diphosphohydrolase 

2
ENTPD2 NM_203468 1.28E-09

hypothetical protein FLJ35220 FLJ35220 NM_173627 1.41E-09

Janus kinase 3 (a protein tyrosine kinase, 

leukocyte) 
JAK3 NM_000215 1.50E-09

matrix metallopeptidase 17 (membrane-inserted) MMP17 NM_016155 1.82E-09

chromosome 6 open reading frame 89 C6orf89 NM_152734 3.67E-09

regulating synaptic membrane exocytosis 3 RIMS3 NM_014747 4.11E-09

fatty acid 2-hydroxylase FA2H NM_024306 4.79E-09

ring finger protein 167 RNF167 NM_015528 5.91E-09

septin 9 SEPT9 NM_006640 9.62E-09

phosphodiesterase 2A, cGMP-stimulated PDE2A NM_002599 1.27E-08

membrane protein, palmitoylated 7 (MAGUK 

p55 subfamily member 7)
MPP7 NM_173496 1.31E-08

centromere protein F, 350/400ka (mitosin) CENPF NM_016343 1.67E-08

WD repeat domain 64 WDR64 NM_144625 1.69E-08

espin ESPN NM_031475 2.01E-08

chromosome 19 open reading frame 51 C19orf51 NM_178837 2.11E-08

dermokine DMKN NM_033317 2.20E-08

solute carrier family 44, member 4 SLC44A4 NM_025257 2.85E-08

solute carrier family 5 (sodium iodide symporter), 

member 5 
SLC5A5 NM_000453 3.05E-08

kinesin family member 12 KIF12 NM_138424 3.53E-08

epidermal growth factor receptor pathway 

substrate 15-like 1 
EPS15L1 NM_021235 3.85E-08

solute carrier family 2 (facilitated glucose 

transporter), member 7
SLC2A7 NM_207420 4.40E-08

kallikrein 1 KLK1 NM_002257 4.86E-08

kinesin family member 13B KIF13B NM_015254 5.06E-08

phospholipase C, delta 1 PLCD1 NR_024071 5.66E-08

ATPase, Ca++ transporting, ubiquitous ATP2A3 NM_174954 5.77E-08

death-associated protein kinase 1 DAPK1 NM_004938 5.80E-08

 kinase non-catalytic C-lobe domain (KIND) 

containing 1 
KNDC1 NM_152643 5.94E-08

 C2 calcium-dependent domain containing 3 C2CD3 NM_015531 6.00E-08

 matrix metallopeptidase 7 (matrilysin, uterine) MMP7 NM_002423 6.43E-08

acyl-Coenzyme A dehydrogenase family, 

member 11 
ACAD11 NM_032169 7.04E-08
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transient receptor potential cation channel, 

subfamily V, member 2
TRPV2 NM_016113 4.31E-10

poly(rC) binding protein 4 PCBP4 NM_020418 4.80E-10

desmin DES NM_001927 4.93E-10

protein kinase C, gamma PRKCG NM_002739 5.02E-10

LIM and cysteine-rich domains 1 LMCD1 NM_014583 7.86E-10

EF-hand domain family, member D1 EFHD1 NM_025202 9.87E-10

ectonucleoside triphosphate diphosphohydrolase 

2
ENTPD2 NM_203468 1.28E-09

hypothetical protein FLJ35220 FLJ35220 NM_173627 1.41E-09

Janus kinase 3 (a protein tyrosine kinase, 

leukocyte) 
JAK3 NM_000215 1.50E-09

matrix metallopeptidase 17 (membrane-inserted) MMP17 NM_016155 1.82E-09

chromosome 6 open reading frame 89 C6orf89 NM_152734 3.67E-09

regulating synaptic membrane exocytosis 3 RIMS3 NM_014747 4.11E-09

fatty acid 2-hydroxylase FA2H NM_024306 4.79E-09

ring finger protein 167 RNF167 NM_015528 5.91E-09

septin 9 SEPT9 NM_006640 9.62E-09

phosphodiesterase 2A, cGMP-stimulated PDE2A NM_002599 1.27E-08

membrane protein, palmitoylated 7 (MAGUK 

p55 subfamily member 7)
MPP7 NM_173496 1.31E-08

centromere protein F, 350/400ka (mitosin) CENPF NM_016343 1.67E-08

WD repeat domain 64 WDR64 NM_144625 1.69E-08

espin ESPN NM_031475 2.01E-08

chromosome 19 open reading frame 51 C19orf51 NM_178837 2.11E-08

dermokine DMKN NM_033317 2.20E-08

solute carrier family 44, member 4 SLC44A4 NM_025257 2.85E-08

solute carrier family 5 (sodium iodide symporter), 

member 5 
SLC5A5 NM_000453 3.05E-08

kinesin family member 12 KIF12 NM_138424 3.53E-08

epidermal growth factor receptor pathway 

substrate 15-like 1 
EPS15L1 NM_021235 3.85E-08

solute carrier family 2 (facilitated glucose 

transporter), member 7
SLC2A7 NM_207420 4.40E-08

kallikrein 1 KLK1 NM_002257 4.86E-08

kinesin family member 13B KIF13B NM_015254 5.06E-08

phospholipase C, delta 1 PLCD1 NR_024071 5.66E-08

ATPase, Ca++ transporting, ubiquitous ATP2A3 NM_174954 5.77E-08

death-associated protein kinase 1 DAPK1 NM_004938 5.80E-08

 kinase non-catalytic C-lobe domain (KIND) 

containing 1 
KNDC1 NM_152643 5.94E-08

 C2 calcium-dependent domain containing 3 C2CD3 NM_015531 6.00E-08
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 matrix metallopeptidase 7 (matrilysin, uterine) MMP7 NM_002423 6.43E-08

acyl-Coenzyme A dehydrogenase family, 

member 11 
ACAD11 NM_032169 7.04E-08

 carnitine palmitoyltransferase 1C CPT1C
NM_00113605

2
7.27E-08

 histone cluster 1, H2ag HIST1H2AG NM_021064 7.42E-08

v-akt murine thymoma viral oncogene homolog 3 

(protein kinase B, gamma)
AKT3 NM_181690 8.29E-08

protocadherin 1 PCDH1 NM_032420 8.65E-08

phospholipase C, eta 2 PLCH2 NM_014638 9.69E-08

TBC1 (tre-2/USP6, BUB2, cdc16) domain 

family, member 1 
TBC1D1 NM_015173 1.01E-07

laminin, gamma 2 LAMC2 NM_005562 1.11E-07

family with sequence similarity 134, member C FAM134C BC049370 1.13E-07

peripherin PRPH NM_006262 1.13E-07

ATP-binding cassette, sub-family A (ABC1), 

member 7 
ABCA7 NM_019112 1.20E-07

protein kinase C, eta PRKCH NM_006255 1.24E-07

septin 2 SEPT2
NM_00100849

1
1.42E-07

microtubule affinity-regulating kinase 4 MARK4 NM_031417 1.54E-07

G protein-coupled receptor 176 GPR176 NM_007223 1.71E-07

solute carrier family 25 (mitochondrial carrier; 

dicarboxylate transporter), member 10 
SLC25A10 NM_012140 2.01E-07

vacuolar protein sorting 13 homolog B (yeast) VPS13B NM_017890 2.03E-07

acyl-CoA thioesterase 7 ACOT7 NM_007274 2.04E-07

inositol 1,4,5-triphosphate receptor, type 1 ITPR1
NM_00109995

2
2.17E-07

mitofusin 2 MFN2 NM_014874 2.19E-07

SWI/SNF related, matrix associated, actin 

dependent regulator of chromatin, subfamily d, 

member 3

SMARCD3
NM_00100380

2
2.48E-07

syntrophin, alpha 1 (dystrophin-associated protein 

A1, 59kDa, acidic component)
SNTA1 NM_003098 2.50E-07

otoferlin OTOF NM_194248 2.54E-07

single-stranded DNA binding protein 2 SSBP2 NM_012446 2.63E-07

homeobox C10 HOXC10 NM_017409 2.70E-07

polymerase (RNA) II (DNA directed) 

polypeptide A, 220kDa 
POLR2A NM_000937 3.29E-07

radial spoke 3 homolog (Chlamydomonas) RSPH3 NM_031924 3.41E-07

actin binding LIM protein family, member 2 ABLIM2
NM_00113008

3
3.53E-07
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KIAA1797 KIAA1797 NM_017794 3.69E-07

FYVE, RhoGEF and PH domain containing 3 FGD3
NM_00108353

6
3.72E-07

phenylalanyl-tRNA synthetase, alpha subunit FARSA NM_004461 3.78E-07

complement factor D (adipsin) CFD NM_001928 3.80E-07

regulator of G-protein signaling 7 RGS7 NM_002924 3.94E-07

PRP40 pre-mRNA processing factor 40 

homolog B (S. cerevisiae)
PRPF40B NM_012272 4.46E-07

neuro-oncological ventral antigen 2 NOVA2 NM_002516 4.64E-07

regulatory factor X-associated ankyrin-

containing protein 
RFXANK NM_003721 5.20E-07

phosphatidylinositol-4-phosphate 5-kinase-like 1 PIP5KL1
NM_00113521

9
6.04E-07

H1 histone family, member 0 H1F0 NM_005318 6.04E-07

adrenergic, beta-2-, receptor, surface ADRB2 NM_000024 6.15E-07

mannosidase, alpha, class 1A, member 1 MAN1A1 NM_005907 6.55E-07

telomeric repeat binding factor 2 TERF2 NM_005652 7.00E-07

ADP-ribosylation factor-like 4C ARL4C NM_005737 7.04E-07

family with sequence similarity 107, member B FAM107B BC064407 7.09E-07

nuclear receptor coactivator 7 NCOA7 NM_181782 7.37E-07

ATP-binding cassette, sub-family B 

(MDR/TAP), member 9
ABCB9 NM_019625 7.49E-07

leucine rich repeat containing 20 LRRC20 NM_207119 7.49E-07

butyrophilin, subfamily 2, member A2 BTN2A2 NM_006995 7.65E-07

allograft inflammatory factor 1-like AIF1L NM_031426 7.65E-07

KIAA0467 KIAA0467 BC151232 8.22E-07

piwi-like 2 (Drosophila) PIWIL2
NM_00113572

1
8.29E-07

NDRG family member 4 NDRG4
NM_00113048

7
9.40E-07

myotubularin related protein 11 MTMR11 NM_181873 1.01E-06

ras homolog gene family, member C RHOC NM_175744 1.01E-06

brain-derived neurotrophic factor BDNF NM_170732 1.04E-06

cysteinyl-tRNA synthetase CARS
NM_00101443

8
1.05E-06

NADH dehydrogenase (ubiquinone) flavoprotein 

1, 51kDa 
NDUFV1 NM_007103 1.12E-06

testis expressed 2 TEX2 NM_018469 1.14E-06

small nuclear ribonucleoprotein 25kDa 

(U11/U12) 
SNRNP25 NM_024571 1.18E-06

Tctex1 domain containing 2 TCTEX1D2 NM_152773 1.28E-06

promyelocytic leukemia PML NM_033240 1.41E-06
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von Willebrand factor A domain containing 5A VWA5A
NM_00113014

2
1.41E-06

histone deacetylase 6 HDAC6 NM_006044 1.44E-06

breast carcinoma amplified sequence 4 BCAS4 NM_017843 1.49E-06

mitogen-activated protein kinase 8 interacting 

protein 1
MAPK8IP1 NM_005456 1.58E-06

adenosine monophosphate deaminase 2 (isoform 

L) 
AMPD2 NM_004037 1.64E-06

galactose-3-O-sulfotransferase 1 GAL3ST1 NM_004861 1.66E-06

ArfGAP with coiled-coil, ankyrin repeat and PH 

domains 3 
ACAP3 NM_030649 1.69E-06

mitogen-activated protein kinase kinase 6 MAP2K6 NM_002758 2.02E-06

cAMP responsive element binding protein 3-like 

1
CREB3L1 NM_052854 2.07E-06

serine/threonine kinase 32C STK32C NM_173575 2.27E-06

protein tyrosine phosphatase, receptor type, U PTPRU NM_005704 2.47E-06

XRCC6 binding protein 1 XRCC6BP1 NM_033276 2.57E-06

pyridoxamine 5'-phosphate oxidase PNPO NM_018129 2.77E-06

elongation factor Tu GTP binding domain 

containing 2
EFTUD2 NM_004247 2.85E-06

bassoon (presynaptic cytomatrix protein) BSN NM_003458 3.00E-06

GREB1 protein GREB1 NM_014668 3.24E-06

EMI domain containing 2 EMID2 NM_133457 3.41E-06

activating signal cointegrator 1 complex subunit 1 ASCC1 NM_015947 3.54E-06

cold shock domain containing E1, RNA-binding CSDE1
NM_00113052

3
4.31E-06

WD repeat domain 78 WDR78 NM_024763 4.62E-06

myosin, heavy chain 14 MYH14
NM_00107718

6
4.64E-06

zinc finger, DHHC-type containing 1 ZDHHC1 NM_013304 4.86E-06

WD repeat domain 69 WDR69 NM_178821 5.07E-06

suppression of tumorigenicity 7 ST7 NM_021908 5.11E-06

solute carrier family 37 (glucose-6-phosphate 

transporter), member 4
SLC37A4 NM_001467 5.13E-06

G protein-coupled receptor 161 GPR161 NM_153832 5.16E-06

paxillin PXN
NM_00108085

5
5.17E-06

 tumor protein p53 inducible nuclear protein 2 TP53INP2 NM_021202 5.30E-06

 transmembrane and coiled-coil domain family 2 TMCC2 NM_014858 5.39E-06

 cyclic nucleotide gated channel beta 1 CNGB1 NM_001297 5.85E-06

 hemicentin 1 HMCN1 NM_031935 5.88E-06

 F-box protein 8 FBXO8 NM_012180 5.93E-06
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 mex-3 homolog D (C. elegans) MEX3D NM_203304 6.02E-06

 protein tyrosine phosphatase, non-receptor type 

6
PTPN6 NM_080549 6.27E-06

 RAB8B, member RAS oncogene family RAB8B NM_016530 6.29E-06

 fucosyltransferase 4 (alpha (1,3) 

fucosyltransferase, myeloid-specific) 
FUT4 NM_002033 6.52E-06

OTU domain containing 7A OTUD7A NM_130901 6.62E-06

quiescin Q6 sulfhydryl oxidase 1 QSOX1 NM_002826 7.03E-06

CASK interacting protein 2 CASKIN2 NM_020753 7.15E-06

ORM1-like 3 (S. cerevisiae) ORMDL3 NM_139280 7.83E-06

discs, large (Drosophila) homolog-associated 

protein 4 
DLGAP4 NM_014902 7.87E-06

tripartite motif-containing 15 TRIM15 NM_033229 7.97E-06

cytochrome c oxidase subunit VIb polypeptide 2 

(testis)
COX6B2 NM_144613 8.17E-06

F-box protein 44 FBXO44
NM_00101476

5
8.44E-06

intraflagellar transport 122 homolog 

(Chlamydomonas)
IFT122 NM_052985 8.49E-06

non-specific cytotoxic cell receptor protein 1 

homolog (zebrafish)
NCCRP1

NM_00100141

4
8.83E-06

disabled homolog 1 (Drosophila) DAB1 NM_021080 8.92E-06

 leucine zipper protein 1 LUZP1 NM_033631 9.10E-06

 F-box and leucine-rich repeat protein 11 FBXL11 NM_012308 9.28E-06

 dystrophin DMD NM_000109 9.49E-06

 G protein pathway suppressor 1 GPS1 NM_212492 9.52E-06

KIAA1244 KIAA1244 NM_020340 9.63E-06

pleckstrin homology domain containing, family G 

(with RhoGef domain) member 5 
PLEKHG5 NM_198681 1.06E-05

sortilin 1  SORT1 NM_002959 1.07E-05

huntingtin HTT NM_002111 1.13E-05

neurturin NRTN NM_004558 1.13E-05

solute carrier family 2 (facilitated glucose 

transporter), member 14
SLC2A14 NM_153449 1.21E-05

hyperpolarization activated cyclic nucleotide-

gated potassium channel 4
HCN4 NM_005477 1.22E-05

chromosome 11 open reading frame 66 C11orf66 NM_145017 1.23E-05

sparc/osteonectin, cwcv and kazal-like domains 

proteoglycan (testican) 2 
SPOCK2 NM_014767 1.27E-05

porcupine homolog (Drosophila) PORCN NM_022825 1.32E-05

UDP-glucose pyrophosphorylase 2 UGP2
NM_00100152

1
1.38E-05

guanidinoacetate N-methyltransferase GAMT NM_138924 1.41E-05
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endoplasmic reticulum to nucleus signaling 1 ERN1 NM_001433 1.44E-05

peptidylprolyl cis/trans isomerase, NIMA-

interacting 1
PIN1 NM_006221 1.48E-05

hepatoma-derived growth factor-related protein 

2 
HDGF2

NM_00100152

0
1.48E-05

DEAH (Asp-Glu-Ala-His) box polypeptide 8 DHX8 NM_004941 1.52E-05

dynein, axonemal, heavy chain 7 DNAH7 NM_018897 1.52E-05

neuralized homolog (Drosophila) NEURL NM_004210 1.54E-05

RAS-like, family 11, member A RASL11A NM_206827 1.57E-05

dynein, cytoplasmic 1, heavy chain 1 DYNC1H1 NM_001376 1.61E-05

B-cell CLL/lymphoma 6 BCL6 NM_001706 1.64E-05

interleukin 17 receptor E IL17RE NM_153480 1.69E-05

ubiquitin-conjugating enzyme E2W (putative) UBE2W
NM_00100148

1
1.72E-05

spectrin, beta, non-erythrocytic 5 SPTBN5 NM_016642 1.72E-05

zinc finger and BTB domain containing 4 ZBTB4 NM_020899 1.76E-05

peroxisome proliferator-activated receptor 

gamma 
PPARG NM_138712 1.76E-05

tight junction protein 1 (zona occludens 1) TJP1 NM_003257 1.79E-05

unc-45 homolog A (C. elegans) UNC45A
NM_00103967

5
1.82E-05

phosphatidylinositol 4-kinase type 2 alpha PI4K2A NM_018425 1.83E-05

annexin A9 ANXA9 NM_003568 1.84E-05

nucleotide binding protein 2 (MinD homolog, E. 

coli) 
NUBP2 NM_012225 1.96E-05

hephaestin HEPH NM_138737 2.05E-05

StAR-related lipid transfer (START) domain 

containing 7 
STARD7 NM_020151 2.06E-05

inositol monophosphatase domain containing 1 IMPAD1 NM_017813 2.08E-05

apoptosis-inducing, TAF9-like domain 1 APITD1 NM_198544 2.13E-05

activin A receptor type II-like 1 ACVRL1 NM_000020 2.13E-05

ataxia, cerebellar, Cayman type ATCAY NM_033064 2.31E-05

solute carrier family 12 

(sodium/potassium/chloride transporters), 

member 2

SLC12A2 NM_001046 2.33E-05

deleted in liver cancer 1 DLC1 NM_182643 2.57E-05

integrin alpha FG-GAP repeat containing 2 ITFG2 NM_018463 2.60E-05

adenovirus E1B 19kDa interacting protein 3-like BNIP3L NM_004331 2.91E-05

ORM1-like 2 (S. cerevisiae) ORMDL2 NM_014182 2.97E-05

glutaminase GLS NM_014905 2.99E-05

RELT-like 2 RELL2 NM_173828 3.02E-05

chemokine (C-C motif) ligand 26 CCL26 NM_006072 3.04E-05
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integral membrane protein 2B ITM2B NM_021999 3.09E-05

sideroflexin 3 SFXN3 NM_030971 3.11E-05

nitric oxide synthase interacting protein NOSIP NM_015953 3.13E-05

ERBB receptor feedback inhibitor 1 ERRFI1 NM_018948 3.14E-05

major vault protein MVP NM_017458 3.15E-05

ELOVL family member 5, elongation of long 

chain fatty acids (FEN1/Elo2, SUR4/Elo3-like, 

yeast)

ELOVL5 NM_021814 3.15E-05

schlafen family member 5 SLFN5 NM_144975 3.27E-05

acyl-CoA synthetase medium-chain family 

member 3 
ACSM3 NM_005622 3.39E-05

fibroblast growth factor receptor 2 FGFR2 NM_000141 3.43E-05

glutathione S-transferase alpha 4 GSTA4 NM_001512 3.44E-05

kinesin family member 3C KIF3C NM_002254 3.44E-05

DMRT-like family A1 DMRTA1 NM_022160 3.54E-05

ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-

galactosyl-1,3)-N-acetylgalactosaminide alpha-

2,6-sialyltransferase 2 

ST6GALNA

C2
NM_006456 3.61E-05

hydroxysteroid dehydrogenase like 2 HSDL2 NM_032303 3.68E-05

cardiotrophin-like cytokine factor 1 CLCF1 NM_013246 3.72E-05

chromosome 1 open reading frame 59 C1orf59 NM_144584 3.85E-05

angiopoietin-like 4 ANGPTL4 NM_139314 3.99E-05

cyclin-dependent kinase inhibitor 1C (p57, Kip2) CDKN1C NM_000076 4.02E-05

Usher syndrome 1C (autosomal recessive, 

severe)
USH1C NM_153676 4.11E-05

serpin peptidase inhibitor, clade F (alpha-2 

antiplasmin, pigment epithelium derived factor), 

member 1

SERPINF1 NM_002615 4.30E-05

protein tyrosine phosphatase, receptor type, H  PTPRH NM_002842 4.33E-05

Sp2 transcription facto SP2 NM_003110 4.41E-05

pre-B-cell leukemia homeobox interacting protein 

1 
PBXIP1 NM_020524 4.50E-05

CDP-diacylglycerol--inositol 3-

phosphatidyltransferase (phosphatidylinositol 

synthase)

CDIPT NM_006319 4.70E-05

histone cluster 1, H2bn HIST1H2BN NM_003520 4.71E-05

peroxisomal biogenesis factor 16 PEX16 NM_004813 4.73E-05

phosphorylase, glycogen; brain PYGB NM_002862 4.74E-05

dicarbonyl/L-xylulose reductase DCXR NM_016286 4.74E-05

zinc finger, MYM-type 6 ZMYM6 NM_007167 4.88E-05

synaptotagmin XI SYT11 NM_152280 4.98E-05
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inositol polyphosphate-4-phosphatase, type II, 

105kDa
INPP4B NM_003866 5.29E-05

MLX interacting protein-like MLXIPL NM_032951 5.56E-05

deoxyguanosine kinase DGUOK NM_080916 5.71E-05

pleckstrin homology domain containing, family B 

(evectins) member 1
PLEKHB1 NM_021200 5.78E-05

WD repeat domain, phosphoinositide interacting 

2 
WIPI2 NM_015610 5.81E-05

cathepsin H CTSH NM_004390 5.83E-05

small nuclear ribonucleoprotein D3 polypeptide 

18kDa 
SNRPD3 NM_004175 5.90E-05

signal-induced proliferation-associated 1 SIPA1 NM_153253 5.92E-05

lactate dehydrogenase D LDHD NM_153486 6.08E-05

inhibitor of kappa light polypeptide gene 

enhancer in B-cells, kinase gamma 
IKBKG

NM_00109985

7
6.15E-05

calcium homeostasis modulator 3 CALHM3
NM_00112974

2
6.34E-05

histone cluster 1, H2bj HIST1H2BJ NM_021058 6.34E-05

deoxyribonuclease I-like 1 DNASE1L1
NM_00100993

2
6.37E-05

receptor tyrosine kinase-like orphan receptor 1 ROR1 NM_005012 6.42E-05

La ribonucleoprotein domain family, member 6 LARP6 NM_018357 6.43E-05

NCK interacting protein with SH3 domain NCKIPSD NM_016453 6.61E-05

trinucleotide repeat containing 6B TNRC6B
NM_00102484

3
6.71E-05

ras-related C3 botulinum toxin substrate 2 (rho 

family, small GTP binding protein Rac2) 
RAC2 NM_002872 6.83E-05

regulator of G-protein signaling 14 RGS14 NM_006480 6.98E-05

 microtubule associated serine/threonine kinase 1 MAST1 NM_014975 7.26E-05

required for meiotic nuclear division 1 homolog 

(S. cerevisiae)
RMND1 NM_017909 7.26E-05

transcription factor 7-like 1 (T-cell specific, 

HMG-box) 
TCF7L1 NM_031283 7.36E-05

fatty acid binding protein 2, intestinal FABP2 NM_000134 7.38E-05

immunoglobulin (CD79A) binding protein 1 IGBP1 NM_001551 7.45E-05

cell cycle associated protein 1 CAPRIN1 NM_005898 7.58E-05

neurobeachin-like 1 NBEAL1 BC132950 7.98E-05

Yip1 domain family, member 3 YIPF3 NM_015388 8.15E-05

alanyl-tRNA synthetase domain containing 1 AARSD1 NM_025267 8.26E-05

cell division cycle 123 homolog (S. cerevisiae) CDC123 NM_006023 8.27E-05

phosphorylase kinase, alpha 2 (liver) PHKA2 NM_000292 8.30E-05
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splicing factor, arginine/serine-rich 10 

(transformer 2 homolog, Drosophila) 
SFRS10 NM_004593 8.62E-05

neurogranin (protein kinase C substrate, RC3) NRGN NM_006176 8.83E-05

KN motif and ankyrin repeat domains 1 KANK1 NM_153186 8.95E-05

gamma-aminobutyric acid (GABA) B receptor, 1 GABBR1 NM_001470 9.05E-05

phosphodiesterase 4C, cAMP-specific 

(phosphodiesterase E1 dunce homolog, 

Drosophila) 

PDE4C NM_000923 9.16E-05

G protein-coupled receptor 143 GPR143 NM_000273 9.17E-05

protein tyrosine phosphatase, receptor type, A PTPRA NM_002836 9.29E-05

RCAN family member 3 RCAN3 NM_013441 9.65E-05

Meis homeobox 3 MEIS3 NM_020160 0.000101715

tumor necrosis factor receptor superfamily, 

member 9 
TNFRSF9 NM_001561 0.000102058

centrosomal protein 170kDa CEP170 NM_014812 0.000102558

interleukin 17 receptor E-like IL17REL
NM_00100169

4
0.00010458

POU class 3 homeobox 2 POU3F2 NM_005604 0.000105592

ATP/GTP binding protein 1 AGTPBP1 NM_015239 0.000107391

chromosome 20 open reading frame 12 C20orf12
NM_00109940

7
0.000107399

Sec61 alpha 2 subunit (S. cerevisiae) SEC61A2 NM_018144 0.000109318

arginine-glutamic acid dipeptide (RE) repeats RERE NM_012102 0.00011665

SH3KBP1 binding protein 1 SHKBP1 NM_138392 0.000117125

hypothetical protein LOC255783 LOC255783 NM_178511 0.000118577

leucine rich repeat containing 1 LRRC1 NM_018214 0.000120677

NPC1 (Niemann-Pick disease, type C1, gene)-

like 1 
NPC1L1 NM_013389 0.000126301

collagen, type V, alpha 1 COL5A1 NM_000093 0.000129998

progestin and adipoQ receptor family member V PAQR5
NM_00110455

4
0.000130279

replication protein A3, 14kDa RPA3 NM_002947 0.000132633

ornithine decarboxylase 1 ODC1 NM_002539 0.000133387

non-protein coding RNA 82 
NCRNA000

82
AY254217 0.00013374

phosphatidylinositol-4-phosphate 5-kinase, type I, 

gamma 
PIP5K1C NM_012398 0.000134091

myocyte enhancer factor 2B MEF2B
NM_00113479

5
0.000134916

major histocompatibility complex, class II, DM 

beta
HLA-DMB NM_002118 0.000137121
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List of genes with change in alternative splicing upon Brd2 knockdown 

 

N-acylsphingosine amidohydrolase (acid 

ceramidase) 1
ASAH1 NM_177924 0.000139844

non-protein coding RNA 94
NCRNA000

94
NR_015427 0.000141509

nuclear receptor subfamily 4, group A, member 1 NR4A1 NM_002135 0.000147975

mitochondrial ribosomal protein L43  MRPL43 NM_176794 0.000156689

AF4/FMR2 family, member 1 AFF1 NM_005935 0.000157234

NADH dehydrogenase (ubiquinone) 1 alpha 

subcomplex, 6, 14kDa 
NDUFA6 NM_002490 0.000159597

tubulin polymerization promoting protein TPPP NM_007030 0.000159768

neurexophilin 4 NXPH4 NM_007224 0.000166127

CUG triplet repeat, RNA binding protein 1 CUGBP1 NM_006560 0.000167954

xeroderma pigmentosum, complementation group 

C 
XPC NM_004628 0.000172585

chromosome 12 open reading frame 47 C12orf47 AF229831 0.000175586

zinc finger protein 42 homolog (mouse) ZFP42 NM_174900 0.00018223

ankyrin repeat domain 13A ANKRD13A NM_033121 0.000182445

CDK5 regulatory subunit associated protein 3 CDK5RAP3 NM_176096 0.000188116

solute carrier family 44, member 3 SLC44A3
NM_00111410

6
0.00019029

family with sequence similarity 40, member B FAM40B NM_020704 0.000190584

activated leukocyte cell adhesion molecule ALCAM NM_001627 0.00019466

chromosome 14 open reading frame 50 C14orf50 BC068989 0.00019628

distal-less homeobox 4 DLX4 NM_138281 0.000197542

adrenomedullin ADM NM_001124 0.000198871

zinc finger protein 70 ZNF70 NM_021916 0.000200105

family with sequence similarity 70, member B FAM70B NM_182614 0.000200435

Gene Assigment Gene Symbol RefSeq p-value Alt Splicing

 guanine nucleotide binding protein (G protein), beta 

polypeptide GNB1 NM_002074 4.66E-14

 isoprenylcysteine carboxyl methyltransferase ICMT NM_012405 8.88E-05

 5'-nucleotidase domain containing 2 NT5DC2 NM_022908 4.85E-05

 forkhead box M1 FOXM1 NM_202002 5.18E-05

 polymerase (RNA) III (DNA directed) polypeptide E 

(80kD) POLR3E NM_018119 1.82E-05

 phosphodiesterase 4A, cAMP-specific PDE4A NM_001111307 1.66E-05

 interleukin enhancer binding factor 3, 90kDa ILF3 NM_012218 4.06E-11

Genes that change alternative splicing and increase gene expression in Brd2 depleted cells
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Gene Assigment Gene Symbol RefSeq p-value Alt Splicing

 MAM domain containing 2 MAMDC2 NM_153267 9.57E-08

 interleukin 1 receptor accessory protein IL1RAP NM_002182 2.87E-06

 sestrin 3 SESN3 NM_144665 7.16E-09

 elongation factor, RNA polymerase II, 2 ELL2 NM_012081 3.08E-11

 phosphoglucomutase 2-like 1 PGM2L1 NM_173582 3.32E-08

 protein phosphatase, EF-hand calcium binding domain 

1 PPEF1 NM_006240 1.73E-11

 glucagon-like peptide 2 receptor GLP2R NM_004246 2.03E-11

 abhydrolase domain containing 4 ABHD4 NM_022060 1.43E-08

 RAB27B, member RAS oncogene family RAB27B NM_004163 4.74E-05

 coiled-coil domain containing 109A CCDC109A NM_138357 7.89E-06

 membrane metallo-endopeptidase MME NM_007288 5.98E-07

 putative homeodomain transcription factor 1 PHTF1 NM_006608 3.62E-06

 gamma-aminobutyric acid (GABA) A receptor, alpha 

1 GABRA1 NM_001127644 8.04E-11

 CAP-GLY domain containing linker protein family, 

member 4 CLIP4 NM_024692 1.89E-06

 2'-5'-oligoadenylate synthetase-like OASL NM_003733 7.80E-08

 transforming growth factor, beta receptor II TGFBR2 NM_001024847 1.88E-09

 carboxypeptidase M CPM NM_001874 4.17E-05

 cyclin D1 CCND1 NM_053056 3.96E-08

 STT3, subunit of the oligosaccharyltransferase 

complex, homolog  STT3B NM_178862 1.22E-07

 transforming growth factor, beta receptor 1 TGFBR1 NM_004612 8.39E-06

 amyloid beta (A4) precursor protein-binding, family B, 

member APBB1IP NM_019043 4.34E-09

 GIPC PDZ domain containing family, member 1 GIPC1 NM_005716 3.29E-08

 pregnancy-associated plasma protein A, pappalysin 1 PAPPA NM_002581 8.76E-08

 protein tyrosine phosphatase, receptor type, J PTPRJ NM_002843 6.00E-05

 paraoxonase 2 PON2 NM_000305 3.19E-05

 chitobiase, di-N-acetyl- CTBS NM_004388 2.56E-06

LY6/PLAUR domain containing 3 LYPD3 NM_014400 4.11E-13

 neuron navigator 2 NAV2 NM_182964 3.20E-21

 acid phosphatase 2, lysosomal ACP2 NM_001610 7.49E-06

 steroid sulfatase (microsomal), isozyme S STS NM_000351 6.05E-05

Genes that change alternative splicing and decrease gene expression in Brd2 depleted cells
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 WD repeat domain 41 WDR41 NM_018268 4.96E-05

 vitronectin VTN NM_000638 7.83E-05

 ribonucleotide reductase M2 B (TP53 inducible) RRM2B NM_015713 1.21E-05

 pleckstrin homology domain containing, family B 

(evectins) PLEKHB2 NM_017958 2.18E-05

 synuclein, gamma (breast cancer-specific protein 1) SNCG NM_003087 3.21E-06

 receptor accessory protein 3 REEP3 NM_001001330 8.03E-06

 dual specificity phosphatase 2 DUSP2 NM_004418 1.74E-10

 sorbin and SH3 domain containing 2 SORBS2 NM_021069 6.79E-12

 ring finger protein 144B RNF144B NM_182757 1.82E-05

 ectonucleoside triphosphate diphosphohydrolase 7 ENTPD7 NM_020354 1.97E-08

DENN/MADD domain containing 5B DENND5B NM_144973 4.41E-10

 synaptosomal-associated protein, 25kDa SNAP25 NM_003081 3.69E-05

 ATPase, H+ transporting, lysosomal 56 ATP6V1B2 NM_001693 6.89E-07

 lectin, galactoside-binding, soluble, 8 LGALS8 NM_006499 3.02E-08

 collagen, type I, alpha 1 COL1A1 NM_000088 6.24E-19

 KIAA1539 KIAA1539 BC004406 9.92E-06

 ADAM metallopeptidase with thrombospondin type 1 

motif, 1 ADAMTS1 NM_006988 7.12E-05

 v-yes-1 Yamaguchi sarcoma viral related oncogene 

homolog LYN NM_002350 5.07E-06

 formin-like 1 FMNL1 NM_005892 6.44E-13

 N-myc downstream regulated 1 NDRG1 NM_001135242 2.38E-07

 cyclin-dependent kinase inhibitor 1A (p21, Cip1) CDKN1A NR_037150 5.62E-05

 limb region 1 homolog (mouse)-like LMBR1L NM_018113 7.08E-08

 vimentin VIM NM_003380 6.71E-07

 tensin like C1 domain containing phosphatase (tensin 

2) TENC1 NM_170754 1.54E-08

 carboxypeptidase D CPD NM_001304 1.95E-05

 inositol 1,3,4,5,6-pentakisphosphate 2-kinase IPPK NM_022755 1.10E-06

 signal-induced proliferation-associated 1 like 2 SIPA1L2 NM_020808 3.06E-05

 SID1 transmembrane family, member 2 SIDT2 NM_001040455 5.46E-06

 mitogen-activated protein kinase kinase 4 MAP2K4 NM_003010 7.08E-05

 chromosome 1 open reading frame 9 C1orf9 NM_014283 3.73E-05

 methionine sulfoxide reductase B2 MSRB2 NM_012228 5.59E-05

 trinucleotide repeat containing 6B TNRC6B NM_001024843 2.39E-05

 sema domain, transmembrane domain (TM), and 

cytoplasmic domain SEMA6D NM_153618 5.97E-05

 myotubularin related protein 2 MTMR2 NR_023356 1.89E-05

 caspase 7, apoptosis-related cysteine peptidase CASP7 NM_033338 2.14E-06

 interleukin 6 receptor IL6R NM_000565 1.30E-06

 Lix1 homolog (mouse)-like LIX1L NM_153713 1.61E-09

 keratin 80 KRT80 NM_182507 7.06E-08

 mitogen-activated protein kinase 4 MAPK4 NM_002747 6.85E-07

 solute carrier family 38, member 6 SLC38A6 NR_033344 9.63E-07

 peptidylprolyl isomerase (cyclophilin)-like 1 PPIL1 NM_016059 7.79E-05

 laminin, alpha 1 LAMA1 NM_005559 6.17E-15

 RAB22A, member RAS oncogene family RAB22A NM_020673 1.87E-06

 extracellular matrix protein 2, female organ and 

adipocyte spec ECM2 NM_001197296 6.88E-05

 transmembrane 7 superfamily member 3 TM7SF3 NM_016551 2.27E-07

 steroid-5-alpha-reductase, alpha polypeptide 1 SRD5A1 NM_001047 9.24E-07
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 solute carrier family 37 (glycerol-3-phosphate 

transporter) SLC37A1 NM_018964 1.28E-06

 bromodomain containing 2 BRD2 NM_005104 1.21E-09

 phosphatidic acid phosphatase type 2A PPAP2A NM_003711 8.95E-05

SUMO1/sentrin specific peptidase 1 SENP1 NM_014554 1.27E-07

 cyclin-dependent kinase-like 5 CDKL5 NM_001037343 2.72E-05

 synaptophysin-like 1 SYPL1 NM_006754 7.09E-09

 LIM domain kinase 1 LIMK1 NM_002314 2.59E-12

 transmembrane emp24 protein transport domain 

containing 7 TMED7 NM_181836 8.60E-06

 MyoD family inhibitor domain containing MDFIC NM_199072 1.88E-05

 insulin-like growth factor 1 receptor IGF1R NM_000875 3.10E-13

 KIAA0528 KIAA0528 BC143878 4.55E-05

 FGGY carbohydrate kinase domain containing FGGY NM_001113411 6.15E-05

 zinc finger protein 385A ZNF385A NM_001130967 1.84E-05

 DEXH (Asp-Glu-X-His) box polypeptide 58 DHX58 NM_024119 4.08E-06

 interleukin 27 receptor, alpha IL27RA NM_004843 7.27E-05

 collagen, type III, alpha 1 COL3A1 NM_000090 2.27E-07

 phosphatidic acid phosphatase type 2 domain 

containing 1B PPAPDC1B NM_001102559 7.46E-05

 adaptor-related protein complex 2, alpha 1 subunit AP2A1 NM_014203 3.58E-05

 leucine-rich repeat-containing G protein-coupled 

receptor 4 LGR4 NM_018490 9.32E-06

 eukaryotic translation initiation factor 4 gamma, 3 EIF4G3 NM_003760 3.64E-05

 nemo-like kinase NLK NM_016231 1.25E-07

 transmembrane channel-like 6 TMC6 NM_001127198 3.60E-06

 ATP-binding cassette, sub-family C (CFTR ABCC3 NM_003786 2.58E-07

 GRINL1A complex locus GCOM1 NM_001018090 2.56E-07

 septin 2 SEPT2 NM_001008491 6.72E-10

 family with sequence similarity 122C FAM122C NM_001170779 5.09E-08

 chimerin (chimaerin) 1 CHN1 NM_001822 5.53E-06

 family with sequence similarity 168, member A FAM168A EF363480 4.90E-06

 cAMP responsive element modulator CREM NM_183013 2.06E-08

 von Willebrand factor A domain containing 5A VWA5A NM_001130142 4.36E-08

 SEC23 interacting protein SEC23IP NM_007190 2.56E-06

 chromosome 9 open reading frame 150 C9orf150 NM_203403 6.82E-05

 SPARC related modular calcium binding 1 SMOC1 NM_001034852 2.39E-08

 tet oncogene 1 TET1 NM_030625 5.32E-08

 ADP-ribosylation factor guanine nucleotide-exchange 

factor 1 ARFGEF1 NM_006421 6.20E-06

 lipopolysaccharide-induced TNF factor LITAF NM_001136473 2.57E-05

 TSC22 domain family, member 1 TSC22D1 NM_183422 8.52E-06

 FK506 binding protein 4, 59kDa FKBP4 NM_002014 7.73E-06

 CTD (carboxy-terminal domain, RNA polymerase II, 

polypeptide A) CTDSP1 NM_021198 5.38E-06

 neuronal pentraxin I NPTX1 NM_002522 2.19E-09

 short chain dehydrogenase SDR16C5 NM_138969 4.76E-06

 chromosome 22 open reading frame 9 C22orf9 NM_001009880 5.38E-05

 inositol 1,4,5-triphosphate receptor, type 1 ITPR1 NM_001168272 6.76E-07

 phosphatidylinositol glycan anchor biosynthesis, class 

O PIGO NM_032634 1.47E-07

 coproporphyrinogen oxidase CPOX NM_000097 2.61E-06

 asparagine-linked glycosylation 9, alpha-1,2-

mannosyltransferase ALG9 NM_024740 7.67E-06
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 MYST histone acetyltransferase (monocytic 

leukemia) 4 MYST4 NM_012330 1.00E-05

 CD68 molecule CD68 NM_001251 4.45E-05

 FK506 binding protein 10, 65 kDa FKBP10 NM_021939 2.80E-07

 TRIM6-TRIM34 readthrough TRIM6-TRIM34 NM_001003819 1.42E-08

 nicastrin NCSTN NM_015331 5.51E-07

 pyrroline-5-carboxylate reductase family, member 2 PYCR2 NM_013328 2.46E-05

 suppression of tumorigenicity 7 ST7 NM_021908 4.00E-05

 EPH receptor A2 EPHA2 NM_004431 1.74E-06

 ankyrin repeat and FYVE domain containing 1 ANKFY1 NM_016376 1.12E-05

 solute carrier organic anion transporter family, 

member 4A1 SLCO4A1 NM_016354 2.09E-15

 jumonji domain containing 8 JMJD8 NM_001005920 6.34E-05

 synaptopodin SYNPO NM_007286 2.05E-08

 low density lipoprotein receptor-related protein 1 LRP1 NM_002332 4.12E-08

 calsyntenin 3 CLSTN3 NM_014718 2.37E-06

 chromosome 19 open reading frame 28 C19orf28 NM_174983 6.05E-07

 mannose-P-dolichol utilization defect 1 MPDU1 NM_004870 2.74E-05

 JAZF zinc finger 1 JAZF1 NM_175061 8.63E-06

 golgi-associated, gamma adaptin ear containing, ARF 

binding protein GGA3 NR_033345 7.29E-08

 oxysterol binding protein 2 OSBP2 NM_030758 4.80E-11

 solute carrier family 7 (amino acid transporter, L-

type), member SLC7A8 NM_012244 1.64E-07

 1-acylglycerol-3-phosphate O-acyltransferase 3 AGPAT3 NM_020132 1.01E-05

RAB6-interacting/CAST family member 1 ERC1 NR_027948 6.31E-06

 mitochondrial ribosomal protein S16 MRPS16 NM_016065 1.70E-06

 Alport syndrome, mental retardation, midface 

hypoplasia AMMECR1 NM_001171689 2.23E-07

 cathepsin C CTSC NM_001814 3.44E-05

 KIAA1324 KIAA1324 NM_020775 2.94E-11

 proteasome (prosome, macropain) 26S subunit, non-

ATPase, 3 PSMD3 NM_002809 4.02E-07

 endothelin converting enzyme-like 1 ECEL1 NM_004826 1.30E-09

 asparagine-linked glycosylation 3, alpha-1,3- 

mannosyltransferase ALG3 NM_005787 4.48E-05

 Rho GTPase activating protein 4 ARHGAP4 NM_001164741 7.67E-06

 junction plakoglobin JUP NM_002230 3.25E-07

 interleukin 17 receptor C IL17RC NM_153461 6.48E-09

 catenin (cadherin-associated protein), delta 1 CTNND1 NM_001085458 2.60E-05

 myotubularin related protein 14 MTMR14 NM_001077525 4.69E-05

 palmitoyl-protein thioesterase 2 PPT2 NM_005155 1.17E-05

 acyl-CoA thioesterase 11 ACOT11 NM_147161 4.48E-08

 adhesion regulating molecule 1 ADRM1 NM_007002 5.65E-05
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Gene Assigment Gene Symbol RefSeq p-value Alt Splicing

 protein tyrosine phosphatase, non-receptor type 1 PTPN1 NM_002827 0.000023

 KIAA1217 KIAA1217 NM_019590 0.000064

 translocation associated membrane protein 1 TRAM1 NM_014294 0.000002

 collagen, type XXV, alpha 1 COL25A1 NM_198721 0.000000

 poly-U binding splicing factor 60KDa PUF60 NM_001136033 0.000007

 decapping enzyme, scavenger DCPS NM_014026 0.000075

 dihydropyrimidinase-like 2 DPYSL2 NM_001197293 0.000079

 chromosome 10 open reading frame 68 C10orf68 NM_024688 0.000011

 family with sequence similarity 46, member A FAM46A NM_017633 0.000002

 phosphorylase kinase, alpha 2 (liver) PHKA2 NM_000292 0.000037

 lymphocyte antigen 6 complex, locus K LY6K NM_001160354 0.000004

 meningioma (disrupted in balanced translocation) 1 MN1 NM_002430 0.000000

 thrombospondin 1 THBS1 NM_003246 0.000014

 coiled-coil domain containing 55 CCDC55 NM_032141 0.000008

 MANSC domain containing 1 MANSC1 NM_018050 0.000026

 glypican 1 GPC1 NM_002081 0.000003

 transmembrane protein 8B TMEM8B NM_001042590 0.000073

 tumor protein D52-like 1 TPD52L1 NM_001003395 0.000020

 two pore segment channel 2 TPCN2 NM_139075 0.000001

 zinc and ring finger 1 ZNRF1 NM_032268 0.000039

 aldehyde dehydrogenase 5 family, member A1 ALDH5A1 NM_170740 0.000015

 syndecan 2 SDC2 NM_002998 0.000003

 thioredoxin reductase 2 TXNRD2 NM_006440 0.000053

 phosphatidic acid phosphatase type 2B PPAP2B NM_003713 0.000077

 phospholipid scramblase 4 PLSCR4 NR_033438 0.000050

 polymerase (DNA-directed), delta interacting protein 

2 POLDIP2 NM_015584 0.000069

 histone deacetylase 1 HDAC1 NM_004964 0.000025

 dystrophin DMD NM_000109 0.000000

 angiogenic factor with G patch and FHA domains 1 AGGF1 NM_018046 0.000019

 insulin-like growth factor binding protein 3 IGFBP3 NM_001013398 0.000003

 TraB domain containing TRABD NM_025204 0.000004

 EGF-like, fibronectin type III and laminin G domains EGFLAM NM_152403 0.000000

 proprotein convertase subtilisin PCSK1 NM_000439 0.000000

 phosphatidic acid phosphatase type 2C PPAP2C NM_003712 0.000000

 G patch domain and KOW motifs GPKOW NM_015698 0.000019

 leucine rich repeat containing 61 LRRC61 NM_001142928 0.000000

 intersectin 1 (SH3 domain protein) ITSN1 NM_003024 0.000000

 Rab interacting lysosomal protein RILP NM_031430 0.000029

 NHP2 non-histone chromosome protein 2-like 1 (S. 

cerevisiae) NHP2L1 NM_005008 0.000002

 glycerophosphodiester phosphodiesterase domain 

containing 5 GDPD5 NM_030792 0.000000

 scribbled homolog (Drosophila) SCRIB NM_182706 0.000039

 cleavage and polyadenylation specific factor 2, 

100kDa CPSF2 NM_017437 0.000055

 inositol 1,4,5-trisphosphate 3-kinase B ITPKB NM_002221 0.000001

 inositol(myo)-1(or 4)-monophosphatase 2 IMPA2 NM_014214 0.000001

 solute carrier family 43, member 3 SLC43A3 NM_017611 0.000000

Genes that change only  alternative splicing in Brd2 depleted cells (no change in gene expression)
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 aldehyde oxidase 1 AOX1 NM_001159 0.000086

 non imprinted in Prader-Willi NIPA1 NM_144599 0.000035

 protein O-fucosyltransferase 2 POFUT2 NM_015227 0.000020

 RAD17 homolog (S. pombe) RAD17 NM_133338 0.000059

 chromosome 7 open reading frame 43 C7orf43 BC015722 0.000004

 RAB6A, member RAS oncogene family RAB6A NM_002869 0.000002

 egf-like module containing, mucin-like, hormone 

receptor-like 1 EMR1 NM_001974 0.000075

 shisa homolog 5 (Xenopus laevis) SHISA5 NM_016479 0.000042

 NCK-associated protein 1 NCKAP1 NM_013436 0.000005

 WD repeat domain 92 WDR92 NM_138458 0.000004

 ATP-binding cassette, sub-family A (ABC1), member 

1 ABCA1 NM_005502 0.000015

 kielin KCP NM_001135914 0.000082

 secreted phosphoprotein 1 SPP1 NM_001040058 0.000017

 NAD(P)H dehydrogenase, quinone 1 NQO1 NM_000903 0.000054

 histone deacetylase 6 HDAC6 NM_006044 0.000009

 ring finger protein 14 RNF14 NM_004290 0.000001

 STE20-related kinase adaptor alpha STRADA NM_153335 0.000004

 solute carrier family 17 (anion SLC17A5 NM_012434 0.000000

 eukaryotic translation termination factor 1 ETF1 NM_004730 0.000018

 kinesin family member 13A KIF13A NM_022113 0.000021

 zinc finger, DHHC-type containing 4 ZDHHC4 NM_001134387 0.000001

 NIMA (never in mitosis gene a)- related kinase 10 NEK10 NM_199347 0.000001

 heme binding protein 2 HEBP2 NM_014320 0.000010

 hyaluronoglucosaminidase 1 HYAL1 NM_007312 0.000040

 phosphatidylinositol-5-phosphate 4-kinase, type II, 

gamma PIP4K2C NM_024779 0.000086

 dehydrogenase DHRS3 NM_004753 0.000019

 HSPA (heat shock 70kDa) binding protein, 

cytoplasmic cochaperone HSPBP1 NM_012267 0.000084

 Janus kinase 3 JAK3 NM_000215 0.000040

 transmembrane protein 184A TMEM184A NM_001097620 0.000000

 ATPase, aminophospholipid transporter, class I, type 

8B, member 

	ATP8B3	NM_138813	0.0708492	2.32264e-

008	0.0708492	1.15912	1.15912	NC up vs 

brd	5.97652	44.4996	1.33297	3.744	40.675	1 ATP8B3 NM_138813 0.000000

 CAP-GLY domain containing linker protein 1 CLIP1 NM_002956 0.000024

 ring finger protein 39 RNF39 NM_025236 0.000010

 lysine (K)-specific demethylase 5C KDM5C NM_004187 0.000030

 Tctex1 domain containing 2 TCTEX1D2 NM_152773 0.000000

 peroxisome proliferator-activated receptor gamma PPARG NM_138712 0.000028

 ankyrin repeat domain 1 (cardiac muscle) ANKRD1 NM_014391 0.000010

 SRSF protein kinase 2 SRPK2 NM_182691 0.000000

 ubiquinol-cytochrome c reductase core protein II UQCRC2 NM_003366 0.000067

 ELAV (embryonic lethal, abnormal vision, Drosophila)-

like 1 ELAVL1 NM_001419 0.000014

 Rho guanine nucleotide exchange factor (GEF) 40 ARHGEF40 NM_018071 0.000001

 E2F transcription factor 7 E2F7 NM_203394 0.000056

 glutaminase GLS NM_014905 0.000001

 protein tyrosine phosphatase type IVA, member 1 PTP4A1 NM_003463 0.000044

 vacuolar protein sorting 28 homolog (S. cerevisiae) VPS28 NM_183057 0.000000

 amino-terminal enhancer of split AES NM_198969 0.000007

 methylphosphate capping enzyme MEPCE NM_019606 0.000051
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 ankyrin 3, node of Ranvier (ankyrin G) ANK3 NM_020987 0.000003

 adducin 1 (alpha) ADD1 NM_176801 0.000000

 high-mobility group box 2 HMGB2 NM_001130688 0.000063

 trafficking protein particle complex 5 TRAPPC5 NM_174894 0.000048

 par-3 partitioning defective 3 homolog (C. elegans) PARD3 NM_019619 0.000001

 sidekick homolog 2 (chicken) SDK2 NM_001144952 0.000073

 structural maintenance of chromosomes 1A SMC1A NM_006306 0.000031

 KRR1, small subunit (SSU) processome component, 

homolog (yeast) KRR1 NM_007043 0.000057

 carbonic anhydrase XI CA11 NM_001217 0.000066

 metastasis associated 1 family, member 2 MTA2 NM_004739 0.000003

 alpha-kinase 2 ALPK2 NM_052947 0.000018

 DEAD (Asp-Glu-Ala-Asp) box polypeptide 6 DDX6 NM_004397 0.000078

 GDP-mannose 4,6-dehydratase GMDS NM_001500 0.000041

 glycogenin 2 GYG2 NM_003918 0.000008

 threonyl-tRNA synthetase TARS NM_152295 0.000057

 RAB4B, member RAS oncogene family RAB4B NM_016154 0.000002

 homer homolog 3 (Drosophila) HOMER3 NM_004838 0.000050

 optic atrophy 1 (autosomal dominant) OPA1 NM_130837 0.000008

 KIAA0664 KIAA0664 NM_015229 0.000021

 tenascin XB TNXB NM_019105 0.000004

 MAX dimerization protein 4 MXD4 NM_006454 0.000014

 chromosome 20 open reading frame 20 C20orf20 NM_018270 0.000078

 3-hydroxy-3-methylglutaryl-CoA reductase HMGCR NM_000859 0.000001

 phosphodiesterase 4D, cAMP-specific PDE4D NM_001165899 0.000037

 aryl-hydrocarbon receptor nuclear translocator 2 ARNT2 NM_014862 0.000002

 cyclin-dependent kinase 16 CDK16 NM_006201 0.000008

 carcinoembryonic antigen-related cell adhesion 

molecule 1 CEACAM1 NM_001712 0.000007

 cysteine conjugate-beta lyase 2 CCBL2 NM_001008661 0.000033

 cleavage and polyadenylation specific factor 3-like CPSF3L NM_017871 0.000011

 DEAD (Asp-Glu-Ala-Asp) box polypeptide 56 DDX56 NM_019082 0.000000

 BTB (POZ) domain containing 1 BTBD1 NM_025238 0.000031

 splicing factor 1 SF1 NM_004630 0.000000
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