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Abstract 
 

Cyclin-dependent kinase 9 (CDK9) was shown to be the Ser/Thr kinase that 

phosphorylates the C-terminal domain (CTD) of the largest subunit of RNA Polymerase 

II (RNAPII) at serine residue 2 in mammalian thus regulating its activity following 

transcriptional inititiation. Furthermore, CDK9 was suggested to also regulate co-

transcriptional histone modifications and mRNA processing events. Our studies show 

that CDK9 functions in maintaining global levels of histone H2B lysine 120 

monoubiquitination (H2Bub1) at lysine 120 and guides a complex network for 

additional histone modifications, including histone H3 lysine 4 trimethylation 

(H3K4me3) and H3K36me3. However, these modifications seem to not only be 

dependent upon phosphorylation of the CTD but include other CDK9 targets like 

suppressor of Ty 5 homolog (SUPT5H), negative elongation factor-E (NELF-E) and 

probably the ubiquitin-conjugating enzyme E2A (UBE2A). Interestingly, we found that 

CDK9 activity and the mentioned histone modifications are necessary for maintaining 

proper replication-dependent histone mRNA 3’ end processing since CDK9 knockdown 

resulted in an inefficient recognition of the correct cleavage site and led to read-through 

of RNAPII to an alternative downstream polyadenylation signal. Furthermore, induction 

of a G1 cell cycle arrest by accumulation of p53 resulted in an increase in 

polyadenylated replication-dependent histone mRNA transcripts as well via reduced 

expression of the E2F-dependent histone-specific transcription regulator nuclear protein 

Ataxia Telangiectasia locus (NPAT). We could show that NPAT can directly interact 

with the positive transcription elongation factor b (P-TEFb) and thus recruits CDK9 to 

replication-dependent histone genes playing a role in proper replication-dependent 

histone mRNA 3’ end processing. These latest results uncover a mechanism of a 

regulated switch form processed replication-dependent histone mRNA transcripts to 

polyadenylated ones during a normal cellular process. 
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1. General Introduction 
 

1.1 RNA Polymerase II-dependent transcription and mRNA 
processing 

 

In eukaryotes protein coding genes are transcribed by RNA Polymerase II 

(RNAPII) from DNA into messenger RNA (mRNA) in the nucleus. Subsequently, the 

mRNA is transported into the cytoplasm and translated into proteins. The transcript 

generation by RNAPII takes place in a so-called transcription cycle that includes the 

three main phases initiation, elongation, and termination. Before the first step takes 

place, general transcription factors (GTFs) build a platform at the promoter of the 

respective gene and recruit RNAPII to form the preinitiation complex (PIC). In detail, 

the PIC includes RNAPII, the general factors TFIID, IIB, IIE, IIF, IIH and additional 

cofactors (Orphanides et al., 1996). TFIIH, the last initiation factor that binds to the 

PIC, has ATPase, helicase and kinase activity (Svejstrup et al., 1996). After formation 

of an open complex between RNAPII and the melted double-stranded DNA, which is an 

ATP-dependent process, the first phosphodiester bond is built and the presence of 

nucleotide triphosphates (NTPs) allows RNAPII to clear the promoter. The kinase 

activity of TFIIH finally leads to the phoshorylation of the carboxy-terminal domain 

(CTD) of the largest subunit of RNAPII (RBP1), at serine residue 5 (Ser5) being an 

important part of transcriptional regulation (Lee and Young, 2000). This event will be 

described in detail in section 1.1.3 on page 4ff. In the early stage of elongation the 

transcription elongation complex (TEC) is instable and has the tendency to release the 

transcribed mRNA, a process which is called abortive initiation (Sims III et al., 2004). 

It was shown that after synthesis of a 23 nucleotide long transcript the slippage becomes 

undetectable and a stabilized TEC is formed (Pal and Luse, 2003). The promoter escape 

may be followed by an additional regulatory step, promoter-proximal pausing, which 

may be subsequently followed by productive elongation (Saunders et al., 2006). The 

transcription cycle finally ends with the termination phase in which the mRNA is 

cleaved and polyadenylated and RNAPII is removed from the gene (Proudfoot et al., 

2002). 

 
1.1.1 Regulation of transcription by promoter-proximal pausing 
 

Promoter-proximal pausing, a rate limiting and regulatory step, occurs when the 

transcript reaches a size of 20-50 bases (Bentley, 2005). This phenomenon was first 
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demonstrated for the heat-shock gene hsp70 of Drosophila melanogaster (Gilmour and 

Lis, 1986). Before RNAPII commits into productive elongation, promoter-proximal 

pausing functions as a checkpoint and is controlled by specific negative elongation 

factors that will now be introduced (Saunders et al., 2006). The entry of RNAPII into 

productive elongation is repressed by two important negative factors the DRB 

sensitivity-inducing factor (DSIF) consisting of the subunits suppressor of Ty4 (Spt4p) 

in yeast or suppressor of Ty4 homolog (SUPT4H) in humans, Spt5p or SUPT5H 

respectively and the negative elongation factor (NELF) which comprises four subunits 

NELF-A, B, C/D and E (Narita et al., 2003; Wada et al., 1998a; Yamaguchi et al., 

1999). DSIF can bind to the hypophosphorylated form of RNAPII (RNAPIIa) and NELF 

then binds to the preformed binary DSIF/RNAPII complex and the nascent RNA which 

leads to an increased pausing time and a decreased transcription rate of RNAPII 

(Renner et al., 2001; Yamaguchi et al., 2002). 

It is postulated that the pausing of RNAPII mediated by DSIF and NELF is 

needed to allow the recruitment of the capping enzyme (CE) and hence the addition of a 

7-methyl guanosine cap to the 5’ end of the nascent transcript (Sims III et al., 2004). 

The CE associates with the Ser5-phosphorylated form of the CTD of RNAPII and with 

SUPT5H (Rodriguez et al., 2000; Wen and Shatkin, 1999). The efficient release of 

paused RNAPII into the productive elongation phase is largely controlled by the 

positive transcription elongation factor b (P-TEFb). P-TEFb phosphorylates the CTD of 

RNAPII at serine residue 2 (Ser2) as well as the human DSIF subunit SUPT5H. 

SUPT5H is phosphorylated at a C-terminal repeat similar to the RNAPII-CTD and this 

modification leads to a conversion from a negative to a positive function of DSIF in 

transcriptional elongation (Peterlin and Price, 2006; Yamada et al., 2006). In addition, 

P-TEFb phosphorylates NELF-E, thereby releasing RNAPII from the repressive 

complex (Fujinaga et al., 2004; Peterlin and Price, 2006). Furthermore, the chromatin 

specific transcription elongation factor FACT (facilitates chromatin transcription) that 

was originally identified for its role in allowing elongation through chromatin, 

cooperates with P-TEFb to remove the DSIF/NELF-mediated negative regulation of 

transcription (Wada et al., 2000). The combined effects of different P-TEFb 

phosphorylation events relieves the repressing action of these negative elongation 

factors on RNAPII which allows the change from promoter-proximal pausing to 

productive elongation (Fujinaga et al., 2004; Ivanov et al., 2000; Kim and Sharp, 2001; 

Renner et al., 2001; Wada et al., 1998b; Yamaguchi et al., 1999). P-TEFb thus has 
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separate functions to promote transcription. On the one hand it blocks the activity of 

repressors in the early stage of elongation and on the other hand it phosphorylates the 

CTD during productive elongation (Wood and Shilatifard, 2006). The fact that 

productive elongation requires a variety of additional elongation factors shows that this 

is a highly regulated process. 

 

1.1.2 The positive transcription elongation factor b (P-TEFb) 
 

The positive transcription elongation factor b was identified as a factor 

that can stimulate 5,6-dichloro-1-β-D-ribofuranosyl-benzimidazole (DRB) sensitive 

transcription and is required for RNAPII to synthesize long transcripts (Marshall and 

Price, 1992). The complex is a heterodimer composed of the cyclin-dependent kinase 9 

(CDK9), a cell division cycle protein 2 (CDC2)-like Serine/Threonine kinase, and one 

of four cyclin partners, Cyclin T1, T2a, T2b or Cyclin K (Fu et al., 1999; Peng et al., 

1998b; Peng et al., 1998a). CDK9 was identified in 1994 and first named PITALRE, 

based on a conserved sequence found in CDC2 and related kinases, due to its unknown 

function and interaction partners (Grana et al., 1994). In addition to the well known 42 

kDa form of the CDK9 protein a second, larger form, CDK9(55), was identified that is 

translated from an mRNA that is generated by using a second upstream promoter of the 

CDK9 gene (Shore et al., 2003). As a general transcription factor P-TEFb is required for 

the efficient transcription of most genes. Its main function is the Ser2-phosphorylation 

of the CTD of RNAPII thereby promoting transcriptional elongation and other co-

transcriptional processes (Marshall et al., 1996).  

Compared to the functions of P-TEFb in mammals there are two homologs that 

combine its activities in Saccharomyces cerevisiae which include the Bur1p/Bur2p and 

the Ctk kinase complexes (consisting of Ctk1p, Ctk2p and Ctk3p) that may both 

function in the phosphorylation of the CTD (Wood and Shilatifard, 2006). 

P-TEFb can be found either in an active or in an inactive complex. The core 

active complex comprises CDK9, Cyclin T1 or T2 and the bromodomain containing 4 

protein (BRD4) (Jang et al., 2005). BRD4 was shown to recruit P-TEFb to 

transcriptional templates in vitro and in vivo and since BRD4 binds acetylated residues 

on histones it may facilitate P-TEFb recruitment to active genes (Bres et al., 2008; Wu 

and Chiang, 2007; Yang et al., 2005). 

Besides the core active P-TEFb complex an inactive “large” P-TEFb complex 

exists and contains at least 50% of CDK9 in HeLa cells. In addition to CDK9 and 
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Cyclin T1 or T2 the large complex comprises the 7SK small nuclear RNA (7SK 

snRNA) and the hexamethylene bisacetamide-induced protein 1 or 2 (HEXIM1,2) 

(Michels et al., 2003; Michels et al., 2004; Nguyen et al., 2001; Yang et al., 2001; Yik 

et al., 2003). It is postulated that a single molecule of 7SK snRNA binds a dimer of 

HEXIM1 or HEXIM2 thus changing its conformation so that it exposes a binding 

domain for P-TEFb. Phosphorylation of T186 of the T-loop of CDK9 allows the 

binding of two complexes to the HEXIM proteins resulting in an inactive P-TEFb 

complex (Li et al., 2005b; Marshall and Grana, 2006). Another component of the 

inactive P-TEFb complex is La ribonucleoprotein domain family, member 7 (LARP7) 

also designated as PIP7S (P-TEFb interaction protein for 7SK stability) (He et al., 2008; 

Krueger et al., 2008; Markert et al., 2008). As a stable component of the 7SK snRNP it 

stays bound to 7SK snRNP when P-TEFb is activated and released and its expression is 

essential for maintaining 7SK stability and the integrity of the large complex (Krueger 

et al., 2008).  

A further possibility of regulating P-TEFb activity is the acetylation of CDK9 

with the major acetylation site being at lysine 44. This posttranslational modification 

was shown to enhance the ability of P-TEFb to phosphorylate the serine 2 residue of the 

CTD of RNAPII (Fu et al., 2007). 

 

1.1.3. The “CTD-code” of RNAPII 
 

In addition to its catalytical core, the largest subunit of eukaryotic RNAPII 

(RBP1) contains an unusual carboxy-terminal domain (CTD) that comprises 52 

repeated heptapeptides in humans and mice with the consensus sequence Tyr-Ser-Pro-

Thr-Ser-Pro-Ser (Y1S2P3T4S5P6S7) (Corden et al., 1985; Corden, 1990). This sequence 

is evolutionary conserved but the number of repeats varies from 26 in yeast, 32 in 

nematodes, 45 in Drosophila melanogaster and 52 in mammals (Egloff and Murphy, 

2008). It is a target for phosphorylation which can act as a platform for proteins that are 

implicated in different co-transcriptional processes (Brookes and Pombo, 2009; 

Dahmus, 1995). 

Two forms of RNAPII either containing a hypo- or a hyperphosphorylated CTD 

(RNAPIIa and RNAPII0 respectively) exist (Dahmus, 1981). The non- or 

hypophosphorylated RNAPII is associated with the PIC at the promoter whereas the 

hyperphosphorylated form is part of the elongating complex. As already mentioned in 

section 1.1 on page 1 and section 1.1.2 on page 3f. phosphorylation mainly occurs on 
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Ser2 and Ser5 of the heptapeptide but was recently found on Ser7 (Chapman et al., 

2007; Egloff et al., 2007). Phosphorylation of Thr4 and Tyr1 have also been postulated, 

as has glycosylation of Thr4. Ser5 phosphorylation occurs near the 5’ end of genes and 

is carried out by the cyclin-dependent kinase 7 (CDK7) a component of the general 

transcription factor TFHII that binds to the hypophosphorylated form of RNAPII 

(Komarnitsky et al., 2000). This modification allows the binding of the 

guanyltransferase that is responsible for addition of the 7-methyl guanosine cap to the 5’ 

end of the newly synthesized mRNA (Cho et al., 1998). When promoter-proximal 

pausing occurs after promoter escape CDK9 as part of P-TEFb phosphorylates the CTD 

at Ser2 allowing RNAPII for productive elongation (Marshall et al., 1996). 3’ end 

processing factors like the protein 1 of cleavage and polyadenylation factor I (PCF11) 

were shown to directly bind to P-Ser2 repeats containing CTDs (Meinhart and Cramer, 

2004). Chromatin Immunoprecipitation (ChIP) results showed that P-Ser5 of the CTD 

predominates near the transcription start site of a gene, whereas in the middle of a gene 

both Ser2 and Ser5 are phosphorylated and near the 3’ end Ser2 is extensively 

phosphorylated (Phatnani and Greenleaf, 2006). Phosphorylation of Ser7 appears to 

play a gene-specific role being required for the proper expression of snRNA genes but 

not protein-coding genes. Furthermore, it seems to be critical for recruiting the 

Integrator complex which is necessary for the 3’ end processing of snRNAs (Egloff et 

al., 2007). Recent findings indicated that the kinase homolog to CDC28 (Kin28p) in 

yeast and its homolog CDK7 in humans are the kinases responsible for phosphorylation 

of Ser7 (Akhtar et al., 2009; Boeing et al., 2010). 

Since the phosphorylation of the CTD is a dynamic process, also 

dephosphorylation must be performed by specific phosphatases. The TFIIF-associated 

CTD phosphatase 1 (FCP1) and the small CTD phosphatase 1 (SCP1) were reported to 

dephosphorylate Ser2 and Ser5 respectively of the heptapeptide sequence (Egloff and 

Murphy, 2008; Meinhart et al., 2005; Yeo et al., 2003; Yeo et al., 2005). 

Phosphorylated RNAPII is associated with pre-mRNA processing factors like 

the 5’ end capping enzyme, splicing factors, cleavage and polyadenylation factors 

(Bentley, 2005). Up to now, 8 different phosphorylation patterns within the repeat are 

possible (unphosphorylated CTD, combinations of P-Ser2, P-Ser5 and P-Ser7 CTD). 

These different modification patterns appear to play a role in the recruitment of specific 

regulatory factors that control the activity of transcribing RNAPII (Corden, 2007). 

Thus, differential posttranslational modifications of the CTD residues within the 
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heptapeptide sequence generate a so-called “CTD code” that serves as a platform for a 

variety of proteins that are timely recruited during the transcription cycle (Egloff and 

Murphy, 2008). In addition to the phosphorylation pattern the cis/trans isomerization of 

the proline residues Pro3 and Pro6 by the peptidyl-prolyl cis/trans isomerase, NIMA-

interacting 1 protein (Pin1p) which binds to Ser2- and Ser5-phosphorylated CTD and 

change the structure of the CTD likely also add to the complexity of the “CTD code” 

(Buratowski, 2003). 

Each of these different possible conformation patterns of the CTD is thought to 

play its own role in the regulation of RNAPII-dependent transcription by being 

responsible for specific transcriptional steps and co-transcriptional pre-mRNA 

processing events. Theoretically, every residue is a potential target for some kind of 

posttranslational modification. Thus, multiple CTD modifications help to recruit 

specific proteins which play important roles in the regulation of transcription (illustrated 

in Fig 1 on page 6). 

 

 
 

Fig 1: RNAPII-dependent transcription and the CTD phosphorylation patterns. When the PIC is 
built RNAPII is present in a hypophosphorylated form. TFIIH then phosphorylates Ser5 and in some 
genes Ser7 which leads to promoter clearance. Pausing takes place upon binding of the negative 
elongation factors NELF and DSIF, the capping enzyme (CE) is recruited and 5’ capping takes place. 
Upon recruitment of P-TEFb, Ser2, DSIF and NELF are phosphorylated, leading to the dissociation of 
NELF, the conversion of DSIF into a positive transcription elongation factor and consequently to 
productive elongation (modified from Peterlin and Price, 2006; Phatnani and Greenleaf, 2006). 
 

1.1.4 Co-transcriptional mRNA processing 
 

Several pre-mRNA processing events including 5’ end capping, splicing and 3’ 

end formation by cleavage and polyadenylation occur co-transcriptionally (Bentley, 

2005; Sisodia et al., 1987). The CTD of RNAPII provides a landing pad for mRNA 

processing factors and plays a central role in the coupling of processing and 
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transcription since the truncation of the CTD was shown to result in defects in capping, 

cleavage/polyadenylation and splicing (McCracken et al., 1997). 

The first event of co-transcriptional processing during the transcription cycle 

takes place at the step of transcriptional initiation and requires Ser5-phosphorylated 

CTD. As already mentioned in section 1.1.3 on page 4ff. this modification is recognized 

by the capping machinery implicating the three different enzymes RNA triphosphatase, 

guanylyltransferase and 7-methyltransferase in yeast or rather two enzymes, the capping 

enzyme, that implicates triphosphatase and guanylyltransferase activities, and the 7-

methyltransferase in mammalian (Ho and Shuman, 1999; Schroeder et al., 2000; 

Shuman, 2001). It was shown that the human capping enzyme can stimulate promoter 

escape of RNAPII by relieving transcriptional repression by NELF and that its 

recruitment is enhanced by directly binding to SUPT5H (Mandal et al., 2004). Since 

human capping enzymes were found at 5’ ends as well as throughout genes and even in 

3’ regions downstream of the poly(A) site, they seem to stay bound to the RNAPII 

platform after capping has taken place and may therefore even influence elongation, 

termination and 3’ end processing (Glover-Cutter et al., 2008; Perales and Bentley, 

2009). 

Splicing factors are recruited to the nascent transcript as well and either remove 

most of the introns co-transcriptionally or mark others for post-transcriptional splicing 

(Wetterberg et al., 2001). For splicing U1 snRNP first binds to the GU sequence at the 

5’ splice site of the intron and U2 small nuclear RNA auxiliary factor (U2AF) to the AG 

3’ splice site. U2 snRNP then base pairs with the branch site, the triple snRNP U4-

U6/U5 is recruited and rearranged to assume the catalytically active conformation as U1 

and U4 are discarded (Perales and Bentley, 2009). U1 snRNP and other splicing 

regulatory proteins were shown to be recruited to genes and to interact with the CTD of 

RNAPII resulting in efficient splicing (Das et al., 2007; Listerman et al., 2006). 

Additionally, the knockdown of the chromodomain protein 1 (CHD1) and the decrease 

in H3K4me3 levels leads to a diminished association of U2 snRNP with chromatin and 

results in less efficient pre-mRNA splicing in vivo showing that H3K4me3 is crucial for 

efficient recruitment of spliceosomal proteins via the CHD1 protein (Sims III et al., 

2007). 

Cleavage and polyadenylation of the transcript also occurs co-transcriptionally 

and is performed by a large cleavage/poly(A) complex. In yeast this complex is 

recruited to elongating RNAPII in part by binding of the components polyadenylation 
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and cleavage factor subunit 11 (Pcf11p) which is a subunit of the cleavage factor 1A 

(CF1A) and the termination factor regulator of Ty1 transposition 103 (Rtt103p) to the 

Ser2-phosphorylated CTD (Kim et al., 2004; Licatalosi et al., 2002; Meinhart and 

Cramer, 2004; Proudfoot, 2004). In mammals the cleavage factor CPSF73 was found at 

both the 5’ and 3’ ends of genes and is thought to first bind with TFIID to the promoter 

and is then handed off to RNAPII and travels with it (Glover-Cutter et al., 2008). 

Recently, purification of the human 3’ end processing complex identified 

approximately 85 proteins including the polymerase associated factor (PAF) complex 

subunit cell division cycle 73 (CDC73) and the FACT subunit suppressor of Ty16 

homolog (SUPT16H) implicating a connection between 3’ end processing and 

transcriptional elongation in human cells (Shi et al., 2009). The cleavage and 3’ end 

formation events in mammals will be explained in detail in the next sections. 

 

1.1.4.1 Mammalian 3’ end processing of polyadenylated mRNAs 
 

In higher eukaryotes the canonical polyadenylation signal AAUAAA is 

recognized and bound by the cleavage and polyadenylation specificity factor (CPSF) 

that consists of at least five subunits (CPSF160, CPSF100, CPSF73, CPSF30 and FIP1). 

Another canonical sequence, the downstream sequence element (DSE) that is rich in 

G/U or U residues is located up to 30 nt downstream of the cleavage site and is bound 

by the cleavage stimulating factor (CSTF). After assembly of the basal 3’ end 

processing machinery that consists of the cleavage factors I and II (CFI and CFII), 

CPSF73 catalyses the endonucleolytic cleavage at the cleavage site, 10-30 nt 

downstream of the poly(A) signal (Danckwardt et al., 2008; Shi et al., 2009; Weiner, 

2005). Afterwards, the poly(A) polymerase (PAP) adds approximately 250 A-

nucleotides to the 3’ end of the cleaved transcript (Danckwardt et al., 2008). Additional 

upstream or downstream signals can facilitate the cleavage that often occurs 3’ to the 

dinucleotide CA (Weiner, 2005). CPSF was shown to directly interact with the 

transcription factor TFIID already being associated with transcription in the 

preinitiation complex (Dantonel et al., 1997). 

In contrast to all other known eukaryotic mRNAs, replication-dependent histone 

mRNAs are not polyadenylated and their processing requires a different set of proteins. 

The details of histone mRNA 3’ end processing and the functions of important factors 

being involved will be explained in section 1.3.2 on page 23ff. 
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1.1.4.2 The importance of 3’ end processing 
 

 Eukaryotic pre-mRNA 3’ end processing is a very important process that has 

several functions crucial for cell growth and viability. Polyadenylation of the 3’ end of 

the pre-mRNA is important for its transport from the nucleus into the cytoplasm 

(Vinciguerra and Stutz, 2004). Furthermore, it functions in promoting stability of the 

mRNA by preventing degradation by 3’ exonucleases which is a principle mechanism 

controlling mRNA stability (Wickens et al., 1997). Both, the addition of a poly(A) tail 

and the binding of the poly(A)-binding protein (PABP) has been shown to prevent 

degradation of mRNAs in the cytoplasm (Ford et al., 1997). The translation of mRNAs 

into proteins is enhanced by the interaction of the poly(A) tail and the PABP with the 5’ 

cap (Wilusz et al., 2001). This interaction was shown to optimize the efficiency of 

translation in yeast (Preiss and Hentze, 1998). The 3’ end processing machinery 

interacts with transcription factors of the preinitiation complex and with the CTD of 

RNAPII thus potentially playing a role in controlling transcriptional initiation. In 

addition, the poly(A) signal is crucial for proper transcriptional termination (Bentley, 

2002; Proudfoot, 2004). Conversely, defects in 3’ end processing can negatively 

influence transcription (Manley, 2002). 

 

1.2 Chromatin structure and histone modifications 
 

The genomic DNA of all eukaryotic cells is highly condensed and wrapped 

around core histone proteins to produce a condensed structure called the chromatin 

(Kornberg, 1974). One nucleosome, which is the fundamental unit of the chromatin 

structure, comprises a core of eight histone proteins: two each of histone 2A (H2A) and 

2B (H2B), histone 3 (H3) and histone 4 (H4) whereby two H2A-H2B dimers interact 

with an H3-H4 tetramer. Around these nucleosomes 147 base pairs of DNA are twined 

(Kornberg, 1977; Luger et al., 1997). The H1 histone serves as a linker that associates 

with DNA between single nucleosomes which leads to a high folded 30 nm fiber (Allan 

et al., 1980; Thoma et al., 1979). Histones are small basic proteins that consist of a 

flexible positively charged N-terminus the so-called “histone tail” and a globular 

COOH-terminal domain that make up the nucleosome scaffold (Fischle et al., 2003; 

Jenuwein and Allis, 2001). The N-termini protrude away from the DNA and are thus 

exposed on the nucleosome surface (Luger et al., 1997). The majority of chromatin is 

found in a condensed, compact form called heterochromatin that contains only a few 
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genes and is generally transcriptionally inactive. In comparison, the uncondensed 

regions of the genome that contain a high density of genes is referred to as euchromatin 

and generally more transcriptionally active (Henikoff, 2000; Richards and Elgin, 2002). 

Today it is known that not only the structure of chromatin but also posttranslational 

modifications of the histone tails are linked to transcriptional regulation.  

 

1.2.1 Histone modifications and the “histone code” 
 

Given their position of the surface of the nucleosomes the histone tails function 

as acceptors for a variety of enzyme-catalyzed posttranslational modifications taking 

place at specific amino acid side chains including acetylation, methylation, 

ubiquitination and sumoylation of lysine residues, phosphorylation of serine and 

threonine residues, and methylation of arginine residues (Fischle et al., 2003; Turner, 

2007) (illustrated in Fig 2 on page 11). There are two possible mechanisms how 

posttranslational modifications of histones can regulate transcriptional activity. The first 

model predicts that the different chromatin modifications result in changes in 

electrostatic charge i.e. acetylation that neutralizes positive charge or phosphorylation 

that adds a negative charge or from modified interactions between nucleosomes (Strahl 

and Allis, 2000). This change would then affect the ability of nucleosomes to bind to 

DNA and thereby alter the accessibility for DNA binding proteins such as transcription 

factors. The second and probably most important model is the change of the 

nucleosome surface by the attached chemical poststranslational modifications that 

serves as a platform for specific chromatin-binding proteins (Berger, 2007). Two classes 

of domains that interact with specific modified residues are the bromodomain which 

binds to acetylated lysine residues and the chromodomain that interacts with methylated 

lysine residues (Berger, 2002). The hypothesis that a network of posttranslational 

modifications including the number, type, combination and localization within the 

genome controls the status of a gene thereby controlling the biological outcome is 

termed the “histone code” (Berger, 2002; Jenuwein and Allis, 2001; Strahl and Allis, 

2000). In addition, histone modifications can influence each other in a synergistic or 

antagonistic way leading to a complex and diverse imprint pattern (Jenuwein and Allis, 

2001). There are histone modifications that are linked to transcriptional activation and 

others for transcriptional repression. The most studied example, histone actetylation, is 

balanced by histone acetyltransferases (HATs) and histone deacetylases (HDACs) and 

is generally associated with the promoters of actively transcribed genes (Li et al., 2007). 
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In the next section some specific other posttranslational modifications are pointed out 

and described in detail. 

 

 

 

Fig 2: Posttranslational modifications of the core histones and their positioning. The histone tails can 
be methylated at lysines and arginines (green pentagons), phosphorylated at serines or threonines (yellow 
circles), acetylated at lysines (red triangles), or ubiquitinated at lysines (blue stars) (modified from 
Peterson and Laniel, 2004). 
 

1.2.1.1 Histone H2B monoubiquitination (H2Bub1) 
 

Monoubiquitination of histone H2B (H2Bub1) was shown to be associated with 

transcriptionally active DNA and appears to occur primarily co-transcriptionally (Davie 

and Murphy, 1990; Osley, 2006). In humans H2Bub1 is preferentially found in the 

transcribed regions of highly expressed genes and was reported in yeast to be required 

for efficient reassembly of nucleosomes during elongation. Therefore H2Bub1 was 

suggested to be linked to transcriptional elongation in both yeast and humans (Fleming 

et al., 2008; Minsky et al., 2008). 

The ubiquitination process requires three separate enzymatic activities 

(Hochstrasser, 1996). First, ubiquitin, a 76 amino acid protein, is activated by an 

ubiquitin activating enzyme (E1) in an ATP-dependent manner. Secondly, it is 

conjugated to a cysteine residue of a ubiquitin conjugating enzyme (E2) via a thioester 

bond and finally transferred to a target lysine residue by a ubiquitin-protein-isopeptide 

ligase (E3) (Weake and Workman, 2008). Whereas polyubiquitination generally targets 

a protein for degradation via the 26S proteasome, monoubiquitination is generally 

associated with a change in protein function (Pickart, 2001). 
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In yeast (Saccharomyces cerevisiae) H2Bub1 takes place at lysine residue 123 

(K123) whereas in humans it occurs at lysine residue 120 (K120) (Osley, 2006). Less 

than 10% of the total histone H2B are monoubiquitinated and this modification is 

rapidly removed by ubiquitin proteases (UBPs) and is thus a highly dynamic process 

(Osley, 2004; Zhang, 2003). In yeast, Ubp8p, a component of the Spt-Ada-Gcn5-

acetyltransferase (SAGA) complex deubiquitinates H2B in vitro and in vivo and in 

humans ubiquitin specific protease 22 (USP22), a subunit of the human SAGA complex 

was shown to be the ortholog of yeast Ubp8p (Henry et al., 2003; Zhang et al., 2008). 

Interestingly, both ubiquitination and deubiquitination of histone H2B appear to be 

involved in transcriptional activation (Henry et al., 2003). 

In yeast, the E2 enzyme for H2Bub1 in vivo was shown to be radiation-sensitive 

mutant protein 6 (Rad6p) and the interacting E3 ligase was identified to be a RING 

finger protein called brefeldin A sensitive protein 1 (Bre1p) (Hwang et al., 2003; 

Robzyk et al., 2000; Wood et al., 2003a). Based on sequence alignment two homologs 

for the yeast Rad6p protein have been found in humans, namely hHR6A and hHR6B or 

also called UBE2A and UBE2B according to the new nomenclature (Koken et al., 

1991). Up to now it is debated if these are the E2 enzymes responsible for H2Bub1 in 

vivo or if rather another ubiqutin conjugase, UBCH6, could be implicated in this process 

(Pavri et al., 2006; Zhu et al., 2005b). Concerning the E3 ligase two RING finger 

proteins, RNF20 and RNF40, that share sequence homology with yeast Bre1p were 

shown to both be essential for monoubiquitination of histone H2B (Kim et al., 2009; 

Zhu et al., 2005b). 

Rad6p can associate with the elongating form of RNAPII and this interaction is 

dependent upon Bre1p and the Paf1p complex in yeast (Xiao et al., 2005). The yeast 

Paf1p complex, consisting of five different proteins (Paf1p, Rtf1p, Ctr9p, Cdc73p and 

Leo1p) was identified to bind to Ser5-P CTD of RNAPII and to interact with Bre1p to 

recruit Rad6p to the promoter region of actively transcribed genes (Laribee et al., 2007). 

Rad6p is also phosphorylated and thereby activated by the Bur1p/Bur2p kinase complex 

which in this way is implicated in controlling monoubiquitination of H2B (Wood et al., 

2005; Wood and Shilatifard, 2006). These observations show that H2Bub1 is a histone 

mark that is coupled to RNAPII transcriptional elongation in both yeast and humans. 
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1.2.1.2 Histone H3 lysine 4 trimethylation (H3K4me3) 
 

Methylation of histones occurs either on arginine and/or lysine residues, whereas 

arginine methylation of histones is involved in gene activation but lysine methylation 

instead can influence either activation or repression (Berger, 2002). The lysine residues 

of histone H3 or H4 are methylated by lysine methylating transferases (KMTs) and can 

be mono- di- or trimethylated. Each level of modification can have a different biological 

outcome showing the complexity of this posttranslational modification (Berger, 2007). 

Trimethylation of histone H3 (H3K4me3) is associated with highly 

transcriptionally active genes whereas dimethylation of histone H3 (H3K4me2) occurs 

at both inactive and active genes (Berger, 2007; Bernstein et al., 2002; Santos-Rosa et 

al., 2002). Concerning the localization of this posttranslational modification, it was 

shown that H3K4me3 occurs near the transcription start site (TSS) and the 5’ end of the 

open reading frame (ORF), H3K4me2 is found throughout the whole body of the gene 

but peaks in the middle and H3K4me1 is enriched at the 3’ end of genes (Li et al., 2007; 

Pokholok et al., 2005). Mono-, di- and trimethylation of histone H3 is performed by the 

complex of proteins associated with Set1p (COMPASS) in yeast, a homolog of the 

human methyltransferases SET1 and the mixed lineage leukemia (MLL) protein family 

(Schneider et al., 2005). Human MLL complexes contain the subunits absent, small, or 

homeotic-like protein (ASH2L), retinoblastoma binding protein 5 (RBBP5) and WD 

repeat domain 5 protein (WDR5) and knockdown of ASH2L results in a global 

reduction of H3K4me3 (Steward et al., 2006). The MLL1 gene is involved in numerous 

translocations that are found in several human acute leukemias (Rowley, 1998; Tenney 

and Shilatifard, 2005). The fusion proteins of such translocated MLL genes loose their 

H3K4 methyltransferase domain but are still able to bind to homeobox (HOX) genes 

and are associated with an increase in their expression and thus dysregulation (Guenther 

et al., 2005; Krivtsov et al., 2008; Rozovskaia et al., 2001). 

Since H3K4 methylation does not affect transcription elongation in vitro per se 

and in addition the methyltransferase Set1p does not affect the processivity of RNAPII 

in yeast in vivo, the precise function of H3K4 methylation in transcription regulation is 

not yet known (Mason and Struhl, 2003; Pavri et al., 2006). The importance of H3K4 

methylation thus seems to lie primarily in a signalling function (Li et al., 2007). This is 

supported by the fact that chromatin-remodeling factors and histone modification 

complexes that contain plant homeodomain (PHD) fingers can directly recognize and 



General Introduction 
  

 14 

bind to H3K4me3 (Zhang, 2006) and recruit complexes to activate or repress 

transcription. 

The methylation status of H3K4 plays a role in either recruiting, activating or 

repressing effectors. H3K4me2 and H3K4me3 both recruit acetyltransferases directly or 

via binding of Chd1p, an elongation-related chromatin-remodeling factor, and the 

methyltransferase Set1p as part of COMPASS which leads to an increase in other 

histone acetylations and trimethylated H3K4 respectively (Berger, 2007; Pray-Grant et 

al., 2005; Sims III and Reinberg, 2006). In humans CHD1 associated with H3K4me3 

assists in recruiting pre-spliceosomal components like U2 snRNP to chromatin resulting 

in facilitating pre-mRNA maturation (Sims III et al., 2007; Sims III and Reinberg, 

2009). Importantly, via this posttranslational modification the rate but not the catalysis 

of splicing in human cells is affected. Thus, the role of H3K4me3 seems to lie mainly in 

serving as a mark for proteins that are implemented in the recruitment of complexes that 

influence transcription or pre-mRNA maturation. 

In contrast, only H3K4me3 serves as a signal to recruit repressing effectors like 

deacetylases and demethylases leading to repression of gene activity (Berger, 2007; Shi 

et al., 2006; Huang et al., 2006). Like this, the posttranslational modification of one 

residue on a histone can have multiple biologic outcomes. 

 

1.2.1.3 Histone H3 lysine 36 trimethylation (H3K36me3) 
 

Di- and trimethylation of lysine 36 in histone H3 (H3K36me2 and H3K36me3) 

are both coupled to transcriptional elongation. 

In Saccharomyces cerevisiae the histone methyltransferase Set2p was found to 

be the specific enzyme for methylating histone H3 on lysine residue 36 (di- and 

trimethylation) (Strahl et al., 2002). It is recruited to the CTD phosphorylated by the 

Ctk complex (Wood and Shilatifard, 2006). Set2p was shown to directly interact with 

elongating RNAPII by binding to dual P-Ser2/P-Ser5 phosphorylated CTD but not to 

unphosphorylated RNAPII in vitro (Li et al., 2003; Xiao et al., 2003). In addition, ChIP 

analysis revealed the association of Set2p and H3K36 methylation with the coding 

region of genes and the correlation with active transcription (Krogan et al., 2003). 

In Drosophila melanogaster H3K36me2 peaks near the promoter region of 

genes whereas H3K36me3 is accumulated towards the 3’ end of genes. Interestingly, 

these methylation events are performed by two differents KMTs, namely maternal effect 

sterile family member 4 (dMes-4) and huntingtin interacting protein b (dHypb) 
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respectively (Bell et al., 2007). In humans the methyltransferases HYPB, SET and 

MYND domain containing 2 (SMYD2) and nuclear receptor-binding SET domain-

containing protein 1 (NSD1) appear to take over these roles since they can methylate 

H3K36 in vitro (Brown et al., 2006; Edmunds et al., 2008; Rayasam et al., 2003; Sun et 

al., 2005). The enzyme that is relevant in vivo and if it catalyses mono-, di- or 

trimethylation of H3K36 still remains to be elucidated. 

Concordantly, these studies show that in both yeast and mammals, P-Ser2 of the 

CTD is necessary to recruit the histone methyltransferase responsible for the 

trimethylation of H3K36 (Krogan et al., 2003; Li et al., 2005a). 

The role of H3K36me3 during transcriptional elongation was shown in yeast to 

recruit histone deacetylases specifically to the transcribed region in order to suppress 

improper internal initiation (Carrozza et al., 2005). Otherwise transcription initiation on 

cryptic promoters in the body of genes would lead to 5’ truncated transcripts and thus 

aberrant protein production. 

 

1.2.1.4 Histone modification crosstalk 
 

Histone modifications can influence one another. For example, one modification 

can function to recruit an enzyme or activate an enzymatic activity that is necessary to 

generate another histone modification (Suganuma and Workman, 2008). This so-called 

trans-histone effect is well known for H2Bub1 in being a prerequisite for H3K4me3 and 

H3K79me3 and is highly conserved from yeast to human (Dover et al., 2002; Fischle et 

al., 2003; Ng et al., 2003; Sun and Allis, 2002; Wood et al., 2005). Rad6p was shown to 

be essential for H3K4me3 through H2Bub1 on lysine 123 in yeast in a unidirectional 

regulatory pathway (Sun and Allis, 2002). Not only H3K4me3 by the Set1p-containing 

COMPASS complex but also H3K79me3 by a methyltransferase called disruptor of 

telomeric silencing 1 (Dot1p) was shown to be dependent upon H2Bub1 (Briggs et al., 

2002; Ng et al., 2002; Singer et al., 1998). Interestingly, H2Bub1 specifically affects di- 

and trimethylation of H3K4 and H3K79 but not monomethylation in yeast. Thus, it is 

thought that not the enzyme recruitment is affected but in fact the processivity of the 

histone metyltransferase (Dehe et al., 2005; Shahbazian et al., 2005). By using 

chemically ubiquitinated H2B, McGinty et al. recently showed that H2Bub1 directly 

activates DOT1L-mediated intranucleosomal methylation of H3K79 in humans and that 

this posttranslational modification is carried out by the catalytic domain of DOT1L 

(McGinty et al., 2008). However, the recruitment of DOT1L was not dependent upon 
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monoubiquitination of H2B in their studies. In contrast to H3K4me3 and H3K79me3, 

H3K36 methylation was shown not to be dependent on the H2Bub1 driven trans-

histone pathway (Briggs et al., 2002). 

 

1.2.2 Movement through chromatin is coupled to posttranslational histone 
modifications 

 

For efficient transcriptional elongation through chromatin the physical barrier 

caused by the nucleosomes has to be removed. This process is done by nucleosome 

assembly/disassembly factors called histone chaperones which are defined as factors 

that have a histone binding activity and a histone-dependent, ATP-independent 

nucleosome assembly activity (Eitoku et al., 2008). Most histone chaperones have a 

preference for either binding H2A/H2B or H3/H4 dimers. These escort proteins transfer 

histones from one chaperone to another, to enzymes, onto or off DNA and are thus 

crucial in fundamental processes like transcription, replication and DNA repair (De 

Koning et al., 2007). 

The FACT complex is a heterodimeric complex consisting of the structure 

specific recognition protein 1 (SSRP1) and the SUPT16H protein in humans and 

polymerase I binding protein 3 (Pob3p) and Spt16p in yeast and is a histone chaperone 

implicated in transient transcription-coupled nucleosome disassembly 

(Belotserkovskaya and Reinberg, 2004; Orphanides et al., 1998; Orphanides et al., 

1999). During transcriptional elongation it removes a single H2A/H2B dimer from the 

nucleosomes thus decreasing the barrier to elongating RNAPII (Reinberg and Sims III, 

2006). This process was shown to be stimulated by monoubiquitination of H2B (Pavri 

et al., 2006).  

Additionally, by travelling with elongating RNAPII, FACT is also involved in 

the reassembly of nucleosomes during transcriptional elongation (Mason and Struhl, 

2003). Interestingly, the FACT and the PAF complex have been shown to genetically 

and physically interact in yeast (Krogan et al., 2002). The following model for the role 

of H2Bub1 in transcription elongation was created by Pavri and co-workers based on in 

vitro transcription elongation assays. When RNAPII halts at the first nucleosome, 

FACT is recruited and further recruits the PAF complex and the ubiquitination 

machinery (UBCH6 and RNF20/40) leading to H2Bub1. This histone modification then 

facilitates the function of FACT resulting in an increased H2A/H2B dimer removal thus 

leading to a more accessible DNA template and hence more efficient transcriptional 



General Introduction 
  

 17 

elongation by RNAPII (Pavri et al., 2006). In contrast, in vivo it was shown that the 

FACT subunit Spt16p and H2Bub1 regulate histone deposition at the yeast 

galactokinase 1 gene (gal1) during elongation and prevent internal initiation from 

cryptic promoters in gene-coding regions (Fleming et al., 2008). Thus, although it is 

debated whether FACT is involved in adding or removing H2A/H2B dimers, it clearly 

plays an important role in altering the cohesion of the chromatin. 

 

1.2.3 Poised promoters show hallmarks of transcription initiation 
 

Studies on mammalian promoters revealed that preassembled PICs can be found 

at many inactive genes and that these genes display histone marks that are generally 

associated with transcription initiation (Kim et al., 2005b; Lee et al., 2006). 

Additionally, comparison of transcript levels with the location of RNAPII and histone 

marks in differentiated mammalian cells, embryonic stem cells and Drosophila cells 

showed that hallmarks of initiation can be found in many promoters regardless of 

transcriptional output (Guenther et al., 2007; Muse et al., 2007; Zeitlinger et al., 2007). 

These marks include RNAPII occupancy, H3K4me3 and acetylation of H3K9 and 

H3K14 and are found on approximately 75% of all protein-coding genes (Agalioti et al., 

2002; Margaritis and Holstege, 2008). However, only a subset of these genes produce 

full-length transcripts and possess hallmarks of elongation like H3K36me3 and 

H3K79me2 (Guenther et al., 2007). This suggests that not only active or inactive genes 

exist but an additional third class, so-called “poised” genes, which produce no 

detectable transcripts but experience transcription initiation (Price, 2008). The 

phosphorylation profile of the CTD and the histone modification profile in active and 

“poised” genes could be revealed by ChIP analysis using specific antibodies. They 

showed that active genes possess both P-Ser2 and P-Ser5 CTD whereas only P-Ser5 

was detected in “poised” genes. The histone modification profile showed H3K4me3 and 

H3K36me in active genes and H3K4me3 and H3K27me3, implemented by the 

polycomb repressive complex 2 (PRC2), in “poised” genes (Brookes and Pombo, 2009).  

Many developmentally regulated promoters in mammalian embryonic stem cells 

were shown to possess bivalently marked chromatin i.e. both the activating mark 

H3K4me3 and the repressing mark H3K27me3 (Bernstein et al., 2006; Mikkelsen et al., 

2007). In this “bivalent domain” model the repressive mark is dominant over the 

activating so that the genes are held in a “poised” state for activation during 

development leading to very low transcription levels (Herz et al., 2009). However, the 
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presence of the activating marks allow for rapid activation of gene expression following 

removal of the repressive marks. In differentiating neurons from these stem cells 

H3K4me3 persists but H3K27me3 gets lost in genes that get avtivated whereas in genes 

that remain inactive, H3K27me3 stays constant and H3K4me3 is removed (Berger, 

2007).  

In summary, the observations depicted here link the transcriptional status of a 

gene to a specific phosphorylation pattern of the RNAPII CTD and a distinct histone 

modification pattern that connects transcriptional regulation with posttranslational 

histone modifications. 

 

1.3 Coupling of histone synthesis with the cell cycle 
 

The mammalian cell cycle consists of two major stages, mitosis (M phase) in 

which nuclear division takes place including pro-, meta-, ana-, and telophase and the 

interphase between two M phases which is divided into G1, S and G2 phases (Norbury 

and Nurse, 1992). G1 and G2 are the gap phases before and after S phase in which DNA 

replication occurs (Mitchison, 1971). After cytokinesis, cells may enter into a resting 

state that is known as “quiescence” or G0 phase and thus stop proliferating (Malumbres 

and Barbacid, 2005; Vermeulen et al., 2003). The cell cycle requires three major 

transitions at the beginning of S phase (G1/S), entry of mitosis (G2/M) and at the exit of 

mitosis (metaphase/anaphase). The G1/S transition is marked by the onset of DNA 

replication, G2/M transition is accompanied by breakdown of the nuclear envelope and 

chromatin condensation and the metaphase/anaphase transition is marked by the 

separation of the sister chromatids (Hochegger et al., 2008). 

 

1.3.1 Proteins that regulate the progression of the cell cycle 
 

Each transition from one cell cycle phase to another is highly regulated by the 

interplay of different molecules. Among these the cyclins are the key regulators that 

together with cyclin-dependent kinases (CDKs) form activated Serine/Threonine-

kinases that phosphorylate target proteins leading to progression through the cell cycle. 

Importantly, cyclins are degraded in a specific timely regulated manner with half-lives 

of hours or rather seconds (Kobayashi et al., 1994). In addition, kinases, phosphatases, 

CDK inhibitors and specific ubiquitin-proteasome complexes are necessary to directly 

regulate the activity of the Cyclin/CDK complexes. 
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1.3.1.1 Cyclins and cyclin-dependent kinases (CDKs) 
 

Two of the most important proteins that are involved in the cell cycle regulation 

are cyclins and cyclin-dependent kinases (CDKs). Complexes of cyclins and CDKs are 

formed during specific cell cycle phases (illustrated in Fig 3 on page 19) and 

phosphorylate important cell cycle regulating target proteins. The mammalian cyclins 

are the G1 cyclins Cyclin D (D1, D2 and D3) and Cyclin E (E1 and E2), and the mitotic 

cyclins Cyclin A (A1 and A2) and Cyclin B (B1 and B2) (Giacinti and Giordano, 2006). 

The first cyclins produced in the cell cycle in response to extracellular signals, the D-

type cyclins, preferentially bind to CDK4 or CDK6 and are then crucial for the G1/S 

transition by regulating early G1 phase whereas the Cyclin E/CDK2 complex is 

necessary for trigerring S phase i.e. initiation of DNA replication (Hitomi and Stacey, 

1999). Cyclin A/CDK2 and Cyclin A/CDK1 are needed in the final steps of S phase and 

in G2 phase and Cyclin B/CDK1 regulates several events during the G2/M transition and 

progression through mitosis (Giacinti and Giordano, 2006; Hochegger et al., 2008; 

Malumbres and Barbacid, 2005; Nigg, 2001; Nurse, 2000). 

 

 
 

Fig 3: The mammalian cell cycle. A circular (A) and a linear (B) model illustrate the different 
Cyclin/CDK complexes and their function throughout the mammalian cell cycle. D-type cyclins and 
CDK4 or CDK6 regulate events in early G1 phase, Cyclin E/CDK2 is important for G1/S transition, 
Cyclin A/CDK2 and Cyclin A/CDK1 play a role during S and G2 phase and Cyclin B/CDK1 is 
responsible for mitosis (modified from Hochegger et al., 2008; Vermeulen et al., 2003). 

 

In order that they are only active during the cell cycle phase they are needed, the 

cyclins are synthesized and degraded during each cell cycle and their levels are finely 

modulated by the ubiquitin-proteasome system (UPS) (Besson et al., 2008). More 
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precisely, they are ubiquitinated by E3 ubiquitin ligases, the SKP1-CUL1-F-box-protein 

complex (SCF) and the anaphase-promoting complex/cyclosome (APC/C) leading to 

their degradation by the UPS (Fasanaro et al., 2010). The SCF complex is involved in 

all cell cycle stages and targets many key regulators of the cell cycle like Cyclin D1, 

Cyclin E1, the pocket protein family member p130 and the transcription factor E2F1 as 

well as cyclin-dependent kinase inhibitors (CKIs) but plays a prominent role in G1/S 

transition. In contrast, the APC/C complex orchestrates progression through mitosis into 

G1 phase by inducing the degradation of Cyclin B and the segregation of chromosomes 

during anaphase (Fasanaro et al., 2010; Hochegger et al., 2008; Wickliffe et al., 2009). 

Another level of regulation of Cyclin/CDK complexes is their inactivation 

through binding to CKIs. In metazoans two CKI families exist which include the 

inhibitors of CDK4 (INK4) family and the Cip/Kip family (Besson et al., 2008). The 

INK4 family consists of p16INK4a, p15INK4b, p18INK4c and p19INK4d that all bind to CDK4 

and CDK6 thus preventing their association with D-type cyclins. Members of the 

Cip/Kip family, p21Cip1/Waf1/Sdi1, p27Kip1 and p57Kip2, instead bind to both cyclins and 

CDK subunits and regulate the activity of Cyclin D-, E-, A- and B/CDK complexes 

(Sherr and Roberts, 1999). 

Moreover, the activity of Cyclin/CDK complexes is further regulated by kinases 

and phosphatases. For their complete activation they have to be phosphorylated at a 

conserved threonine residue by a CDK activating kinase (CAK). In contrast, the “small” 

mutant protein 1 (WEE1) exists that adds an inhibitory phosphate to a specific tyrosine 

residue (Malumbres and Barbacid, 2005). Finally, phosphatases can either deactivate or 

activate CDKs by removing either an activating or an inhibitor phosphate respectively 

(Morgan, 1995). The CDC25 phosphatase family consists of CDC25A, CDC25B and 

CDC25C. CDC25A plays an important role in the G1/S transition and CDC25B is 

activated during S phase and activates the mitotic Cyclin B/CDK1 by removing an 

inhibitory phosphate. Active Cyclin B/CDK1 then phosphorylates and activates 

CDC25C leading to a positive feedback mechanism and to entry into mitosis (Aressy 

and Ducommun, 2008; Nilsson and Hoffmann, 2000; Vermeulen et al., 2003). 

In addition to being highly regulated by the depicted mechanisms, Cyclin/CDK 

complexes themselves regulate a large number of target proteins in the cell by 

phosphorylation of Ser/Thr residues of the respective proteins. In the next section the 

retinoblastoma protein (RB) will be described as an important target protein and its 

pathway will be presented in more detail. 
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1.3.1.2 The retinoblastoma protein (pRB) 
 

During G1 phase Cyclin D binds to CDK4 or CDK6 and forms a complex that 

phosphorylates the hypophosphorylated retinoblastoma protein (RB) leading to its 

hyperphosphorylation and thus inactivation (Weinberg, 1995). 

The retinoblastoma gene was the first identified tumor suppressor gene and was 

isolated from retinoblastoma tumors (Lee et al., 1987). The encoded retinoblastoma 

protein is a nuclear phosphoprotein that belongs to the pocket protein family consisting 

of three proteins RB, p107 and p130 that all contain a highly conserved sequence in 

their pocket domain (Poznic, 2009). RB represses transcription of genes that are 

necessary for the G1/S transition and thus arrests cells in the G1 phase of the cell cycle 

(Weinberg, 1995). RB can be phosphorylated by Cyclin D together with CDK4 or 

CDK6 or Cyclin E/CDK2 and there is evidence that both of these complexes are needed 

to completely inactivate RB (Harbour and Dean, 2000; Lundberg and Weinberg, 1998). 

Dependent upon its phosphorylation status, RB regulates the activity of the E2F family 

of transcription factors which are crucial for the expression of target genes that play a 

role in cell cycle progression.  

 

1.3.1.3 The E2F transcription factor family members 
 

The E2F family consists of at least eight family members, E2F1-E2F8 that have 

functional and structural differences (DeGregori and Johnson, 2006). Most of them can 

interact with members of the retinoblastoma pocket protein family. There are for 

example transcriptional activators (E2F1, E2F2, E2F3) that interact with pRB and 

transcriptional repressors (E2F4 and E2F5) that mostly bind to p130 and p107 (Dyson, 

1998; Gaubatz et al., 2000). E2F6, E2F7 and E2F8 instead are transcriptional repressors 

that function through pRB-independent mechanisms (Polager and Ginsberg, 2009). In 

the cell free E2Fs and complexed E2Fs exist that are either in an activated or repressed 

state respectively. Free E2Fs are heteromeric consisting of a E2F family member 

subunit and a dimerization partner (DP) protein subunit (DP1 or DP2) that potentiates 

the activity of the E2F factor and stabilizes its interaction with the hypophosphorylated 

RB protein (Bandara et al., 1993; Helin et al., 1993; Krek et al., 1993; Ormondroyd et 

al., 1995). The complexed forms instead contain E2F/DP heterodimers that are stably 

bound to the respective RB family member (pRB, p130, p107) and thus kept in an 
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inactive state (Cao et al., 1992; Chellappan et al., 1991; Cobrinik et al., 1993; Shirodkar 

et al., 1992).  

As already mentioned, the activity of the E2F transcription factor depends on the 

phosphorylation status of its putative RB binding partner. In its active, 

hypophosphorylated form, RB is bound to E2F/DP and thus keeps it in an inactive 

complex. If RB is phosphorylated the E2F/DP/RB complex dissociates allowing E2F to 

activate target genes that encode for cell cycle regulators like Cyclin E, Cyclin A, 

CDK2 and factors necessary for entering S phase like DNA Polymerase α, thymidine 

kinase, etc. (Geng et al., 1996; Huet et al., 1996; Ogris et al., 1993; Ohtani et al., 1995; 

Pearson et al., 1991; Schulze et al., 1995). 

Considering many studies, three general types of E2F complexes seem to exist: 

activator E2F complexes (E2F/DP), inhibited E2F complexes (E2F/DP/RB) and 

repressor E2F complexes (E2F/DP/RB). In the activator complexes the activation 

domain of E2F promotes transcription, in the inhibited complexes the bound RB masks 

the activator domain leading to an inert complex and in the repressor complexes the 

bound RBs recruited to promoters have a repressor activity (Dyson, 1998). 

During the cell cycle different E2Fs are expressed in different phases of the cell 

cycle. The E2F activators are highly expressed from G1 to S phase with E2F3 

expression increasing in early G1 to mid G1 phase and E2F1 and E2F2 being most 

highly expressed at the G1/S boundary (Johnson and Schneider-Broussard, 1998). In 

contrast, the E2F repressors E2F4 and E2F5 are expressed throughout the cell cycle but 

in G0 and early G1 they are kept in repressive complexes with p107 and p130 and are 

recruited to the nucleus (De la Luna et al., 1996). There the repressor complexes are 

thought to bind to promoters and to recruit HDACs resulting in transcriptional 

repression of S phase genes (Wilson, 2007). When cells enter late G1 phase the 

repressor complexes are rapidly replaced by the activator complexes containing the 

subunit E2F1, E2F2 or E2F3 which then leads to the expression of genes important for 

the G1/S transition (Takahashi et al., 2000). Recently, it was shown that in late G1 phase 

the activator E2F1 recruits the cofactor host cell factor-1 (HCF-1) that associates with 

the H3K4 methyltransferase complex SET1/MLL leading to a facilitated activation of S 

phase genes (Tyagi et al., 2007). 
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1.3.2 Histone synthesis is strictly coupled to the cell cycle 
 

During the cell cycle the correct packaging of DNA into chromatin has to be 

sustained and thus the histone proteins have to be rapidly produced during S phase of a 

replicating cell to package the newly synthesized DNA into nucleosomes before the cell 

divides (Osley, 1991). Replication-dependent histone mRNA levels increase up to 35-

fold in the beginning of S phase and drop to normal levels in the end of S phase (Harris 

et al., 1991). This S phase-dependent accumulation of histone transcripts is due to an 

increase in the rate of transcription and in the processing efficiency and the reduction to 

basal levels in the end of S phase is explained by a rapid degradation of the transcripts 

and inactivated processing (Marzluff et al., 2008). The factors involved in the coupling 

of histone mRNA transcription to S phase of the cell cycle will be introduced in the next 

sections of this chapter. 

 

1.3.2.1 Replication-dependent histone genes: organization and localization 
 

In the genome of all studied metazoans the five canonical histone genes are 

organized in clusters that contain multiple copies of each (Marzluff et al., 2008). In 

mammals there are three clusters, the largest one termed HIST1 which is located on 

chromosome 6 (6p21-6p22) in humans and two smaller clusters HIST2 located on 

chromosome 1 (1q21) and HIST3 located at 1q42 in humans (Marzluff et al., 2002). 

These clusters are further separated into either tandemly repeated or jumbled clusters 

(Marzluff et al., 2008). The first one contains one copy of each of the five histone gene 

whereas there is no gene order and also no identical genes for each protein in the 

jumbled cluster. While tandemly repeated clusters are found in Drosophila 

melanogaster and frogs, jumbled clusters are found in mammals and birds (Marzluff et 

al., 2008). Histone gene loci were observed to be frequently associated with Cajal 

bodies (CBs), subnuclear organelles first reported by Ramón y Cajal in 1903 that 

contain factors involved in histone mRNA 3’ end processing (Cajal, 1903; Frey and 

Matera, 1995; Wu and Gall, 1993). However, recent publications have revealed that the 

principal regulatory proteins important for histone gene expression as well as 3’ end 

processing and histone genes are concentrated at specific subnuclear compartments 

called histone locus bodies (HLBs) that were first described in Drosophila 

melanogaster and that in comparison the mentioned factors are less frequently present 

in coilin-containing CBs (Ghule et al., 2008; Liu et al., 2006; Matera, 2006). Moreover, 
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HLBs are associated with replication-dependent histone gene clusters on chromosomes 

1 and 6 and the degree of their colocalization with CBs depends on the cell line and the 

cell cycle phase (Bongiorno-Borbone et al., 2010). 

The two histone genes, HIST1H2BD and HIST1H2AC, addressed most 

extensively in this thesis, are both located at the major histone gene locus on 

chromosome 6. There are 15 HIST1H2B and 12 HIST1H2A genes that are named 

alphabetically with the HIST1H2BA gene being closest to the telomere and the 15th gene 

of this cluster lying closest to the centromer (Marzluff et al., 2002). The expression of 

the histone genes HIST1H2BD and HIST1H2AC was shown to be downregulated by 

knockdown of RNF20, the E3 ubiquitin ligase of histone H2B, in HeLa cells, with 

HIST1H2BD being the histone gene that was affected to the highest extent (Shema et 

al., 2008). 

 

1.3.2.2 Replication-dependent histone mRNA 3’ end processing 
 

Unlike all other known mRNAs in eukaryotic cells, the mRNAs transcribed 

from canonical replication-dependent histone genes do not contain introns and are not 

polyadenylated (Dominski and Marzluff, 1999; Marzluff et al., 2008). Constitutively 

expressed histone mRNAs which encode the replacement variant histones are not cell 

cycle regulated but are instead polyadenylated and some of them even contain introns 

(Brush et al., 1985; Wells and Kedes, 1985). 

Instead of a poly(A) tail the replication-dependent histone mRNAs end in a 

highly conserved 16 nucleotide long 3’ end stem-loop structure, which is located 4-5 

nucleotides upstream of the cleavage site. This cleavage site is followed by a purine-rich 

element the so-called histone downstream element (HDE) with the consensus sequence 

AAAGAG in vertebrates (Birnstiel et al., 1985; Dominski and Marzluff, 1999; 

Marzluff, 1992; Marzluff et al., 2008). 

The formation of the histone mRNA 3’end requires the binding of the stem-loop 

binding protein (SLBP) to the conserved stem-loop structure and the interaction of the 

U7 snRNA, a component of the U7 small nuclear ribonucleoprotein (snRNP) with the 

HDE (Dominski and Marzluff, 1999; Mowry and Steitz, 1987) (illustrated in Fig 4 on 

page 26). The cleavage occurs 4-5 nucleotides after the stem-loop, 3’ to the dinucleotide 

CA and is performed by CPSF73 which also cleaves polyadenyaletd mRNAs (Dominski 

et al., 2005; Gick et al., 1986; Weiner, 2005). 
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SLBP was identified in 1996 by the group of W.F. Marzluff as a RNA binding 

protein that is required for histone pre-mRNA processing (Wang et al., 1996). Already 

in 1989 a factor that recognizes the stem-loop was described and termed the hairpin 

binding factor (HBF) by that time (Vasserot et al., 1989). For its high affinity binding 

the entire sequence of the stem-loop structure and the five flanking nucleotides are 

required (Williams and Marzluff, 1995). Its role during processing is to stabilize the 

binding of the U7 snRNP to the HDE and to recruit the cleavage factor to the cleavage 

site (Dominski and Marzluff, 2007). 

The U7 snRNP was the first trans-acting factor identified in replication-

dependent histone 3′ end processing (Birnstiel and Schaufele, 1988). Its unstructured 5’ 

terminus base pairs with the HDE while its 3’ end is folded into a stem-loop. The 

central portion of the U7 snRNA contains an Sm site around which the Sm proteins 

assembly and form a ring. This ring consists of seven Sm proteins in which the Sm-like 

proteins LSM10 and LSM11 replace SmD1 and D2 in the canonical heptameric Sm 

protein ring that binds spliceosomal snRNAs. 

In addition to SLBP and the U7 snRNP, further proteins are crucial to stabilize 

the processing complex. The heat-labile processing factor Symplekin for example is 

thought to function as a platform that recruits the cleavage and polyadenylation 

specificity factors CPSF73 and CPSF100 (Takagaki and Manley, 2000). Recently, 

Symplekin was identified as a component of the heat-sensitive protein complex that 

includes all five subunits of CPSF and two subunits of CSTF (Kolev and Steitz, 2005). 

A further component of the processing machinery of replication-dependent histone 

mRNAs is the zinc finger protein ZFP100 that is part of the active U7 snRNP and binds 

to LSM11 and interacts with the SLBP/pre-mRNA complex to help stabilize the binding 

of the U7 snRNP to the histone pre-mRNA (Azzouz et al., 2005; Dominski et al., 2002; 

McGinty et al., 2008; Pillai et al., 2003; Wagner and Marzluff, 2006). 

Surprisingly, in addition to proteins like SLBP, U7 snRNP and ZFP100 that are 

unique for the 3’ end processing of canonical histone mRNAs, there are also proteins 

that are common with the processing machinery of polyadenylated mRNAs like 

Symplekin, CPSF100, CPSF73 and factor interacting with poly(A) polymerase 1 (FIP1) 

suggesting an evolutionary conservation of the mechanisms for formation of 3’ ends of 

all RNAPII transcripts (Marzluff et al., 2008). 

 



General Introduction 
  

 26 

 
 

Fig 4: Formation of the processing complex on canonical histone pre-mRNAs. SLBP binds to the 
stem-loop and U7 snRNA as part of the U7 snRNP base pairs with the HDE. Together these factors 
recruit a cleavage complex consisting of the endonucleases CPSF73 and CPSF100, Symplekin and other 
molecules not shown. ZFP100 stabilizes the binding of U7 snRNP by interacting with SLBP and LSM11 
(modified from Marzluff et al., 2008). 
 

1.3.2.3 Transport, translation and degradation of histone mRNA 
 

After transcription and cleavage of the histone pre-mRNA 3’ end SLBP stays 

bound to the stem-loop structure and accompanies the mature histone mRNA to the 

cytoplasm (Whitfield et al., 2004). There it stimulates its translation by acting together 

with the SLBP-interacting protein 1 (SLIP1) and the eukaryotic translation initiation 

factor 4-γ (EIF4G) to circularize the mature histone mRNA (Cakmakci et al., 2008; 

Marzluff et al., 2008). Like that the 3’ end of the histone mRNA comes into proximity 

to the 5’ cap which increases efficient translation. At the end of S phase or when DNA 

replication is inhibited histone mRNAs are rapidly degraded in a process that requires 

SLBP as a cis-element (Pandey and Marzluff, 1987). SLBP recruits the proteins that are 

crucial for adding a short oligo(U) tail to the histone mRNA like the up-frameshift 

protein 1 (UPF1) which is a RNA helicase and the terminal uridyltransferase (TUTase) 

(Kaygun and Marzluff, 2005). The oligo(U) tail then serves as a binding site for the 

LSM1-7 ring which plays a role in the recruitment of the decapping complex (DCP1-

DCP2) and the exosome (Parker and Song, 2004; Sullivan et al., 2009). Finally, the 

histone mRNA is degraded from both the 5’ and 3’ ends by exonucleases. 

SLBP expression and phosphorylation, leading to its degradation, is cell cycle-

dependent and its expression pattern reflects that of histones (Narita et al., 2007; Zheng 

et al., 2003a). SLBP accumulates just before entry into S phase, is rapidly degraded in 
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the end of S phase and is bound to histone mRNA throughout its lifetime (Marzluff et 

al., 2008). However, there are different molecular signals that regulate both since 

degradation of histone mRNAs by DNA synthesis inhibitors does not effect SLBP 

levels nor does stabilization of SLBP at the end of S phase affect histone mRNA 

degradation (Whitfield et al., 2004; Zheng et al., 2003a) in Marzluff et al., 2008). 

 

1.3.2.4 Regulation of replication-dependent histone gene transcription 
 

The nuclear protein Ataxia Telangiectasia locus (NPAT) was shown to be 

essential for the entry of cells into S phase and to stimulate histone gene transcription 

(Ma et al., 2000; Wei et al., 2003; Ye et al., 2003). NPAT was first identified and 

described in 1996 as being produced from a housekeeping gene positioned close to the 

Ataxia Telangiectasia locus (0.5 kb from the 5’ end of ATM) on human chromosome 

11q22-q23 (Imai et al., 1996). The protein consists of 1427 amino acids, has an 

apparent molecular mass of 220 kD and contains a nuclear localization signal and five 

target sites for phosphorylation by cyclin-dependent protein kinases (Imai et al., 1996; 

Zhao et al., 1998). NPAT is associated with the histone gene clusters on chromosome 

1q21 and 6p21 in vivo during S phase when these are actively expressed and 

overexpression of NPAT leads to activation of histone H2B and histone H4 

transcription (Ma et al., 2000; Zhao et al., 2000; Zheng et al., 2003b). In contrast, 

inhibition of NPAT expression was shown to lead to a considerable decrease in 

replication-dependent histone transcripts in human somatic cells (Gao et al., 2003; Ye et 

al., 2003). The expression of NPAT is cell cycle regulated by the transcription factor 

E2F whose family members (activator E2F1 and repressor E2F4) can bind to E2F 

binding sites in the promoter of the NPAT gene resulting in a maximal expression of 

NPAT at the G1/S phase boundary (Gao et al., 2003; Zhao et al., 1998). Its activity is 

also dependent upon post-translational modifications since it interacts with Cyclin 

E/CDK2 in vivo through a cyclin-binding RXL motif and is a phosphorylation target of 

this CDK (Zhao et al., 1998). This phosphorylation is crucial for the colocalization of 

NPAT with Cyclin E to Cajal bodies during S phase and regulates the ability of NPAT 

to activate histone gene expression (Bongiorno-Borbone et al., 2008; Ma et al., 2000). 

Thus, NPAT activity is increased when cells enter S phase and this in turn leads to a 

coordinated upregulation of histone gene expression at this stage of the cell cycle (Zhao, 

2004). NPAT functions together with proteins that regulate the expression of histone 

H2B and histone H4 (Mitra et al., 2003; Zheng et al., 2003b). The octamer-binding 
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protein 1 (OCT1) coactivator in S phase (OCA-S) was identified to be essential for S 

phase-dependent histone H2B transcription. By directly binding to OCT1 it is recruited 

to histone H2B promoters in vitro and in vivo during S phase (Zheng et al., 2003b). 

Furthermore, the histone H4 transcription factor (HINFP) was shown to regulate histone 

H4 gene expression by interacting with conserved H4 cell cycle regulatory sequences in 

vivo utilizing NPAT as a key coactivator to enhance the transcription of the histone H4 

genes (Mitra et al., 2003). 

Taking these factors into account, the following model of histone gene 

regulation by NPAT was recently built. At the G1/S boundary NPAT is phosphorylated 

by Cyclin E/CDK2 which leads to the association of NPAT with histone promoters. 

This is suggested to occur through its interaction with histone subtype specific binding 

proteins (SSBPs) like OCT1/OCA-S and HINFP that bind to subtype specific regulatory 

elements (SSREs) of the respective histone promoters. NPAT then recruits a histone 

acetyltransferase (HAT) like Tat interacting protein, 60 kDa (TIP60) by binding to a 

transformation/transcativation domain-associated protein (TRRAP) which interacts with 

TIP60 resulting in the acetylation and thus activation of the histone promoter (DeRan et 

al., 2008) (illustrated in Fig 5 on page 28). 

 

 
 

Fig 5: Model for the function of NPAT in activating histone genes. Subtype specific binding proteins 
(SSBP) bind to subtype specific regulatory elements (SSRE) and associate with NPAT which is then 
phosphorylated by Cyclin E/CDK2. This leads to the recruitment of a transformation/transcativation 
domain-associated protein (TRRAP) that interacts with a histone acetyltransferase (HAT) resulting in 
acetylation and thus activation of histone promoters (modified from DeRan et al., 2008). 
 

1.3.2.5 The existence of polyadenylated replication-dependent histone mRNAs 
 

Polyadenylated mRNAs produced from replication-dependent histone genes 

were identified that in many cases still contain the characteristic sequences for canonical 

histone 3’ end processing (Davila and Samuelsson, 2008). This suggests that under 

certain circumstances transcripts produced from some histone genes may be either 

processed by polyadenylation or by the histone-specific mechanism. Interestingly, the 



General Introduction 
  

 29 

loss of normal histone mRNA processing by depletion of SLBP or U7 snRNP can result 

in the production of polyadenylated histone mRNAs (Sullivan et al., 2001; Wagner et 

al., 2007). The same effect was observed by knocking down the CDK9 target NELF-E 

or a component of the cap binding complex (CBC), the cap binding protein 80 (CBP80), 

giving evidence that some histone mRNAs can be processed in both ways and thus two 

processing pathways exist (Narita et al., 2007). 

The histone genes mainly used in our studies, HIST1H2BD and HIST1H2AC, 

produce besides normally processed transcripts also polyadenylated transcripts resulting 

from the splicing of a longer primary transcript. Interestingly, polyadenylated histone 

transcripts are found in the human EST database for a number of replication-dependent 

histone genes. Since both genes, HIST1H2BD and HIST1H2AC, can be spliced, as an 

example of a non-spliced replication-dependent histone transcript that can be 

polyadenylated, the HIST2H2AA gene was chosen, that is part of the HIST2 cluster 

located on chromosome 1 (Marzluff et al., 2002). 

Studies have shown that the levels of polyadenylated canonical histone 

transcripts are very low in proliferating cells but may increase during differentiation or 

tumorigenesis (Abba et al., 2005; Collart et al., 1991; Kirsh et al., 1989; Martinez et al., 

2007; Narita et al., 2007; Zhao et al., 2004). These observations lead to the speculation 

that these polyadenylated histone transcripts produced from (normally) replication-

dependent histone genes may serve a physiological role. 

 

1.3.3 The tumor suppressor p53 regulates cell cycle progression through 
p21 

 

P53 was first described in 1979 as a 53 kDa protein which was shown to have 

tumor suppressor function (Baker et al., 1989; DeLeo et al., 1979; Finlay et al., 1989; 

Lane and Crawford, 1979; Linzer and Levine, 1979). P53 is a transcription factor that is 

activated upon various stress signals resulting in several cellular responses including 

cell cycle arrest, senescence and apoptosis (Polager and Ginsberg, 2009). The p53 gene 

is mutated in approximately 50% of all human tumors pointing out the importance of 

proper p53 function for normal cell growth (Hollstein et al., 1991). Upon activation p53 

can directly bind as a tetramer to specific sequences called p53 responsive elements in 

the promoter region of target genes and activate their transcription. For example, p53 

can induce a G1 cell cycle arrest by directly stimulating the expression of the p21 

cyclin-dependent kinase inhibitor gene (DelSal et al., 1996). 
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The p21 gene is localized to chromosome 6p21.2 and was identified in 1993 as 

being directly induced by p53 (El-Deiry et al., 1992). The encoded protein belongs to 

the Cip and Kip family of CDK inhibitors including p21, p27 and p57 which decrease 

the cell cycle-regulated activity of CDKs, where p21 primarily inhibits Cyclin E/CDK2 

activity (Abbas and Dutta, 2009). As already mentioned in section 1.3.1.1 on page 19ff. 

Cyclin E/CDK2 activity is crucial for inhibition of the retinoblastoma protein via its 

phosphorylation, meaning that decreased Cyclin E/CDK2 activity following p53-

induced p21 gene expression results in decreased phosphorylation of RB and 

consequently decreased activity of the E2F transcription factor (illustrated in Fig 6 on 

page 31). 

 

1.3.3.1 The p53 regulator MDM2 and its inhibition by Nutlin-3a 
 

The p53 tumor suppressor is negatively regulated by the MDM2 protein encoded 

by the murine double minute 2 (MDM2) gene (Iwakuma and Lozano, 2003). Via direct 

association, MDM2 alters the subcellular organization of p53, its stability and its ability 

to function as a transcriptional activator (Freedman et al., 1999; Onel and Cordon-

Cardo, 2004). Being a RING finger-containing ubiquitin protein ligase, the N-terminus 

of MDM2 can bind to p53 and target it for ubiquitination and thus degradation by the 

proteasome (Fang et al., 2000; Iwakuma and Lozano, 2003). The MDM2 gene itself is a 

target gene of p53 and by binding to its promoter, p53 upregulates its expression. Thus, 

accumulated MDM2 can then bind to p53 and thus serve as a negative feedback 

mechanism. A decrease in p53 levels in turn leads to decreased levels of MDM2 

expression. Thus, a tightly regulated feedback loop is formed that controls the function 

of p53 and MDM2. Furthermore, MDM2 can also ubiquitinate itself which leads to self 

degradation and is another example for regulating p53 activity (Fang et al., 2000 and 

Iwakuma and Lozano, 2003). Thus, in cancer cells and tumors that are wild type for 

p53, the inhibition of MDM2 by chemical compounds has become a popular strategy to 

reactivate p53 activity (Vassilev, 2007). 

In 2004, Vassilev et al. developed a cis-imidazoline analog that inhibits the 

interaction of p53 and MDM2, named Nutlin (for Nutley inhibitor). This inhibitor binds 

to a deep hydrophobic pocket of the MDM2 protein which is normally occupied by 

three side chains of the helical region of p53, Phe19, Trp23 and Leu26 (Kussie et al., 

1996; Vassilev et al., 2004). This interaction surface is essential for p53-MDM2 

interactions and the ubiquitination and subsequent degradation of p53 by MDM2. By 
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mimicking these three amino acids and their orientation Nutlin can impair the binding 

of p53 to MDM2. Thus, p53 is accumulated and stabilized in the cell and its 

transcriptional activity is increased which results in cell cycle arrest or apoptosis 

(Eischen and Lozano, 2009). Besides Nutlin and further agents that impede the 

association of p53 with MDM2, compounds that inhibit the ubiquitin ligase activity of 

MDM2 are in preclinical development as well (Vazquez et al., 2008). 

 

 

 

Fig 6: The p53/RB/E2F pathway. The accumulation of p53 (e.g., by inhibiting MDM2 activity with 
Nutlin-3a) increases p21 gene transcription, thereby decreasing the activity of CDKs/Cyclins. Thus, RB 
phosphorylation is impeded which leads to its activity and complex formation with E2F transcription 
factors. Finally, the inhibition of E2Fs results in inhibition of the transcription of cell cycle regulated 
genes. 
 

1.3.3.2 Does p53 regulation play a role in the expression of polyadenylated 
replication-dependent histone mRNAs? 

 

Microarray studies, that are typically based on an initial polyT-primed reverse 

transcription step and thus specifically label polyadenylated transcripts, identified 

changes in the expression of replication-dependent histone genes. Interestingly, a 

correlation between replication-dependent histone mRNA polyadenylation and p53 

status in head and neck squamous cell carcinomas could be observed (Yan et al., 2007). 

In this study, the expression of polyadenylated replication-dependent histone mRNAs 

were increased in tumors that contain wild type p53 in comparison to normal human 

keratinocytes and they were expressed in an even higher level in tumors that contain 

mutant p53. Similarly, another study identified a change in the expression of 
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polyadenylated replication-dependent histone mRNAs in human papilloma virus 

positive (HPV+) squamous head and neck cell carcinomas compared to HPV-tumors 

(Martinez et al., 2007). The HPV E6 oncoprotein is a primary target of p53 meaning 

that the observations could be due to regulation of p53 function (zur Hausen and de 

Villiers, 1994). 
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2. Publications 
 

This thesis is based on the following original publications. 
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monoubiquitination and controls replication-dependent histone mRNA 3' end 
processing. EMBO Rep. 10, 894-900. 
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Pirngruber, J., Shchebet, A., and Johnsen, S.A. (2009). Insights into the function of the 

human P-TEFb component CDK9 in the regulation of chromatin modifications 
and co-transcriptional mRNA processing. Cell Cycle 8, 3636-3642. 
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Pirngruber, J. and Johnsen, S.A. (2010). Induced G1 cell cycle arrest controls 

replication-dependent histone mRNA 3’ end processing through p21, NPAT and 
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The spelling of the publication part refers to the original articles and may thus differ 

from the spelling used in the other parts of this thesis. 
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Abstract 
 

Post-translational histone modifications have essential roles in controlling 

nuclear processes; however, the specific mechanisms regulating these modifications and 

their combinatorial activities remain elusive. Cyclin-dependent kinase 9 (CDK9) 

regulates gene expression by phosphorylating transcriptional regulatory proteins, 

including the RNA polymerase II carboxy-terminal domain. Here, we show that CDK9 

activity is essential for maintaining global and gene-associated levels of histone H2B 

monoubiquitination (H2Bub1). Furthermore, CDK9 activity and H2Bub1 help to 

maintaining proper replication-dependent histone messenger RNA (mRNA) 3’-end 

processing. CDK9 knockdown consistently resulted in inefficient recognition of the 

correct mRNA 3’-end cleavage site and led to increased read-through of RNA 

polymerase II to an alternative downstream polyadenylation signal. Thus, CDK9 acts to 

integrate phosphorylation during transcription with chromatin modifications to control 

co-transcriptional histone mRNA processing. 

 

Introduction 
 

Covalent histone modifications regulate the chromatin environment and are 

essential for correct transcriptional regulation (Berger, 2007). Histone H3 Lys4 

trimethylation (H3K4me3) is associated with active gene promoters, whereas histone 

H2B monoubiquitination (H2Bub1) is found in the transcribed regions of active genes 

(Berger, 2007; Weake and Workman, 2008). Genome-wide analyses of histone 

modifications have shown that the regulation of gene expression is more complex than 

initially thought, and revealed extensive cross talk between chromatin modifications and 

the transcriptional machinery (Egloff and Murphy, 2008; Suganuma and Workman, 

2008). 

H2Bub1 is carried out by the E3 ubiquitin ligase complex RNF (ring finger) 

20/40 in humans (Kim et al., 2005a; Zhu et al., 2005b). RNF20 has tumor suppressor 

activity as loss of its expression results in a tumorigenic and more invasive phenotype 

(Shema et al., 2008). Surprisingly, although H2Bub1 is present on most active genes in 

humans, only a subset of genes actually requires H2Bub1 for expression (Minsky et al., 

2008; Shema et al., 2008). Thus, further nuclear functions might require H2Bub1 for 

their activity. 

The RNA polymerase II (RNAPII) carboxy-terminal domain (CTD) contains a 

conserved heptapeptide repeat that occurs 52 times in humans (Egloff and Murphy, 
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2008). Ser5 of the repeat is phosphorylated at the promoter, and is associated with 

messenger RNA (mRNA) capping and the onset of transcription elongation. Ser2 (P-

Ser2) is phosphorylated by cyclin-dependent kinase 9 (CDK9) in the transcribed region 

and is required for post-initiation transcription events such as elongation, splicing and 

mRNA processing. CDK9 further stimulates elongation by phosphorylating negative 

elongation factor-E (NELF-E) and suppressor of Ty homologue 5 (SUPT5H). Similar to 

P-Ser2, H2Bub1 is enriched in the transcribed region of actively transcribed genes 

(Minsky et al., 2008). Although P-Ser2 and H2Bub1 are disconnected in yeast, a link in 

humans has not been investigated (Wood et al., 2007; Xiao et al., 2005). 

Unlike most mRNAs, replication-dependent histone transcripts end in a 

conserved stem-loop recognized by the stem-loop binding protein (SLBP) and cleaved 

by the U7 small nuclear ribonucleoprotein (snRNP; (Marzluff et al., 2008). Loss of 

correct histone mRNA processing by the depletion of SLBP or U7 increases the 

formation of polyadenylated histone transcripts (Sullivan et al., 2001; Wagner et al., 

2007). Replication-dependent histone genes have been identified as targets of both 

H2Bub1 (RNF20) and the CDK9 target NELF-E (Narita et al., 2007; Shema et al., 

2008). Although CDK9 activity has been linked to the transcription and processing of 

polyadenylated mRNAs, its role in histone mRNA 3’-end processing remains unknown. 

Furthermore, the contribution of specific histone modifications to mRNA processing is 

also unknown. Here, we report that CDK9 regulates H2Bub1 through a CTD-dependent 

mechanism involving the RNA polymerase II associated factor (PAF)-RNF20/40 

complex. Furthermore, CDK9 and H2Bub1 are required for correct replication-

dependent histone mRNA 3’-end processing, and together reveal a new role for CTD 

phosphorylation and chromatin modifications in controlling this process. 

 

Results and Discussion 
 

Transcription is not sufficient for maintaining H2Bub1 
 

As H2Bub1 is associated with the transcribed regions of active genes, we tested 

whether transcription is essential for maintaining global levels of H2Bub1. Consistent 

with previous studies (Davie and Murphy, 1990; Minsky et al., 2008), actinomycin D 

rapidly decreases global levels of H2Bub1, confirming that active transcription is 

necessary for maintaining H2Bub1 and showing the rapid dynamics of H2B 

deubiquitination (Fig I.1A). 
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Fig I.1: H2Bub1 depends on CDK9 activity rather than transcriptional activation per se. (A) H1299 
cells were treated with actinomycin D for the indicated times to inhibit transcription, and protein lysates 
were analysed by Western blot for H2Bub1 and H2B protein levels. (B) Nutlin 3 and DRB both increase 
levels of p21 mRNA. U-2 OS cells were treated with 8 µM nutlin 3 or 50 µM DRB for the indicated 
times before RT–PCR analyses. Transcript levels were normalized to mitochondrial 16S ribosomal RNA 
and expressed relative to the control treatment; mean values + s.d., n = 3. (C–E) P-Ser 2, rather than 
elongation by RNAPII, is essential for maintaining gene-associated H2Bub1. U-2 OS cells were treated 
with nutlin 3 or DRB for 8 h and analysed by ChIP using antibodies against (C) total RNAPII, (D) P-Ser2 
or (E) H2Bub1. qChIP values were normalized to their respective DNA inputs and expressed as DNA 
recovery (percentage input); mean values + s.d., n = 3. The experimental background is shown as a dotted 
line. Act.D, actinomycin D; CDK9, cyclin-dependent kinase 9; ChIP, chromatin immunoprecipitation; 
DRB, 5,6-dichloro-β-D-ribofuranosyl benzimidazole; H2Bub1, histone H2B monoubiquitination; mRNA, 
messenger RNA; qChIP, quantitative chromatin immunoprecipitation; RNAPII, RNA polymerase II; RT-
PCR, reverse transcription PCR; TR, transcribed region; TSS, transcriptional start site. 

 

To test whether active transcription is sufficient for H2Bub1 accumulation, we 

exploited the p53 response gene p21, the transcription of which is uniquely induced by 

5,6-dichloro-β-D-ribofuranosyl benzimidazole (DRB) despite a loss of P-Ser2 (Gomes 

et al., 2006). p21 mRNA levels significantly increased following treatment with either 

DRB or the specific mouse double minute 2 (MDM2) inhibitor nutlin 3 (Fig I.1B) and 

correlated with an increase in elongation of RNAPII on the p21 gene (Fig I.1C), as 

detected by chromatin immunoprecipitation (ChIP). As reported previously, the levels 

of RNAPII at the transcriptional start site (TSS) were only modestly affected by either 
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treatment, whereas both P-Ser2 (Gomes et al., 2006) and H2Bub1 (Minsky et al., 2008) 

specifically increased in the transcribed region (Fig I.1D,E) following nutlin 3 

treatment. In contrast to total RNAPII, P-Ser2 and H2Bub1 levels did not increase in the 

transcribed region after DRB treatment (Fig I.1D,E). 

 

CDK9 activity maintains global H2Bub1 levels 
 

As H2Bub1 and P-Ser2 are primarily present in the transcribed regions of active 

genes, we hypothesized that CDK9 is essential for H2Bub1. Therefore, we treated cells 

with four chemical CDK9 inhibitors and analysed total levels of H2Bub1. Each 

significantly decreased both H2Bub1 and P-Ser2 (Fig I.2A). These effects were dose-

dependent (Supp Fig I.S1A; data not shown) and specific, as the levels of H2B and P-

Ser5 were unaltered (Fig I.2A); RNF20/40 protein levels were also unaffected (Supp 

Fig I.S1B). 

 

 
Fig I.2: CDK9 activity is essential for maintaining global levels of H2Bub1. (A) H1299 cells were 
treated with the specific CDK9 inhibitors KM, DRB, FP or CDK9 inhibitor II (CDK9iII) at the indicated 
concentrations for 4 h and analysed by Western blot analysis. (B,C) H1299 cells were transfected with 
(B) control or CDK9 siRNAs or (C) expression plasmids and analysed by Western blot with the indicated 
antibodies. (D) The CTD and Ser 2 are necessary for maintaining H2Bub1 levels. HEK293 cells were 
transfected with α-amanitin-resistant RNAPII large subunit expression constructs containing wild-type 
(WT), deletion or mutant CTD. (E) Regulation of H2Bub1 by SUPT5H, NELF-E, RNF20/40 and PAF1. 
H1299 cells were transfected and analysed by Western blot using the indicated siRNAs and antibodies. 
H2B and HSC70 are shown as loading controls. CDK9, cyclin-dependent kinase 9; CTD, carboxy- 
terminal domain; DRB, 5,6-dichloro-β-D-ribofuranosyl benzimidazole; FP, flavopiridol; H2Bub1, histone 
H2B monoubiquitination; HEK, human embryonic kidney; HSC70, heat shock cognate protein 70; KM, 
KM05283; NELF-E, negative elongation factor E; PAF, polymerase II associated factor; RNAPII, RNA 
polymerase II; RNF, ring finger protein; siRNA, small interfering RNA; SUPT5H, suppressor of Ty 5 
homologue. 
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To verify further the role of CDK9, we transfected cells with specific small 

interfering RNAs (siRNAs) against CDK9. These decreased the level of both P-Ser2 

and H2Bub1 (Fig I.2B; Supp Fig I.S1C). This effect was rescued by re-expressing the 

mouse Cdk9 (Supp Fig I.S1D) and the overexpression of CDK9 alone increased the 

level of both P-Ser2 and H2Bub1 (Fig I.2C). 

To determine whether CTD phosphorylation is required for H2Bub1, we 

transfected cells with α-amanitin-resistant RNAPII constructs with wild-type CTD, no 

CTD, or CTD with specific mutations at Ser2 or Ser5. Both an intact CTD and Ser2, but 

not Ser5, were essential for H2Bub1 (Fig I.2D; Supp Fig I.S1E). Knockdown of 

SUPT5H or NELF-E had little effect on global levels of H2Bub1 (Fig I.2E). Thus, 

CDK9 affects H2Bub1 primarily in a CTD-dependent manner. Consistent with a 

previous report (Zhu et al., 2005b), we also observed a decrease in H2Bub1 after 

knockdown of the PAF component CTR9 (Fig I.2E). 

 

RNF40 is essential for maintaining global H2Bub1 levels 
 

Conflicting reports have left the role of RNF40 in H2Bub1 unclear (Kim et al., 

2005a; Weake and Workman, 2008; Zhu et al., 2005b). Thus, we tested whether both 

RNF20 and RNF40 regulated H2Bub1. RNF40 knockdown decreased H2Bub1, and this 

effect was rescued by overexpression of mouse Rnf40 (Supp Fig I.S1F). Similarly, the 

knockdown of either RNF20 or RNF40 using multiple siRNAs decreased global levels 

of H2Bub1 (Supp Fig I.S1G,H). 

 

CDK9 and RNF20/40 control histone mRNA processing 
 

The CDK9 dependence of H2Bub1 suggested that these molecules might 

influence the same nuclear processes. As histone genes are targets of both H2Bub1 

(RNF20) and NELF-E (Narita et al., 2007; Shema et al., 2008), we tested whether 

CDK9 or RNF20/40 control replication-dependent histone gene transcription. However, 

none of these molecules significantly affected the mRNA levels of HIST1H2BD, 

HIST1H2AC or HIST2H2AA (Fig I.3B and Supp Fig I.S2A). 

Replication-dependent histone mRNAs are not usually polyadenylated, but 

instead end in a conserved stem-loop structure. As knockdown of the CDK9-target 

NELF-E increased replication-dependent histone mRNA polyadenylation (Narita et al., 

2007), we tested whether CDK9, RNF20 or RNF40 also influences replication-

dependent histone mRNA 3’-end processing. The HIST1H2BD and HIST1H2AC genes 
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produce not only mRNAs containing 3’-end stem-loop structures but also the 

polyadenylated forms (Fig I.3A); their size – 13 and 15 kb, respectively – also make 

them amenable to ChIP analyses. Indeed, CDK9 knockdown increased read-through of 

the HIST1H2BD gene approximately 15-fold (Fig I.3C); the increased read-through 

transcript was also polyadenylated (Fig I.3D). The magnitudes of these effects were 

similar to those observed after NELF-E or SLBP knockdown (Narita et al., 2007). The 

knockdown of RNF20, RNF40, CTR9, cyclinT1, SUPT5H or NELF-E also resulted in 

increased HIST1H2BD polyadenylation (Fig I.3D and Supp Fig I.S2B). The modest 

effects of RNF20 and RNF40 knockdown probably reflect the pleiotropic effects of 

CDK9 knockdown on histone mRNA processing, which probably affects not only the 

CTD-dependent regulation of H2Bub1 but also the functions of SUPT5H and NELF-E. 

Similar results were obtained for the HIST1H2AC and HIST2H2AA genes (Fig I.3E and 

Supp Fig I.S2A). Importantly, these effects were not due to changes in cell-cycle 

progression, as CDK9, RNF20 or RNF40 knockdown did not affect cell-cycle 

distribution (data not shown). These effects were specific for replication-dependent 

histone mRNAs as the levels of polyadenylated 36B4, β-actin and GAPDH were 

unaffected by the knockdowns (Supp Fig I.S2C; data not shown). Thus, CDK9 and 

H2Bub1 help to maintain the correct mode of 3’-end processing of replication-

dependent histone mRNAs. 

 

 
 
 
 
_____________________________________________________________________________________ 
 

Fig I.3: CDK9 and H2Bub1 direct replication-dependent histone messenger RNA 3’-end processing 
but not transcription. (A) Schematic representation of the human HIST1H2BD and HIST1H2AC genes 
showing both normally processed and polyadenylated transcripts resulting from the splicing of a longer 
transcript. (B) Total HIST1H2BD and HIST1H2AC expression is not significantly affected by CDK9, 
RNF20 or RNF40 knockdown. Random-primed cDNAs were analysed for total HIST1H2BD or 
HIST1H2AC expression after transfection of HEK293 cells with control, CDK9, RNF20 or RNF40 
siRNAs. The expression of total histone transcripts was normalized to a control gene, 36B4, and is 
represented as relative mRNA expression; mean values + s.d., n = 3. (C) CDK9 knockdown increases the 
formation of read-through HIST1H2BD transcripts. Total RNA from HEK293 cells transfected with 
control or CDK9 siRNA was analysed by random-primed qRT–PCR using specific primers for total and 
read-through HIST1H2BD transcripts. The expression of processed (left panel) and read-through 
transcripts (right panel) was normalized to 36B4 and is shown as the percentage total transcript; mean 
values + s.d., n = 3. (D,E) CDK9 and RNF40/20 knockdown increase the formation of (D) 
polyadenylated HIST1H2BD and (E) HIST1H2AC transcripts. Total mRNA from cells transfected with 
control, CDK9, RNF40 or RNF20 siRNA was analysed by oligo-dT-primed qRT–PCR. Expression levels 
were normalized and expressed as in (A); mean values + s.d., n = 3. CDK9, cyclin-dependent kinase 9; 
cDNA, complementary DNA; ChIP, chromatin immunoprecipitation; H2Bub1, histone H2B 
monoubiquitination; HEK, human embryonic kidney; mRNA, messenger RNA; RNF, ring finger protein; 
siRNAs, small interfering RNAs, qRT–PCR, quantitative reverse transcription PCR; RNF, ring finger 
protein; siRNAs, small interfering RNAs. 
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CDK9 regulates RNAPII read-through genes 
 

Next, we carried out ChIP analyses to test whether CDK9 knockdown affected 

the recruitment of specific factors to the HIST1H2BD gene. TATA-binding protein 

(TBP) was recruited preferentially to the TSS and its levels were unchanged by CDK9 

knockdown (Fig I.4A), suggesting that the basal transcriptional apparatus was not 

affected by CDK9 knockdown. The knockdown of CDK9 and its presence on the 

HIST1H2BD gene were also verified (Fig I.4A). P-Ser2 was consistently decreased to 

nearly undetectable levels after CDK9 knockdown (Fig I.4B). Surprisingly, the amount 

of total RNAPII at the TSS was decreased to about 50%, whereas the levels at the 3’-

cleavage site (0.5 kb) remained unchanged (Fig I.4B). In comparison to P-Ser2, the 

fraction of P-Ser5 RNAPII was only moderately affected at both positions (Fig I.4B; 

Supp Fig I.2D). A similar effect was observed for the recruitment of NELF-E whereas 

the recruitment of cap binding protein 80 (CBP80) was unaffected by CDK9 

knockdown (Supp Fig I.S2E). 
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Fig I.4: CDK9 activity recruits proteins involved in H2B ubiquitination and histone messenger 
RNA 3’-end formation, and decreases RNAPII read-through. ChIP analysis of the HIST1H2BD (or 
HIST1H2AC in (E)) gene in HEK293 cells after transfection with control (grey bars) or CDK9 (black 
bars) siRNAs using the indicated antibodies. (A) TBP is specifically enriched at the TSS and is not 
affected by CDK9 knockdown, whereas CDK9 is significantly enriched both at the TSS and at 0.5 kb and 
these levels decrease on knockdown. (B) CDK9 knockdown similarly decreases RNAPII and P-Ser 5-
RNAPII levels at the TSS without affecting elongation to the 3’-end cleavage site. By contrast, P-Ser 2 is 
markedly decreased to near-background levels both at the TSS and at 0.5 kb. (C) The H2B-ubiquitinating 
complex (PAF1, RNF20 and RNF40) is enriched at 0.5 kb of the HIST1H2BD gene together with 
H2Bub1, and their levels decrease following CDK9 knockdown. (D) ChIP analysis of SLBP and the U7 
snRNP component LSM11 shows decreased recruitment to the 3’-cleavage site. (E) CDK9 knockdown 
increases RNAPII read-through past the normal 3’-end cleavage site of the HIST1H2BD and HIST1H2AC 
genes. ChIP analysis of total RNAPII levels at the polyadenylation site (13 kb for HIST1H2BD or 15 kb 
for HIST1H2AC) were compared with the amount of total initiating RNAPII (at the TSS) and plotted as 
the percentage read-through of RNAPII. ChIP experiments are shown as percentage input as in Fig. I.1; 
mean values + s.d., n = 3. Statistically significant differences are indicated: *P ≤ 0.05; **P ≤ 0.01; ***P 
≤ 0.001. The experimental background is shown in each graph as a dotted line. CDK9, cyclin-dependent 
kinase 9; ChIP, chromatin immunoprecipitation; H2Bub1, histone H2B monoubiquitination; HEK, human 
embryonic kidney; LSM11, Sm-like protein 11; PAF, RNA polymerase II associated factor; RNAPII, 
RNA polymerase II; RNF, ring finger protein; SLBP, stem-loop (histone) binding protein; siRNAs, small 
interfering RNAs; snRNP, small nuclear ribonucleoprotein; TBP, TATA-binding protein; TSS, 
transcriptional start site, 0.5 kb is equal to 3’-end cleavage site, 0.9 kb is equal to 400 bp 3’ to the 
cleavage site, 13 kb or 15 kb is equal to polyadenylation site of the read-through transcripts for 
HIST1H2BD and HIST1H2AC, respectively. 
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Given that CDK9 was essential for global levels of H2Bub1, and as both CDK9 

and H2Bub1 regulated replication-dependent histone mRNA processing, we tested 

whether H2Bub1 and the PAF1/RNF20/40 complex were also present on the 

HIST1H2BD gene. Indeed, RNF20, RNF40, and H2Bub1 showed a preferential 

enrichment to the 3’-cleavage site, with very low levels at the TSS (Fig I.4C). 

Importantly, the presence of PAF1 and all of the H2Bub1-associated factors decreased 

after CDK9 knockdown. This was most apparent for PAF1 and H2Bub1, as PAF1 

enrichment at 0.5 kb was decreased to 50% above background levels and H2Bub1 was 

nearly undetectable following CDK9 knockdown. 

The increased polyadenylation of replication-dependent histone mRNAs might 

be attributable to incorrect recognition of the 3’ stem-loop structure, which might result 

in read-through of RNAPII beyond the normal 3’-processing site. Thus, we carried out 

ChIP analyses of SLBP and the U7 snRNP component Lsm11 on the HIST1H2BD gene 

to test whether their recruitment is affected by CDK9 knockdown. Indeed, both SLBP 

and Lsm11 were enriched at the 3’-cleavage position, as well as 400 bp downstream of 

the cleavage position, and decreased following CDK9 knockdown (Fig I.4D). Most 

notably, SLBP recruitment at 0.9 kb decreased nearly 50% following CDK9 

knockdown. 

The decrease in the recruitment of histone mRNA 3’-end processing factors also 

correlated with an increase in read-through of RNAPII beyond the normal 3’-end 

cleavage position on the HIST1H2BD gene (Fig I.4E); similar results were obtained for 

HIST1H2AC (Fig I.4E). This is consistent with the increase in polyadenylated 

transcripts detected by reverse transcription PCR (RT–PCR; Fig I.3D,E) and suggests 

that CDK9 is important for the correct positioning of 3’-end processing proteins. This is 

the first report to show that the increase in the read-through and polyadenylation of 

replication-dependent histone gene transcripts is associated with an increased detection 

of RNAPII at the downstream polyadenylation site. The non-linear relationship between 

the increases in the read-through of RNAPII, as detected by ChIP analysis (Fig I.4E), 

and polyadenylated mRNA levels, as detected by RT−PCR (Fig I.3D,E), are common in 

transcriptional studies and might be due to factors such as mRNA stability, RNAPII 

processivity and differences in RNA processing. 

Although CDK9 is known to regulate transcription-associated nuclear processes 

such as splicing and polyadenylation, the significance of CDK9-directed chromatin 

modifications in these or other nuclear processes have remained unexplored. We have 
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shown that H2Bub1 is a CDK9-dependent histone modification that directs replication-

dependent histone mRNA 3’-end processing by the SLBP–U7 snRNP complex. We 

propose that CDK9 regulates this, at least in part, by directing H2Bub1, which might 

influence the accessibility of the newly synthesized mRNA or the recruitment of 3’-end 

processing machinery by modifying the chromatin structure. Consistent with a role for 

chromatin structure in histone mRNA 3’-end processing, the histone variants H3.3 and 

H2Av and the histone chaperone Anti-silencing function 1 (Asf1) are necessary for 

correct histone mRNA 3’-end formation in Drosophila (Wagner et al., 2007). However, 

the presence of these histone variants on the replication-dependent histone genes and 

their roles in mammals remain unknown. In our model, specific CDK9-dependent 

phosphorylations and changes in H2Bub1 would act as markers for the correct 

recognition of the histone mRNA 3’-end cleavage site. The presence of these markers 

might be regulated by altering CTD phosphorylation or H2Bub1. In the absence of P-

Ser2 or H2Bub1, RNAPII would continue to transcribe until another termination site 

(that is, a downstream polyadenylation signal) is reached. Thus, we have revealed a new 

and unexpected role for CDK9, and a unique cross talk between CDK9 and the histone 

code in the regulation of histone mRNA 3’-end processing. 

 

Speculation 
 

In support of the hypothesis that CDK9 and/or H2Bub1 regulation of histone 

mRNA processing might have a role in human disease, it is interesting to note that 

changes in the expression of polyA+ replication-dependent histone mRNAs have been 

revealed by microarray analyses in various subtypes of breast cancer (Abba et al., 2005; 

Zhao et al., 2004) and oropharyngeal squamous-cell carcinoma (Martinez et al., 2007). 

Although the function of these transcripts is unclear, it is possible that they provide an 

advantage to rapidly dividing cells by supplying an additional source of histones outside 

of the S-phase owing to their cell-cycle-independent stability and translation (Kirsh et 

al., 1989). Future experiments will specifically address this hypothesis. 

 

Methods 
 

Plasmids and siRNAs 

Cdk9 and Rnf40 were cloned into pcDNA3.1-Hygro (Invitrogen, Heidelberg, 

Germany). The α-amanitin-resistant RNAPII constructs were described previously 

(Chapman et al., 2007). The siRNAs used are listed in Supp Table I.S4. 
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Cell culture and transfection 

H1299, HEK293 and U-2 OS cells were grown in high-glucose DMEM containing 10% 

fetal bovine serum (FBS) and 1 × penicillin-streptomycin. Cells were treated with 

KM05283 (Thermo Fisher Scientific International), DRB (Sigma, Munich, Germany), 

flavopiridol (Sigma), CDK9 inhibitor II (Merck KGaA, Darmstadt, Germany) or nutlin 

3 (Sigma) as indicated. Transfections were carried out using Lipofectamine 2000 or 

Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer’s instructions. 

Studies using the α-amanitin-resistant RNAPII constructs were carried out as described 

previously (Chapman et al., 2007). 

 

Western blot analysis 

Protein samples were analysed by Western blot analysis using the antibodies listed in 

Supp Table I.S1. 

 

ChIP and gene expression analysis 

ChIP analyses were carried out essentially as described previously (Johnsen et al., 2009; 

Nelson et al., 2006) using the antibodies and dilutions listed in Supp Table I.S1. RNA 

was harvested with TRIZOL (Invitrogen) according to the manufacturer’s instructions 

and reverse transcribed using either oligo-dT or random nonamer primers as indicated in 

the respective figure legends. DNA samples (ChIP or cDNA) were analysed by using 

real-time PCR using the iQ SYBR Green Supermix (BioRad, Munich, Germany) with 

the primers listed in Supp Tables I.S2 and I.S3. Experimental background was 

determined by carrying out a control ChIP with either a non-specific IgG and/or no 

primary antibody. The averages of the background signals for all primer pairs were 

similar and are graphically represented by the dotted line (Fig I.1C,D; Fig I.4A-D). The 

percentage of total transcripts for the processed and read-through HIST1H2BD 

transcripts shown in Fig I.3C was determined by RT–PCR using random primed cDNA 

from control or CDK9-siRNA-transfected cells and dividing the signal for the ‘read 

through’ transcript by the total amount of transcript. The remaining fraction of total 

transcript was interpreted as the processed fraction. All quantitative RT–PCRs were 

normalized to 36B4 or MTRNR2 before additional normalization and statistical 

analyses. 
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2.1.1 Supplementary Material 
 

Supplementary Detailed Materials and Methods 
 

Chromatin immunoprecipitation 

ChIP analyses were performed essentially as described (Nelson et al., 2006) 

using the antibodies and dilutions listed in Supp Table I.S1. Briefly, medium was 

removed from the cell culture plates and DNA binding complexes were cross-linked by 

adding PBS containing 1.42% formaldehyde to the cells for 15 min at room 

temperature. Cross-linking was quenched by adding 1.25 M glycine to a final 

concentration of 125 mM and incubated at room temperature for an additional 5 min. 

Cross-linked cells were then washed twice with ice-cold PBS prior to adding 1 ml IP 

Buffer (150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 5 mM EDTA, 0.5% (v/v) NP-40, 

1.0% (v/v) Triton X-100 containing 1 mM NEM, 10 mM BGP and 1 × PIC). Cells were 

scraped, transferred to 1.5 ml tubes and pelleted by centrifugation (12,000 × g) at 4 °C. 

The nuclear pellets were washed an additional time with IP buffer before resuspending 

in 300 µl IP buffer. Samples were sonicated using a Bioruptor (Diagenode, Liège, 

Belgium) on “H” setting 3 times for 10 min each with alternating pulses and pauses for 

10 s each. Sonicated chromatin was centrifuged at full speed and pre-cleared with 100 

µl of 50% Sepharose 4B (GE Healthcare, Piscataway, NJ) slurry in IP Buffer for 1 h at 

4 °C. After centrifugation, pre-cleared chromatin was diluted, aliquoted, shock frozen in 

liquid nitrogen, and stored at -80 °C. For ChIP analysis, 50 µl of chromatin was diluted 

to a final volume of 500 µl in IP buffer containing NEM, BGP and PIC and incubated 

overnight with the indicated amounts of antibody (see Supp Table I.S1). Chromatin 

complexes were captured by adding 30 µl of a 50% Protein-A or Protein-G Sepharose 

slurry (GE Healthcare) and incubated for an additional 2 h with tumbling at 4 °C. 

Samples were centrifuged at 2000 × g for 2 min at 4 °C and washed 6 times with IP 

buffer. The immunoprecipitated chromatin complexes were reverse cross-linked by 

adding 100 µl 10% (w/v) Chelex 100 (BioRad, Hercules, CA) slurry and heating at 95 

°C for 10 min. Two µl proteinase K (20 µg/µl, Invitrogen) was added to each sample 

and incubated at 55 °C for 30 min. Proteinase K was then inactivated by incubating at 

95 °C for 10 min. Finally, samples were centrifuged at 12,000 × g for 1 min and the 

supernatant was transferred to a new tube. For normalization, input samples were 

prepared by adding 1 µl GlycoBlue (15 µg/µl, Applied Biosystems, Austin, TX) to 50 

µl of chromatin extract and precipitated by adding 2.5-3 volumes of ethanol and 
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incubating overnight at -20 °C. Input samples were then centrifuged at 12,000 × g and 

washed twice with 70% ethanol before preparing DNA by the Chelex method described 

above. 

 

Gene expression analysis and real-time PCR 

RNA was harvested using the TRIZOL method (Invitrogen) according to the 

manufacturer’s instructions. Reverse transcriptions were performed using either oligo-

dT (T23VN) or random nonamer primers as indicated below or in the respective figure 

legends. One µg total RNA was mixed with 2 µl random nonamer (15 µM) or oligo-dT 

(50 µM) primers (Metabion, Martinsried, Germany), 4 µl dNTPs (2.5 mM, Promega), 

and brought to a volume of 16 µl in RNAse-free water. Samples were heated at 70 °C 

for 5 min and placed on ice. A total volume of 4 µl containing 2 µl 10 × reaction buffer, 

0.25 µl (10 U) RNAse inhibitor (New England Biolabs, Ipswich, MA), and 0.125 µl (25 

U) M-MuLV reverse transcriptase (New England Biolabs) was added to each sample 

and incubated at 42 °C for 1 h. Finally, the reverse transcriptase was inactivated by 

heating at 95 °C for 5 min and samples were diluted to 50 µl with water. 

Two µl of each DNA (ChIP or cDNA) sample were used for quantitative real-

time PCR analysis in a final volume of 25 µl. Real-time PCR analysis was performed 

using the iQ SYBR Green Supermix (BioRad) with the primers listed in Supp Tables 

I.S2 and I.S3. A two-step protocol (10 min at 95 °C; followed by 40 cycles of: 95 °C for 

15 s and 60 °C for 1 min) followed by a melting curve analysis was used for each 

primer pair and performed on a Chromo4 Real-Time PCR System (BioRad). ChIP and 

input samples were quantified using a standard curve made from ChIP input DNA. 

ChIP samples were normalized to their appropriate input samples and expressed as “% 

input”. Experimental background was determined by performing a control ChIP with 

either a non-specific IgG (see Supp Table I.S1 for specific information) and/or no 

primary antibody (i.e., Protein-A Sepharose alone). The average of the background 

signals for all primer pairs were similar and are graphically represented by the dotted 

line in Fig I.1C-E, Fig I.4A-E and Supp Fig I.S2D. RT–PCR analysis was quantified 

using a mixture of cDNA (for p21 gene expression analysis) or a genomic DNA dilution 

curve (for determining the precise “% of total transcript” for processed and read-through 

HIST1H2BD transcripts). The percent of total transcript for the processed and read-

through HIST1H2BD transcripts shown in Fig I.3C were determined by RT–PCR using 

random primed cDNA from control or CDK9 siRNA transfected cells and dividing the 
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signal for the “read-through” transcript by the total amount of transcript (for the “% 

total transcript” for the read-through transcript) and the remaining fraction of total 

transcript was interpreted as the processed fraction. A schematic showing the position of 

the amplicons investigated is displayed in Fig I.3A. Polyadenylated HIST1H2BD and 

HIST1H2AC were analysed by oligo-dT primed reverse transcription followed by 

quantitative real-time PCR analysis using primers that lie in the first exon of the 

respective gene. All qRT–PCRs were normalized to 36B4 or MTRNR2 prior to 

additional normalization and statistical analyses. 

 

Supplementary Tables 
 

Supp Table I.S1: Antibodies used for ChIP and western blot analyses and the respective dilutions. 
 

Target Protein Clone Cat. Nr. ChIP WB Source 

CBP80 - - 1 µl - (Izaurralde et al., 1994) 

CDK9 C-20 sc-484 1 µg 1:100 Santa Cruz 

Histone H2B - 07-731 - 1:3,000 Upstate 

Histone H2Bub1 - - 75 µl† 1:1,000† (Minsky et al., 2008) 

Hsc70 B6 sc-7298 - 1:25,000 Santa Cruz 

IgG (Non-specific) - ab46540 1 µg - Abcam 

Lsm11 - - 2 µl - (Pillai et al., 2003) 

NELF-E KM2479 - 1 µl - (Narita et al., 2007) 

PAF1 - pAb-015-050 1 µg - Diagenode 

RNAPII (N-Term) N-20 sc-899 1 µg - Santa Cruz 

RNAPII (P-Ser2-CTD) H5 MMS-129R 2 µl - Covance 

RNAPII (P-Ser2-CTD) 3E10 - - 1:10† (Chapman et al., 2007) 

RNAPII (P-Ser5-CTD) H14 MMS-134R 1 µl 1:10,000 Covance 

RNF20 - NB100-2242 1 µg 1:2,000 Novus Biologicals 

RNF20 - ab32629 - - Abcam 

RNF40 - ab26082 1 µg 1:1,000 Abcam 

SLBP - - 2 µl - (Arnold et al., 2008) 

TBP SI-1 sc-273 0.5 µg - Santa Cruz 

Goat Anti-Mouse IgM - M 8644 3 µg - Sigma 

Donkey Anti-Mouse 
IgG-HRP 

- 715-036-150 - 1:10,000 
Jackson 
ImmunoResearch 

Donkey Anti-Mouse 
IgM-HRP 

- 115-035-044 - 1:3,000 
Jackson 
ImmunoResearch 

Donkey Anti-Rabbit 
IgG-HRP 

- 711-036-152 - 1:10,000 
Jackson 
ImmunoResearch 

Goat Anti-Rat IgG + 
IgM-HRP 

- 112-035-068 - 1:10,000 
Jackson 
ImmunoResearch 

 
† From hybridoma supernatant. 
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Supp Table I.S2: Primers utilized in ChIP in 5’ to 3’ orientation. Primers not obtained from other 
previous studies were designed using the Primer3 program (http://frodo.wi.mit.edu/). 
 

ChIP Primers Source 

HIST1H2BD TSS F ACCTCATTTGAATACCGCATCT This study 

HIST1H2BD TSS R TGGTAGGTTCAGGCATCGTAG This study 

HIST1H2BD +0.5kb F TCTTTTAAGAGCCACGCATGT This study 

HIST1H2BD +0.5kb R CGTAACATTAAAGATTGGTACTGTGG This study 

HIST1H2BD +13kb F TGCCATGGACTACCTTTGCT This study 

HIST1H2BD +13kb R AGGTTTGGATCAACAATGAAGG This study 

HIST1H2AC TSS F AAAAGCGGCCATGTTTTACA This study 

HIST1H2AC TSS R AAAAATCACCAAAACCAGCG This study 

HIST1H2AC +15kb F AGATTTCCCAAATTCCAGCC This study 

HIST1H2AC +15kb R AAGGAAGAAAGGAAATGGCAA This study 

p21 TSS F GGGGCGGTTGTATATCAGG This study 

p21 TSS R GGCTCCACAAGGAACTGACTTC (Gomes et al., 2006) 

p21 5.3kb F CCAGGGCCTTCCTTGTATCTCT (Gomes et al., 2006) 

p21 5.3kb R ACATCCCCAGCCGGTTCT (Gomes et al., 2006) 

 

Supp Table I.S3: Primers utilized in RT–PCR in 5’ to 3’ orientation. Primers not obtained from other 
previous studies were designed using the Primer3 program (http://frodo.wi.mit.edu/). 
 

RT-PCR Primers Source 

36B4 F GATTGGCTACCCAACTGTTG (Fritah et al., 2005) 

36B4 R CAGGGGCAGCAGCCACAAA (Fritah et al., 2005) 

HIST1H2BD Total F ACGATGCCTGAACCTACCAA This study 

HIST1H2BD Total R AGCCTTAGTCACCGCCTTCT This study 

HIST1H2BD PolyA F CCAACTCATCCTGGTTTGCT This study 

HIST1H2BD PolyA R TCCCCTCGGTAACCTTCTTT This study 

HIST2H2AA Total / PolyA F AAGGCAAAGGGCAAGTGAG This study 

HIST2H2AA Total R AAGAGCCTTTTGAGTTCACAGGT This study 

HIST2H2AA PolyA R TGAAAACGTGGGTGGCTCT This study 

HIST1H2AC Total F GACGAGGAGCTCAACAAACTG This study 

HIST1H2AC Total R ACCTGTCAAATCACTTGCCC This study 

HIST1H2AC PolyA F CCTGTCCACTGTTGGTAGGC This study 

HIST1H2AC PolyA R TTCACTTACCACCATTCCAGC This study 

MTRNR2 F CATAAGCCTGCGTCAGATCA This study 

MTRNR2 R CCTGTGTTGGGTTGACAGTG This study 

p21 F CCAGCTGGGCTCTGCAATT (Gomes et al., 2006) 

p21 R GCTGAGAGGGTACTGAAGGGAAA (Gomes et al., 2006) 
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Supp Table I.S4: siRNAs utilized in a 5’ to 3’ orientation. 
 

Target Gene siRNA Target Sequence  Source Reference 

CDK9 (#1) UAG GGA CAU GAA GGC UGC UAA Qiagen  

CDK9 (#2) GUC AAC UUG AUU GAG AUU UGU CGA A Invitrogen  

CDK9 (#3) GCA AGG GUA GUA UAU ACC UGG UGU U Invitrogen  

CTR9 (#1) UUC CGU UAC CAC GUC AUA UAA Qiagen  

CTR9 (#2) UAG CAA CCC UAU GGU AUU GAA Qiagen  

CyclinT1 AAT CCC TTC CTG ATA CTA GAA Qiagen (Chiu et al., 2004) 

NELF-E AAG UCA ACA UAG CCC GAA AUU Ambion  

RNF20 

SmartPool® containing: 
CCA AUG AAA UCA AGU CUA AUU, 
UAA GGA AAC UCC AGA AUA UUU, 
GCA AAU GUC CCA AGU GUA AUU, 
AGA AGA AGC UAC AUG AUU UUU 

Dharmacon  

RNF20 #1 CAG CGA CUC AAC CGA CAC UUA Ambion  

RNF20 #2 AGC UCU UAU CCC GGA AGC UAA Ambion  

RNF20 #3 CAG GUC CGC AAG GAG UAU GAA Ambion  

RNF40 

SmartPool® containing: 
GAG AUG CGC CAC CUG AUU AUU, 
GAU GCC AAC UUU AAG CUA AUU, 
GAU CAA GGC CAA CCA GAU UUU, 
CAA CGA GUC UCU GCA AGU GUU 

Dharmacon  

RNF40 #1 AGA GAU GGA UGU GAC AGG UCA Ambion  

RNF40 #2 TGA GGA CAU GCA GGA ACA GAA Ambion  

RNF40 #3 AGG UAC UAC AGU UCA AGA ACA Ambion  

SUPT5H AAC UGG GCG AGU AUU ACA UGA Qiagen (Ping et al., 2004) 
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Supplementary Figures 
 

 
 
Supp Fig I.S1: CDK9, RNF20 and RNF40 are essential for maintaining global levels of H2B 
monoubiquitination. (A) The CDK9 inhibitor II (CDK9iII) dose-dependently decreases P-Ser2-RNAPII-
CTD and H2Bub1 levels with similar effective concentrations. Cells were treated with different 
concentrations of CDK9iII and analysed by Western blot for the presence of P-Ser2, H2Bub1 and HSC70 
(loading control). (B) RNF20 and -40 levels are unaffected by CDK9 inhibition. The same extracts from 
H1299 cells treated with CDK9 inhibitors in Fig I.2A were analysed by Western blot for the expression of 
RNF20, RNFr0 and HSC70. Note that RNF20 and RNF40 expression remain unaltered after 4 h 
treatment. (C,D) The effects of CDK9 knock-down are specific. H1299 cells were transfected as in Fig I. 
2B with three individual siRNAs against hCDK9. (C) Both siRNAs which efficiently targeted CDK9 
(#1,3) also efficiently decreased H2Bub1 levels. (D) Over-expression of mCdk9 rescues the H2Bub1 
phenotype caused by hCDK9 knock-down. H1299 cells were co-transfected with different combinations 
of mCdk9 or control expression vector together with a control or hCDK9 specific siRNA as indicated. 
HSC70 is shown as a loading control. (E) Densitometric analysis of Western blot data from Fig I.2D. The 
intensity of the specific H2Bub1 signal was normalized to its respective H2B control and displayed as 
“Normalized H2Bub1:H2B Ratio”; mean values, error bars show the range of the two values. (F-H) 
RNF20 and RNF40 are essential for H2B monoubiquitination. (F) siRNA knockdown and rescue was 
performed as in (D) by transfecting different combinations of specific siRNAs against human RNF40 (or 
control siRNA) together with an HA-tagged mRnf40 or control expression plasmid. Three distinct 
siRNAs targeting RNF20 (G) or RNF40 (H) each result in dramatically decreased levels of H2Bub1 and 
the respective targeted protein. HSC70 is shown as a loading control. 
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Supp Fig I.S2: CDK9, RNF20/40 and associated proteins and chromatin modifying enzymes 
specifically affect replication-dependent histone mRNA polyadenylation. (A) The cDNA samples 
analysed in Fig I.3 were additionally analysed for the expression of total and polyadenylated 
HIST2H2AA. (B) The knockdown of CyclinT1, SUPT5H, NELF-E, or CTR9 all increase HIST1H2BD 
polyadenylation. cDNA from H1299 cells that were transfected as in Fig I.3 with the indicated siRNAs 
were analysed for total and polyadenylated HIST1H2BD mRNA. The ratio of polyadenylated to total 
mRNA was normalized to the control and expressed as “relative mRNA expression”; mean values + s.d., 
n = 3. (C) PolyT reverse transcribed cDNA samples from B and Fig I.3 were analysed for the expression 
of polyadenylated 36B4 mRNA. In order to avoid any non-specific effects due to general effects, samples 
were not normalized to an internal control. Values are graphed relative to the control sample and are 
expressed as “relative mRNA expression”; mean values + s.d., n = 3. (D) Data for P-Ser2 and P-Ser5 
shown in Fig I.4B was subtracted from the background values and normalized to the amount of total 
RNAPII. The data is expressed as relative % of total RNAPII (“P-Ser2 or 5 / Total RNAPII”); mean 
values + s.d., n = 3.  (E) CDK9 knockdown affects NELF-E recruitment in a similar manner as RNAPII 
and has no effect on CBP80 recruitment to the HIST1H2BD gene. ChIP extracts analysed in Fig I.4 were 
examined for the effects on NELF-E and CBP80 recruitment to the HIST1H2BD gene. Note that NELF-E 
recruitment essentially follows RNAPII (see Fig I.4B), while CBP80 is unaffected. ChIP experiments are 
displayed as “% input” as in Fig I.1 and I.4; mean values + s.d., n = 3. 
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Abstract 
 

Cyclin-dependent kinase-9 (CDK9) was originally characterized as a 

transcription elongation factor which regulates RNA Polymerase II (RNAPII) activity 

following transcriptional initiation. However, recent evidence from a number of studies 

have shown that CDK9 plays an important role in regulating not only RNAPII activity 

but also co-transcriptional histone modification and mRNA processing events such as 

splicing and 3’ end processing. Importantly, our previous work and the work presented 

here demonstrate that CDK9 functions to guide a complex network of chromatin 

modifications including histone H2B monoubiquitination (H2Bub1), H3 lysine 4 

trimethylation (H3K4me3) and H3K36me3. This function appears to be dependent upon 

not only the phosphorylation of the RNA Polymerase II C-terminal domain but also 

upon other CDK9 targets such as the Suppressor of Ty Homolog-5 (SUPT5H), Negative 

Elongation Factor-E (NELF-E) and probably the human Rad6 homolog UBE2A. We 

provide a working model by which CDK9 may control co-transcriptional replication-

dependent histone mRNA 3’ end processing in an H2Bub1 and H3K4me3-dependent 

manner and uncover new and important differences between the functions of human 

CDK9 and its yeast counterparts Ctk1 and Bur1. 

 

Introduction 
 

The active form of the human Positive Transcription Elongation Factor-b (P-

TEFb) complex is composed of its kinase component Cyclin-Dependent Kinase-9 

(CDK9) and a cyclin subunit which is most frequently CyclinT1, but may also be 

CyclinT2A, T2B or K (Romano and Giordano, 2008). The function of P-TEFb in 

humans has primarily been attributed to the phosphorylation of its substrate proteins 

which include Ser2 of the heptapeptide C-terminal repeat domain (CTD) of the RNA 

Polymerase II (RNAPII), the Suppressor of Ty Homolog-5 (SUPT5H) and Negative 

Elongation Factor-E (NELF-E). Phosphorylation of the RNAPII-CTD plays an 

important role in transcriptional regulation and co-transcriptional mRNA processing in 

vivo by serving as a binding platform for factors involved in mRNA 5’ end capping, 

splicing, and 3’ end processing as well as chromatin modifications (Buratowski, 2003; 

Egloff and Murphy, 2008). Phosphorylation of NELF-E removes a block to early 

transcriptional elongation induced by binding of the NELF complex to the nascent 

transcript (Yamaguchi et al., 1999; Yamaguchi et al., 2002). Interestingly, 

phosphorylation of a C-terminal repeat on the SUPT5H protein, which is reminiscent of 
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the RNAPII-CTD, appears to convert it from a negative to a positive elongation factor 

(Yamada et al., 2006). Although additional interesting CDK9 targets such as MyoD 

(Simone et al., 2002b), PPARγ (Iankova et al., 2006), p53 (Claudio et al., 2006; 

Radhakrishnan and Gartel, 2006) and Rb (De Luca et al., 1997; Grana et al., 1994; 

Simone et al., 2002a) have been reported, the RNAPII-CTD, NELF-E and SUPT5H 

appear to be the major targets of CDK9 which are involved in general transcriptional 

and co-transcriptional processes in most cell types. 

 

Regulation of Histone Modifications by CDK9 
 

One of the important functions of RNAPII-CTD phosphorylation is the 

recruitment of chromatin modifying enzymes. In particular, both Ser5 phosphorylation 

(by the CDK7-containing TFIIH complex) and Ser2 phosphorylation affect the binding 

of chromatin modifying enzymes such as the histone H3 lysine 36 (H3K36) methylating 

enzyme Set2 in yeast and SETD2 in humans (Egloff and Murphy, 2008). Although 

several chromatin modifications have been identified and linked to processes such as 

transcription and DNA replication, the regulation of these modifications and their roles 

in additional nuclear processes such as RNA processing are relatively unknown. In our 

previous work, we showed that the inhibition or knockdown of CDK9 resulted in a 

nearly complete loss of H2Bub1 (Pirngruber et al., 2009b). Since H3K4me3 and 

H3K79me3 were shown to be dependent upon H2Bub1 in humans (Kim et al., 2005a; 

Zhu et al., 2005b) and since the binding of SETD2 and subsequent H3K36me3 depends 

upon RNAPII-CTD-Ser2 phosphorylation, we also tested whether CDK9 knockdown 

also influences H3K4me3 and H3K36me3. Indeed, not only histone H2B 

monoubiquitination (Pirngruber et al., 2009b) but also H3K4me3 (Fig II.1A) is a 

CDK9-dependent histone modifications. We also confirmed for the first time in humans 

that CDK9-mediated Ser2-RNAPII-CTD phosphorylation is also necessary for 

maintaining global H3K36me3 levels (Fig II.1A) as has been described in yeast (Kizer 

et al., 2005; Li et al., 2005a). These results are supported by an earlier study where the 

presence of both H3K4me3 and H3K36me3 on the HIV1 gene was shown to decrease 

following CDK9 inhibition by flavopiridol (Zhou et al., 2004). 
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Fig II.1: CDK9 activity is essential for H3K4me3 and H3K36me3. (A and B) H1299 cells were 
transfected with control or CDK9 siRNAs (A) or siRNAs against SUPT5H, NELF-E, RNF20/40 and 
CTR9 (B). Histone modifications were analyzed by western blot using the indicated siRNAs and 
antibodies. HSC70 is shown as a loading control. (C) CDK9 regulates a hierarchy of histone 
modifications by CTD-dependent and independent mechanisms. Phosphorylation of Ser2 of the RNAPII 
CTD increases the recruitment of the PAF complex thereby increasing H3K36me3, H2Bub1 and the 
downstream modifications H3K4me3 and H3K79me3. Additionally, CDK9-dependent phosphorylation 
of SUPT5H and UBE2A may be necessary for maintaining H3K36me3 and H2Bub1, respectively. 
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The Role of Other CDK9 Substrates in Controlling Histone Modifications 
 

We have shown that CDK9-dependent phosphorylation at Ser2, rather than Ser5 

or Ser7 of the RNAPII C-terminal domain, and not transcription per se, is necessary for 

H2B monoubiquitination (Pirngruber et al., 2009b). However, while these effects were 

dramatic, they were not complete and some H2Bub1 remained in the absence of P-Ser2-

RNAPII-CTD. Since SUPT5H and NELF-E are also phosphorylated by CDK9 we 

performed knockdown analyses of each of these proteins and examined their effects on 

H2Bub1, H3K4me3 and H3K36me3. Surprisingly, SUPT5H knockdown significantly 

decreased H3K36me3 (Fig II.1B) levels and moderately affected H2Bub1 (Pirngruber et 

al., 2009b) and H3K4me3 (Fig II.1B). In contrast, NELF-E knockdown did not 

appreciably affect any of the modifications. Thus CDK9 appears to regulate H2Bub1 

primarily in a CTD-dependent manner through phosphorylation of Ser2 but may also 

utilize additional CTD-independent ways such as by phosphorylation of SUPT5H for 

the regulation of H3K36me3. 

Based on the established role of the PAF complex in regulating H2Bub1 

together with RNF20/40 we verified its effects on H2Bub1, H3K4me3 and H3K36me3 

by knocking down the PAF component CTR9. As previously reported (Zhu et al., 

2005b), CTR9 knockdown decreased global H2Bub1 (Pirngruber et al., 2009b) and 

H3K4me3 levels (Fig II.1B). Also consistent with data from yeast (Chu et al., 2007), 

CTR9 knockdown additionally resulted in a decrease in H3K36me3 (Fig II.1B). Thus 

these three modifications show a similar profile of inhibition following knockdown of 

CDK9 or the PAF complex. The role of the PAF complex downstream of CDK9 was 

also supported by our ChIP studies in which PAF recruitment decreased following 

CDK9 knockdown (Pirngruber et al., 2009b). Also, consistent with previous reports 

(Kim et al., 2005a; Zhu et al., 2005b), both H2Bub1 and H3K4me3, but not H3K36me3 

decreased following knockdown of RNF20 or 40 (Fig II.1B and ref. (Pirngruber et al., 

2009b)). 

Thus, in humans CDK9 regulates multiple chromatin modifications including 

H3K36me3, H3K4me3, H2Bub1 and probably also the H2Bub1-dependent H3K79me3 

through a complicated network of phosphorylations and protein interactions. As 

indicated by our data and shown in Fig II.1C, CDK9 functions to regulate H3K36me3 

through both SUPT5H and RNAPII-CTD phosphorylation. In contrast, H2Bub1 is 

regulated primarily through CDK9-dependent CTD phosphorylation which increases 

PAF and RNF20/40 recruitment. Similar to the yeast Rad6 protein whose H2B 
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ubiquitination activity is controlled by Bur1-mediated phosphorylation of Ser120 

(Wood et al., 2005), the activity of the human Rad6 homolog (UBE2A) is also regulated 

by phosphorylation of Ser120 (Sarcevic et al., 2002). It remains unclear whether 

UBE2A is also a target of CDK9. However, given the incomplete effects of Ser2-

RNAPII-CTD mutation on global H2Bub1 levels as compared with CDK9 knockdown 

or inhibition (Pirngruber et al., 2009b), it is likely that additional CDK9 targets such as 

UBE2A probably also influence H2B monoubiquitination. Further support for the 

hypothesis that UBE2A is also a CDK9 target is the high degree of homology between 

yeast Rad6 and UBE2A (69% identity and 85% similarity at the amino acid level) as 

well as the recent discovery that UBE2A controls H2B monoubiquitination and 

H3K4me3 (Kim et al., 2009). However, additional studies will be necessary to address 

whether UBE2A is indeed a CDK9 target in humans. 

 

CDK9 Controls Replication-Dependent Histone mRNA Processing 
 

In contrast to most RNAPII synthesized mRNAs, replication-dependent histone 

mRNAs are not polyadenylated, but instead end in a conserved stemloop structure 

which is recognized and processed by the stemloop binding protein (SLBP)/U7 snRNP 

complex (Marzluff et al., 2008). This results in the production of unpolyadenylated 

mRNAs with a defined 3’ end. Interestingly, previous reports have described the 

production of polyadenylated mRNAs from replication-dependent histone genes in 

vertebrate cells under certain conditions (Collart et al., 1991; Kirsh et al., 1989; Narita 

et al., 2007). Furthermore, microarray studies have uncovered a potential connection 

between p53 activity and replication-dependent histone mRNA polyadenylation 

(Martinez et al., 2007; Yan et al., 2007). Although the physiological relevance of 

polyadenylated mRNAs produced from replication-dependent histone genes is not clear, 

the increased stability and cell cycle-independent translation of these transcripts may 

provide a certain advantage to both non-dividing normal cells or rapidly dividing tumor 

cells. Thus, changes in the mode of replication-dependent histone mRNA 3’ end 

processing may represent an important regulatory step in tumorigenesis and normal 

cellular physiology. 

In our recent work we uncovered a novel role for CDK9 in histone mRNA 

processing and demonstrated that not only CDK9, but also the enzyme complexes that 

catalyze the CDK9-dependent histone modifications, are necessary for suppressing 

replication-dependent histone mRNA polyadenylation (Pirngruber et al., 2009b). Our 
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newest results demonstrate that the increase in the production of the polyadenylated 

transcripts following CDK9 knockdown was not due to defects in splicing or spurious 

intragenic transcriptional initiation since increases in a non-spliced histone transcript 

(HIST2H2AA) (Pirngruber et al., 2009b) were observed and since similar increases in 

spliced HIST1H2BD and HIST1H2AC transcripts were also observed using 

oligonucleotides that span the exon/exon junctions of each spliced transcript which is 

produced from a long primary transcript (Fig II.2A,B). Similar to the effects observed 

following the knockdown of RNF20 or 40, knockdown of either ASH2L or SETD2, 

essential components of the H3K4 and H3K36 lysine methyl transferase complexes 

(Edmunds et al., 2008; Steward et al., 2006), also resulted in increases in replication-

dependent histone mRNA polyadenylation (Fig II.2C). 

In order to test whether the increases in replication-dependent histone mRNA 

polyadenylation observed following CDK9 or RNF40 knockdown were due to a broader 

effect on global mRNA polyadenylation we also examined the polyadenylation of a 

control gene (36B4). None of the siRNAs tested had a significant effect on 36B4 mRNA 

polyadenylation (Fig II.2D and reviewed in ref. (Pirngruber et al., 2009b)). Given the 

importance of alternative mRNA cleavage and polyadenylation in controlling gene 

expression and oncogenic transformation (Mayr and Bartel, 2009) we also tested 

whether CDK9 or RNF40 knockdown affects alternative mRNA polyadenylation of the 

dihydrofolate reductase (DHFR) and Cyclin D1 (CCND1) genes which are known to 

exist in at least two different forms produced from alternative polyadenylation sites 

(Mayr and Bartel, 2009; Edwalds-Gilbert et al., 1997). Our results indicate that the 

selection of downstream polyadenylation sites was not increased following CDK9 or 

RNF40 knockdown (Fig II.2E,F). Thus, the increase in the polyadenylation of 

replication-dependent histone mRNAs is likely to be specific for this class of mRNAs 

and not a general defect in polyadenylation site selection. 
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Fig II.2: CDK9 and RNF20/40 knockdown increase the formation of spliced HIST1H2BD (A) and 
HIST1H2AC (B) transcripts.  Total mRNA from cells transfected with control, CDK9, RNF40 or 
RNF20 siRNA was analyzed by oligo-dT-primed qRT-PCR. Expression levels were normalized to 36B4 
gene and expressed as “relative mRNA expression”; mean values + s.d., n = 2. (C) The knockdown of 
chromatin modifying enzymes (ASH2L or SETD2) which catalyze modifications downstream of CDK9 
increase HIST1H2BD polyadenylation. cDNA from H1299 cells that were transfected with two siRNAs 
each for ASH2L and SETD2 were analyzed for polyadenylated HIST1H2BD mRNA as previously 
(Pirngruber et al., 2009b). Expression levels were normalized to 36B4 gene and expressed as “relative 
mRNA expression”; mean values + s.d., n = 2. (D) PolyT reverse transcribed cDNA samples from (C) 
were analyzed for the expression of polyadenylated 36B4 mRNA. In order to avoid any non-specific 
effects due to general effects, samples were not normalized to an internal control. Values are graphed 
relative to the control sample and are expressed as “relative mRNA expression”; mean values + s.d., n = 
2. (E and F) CDK9 and H2Bub1 do not affect alternative polyadenylation site usage. Both genes, DHFR 
(E) and CCND1 (F), known to utilize two proximal and distal polyadenylation sites were analyzed for the 
expression of each transcript. In order to show the relative expression of the different forms to one 
another, gene expression was only normalized relative to the control gene (36B4) and is shown as 
“mRNA levels”; mean values + s.d., n = 2. 
 

Similarities and Distinctions Between P-TEFb Function in Yeast and 
Humans 
 

Together these results have uncovered an unexpected connection between 

RNAPII phosphorylation and covalent histone modifications in controlling a co-

transcriptional process distinct from RNAPII activity. Importantly, these results 

revealed similarities and differences in the functional roles of CDK9 and RNAPII CTD 

phosphorylation in yeast and humans. The existence of two yeast orthologs of CDK9, 

which serve at least partially overlapping roles with their human counterpart (Wood et 

al., 2007), combined with the common functions of these proteins in transcriptional 

elongation, has led to the general assumption that studies on the yeast Ctk1 and/or Bur1 

mutants are directly applicable to the human system. However, as previously discussed 

by Wood and Shilatifard, there are both important similarities and distinctions between 

the yeast and human P-TEFb complexes (Wood and Shilatifard, 2006). Our results 

expand upon the many studies in yeast and demonstrate important distinctions between 

yeast and mammals. We have shown that CDK9 not only regulates H3K36me3, which 

is a characteristic of the yeast CTD kinase Ctk1, but also controls H2Bub1 and 

H3K4me3 which is a function of Bur1 in yeast (Laribee et al., 2005; Wood et al., 2005). 

A simplistic comparison of the roles of CDK9 with Ctk1 and Bur1 is further 

complicated by the fact that mutation of Ctk1 leads to an overall increase in H3K4me3 

and concomitant decrease in H3K4me1 due to increased 3’ spreading of H3K4me3 into 

active genes (Xiao et al., 2007). We have also shown that CDK9 regulates PAF 

recruitment and H2Bub1, while the opposite seems to be true in yeast where mutation of 

PAF complex components results in a decrease of P-Ser2 (Mueller et al., 2004) and 

H2Bub1 acts as a barrier to block Ctk1 recruitment and Ser2 phosphorylation (Wyce et 
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al., 2007). Another difference is that while H2Bub1 is dependent upon Bur1 in yeast, 

this effect appears to be independent of CTD phosphorylation since P-Ser2 is unaffected 

by the Bur1 mutation (Keogh et al., 2003). Instead, Bur1 phosphorylates and activates 

the E2 ubiquitin conjugating enzyme Rad6 which is essential for H2Bub1 in yeast 

(Wood et al., 2005). Since the activity of the human orthologue of Rad6 (UBE2A) is 

essential for H2Bub1 (Kim et al., 2009) and regulated by phosphorylation (Sarcevic et 

al., 2002) a possible role of CDK9 in regulating their activity should be further 

investigated. 

Another difference between the functions of human CDK9 and its yeast 

orthologues may lie in its CTD-independent functions. For example, while H3K36me3 

is independent of Spt5 in yeast (Chu et al., 2006) the knockdown of human SUPT5H 

dramatically decreased H3K36me3 to a similar extent as CDK9. This opens the 

possibility that H3K36me3 is regulated not only by the interaction of SETD2 with the 

phosphorylated CTD, but also through CDK9-mediated phosphorylation of SUPT5H. 

The regulation of NELF is another defining feature of the mammalian system which is 

not present in yeast. While CDK9 and NELF are generally considered to play opposing 

roles in transcription, it would seem at first glance that they cooperate in the regulation 

of replication-dependent histone mRNA processing (Narita et al., 2007; Pirngruber et 

al., 2009b). However, it is conceivable that these two proteins play distinct roles during 

different cell cycle phases. For example, in one scenario NELF may serve to repress 

transcription of the replication-dependent histone genes outside of S-phase whereas 

CDK9 may be necessary for proper processing during replication. In this way, either 

derepression of the histone genes in the absence of active SLBP or the deregulation of 

proper processing during S-phase would similarly give rise to increases in 

polyadenylated histone transcripts in asynchronous cell cultures. However, to 

definitively establish the cooperative or opposing roles of these proteins, additional 

studies using cell cycle synchronized cultures will be necessary. Nevertheless, based on 

our data, we suggest that CDK9 regulates H2Bub1 largely through phosphorylation of 

Ser2 of the RNAPII CTD but possibly also through phosphorylation of UBE2A. Our 

results further suggest that although there are many similarities between the activities of 

CDK9 in mammals and the actions of Bur1 and Ctk1 in yeast, there are also distinct 

differences between their functions. 
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Regulation of Co-transcriptional mRNA Processing 
 

The presence of the U7 snRNP and the unique mode of histone mRNA 3’ end 

processing is another defining feature of higher eukaryotic systems. In contrast to yeast, 

where replication-dependent histone mRNAs are polyadenylated (Osley, 1991), the 

histone mRNAs of higher eukaryotic organisms contain a conserved stem-loop structure 

that guides 3’ end cleavage by the U7 snRNP (Dominski and Marzluff, 2007). We have 

shown that CDK9 and its associated downstream histone modifications function to 

maintain proper 3’ end processing of replication-dependent histone mRNAs. Although 

CDK9 has been connected with transcription-associated nuclear processes such as 

splicing and polyadenylation, the functional significance of CDK9-directed chromatin 

modifications in these or other nuclear processes have remained unexplored. We have 

demonstrated that CDK9 activity helps determine whether replication-dependent 

histone mRNAs are recognized by the SLBP/U7 snRNP complex or are polyadenylated. 

As demonstrated by a more modest effect of knocking down RNF20/40 or any of the 

other individual chromatin modifying enzymes investigated, the regulation of this 

processing appears to be complex and involves multiple modifications including 

H2Bub1, H3K4me3 and H3K36me3, and probably also the phosphorylation of 

SUPT5H and UBE2A. 

Based on our results we propose that CDK9 plays a role in determining whether 

replication-dependent histone mRNAs are cleaved or polyadenylated by directing 

multiple chromatin modifications including H2B monoubiquitination. We hypothesize 

that these specific CDK9-dependent changes to the CTD and histone codes serve as 

landmarks for the recruitment of mRNA processing factors and the correct recognition 

of the histone mRNA 3’ end cleavage site. In our model (Fig II.3), CDK9-dependent 

phosphorylation of Ser2 of the RNAPII CTD serves as a platform for the recruitment of 

PAF which stimulates the activity of the RNF20/40 complex thereby increasing 

H2Bub1 levels specifically near the 3’ end cleavage site (Fig II.3A). The presence of 

H3K4me3 is not only dependent upon H2Bub1, but as determined by genome-wide 

ChIP-on-chip and ChIP-seq (Barski et al., 2007; Guenther et al., 2007) it is strategically 

positioned a few hundred bp 3’ to the TSS and can thus serve to recruit the histone 

mRNA 3’ end processing complex in an H2Bub1-dependent manner. Indeed, in this 

scenario H3K4me3 could then affect 3’ end formation by serving as a binding site for 

the chromodomain protein CHD1 which subsequently recruits the U2 and U7 snRNP 

complexes. This is consistent with the identification of CHD1 as a H3K4me3 binding 
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protein and both H3K4me3 and CHD1 as being essential for the recruitment of the U2 

snRNP to chromatin (Sims III et al., 2007). Furthermore, the U2 snRNP was separately 

shown to stimulate replication-dependent histone mRNA 3’ end formation together with 

the U7 snRNP (Friend et al., 2007). Interestingly, CHD1 was also recently shown to be 

necessary for the deposition of the variant histone H3.3 (Konev et al., 2007) which is 

essential for proper histone mRNA 3’ end cleavage in Drosophila (Wagner et al., 

2007). Similarly, H2Bub1 is vital for nucleosome reassembly in yeast (Fleming et al., 

2008) and may therefore also affect variant histone deposition. It is likely that H2Bub1 

may function independent of H3K4me3 and serve to recruit specific Ubiquitin 

Interaction Motif-(UIM)-containing proteins such as RAP80 which recognizes H2Bub1 

(Wu et al., 2009). In the absence of these landmarks, RNAPII would continue to 

transcribe until an alternative termination site (i.e., downstream polyadenylation signal) 

is reached (Fig II.3B). Thus we have revealed a new and unexpected role for CDK9 and 

a unique cross-talk between CDK9 and the histone code in the regulation of histone 

mRNA 3’ end processing. 

Additional studies will be necessary to determine the role of these CDK9-

dependent histone modifications in other nuclear processes such as DNA replication and 

splicing. Interestingly, a number of recent studies have uncovered an enrichment of 

several histone modifications including H3K36me3 specifically on the exonic regions 

of active genes (Andersson et al., 2009; Kolasinska-Zwierz et al., 2009; Schwartz et al., 

2009) providing further support that the regulation of chromatin modifications may play 

important roles in eliciting the effects of CDK9 activity in co-transcriptional processes. 

Additional studies will be necessary to examine whether H2Bub1 is also similarly 

enriched in exonic regions. Although changes in histone mRNA processing may be a 

common occurrence in human diseases as indicated by differences in polyadenylated 

replication-dependent histone mRNA expression in several microarray studies (Abba et 

al., 2005; Ehlers et al., 2008; Martinez et al., 2007; Zhao et al., 2004), the role and 

regulation of these transcripts remains unknown. The significance of polyadenylated 

replication-dependent histones must also be determined. Future studies in ours and other 

laboratories will aim to address each of these points and gain more insight into the 

significance of CDK9 and chromatin modifications in the regulation of nuclear 

processes. 
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Fig II.3: Schematic representation of the role of CDK9 in controlling replication-dependent histone 
mRNA 3' end processing. (A) CDK9 recruitment to the HIST1H2BD gene increases the phosphorylation 
of Ser2 on the RNAPII-CTD which is essential for the recruitment of the PAF complex and histone H2B 
monoubiquitination by the RNF20/40 ubiquitin ligase complex. H2Bub1 further influences the 
recruitment of the ASH2L complex. Methylation of H3K4 by the ASH2L complex serves as a molecular 
landmark allowing for binding of CHD1 which further recruits the U2 snRNP which functions together 
with the U7 snRNP and SLBP 3' end processing complex to induce transcriptional termination and 
prevent transcriptional readthrough. (B) The loss of CDK9 activity results in a decrease in H2Bub1 
presence on the HIST1H2BD gene. As a result of the loss of H2Bub1, the proper 3' end cleavage site is 
not recognized and RNAPII continues transcribing until it reaches a downstream polyadenylation signal. 
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Abstract 
 

Proper cell cycle-dependent expression of replication-dependent histones is 

essential for the packaging of DNA into chromatin during replication. We previously 

showed that cyclin-dependent kinase-9 (CDK9) controls histone H2B 

monoubiquitination (H2Bub1) to direct the recruitment of specific mRNA 3’ end 

processing proteins to replication-dependent histone genes and promote proper pre-

mRNA 3’ end processing. We now show that p53 decreases the expression of the 

histone-specific transcriptional regulator Nuclear Protein, Ataxia-Telangiectasia Locus 

(NPAT) by inducing a G1 cell-cycle arrest, thereby affecting E2F-dependent 

transcription of the NPAT gene. Furthermore, NPAT is essential for histone mRNA 3’ 

end processing and recruits CDK9 to replication-dependent histone genes. Reduced 

NPAT expression following p53 activation or small interfering RNA knockdown 

decreases CDK9 recruitment and replication-dependent histone gene transcription but 

increases the polyadenylation of remaining histone mRNAs. Thus, we present evidence 

that the induction of a G1 cell-cycle arrest (for example, following p53 accumulation) 

alters histone mRNA 3’ end processing and uncover the first mechanism of a regulated 

switch in the mode of pre-mRNA 3’ end processing during a normal cellular process, 

which may be altered during tumorigenesis. 

 

Introduction 
 

Histone protein synthesis is regulated both transcriptionally and post-

transcriptionally and is essential for the proper packaging of newly synthesized DNA 

into chromatin during S phase (Marzluff et al., 2008). Unlike most RNA Polymerase II 

transcribed mRNAs, replication-dependent histone mRNAs are not polyadenylated but 

instead end in a conserved 3’ stem-loop structure, which is recognized and cleaved by 

the stem-loop binding protein and the U7 snRNP complexes, respectively (Marzluff et 

al., 2008). It is surprising that the loss of normal histone pre-mRNA processing can 

result in the production of polyadenylated mRNAs from the replication-dependent 

histone genes (Narita et al., 2007; Wagner et al., 2007). The levels of polyadenylated 

canonical histone mRNAs are very low in proliferating cells (Narita et al., 2007; 

Pirngruber et al., 2009b) but may increase during terminal differentiation (Collart et al., 

1991; Kirsh et al., 1989) or during tumorigenesis (Abba et al., 2005; Martinez et al., 

2007; Zhao et al., 2004), and opens the possibility that these transcripts may serve an 
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important physiological role. However, the mechanisms regulating the switch from 

canonical histone pre-mRNA processing to polyadenylation remain elusive. 

Nuclear Protein, Ataxia-Telangiectasia Locus (NPAT/p220) stimulates the 

transcription of all replication-dependent histone genes during S phase (Gao et al., 

2003; Ye et al., 2003) in a phosphorylation-dependent manner (Ma et al., 2000; Zhao et 

al., 1998; Zhao et al., 2000). NPAT functions, in part, by recruiting coactivator proteins 

including histone-modifying enzymes (DeRan et al., 2008). Moreover, NPAT 

transcription is regulated in a cell cycle-dependent manner by the E2F family of 

transcription factors (Gao et al., 2003). However, no role for NPAT in histone mRNA 

3’ end processing has been reported. 

Mutation or deletion of the tumor suppressor gene p53 is one of the most 

common genetic aberrations during tumorigenesis. One of the essential roles in the 

tumor suppressor function of p53 is the regulation of cell-cycle progression. Most 

notably, accumulation of the p53 protein can induce a G1 cell-cycle arrest by directly 

binding and transcriptionally activating the expression of the p21 cyclin-dependent 

kinase (CDK) inhibitor gene. p21 functions by decreasing cell cycle-regulated CDK 

activity, which in turn decreases the phosphorylation of retinoblastoma protein (RB) 

family members and ultimately E2F transcriptional activity. Maintaining an intact 

p21/RB pathway has been shown to be essential for a significant amount of 

transcriptional repression elicited by p53 (Lohr et al., 2003). Although p53-induced 

cell-cycle arrest would be expected to affect replication-dependent histone gene 

expression, whether this regulation occurs through the p21/CDK/RB/E2F pathway, 

whether NPAT gene expression is regulated by this pathway and whether these have 

functional consequences for replication-dependent histone pre-mRNA processing 

remain unknown. 

Recent studies have uncovered a connection between chromatin and RNA 

processing. For example, the chromodomain protein CHD1 binds H3K4me3 and is 

essential for proper mRNA splicing (Sims III et al., 2007), while the variant histones 

H2Av and H3.3 control replication-dependent histone pre-mRNA 3’ end processing in 

Drosophila (Wagner et al., 2007). We uncovered a role for CDK9 and specific histone 

modifications including H2B monoubiquitination (H2Bub1) in controlling replication-

dependent histone pre-mRNA 3’ end processing in mammalian cells (Pirngruber et al., 

2009b; Pirngruber et al., 2009a). In both Drosophila and human cells, interference with 

chromatin structure resulted in the production of polyadenylated histone mRNAs from 
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the replication-dependent histone genes. However, how these processes are regulated 

and whether the observed shift in the mode of pre-mRNA 3’ end processing occurs 

under normal cellular processes remains unknown. In this study, we identified a 

reciprocal regulation of replication-dependent histone gene transcription and mRNA 

polyadenylation in which the induction of a G1 cell-cycle arrest following p53 

accumulation resulted in the production of polyadenylated transcripts. This effect was 

recapitulated by the induction of quiescence following the removal of serum, after 

treatment with hydroxyurea or after knockdown of cyclin E1. This regulation was 

further investigated and found to be dependent on p53-induced expression of the CDK 

inhibitor p21, a decrease in NPAT gene expression caused by increased binding of the 

E2F4/p130 repressor complex to the NPAT promoter, and decreased recruitment of 

NPAT, CDK9 and polymerase associated factor-1 (PAF1) to endogenous replication-

dependent histone genes. 

 

Results 
 

P53 regulates histone pre-mRNA 3’ end processing 
 

 Gene expression microarray studies are typically based on an initial polyT-

primed reverse transcription step that specifically labels polyadenylated mRNAs. A 

number of microarray studies identified changes in the expression of replication-

dependent histone genes, thus uncovering potential regulatory pathways controlling 

histone pre-mRNA 3’ end processing. One study identified a correlation between 

replication-dependent histone mRNA polyadenylation and p53 status in head and neck 

squamous cell carcinomas (Yan et al., 2007), while another study identified a 

downregulation in the expression of polyadenylated replication-dependent histone 

mRNAs in human papilloma virus-positive (HPV+) squamous cell carcinoma of the 

head and neck (Martinez et al., 2007). As p53 is a primary target of the HPV E6 

oncoprotein (zur Hausen and de Villiers, 1994), it is possible that the changes observed 

in the second study were also due to regulation of p53 function. Therefore, we tested 

whether the accumulation of p53 affects replication-dependent histone pre-mRNA 3’ 

end processing by treating wild-type (p53+/+), p53 null (p53-/-) or p21 null (p21-/-) 

HCT116 cells with Nutlin-3a, which increases endogenous p53 protein levels by 

blocking the interaction with its negative regulator murine double minute 2 (MDM2). 

Consistent with the role of p53 and its downstream target gene, the CDK inhibitor p21, 
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in controlling cell-cycle progression, Nutlin-3a treatment increased the fraction of cells 

in the G1 cell-cycle phase (Fig III.1A), decreased RB phosphorylation (Fig III.1B) and 

decreased total replication-dependent histone gene expression (HIST1H2BD and 

HIST1H2AC) in a p53- and p21-dependent manner (Supp Fig III.S1 and Fig III.1C,D, 

left panel). As  reported  by others (Carvajal et al., 2005; Kranz and Dobbelstein, 2006), 
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Fig III.1: p53 accumulation reciprocally regulates replication-dependent histone gene expression 
and mRNA polyadenylation in a p21-dependent manner. (A) HCT116 cells were treated with 8 µM 
Nutlin-3a for 24 h and analyzed by flow cytometry for cell-cycle analyses. (B) HCT116 cells with the 
indicated p53 and p21 genotypes were treated as in (A) and analyzed by western blot for RB expression 
and phosphorylation using an antibody that detects total RB. HSC70 is shown as a loading control. (C-E) 
Total RNA from HCT1116 cells with the indicated genotypes that were either control (dimethyl 
sulfoxide) or Nutlin-3a treated were analyzed by random- (left panels) or oligo-dT-primed (right panels) 
quantitative reverse transcriptase PCR for the expression of total or polyadenylated HIST1H2BD (C), 
HIST1H2AC (D) and MDM2 (E). Gene expression was normalized to an unregulated gene, RPLP0, and 
the control condition, and is represented as relative mRNA expression; mean values + s.d., n = 3. 
 

we observed no significant increase in the percentage of apoptotic cells following 

Nutlin-3a treatment of HCT116 cells for 24 h (Supp Fig III.S2). In contrast to total 

replication-dependent histone gene expression, the levels of polyadenylated 

HIST1H2BD and HIST1H2AC increased following Nutlin-3a treatment (Fig III.1C,D, 

right panel). Taking the downregulation of total mRNA levels into account, these results 

reflect approximately 20- and 10-fold increases in the polyadenylated fractions of 

HIST1H2BD and HIST1H2AC mRNAs, respectively. The p21 dependence was not due 

to a loss of p53 transcriptional activity, as the induction of the negative feedback 

regulator MDM2 was maintained in the absence of p21 (Fig III.1E). Furthermore, as 

expected, owing to a decreased need for new histone protein production in non-

proliferating cells, no changes in overall histone protein levels were detected (Supp Fig 

III.S3). 

 

P53 accumulation affects CDK9 and PAF1 recruitment 
 

 On the basis of our previous studies (Pirngruber et al., 2009b), we hypothesized 

that the effects of p53 accumulation on histone pre-mRNA 3’ end processing may be 

due to changes in the recruitment of CDK9 and PAF1, which are both essential for H2B 

monoubiquitination and maintaining normal histone pre-mRNA 3’ end processing. We 

therefore performed chromatin immunoprecipitation (ChIP) analyses using control or 

Nutlin-3a-treated wild-type HCT116 cells. Consistent with our hypothesis, CDK9 and 

PAF1 were preferentially localized to the 3’ end cleavage site (0.5 kb), and their levels 

at both the transcriptional start site (TSS) and 0.5 kb decreased following Nutlin-3a 

treatment (Fig III.2A,B). All factors were absent from an unrelated intergenic region 

close to the trefoil factor-1 (TFF1) gene, which is silent in estrogen receptor-negative 

cell lines including HCT116 (Fig III.2 and data not shown). 
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Fig III.2: Accumulation of p53 decreases the recruitment of CDK9, PAF1 and NPAT. ChIP analysis 
of the HIST1H2BD (left panels), HIST1H2AC (middle panels) genes or an intergenic locus close to the 
TFF1 gene (right panels) was performed using the indicated antibodies with extracts from control or 
Nutlin-3a treated HCT116 cells. CDK9 (A) and PAF1 (B) are preferentially recruited to the 3’ end 
processing site and their recruitment to the TSS and 0.5 kb sites on both histone genes is decreased 
following Nutlin-3a treatment. (C) The histone-specific transcriptional cofactor NPAT is recruited to both 
the TSS and 0.5 kb of both histone genes and its levels decrease following Nutlin-3a treatment. All 
proteins were absent from the negative control (TFF1) locus (A-C, right panel). qChIP values were 
normalized to their respective DNA inputs and expressed as DNA recovery (percentage input); mean 
values + s.d., n = 3. The experimental background (control IgG) is shown as a dotted line. 



Publications 
 

 73 

Decreased NPAT recruitment to the TSS and 0.5 kb following p53 accumulation 
 

 Given the role for NPAT in controlling replication-dependent histone 

expression, we also examined its recruitment to two replication-dependent histone genes 

(HIST1H2BD and HIST1H2AC) following Nutlin-3a treatment. It is surprising that 

despite its reported role as a site-specific transcriptional cofactor, we detected NPAT at 

both the TSS and 0.5 kb regions of the histone genes, indicating a potential role in 

histone pre-mRNA 3’ end processing (Fig III.2C). Importantly, NPAT recruitment to 

these genes was decreased at both positions following Nutlin-3a treatment. 

 

Cell-cycle and histone mRNA polyadenylation 
 

The correlation between p53-induced cell-cycle arrest and the changes in histone 

mRNA expression and polyadenylation prompted us to perform time course analyses 

following Nutlin-3a treatment. Total replication-dependent histone mRNA levels 

already dropped at 8 h after treatment, which preceded an increase in polyadenylated 

mRNAs (Fig III.3A). The time-dependent decrease in total histone mRNA levels 

correlated with decreases in NPAT mRNA levels (Fig III.3B) and the fraction of cells in 

S phase (Fig III.3D, Supp Fig III.S4). These effects were preceded by an increase in p21 

mRNA levels (Fig III.3C), which also preceded an increase in the fraction of cells in G1 

phase (Fig III.3D). 

Additional protein expression analyses supported that p53 accumulation 

correlates with the induction of p21 mRNA levels (4 h) and precedes maximal p21 

protein levels (8 h), which in turn precede a decrease in NPAT expression and 

phosphorylation (16 h) and ultimately a dramatic decrease in total NPAT protein levels 

(24 h) (Fig III.3E). In contrast, CDK9 and cyclin T1 levels were unaffected by Nutlin-

3a treatment. Importantly, and consistent with the role of p21 in controlling E2F and RB 

activity, the effects of Nutlin-3a on NPAT expression are dependent upon both p53 and 

p21 (Supp Fig III.S5A). 

The induction of cell-cycle arrest results in a decrease in E2F transcriptional 

activity caused by changes in the complex formation between specific E2F and RB 

family members and their recruitment to E2F target genes (Takahashi et al., 2000). In 

particular, E2F4 and the RB family member p130 are specifically associated with G1 

cell-cycle arrest and quiescence (G0) (Vairo et al., 1995). Therefore, as NPAT is an E2F 

target gene, we tested whether p53-induced G1 cell-cycle arrest also resulted in an 

increase in E2F4 and p130 binding to the NPAT gene. Indeed, E2F1, E2F4 and p130 
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were all detectable on both the NPAT and p107 genes, and the levels of E2F4 and p130 

increased following Nutlin-3a treatment (Fig III.3F, Supp Fig III.S5B). All three 

proteins were not detectable on the TFF1 gene (Supp Fig III.S5B). 

As NPAT expression was reported to regulate the formation of subnuclear 

coilin-containing Cajal bodies (Ye et al., 2003) and ionizing irradiation downregulated 

NPAT expression and caused a loss of focal nuclear NPAT staining (Su et al., 2004), 

we also tested whether p53 accumulation affected NPAT localization and Cajal body 

integrity. Consistent with the western blot results, the number of NPAT foci per cell 

dropped dramatically to nearly background levels following Nutlin-3a treatment, 

whereas Cajal body structure was maintained (Fig III.3G, Supp Fig III.S5C). However, 

the overall colocalization frequency of NPAT to Cajal bodies was not affected by 

Nutlin-3a treatment since 79.6 and 80.0% of NPAT foci colocalized with Coilin in the 

presence or absence of Nutlin-3a, respectively (n = 23). Thus, p53 accumulation 

specifically affects histone locus body formation by NPAT without affecting overall 

Cajal body structure. 

 

Increased histone mRNA polyadenylation is a result of G1 cell-cycle arrest 
 

To determine whether the effects of Nutlin-3a treatment on histone mRNA 

polyadenylation were a specific effect of p53 accumulation or a more general 

consequence of G1 cell-cycle arrest, we induced quiescence in HCT116 cells by serum 

starvation. As expected, serum starvation substantially increased the G0/G1 cell fraction 

(Fig III.4A). Similar to  Nutlin-3a  treatment,  serum  starvation  also  increased  histone 

_____________________________________________________________________________________ 
 

Fig III.3: Accumulation of p53 and induction of p21 precede cell-cycle arrest, decreases in 
replication-dependent histone and NPAT gene expression, and ultimately accumulation of 
polyadenylated histone transcripts. (A) The expression of total and polyadenylated HIST1H2BD was 
analyzed as in Fig III.1C at the indicated times following Nutlin-3a treatment. The expression of NPAT 
(B) and p21 (C) mRNA was analyzed by random-primed quantitative reverse transcriptase PCR as 
performed for total HIST1H2BD in (A). Gene expression levels were normalized and expressed as in Fig 
III.1; mean values + s.d., n = 2. (D) Combined propidium iodide/5-bromodeoxyuridine staining (left 
panel) or propidium iodide alone (right panel) were performed as in Fig III.1A to determine the kinetic 
induction of cell cycle-arrest following Nutlin-3a treatment. The percentage of cells in the S and G1 
phases is indicated. (E) Western blot analysis was performed on protein samples prepared in parallel to 
the samples in (A-D) using the indicated antibodies. HSC70 is shown as a loading control. (F) E2F4 and 
p130 binding to the NPAT promoter increases following Nutlin-3a treatment. E2F1, E2F4 and p130 
recruitment to the NPAT gene was investigated by ChIP analysis. qChIP values were normalized as in Fig 
III.2; mean values + s.d., n = 3. The experimental background is shown as a dotted line. (G) Nutlin-3a 
treatment decreases the number of NPAT foci without affecting the number or intensity of Cajal bodies. 
HCT116 cells were treated with Nutlin-3a for 24 h and analyzed by confocal immunofluorescence 
microscopy using specific antibodies against NPAT (red) or Coilin (green). 4,6-Diamidino-2-
phenylindole staining (blue) indicates the nuclei of individual cells. The white line in the bottom right 
corner indicates a size of 10 µm. 
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mRNA polyadenylation (Fig III.4B and Supp Fig III.S6A). Furthermore, we also 

performed knockdown analyses of the G1/S cyclin E1 (Fig III.4C) and observed 

decreases in NPAT protein levels (Fig III.4D) and total replication-dependent histone 

gene expression, but significant increases in polyadenylated histone gene transcripts 

(Fig III.4E and Supp Fig III.6B). These effects were also independent of p53 status as 

the knockdown of cyclin E1 in p53 null HCT116 cells also resulted in similar effects on 

histone gene expression and pre-mRNA 3’ end processing as seen in wild-type HCT116 

cells (Supp Fig III.S7). 

The anti-neoplastic drug hydroxyurea (HU) inhibits DNA replication thereby 

causing an arrest in G1 or early S phase of the cell-cycle and eventually leads to the 

formation of double-strand breaks and the induction of a DNA damage response 

(Rappold et al., 2001; Saintigny et al., 2001). Therefore, we also tested whether HU 

treatment may also affect replication-dependent histone mRNA 3’ end processing. 

Indeed, HU treatment for 48 h reciprocally decreased total histone mRNA levels and 

increased polyadenylated mRNA levels irrespective of p53 status (Fig III.4F and Supp 

Fig III.6C and data not shown). 

 

NPAT regulates histone pre-mRNA 3’ end processing 
 

The presence of NPAT at both the TSS and 3’ end processing sites on histone 

genes, combined with the inverse correlation between NPAT and polyadenylated 

histone mRNA expression, suggested that NPAT may function to regulate both 

replication-dependent histone transcription and 3’ end processing. Thus, we transfected 

HCT116 cells with two individual small interfering RNAs (siRNAs) against NPAT and 

performed   gene   expression   analyses.   Consistent   with   previous   reports,    NPAT 

_____________________________________________________________________________________ 
 

Fig III.4: Accumulation of polyadenylated replication-dependent histone mRNAs is induced 
following a G1/G0 cell-cycle arrest. (A) HCT116 cells were grown in serum free medium for 24 h and 
cell-cycle distribution was analyzed by propidium iodide-based flow cytometry as in Fig III.1A. (B) 
Serum starvation downregulates total HIST1H2BD but increases mRNA polyadenylation. Gene 
expression levels were normalized and expressed as in Fig III.1; mean values + s.d., n = 2. (C-E) Cyclin 
E1 knockdown similarly decreases NPAT and replication-dependent histone gene expression and induces 
histone mRNA polyadenylation. (C) The effectiveness of cyclin E1 knockdown was assessed by random-
primed quantitative reverse transcriptase PCR in HCT116 cells at 52 h after transfection with control or 
cyclin E1 siRNAs. (D) Western blot analysis was performed on protein samples prepared in parallel to the 
samples in (C and E) using NPAT or HSC70 antibodies. HSC70 is shown as a loading control. (E) The 
expression of total and polyadenylated HIST1H2BD mRNA was assessed as in Fig III.1 using the same 
RNA samples as in (C). Gene expression levels were normalized and expressed as in Fig III.1; mean 
values + s.d., n = 2. (F) The expression of total and polyadenylated HIST1H2BD was analyzed as in Fig 
III.1C after treatment with 2 mM hydroxyurea for 48 h. Gene expression levels were normalized and 
expressed as in Fig III.1; mean values + s.d., n = 2. 
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knockdown (Fig III.5C, Supp Fig III.S8C,D) resulted in a decrease in total histone 

mRNA levels (Fig III.5A,B, Supp Fig III.S8A,B). In contrast, and similar to Nutlin-3a 

treatment or cyclin E1 knockdown, NPAT knockdown resulted in a dramatic increase in 

the levels of polyadenylated histone mRNAs (Fig III.5A,B, Supp Fig III.S8A,B) similar 

to that observed following CDK9 knockdown (Supp Fig III.S8E) (Pirngruber et al., 

2009b). 

 

NPAT helps recruit CDK9 to histone genes 
 

Given the similarities between the effects of Nutlin-3a treatment and NPAT 

knockdown on histone pre-mRNA 3’ end processing and the role of CDK9 in 

suppressing histone mRNA polyadenylation, we tested whether NPAT and the 

CDK9/cyclin T1 complex interact in vitro using glutathione S-transferase (GST) pull-

down analyses. On the basis of the presence of an RXL cyclin-binding motif at 

positions 1062-1066 of the NPAT protein (Wei et al., 2003) and a previous report 

indicating that another RXL domain directly interacts with a CDK9 complex (Simone et 

al., 2002a), we tested whether this region (amino acids 801–1100) of NPAT may also 

interact with the CDK9/cyclin T1 complex. Indeed, as shown in Fig III.5D, the GST–

NPAT801−1100 fusion protein, but not GST alone, was capable of pulling down both 

cyclin T1 and CDK9. 

To verify this interaction in vivo, we performed co-immunoprecipitation 

analyses with antibodies against CDK9 and NPAT. Indeed, immunoprecipitation of 

CDK9 resulted in a specific co-immunoprecipitation of NPAT (Fig III.5E). Similarly, 

immunoprecipitation of NPAT also co-immunoprecipitated cyclin T1 and CDK9 as 

detected with two separate CDK9 antibodies. 

We further tested whether the NPAT–CDK9 interaction is of functional 

consequence by performing ChIP analyses on two histone genes and a control locus 

following transfection with either control or NPAT siRNAs. As observed following 

Nutlin-3a treatment, NPAT knockdown resulted in decreases in both CDK9 and PAF1 

recruitment (Fig III.6A,B). These effects were most pronounced at 0.5 kb, consistent 

with the roles of NPAT, CDK9 and PAF1 in controlling 3’ end processing. The 

effectiveness of the NPAT knockdown was verified by ChIP against NPAT (Fig III.6C). 

These effects were also specific for NPAT knockdown, as the transfection of two 

different control siRNAs did not appreciably affect CDK9, PAF1 or NPAT recruitment 

compared with mock-transfected cells (Supp Fig III.S9A–C). 
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Fig III.5: NPAT expression is essential for optimal levels of replication-dependent gene 
transcription and proper pre-mRNA 3’ end processing. (A,B) The expression of total and 
polyadenylated HIST1H2BD (A) and HIST1H2AC (B) mRNAs was assessed in HCT116 cells 72 h after 
transfection with control or NPAT siRNAs as in Fig III.1. (C) The effectiveness of NPAT knockdown 
was assessed by random-primed quantitative reverse transcriptase PCR using the same RNA samples as 
in (A). Gene expression levels were normalized and expressed as in Fig III.1; mean values + s.d., n = 2.  
(D,E) Complex formation between NPAT and CDK9/cyclin T1. (D) in vitro GST pull-down analysis was 
performed using in vitro transcribed and translated P-TEFb (CDK9/cyclin T1) as a bait for bacterially 
expressed and purified GST or GST–NPAT801−1100, which contains the RXL cyclin-binding motif. (E) 
HCT116 cell lysates were immunoprecipitated with nonspecific IgG or antibodies against endogenous 
NPAT and CDK9. Endogenous co-immunoprecipitated proteins were revealed by western blot analysis 
against CDK9, cyclin T1 and NPAT. 
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Discussion 
 

The induction of p53-dependent cell-cycle arrest has an important role in the 

control of cellular proliferation and may help protect cells against the effects of certain 

chemotherapeutic agents (Carvajal et al., 2005; Kranz and Dobbelstein, 2006). The 

induction of polyadenylated mRNAs produced from replication-dependent histone 

genes following p53-induced G1 cell-cycle arrest may be significant as the 

polyadenylated histone transcripts have a longer half-life than the normally processed 

transcripts from the same genes (Kirsh et al., 1989) and are translated in a cell cycle-

independent manner. This may be important, for example, in quiescent or terminally 

differentiated cells in which the, albeit lower, levels of polyadenylated histone mRNAs 

(compared with non-polyadenylated expressed during S phase) would serve to maintain 

proper DNA packaging and chromatin structure in the absence of DNA replication. 

Although the existence of polyadenylated canonical histone transcripts produced from 

replication-dependent histone genes has been previously reported in mammalian cells 

(Kirsh et al., 1989; Narita et al., 2007; Pirngruber et al., 2009b), the mechanisms that 

control when and how these transcripts are produced remained a mystery. Our data 

provide the first evidence that the induction of a G1 cell-cycle arrest following p53 

accumulation, serum withdrawal, cyclin E1 knockdown or HU treatment leads to an 

increase in the production of polyadenylated histone transcripts produced from 

canonical replication-dependent histone genes. We have shown that in the case of 

Nutlin-3a treatment this regulation is dependent upon both p53 and its downstream 

target p21. Our results suggest a time-dependent model in which p53 induction leads to 

an increase in p21 gene expression. This in turn causes an accumulation of cells in the 

G1 phase and leads to a decrease in E2F transcriptional activity, which ultimately 

decreases NPAT gene expression. We have shown that NPAT forms a complex with 

CDK9 and cyclin T1 and thereby likely functions to modulate chromatin modifications 

through the recruitment of the RNA polymerase II-associated PAF complex. On the 

basis of these data and the model we previously described (Pirngruber et al., 2009b; 

Pirngruber et al., 2009a), we propose that NPAT gene expression during normal cell-

cycle progression leads to the recruitment of the P-TEFb complex (CDK9/Cyclin T1; 

Fig III.6D), thereby facilitating PAF1 recruitment and histone H2B monoubiquitination 

(not shown). This in turn increases both the transcription and efficiency of canonical 

histone mRNA 3’ end processing. In  contrast, during G1/G0 cell-cycle arrest, NPAT 

expression is decreased and P-TEFb is less efficiently recruited (Fig III.6E). This results 
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Fig III.6: NPAT knockdown mimics p53-induced G1 cell-cycle arrest and is required for optimal 
recruitment of CDK9 and PAF1. Protein recruitment to a negative control locus (TFF1) and the TSS 
and 0.5 kb regions of HIST1H2BD and HIST1H2AC was investigated by ChIP analysis as in Fig III.2 
using antibodies against CDK9 (A), PAF1 (B) and NPAT as a knockdown control (C). qChIP values 
were normalized as in Fig III.2; mean values + s.d., n = 3. The experimental background (control IgG) is 
shown as a dotted line. (D,E) Proposed model of NPAT/P-TEFb interactions in controlling the mode of 
replication-dependent histone mRNA transcription and 3’ end processing. (D) During normal cell-cycle 
progression NPAT is expressed in an E2F-dependent manner and recruited to histone genes through other 
factors such as Oct1 and is activated through phosphorylation by CDK2/cyclin E1. NPAT binding 
increases P-TEFb (CDK9/cyclin T1) recruitment, thereby increasing histone gene transcription and 
canonical 3’ end processing through increased RNA polymerase II CTD phosphorylation and subsequent 
recruitment of PAF1 and histone H2B monoubiquitination. (E) Owing to the decreased expression of 
NPAT during G1/G0 cell-cycle arrest, less P-TEFb is recruited to the replication-dependent histone genes, 
thereby decreasing overall transcription and increasing the frequency of histone mRNA polyadenylation. 
 

in decreased overall levels of replication-dependent histone gene transcription but an 

increase in cell cycle-independent 3’ end processing (polyadenylation). 

The correct packaging of DNA into chromatin is essential for maintaining 

genomic integrity and structure during normal cell-cycle progression. To maintain this 

structure, cells use a number of intricate mechanisms to control histone gene expression 

including gene transcription, pre-mRNA processing, mRNA transport, translation and 

degradation. With the exception of histone gene expression, most of the remaining 

regulatory steps depend upon the recognition of the unique 3’ end stem-loop structure. 

Therefore, the expression of alternative 3’ end-processed (polyadenylated) mRNAs 

produced from normally replication-dependent histone genes may be a previously 

unrecognized, but relatively simple, mechanism of producing canonical histones outside 

the S phase. This extra source of S phase-independent histones may be advantageous for 

quiescent, terminally differentiated cells or tumor cells. Consistent with a potential 

positive role of polyadenylated histone mRNAs during tumorigenesis, the 

overexpression of a transgene that produces a polyadenylated mRNA encoding a 

canonical core histone was sufficient to increase epidermal growth factor-induced 

cellular proliferation (Choi et al., 2005). Furthermore, the expression of polyadenylated 

canonical histone mRNAs may be important for cells experiencing DNA damage. The 

polyubiquitination and exchange of core histones following DNA damage is essential 

for the cellular DNA damage response (Huen et al., 2007; Mailand et al., 2007; Wang et 

al., 2006). Therefore, newly synthesized histone proteins (that is, from the 

polyadenylated histone mRNAs) may help maintain proper chromatin structure 

subsequent to DNA repair. In this way, the accumulation of polyadenylated histone 

transcripts may be an additional way in which p53 accumulation helps maintain 

genomic integrity. Future studies, which specifically address the role of these transcripts 

in the protective effects of p53 accumulation before DNA damage and the expression of 
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these transcripts in primary tumor samples, will further clarify their physiological 

importance. 

 

Materials and Methods 
 

Cell culture, transfection and western blot analysis 

HCT116 cells were grown in McCoy’s medium containing 10% fetal bovine serum 

(FBS) and 1 × penicillin/streptomycin and treated with Nutlin-3a (Sigma, Munich, 

Germany) as indicated. Transfection of siRNAs (listed in Supp Table III.S1) was 

performed using Lipofectamine RNAiMAX (Invitrogen, Heidelberg, Germany) 

according to the manufacturer’s instructions. Western blot analysis was performed using 

the antibodies listed in Supp Table III.S2. 

 

Co-immunoprecipitation and GST pull-down analyses 

Co-immunoprecipitation analysis was performed as previously described (Shin et al., 

2007) using the indicated antibodies as listed in Supp Table III.S2. GST pull-down 

analyses were performed as previously described (Johnsen et al., 2002). 

 

ChIP and gene expression analysis 

ChIP analyses using the antibodies and dilutions listed in Supp Table III.S2 were 

performed as previously described (Pirngruber et al., 2009b). RNA was harvested with 

Qiazol (Qiagen, Hilden, Germany) according to the manufacturer’s instructions and 

reverse transcribed using either oligo-dT or random nonamer primers as indicated in the 

respective figure legends. DNA samples (ChIP or cDNA) were analyzed by SYBR 

Green-based real-time PCR using a relative standard curve and a PCR buffer (75 mM 

Tris-HCl (pH 8.8), 20 mM (NH4)2SO4, 0.01% Tween-20) containing 3 mM MgCl2, 200 

µM dNTPs, 0.5 U per reaction Taq DNA polymerase (PrimeTech, Minsk, Belarus), 

0.25% Triton X-100, 1:80,000 SYBR Green I (Roche, Mannheim, Germany), 300 mM 

trehalose and 300 nM primers. Primers used are listed in Supp Tables III.S3 and III.S4. 

Experimental background was determined by performing a control ChIP with a 

nonspecific IgG. The average of the background signals for all primer pairs were similar 

and are graphically represented by the dotted line. All quantitative reverse transcriptase 

PCRs were normalized to RPLP0 before additional normalization and statistical 

analyses.  



Publications 
 

 84 

Immunofluorescence microscopy 

Indirect immunofluorescence stainings were performed as previously described (Lemm 

et al., 2006) using the antibodies as listed in Supp Table III.S2. Fluorescent-labeled 

samples were visualized under identical conditions for control and Nutlin-3a-treated 

cells using a Zeiss LSM Meta 510 confocal microscope (Oberkochen, Germany). 

 

Flow cytometry 

Cells were prepared for propidium iodide-based flow cytometric cell-cycle analysis as 

described (Kranz and Dobbelstein, 2006) and analyzed using a Guava EasyCyte plus 

(Guava Technologies, Hayward, CA), and data were analyzed and graphically displayed 

using ModFit (Verity Software House, Topsham, ME). 5-Bromodeoxyuridine analyses 

were performed essentially as described (Kranz et al., 2008) using the antibodies listed 

in Supp Table III.S2. Annexin V apoptosis assays were performed using the Guava 

Nexin Reagent (Guava Technologies) according to the manufacturer’s instructions. 
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2.3.1 Supplementary Material 
 

Supplementary Tables 
 

Supp Table III.S1: siRNAs utilized for knockdown studies in a 5’ to 3’ orientation. 
 

Target Gene siRNA Target Sequence Source Reference 

CDK9 TAGGGACATGAAGGCTGCTAA 
Qiagen 
(validated) 

(Pirngruber et al., 2009b) 

Cyclin E1 GCTTCGGCCTTGTATCATTTT 
Ambion 
(validated) 

- 

Control (Qiagen) - Qiagen - 

Control (ABI) 
Neg. Cont #2 

- ABI - 

NPAT #1 GGCACAUCUUCAAACAAUA Qiagen (Barcaroli et al., 2006a) 

NPAT #2 GGUUUGCUGGCAGUCAGAG Qiagen (Gao et al., 2003) 

 

Supp Table III.S2: Antibodies used for ChIP, IP, western blot analyses and Immunofluorescence 
and the respective dilutions. 
 
Target 
Protein 

Clone Cat. Nr. ChIP IP WB IF Source/Reference 

BrdU - ab8955 - - - - Abcam 

CDK9 C-20 sc-484 1 µg 3 µg 1:1000 - Santa Cruz 

CDK9 D-7 sc-13130 - - 1:1000 - Santa Cruz 

Coilin 5P10 - - - - 1:500 (Almeida et al., 1998) 

Cyclin T1 H-245 sc-10750 - - 1:1000 - Santa Cruz 

E2F1 C-20 sc-193 2 µg - - - Santa Cruz 

E2F4 A-20 sc-1082 2 µg - - - Santa Cruz 

Histone 
H2B 

- 07-731 - - 1:3000 - Upstate 

Hsc70 B6 sc-7298 - - 1:25,000 - Santa Cruz 

IgG (Non-
specific) 

- ab46540 1 µg 3 µg - - Abcam 

NPAT - - 2 µl 5 µl 1:1000 1:5000 (Zhao et al., 2000) 

P130 C-20 sc-317 2 µg - - - Santa Cruz 

P21 EA10 OP64 - - 1:500 - Calbiochem 

P53 DO-1 sc-126 - - 1:1000 - Santa Cruz 

PAF1 - 
pAb-015-
050 

1 µg - - - 
Diagenode 
(Zhu et al., 2005a) 

RB - 554136 - - 1:250 - BD Biosciences 

RNAPII 
(N-Term) 

N-20 sc-899 - - - - Santa Cruz 

Donkey 
Anti Mouse 
IgG-HRP 

- 
715-036-
150 

- - 1:10,000 - 
Jackson 
ImmunoResearch 

Donkey 
Anti 
Rabbit IgG-
HRP 

- 
711-036-
152 

- - 1:10,000 - 
Jackson 
ImmunoResearch 

Donkey 
Anti Rabbit 

- 
711-165-
152 

- - - 1:200 
Jackson 
ImmunoResearch 
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IgG-Cy3 

Goat Anti 
Mouse IgG-
Alexa 488 

- A21202 - - - 1:500 Molecular Probes 

 

Supp Table III.S3: Primers utilized for chromatin immunoprecipitation analyses in 5’ to 3’ 
orientation. Primers not obtained from other previous studies were designed using the PrimerBlast 
program (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). 
 

ChIP Primers Source 

HIST1H2BD TSS F ACCTCATTTGAATACCGCATCT (Pirngruber et al., 2009b) 

HIST1H2BD TSS R TGGTAGGTTCAGGCATCGTAG (Pirngruber et al., 2009b) 

HIST1H2BD +0.5kb F TCTTTTAAGAGCCACGCATGT (Pirngruber et al., 2009b) 

HIST1H2BD +0.5kb R CGTAACATTAAAGATTGGTACTGTGG (Pirngruber et al., 2009b) 

HIST1H2AC TSS F AAAAGCGGCCATGTTTTACA (Pirngruber et al., 2009b) 

HIST1H2AC TSS R AAAAATCACCAAAACCAGCG (Pirngruber et al., 2009b) 

HIST1H2AC +0.5kb F CCCGGAAACGCTATCAAAC   This manuscript. 

HIST1H2AC +0.5kb R TAGTAACAGCGCTCCCCAAA   This manuscript. 

NPAT E2F-BS F CAGGAGCTGTCGCTGTGTTTG (Gao et al., 2003) 

NPAT E2F-BS R GGCTACGTCCGAGGGTAACAA (Gao et al., 2003) 

P107 E2F-BS F AGGCAGACGGTGGATGACAACAC (Takahashi et al., 2000) 

P107 E2F-BS R TCAGCGTGGGGCTTGTCCTCGAA (Takahashi et al., 2000) 

TFF1 +6kb F CAGGCTTCTCCCTTGATGAAT This manuscript. 

TFF1 +6kb R ACACCCACCTTCCACAACAC This manuscript. 

 

Supp Table III.S4: Primers utilized for gene expression analyses in 5’ to 3’ orientation. Primers not 
obtained from other previous studies were designed using the PrimerBlast program 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). 
 

RT-PCR Primers Source 

Cyclin E1 F TGGGAGCCAGCCTTGGGACAA   This manuscript. 

Cyclin E1 R AGCGGGGAGCCTCTGGATGG   This manuscript. 

HIST1H2BD Total F ACGATGCCTGAACCTACCAA (Pirngruber et al., 2009b) 

HIST1H2BD Total R AGCCTTAGTCACCGCCTTCT (Pirngruber et al., 2009b) 

HIST1H2BD PolyA F CCAACTCATCCTGGTTTGCT (Pirngruber et al., 2009b) 

HIST1H2BD PolyA R TCCCCTCGGTAACCTTCTTT (Pirngruber et al., 2009b) 

HIST1H2AC Total F GACGAGGAGCTCAACAAACTG (Pirngruber et al., 2009b) 

HIST1H2AC Total R ACCTGTCAAATCACTTGCCC (Pirngruber et al., 2009b) 

HIST1H2AC PolyA F CCTGTCCACTGTTGGTAGGC (Pirngruber et al., 2009b) 

HIST1H2AC PolyA R TTCACTTACCACCATTCCAGC (Pirngruber et al., 2009b) 

NPAT F GTTTATTCCAGCCTGCTTAC   This manuscript. 

NPAT R CATGCTCCTGATCTGAGAAA   This manuscript. 

MDM2 F TCAGGATTCAGTTTCAGATCAG (Hobom and Dobbelstein, 2004) 

MDM2 R CATTTCCAATAGTCAGCTAAGG (Hobom and Dobbelstein, 2004) 

p21 F CCAGCTGGGCTCTGCAATT (Gomes et al., 2006) 



Publications 
 

 87 

p21 R GCTGAGAGGGTACTGAAGGGAAA (Gomes et al., 2006) 

RPLP0 F GATTGGCTACCCAACTGTTG (Fritah et al., 2005) 

RPLP0 R CAGGGGCAGCAGCCACAAA (Fritah et al., 2005) 

 

Supplementary Figures 
 

 
 

Supp Fig III.S1: Nutlin-3a treatment does not affect cell-cycle progression in the absence of p53 or 
p21. HCT116 cells which were null for either p53 (A) or p21 (B) were treated with 8 µM Nutlin-3a for 24 
h and analyzed by flow cytometry for cell cycle analyses as in Fig III.1A. Note that no significant change 
in any of the cell-cycle phases was observed. 
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Supp Fig III.S2: Nutlin-3a treatment does not significantly induce apoptosis in HCT116 cells 
irrespective of the p53 and p21 status. Apoptosis in untreated wild-type (p53+/+), p53 null (p53-/-) or 
p21 null (p21-/-) HCT116 cells was compared to treatments with Nutlin-3a (8 µM, 24 h) or Doxorubicin 
(as a positive control, 5 µM, 24 h) and analyzed using the Guava Nexin Kit (Guava Technologies) 
according to the manufacturer’s protocol. Cells in the lower left gated quadrant (Annexin V negative/7-
AAD negative) reflect non-apoptotic cells, cells in the lower right quadrant (Annexin V positive/7-AAD 
negative) reflect early apoptotic cells, and cells in the upper right quadrant (Annexin V positive/7-AAD 
positive) reflect late apoptotic cells. The fractions of gated cells were quantitated and are graphically 
represented for each cell line on the right. 
 

 
 

Supp Fig III.S3: Total H2B protein levels do not change following Nutlin-3a treatment. The 
expression of H2B protein levels was investigated in protein samples from HCT116 cells 24 h after 
treatment with DMSO (control) or Nutlin-3a (8 µM) using an antibody that detects H2B. HSC70 is shown 
as a loading control. 
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Supp Fig III.S4: Nutlin-3a time-dependently decreases the fraction of HCT116 cells in S phase. The 
fraction of cells in S phase following Nutlin-3a treatment (8 µM) was investigated by combined BrdU/PI 
staining and analyzed by flow cytometry. The fraction of S phase cells (upper gated fraction) was 
compared to the total cell counts and is graphically represented in Fig III.3D. 
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Supp Fig III.S5: (A) NPAT downregulation depends upon an intact p53-p21 axis. The expression of 
NPAT mRNA was analyzed by random-primed qRT-PCR as in Fig III.3B using the same samples shown 
in Fig III.1C-E. Gene expression levels were normalized and expressed as in Fig III.1; mean values + s.d., 
n = 3. (B) The profile of E2F1, E2F4 and p130 binding to the E2F target gene p107 following Nutlin-3a 
treatment. The same samples as in Fig III.3F were analyzed by ChIP for the binding of E2F1, E2F4 and 
p130 to the p107 (left panel) and TFF1 (control locus, right panel) genes. qChIP values were normalized 
as in Fig III.2; mean values + s.d., n = 3. The experimental background is shown as a dotted line. (C) 
P53-induced cell-cycle arrest does not affect Cajal body integrity. The effects of Nutlin-3a treatment on 
NPAT-positive histone locus body and Cajal body structures were quantitated by counting the number of 
NPAT-positive or Coilin-positive foci in cells from at least three random fields for each treatment which 
were photographed by confocal laser microscopy as shown in Fig III.3G. The average number of foci 
only significantly differed for NPAT (left panel, n = 23). These effects were even more noticeable when 
the number of cells with less than 2, exactly two, or more than 2 NPAT foci were counted. Note that 
while most untreated cells contain at least two NPAT foci, more than 90% of Nutlin-3a treated cells have 
0-1 NPAT foci/cell. 
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Supp Fig III.S6: Accumulation of polyadenylated replication-dependent histone mRNAs is induced 
following a G1/G0 cell-cycle arrest. (A) Serum starvation down-regulates total HIST1H2AC mRNA 
levels but increases mRNA polyadenylation. HIST1H2AC gene expression levels from the samples 
analyzed in Fig III.4B were normalized and expressed as in Fig III.1; mean values + s.d., n = 2. (B) 
Cyclin E1 knockdown similarly controls the expression of total and polyadenylated HIST1H2BD (Fig 
III.4E) and HIST1H2AC mRNA (B) as assessed in Fig III.1 using the same RNA samples as in Fig 
III.4C,E. Gene expression levels were normalized and expressed as in Fig III.1; mean values + s.d., n = 2. 
(C) The expression of total and polyadenylated HIST1H2AC was analyzed as in Fig III.1D with the same 
samples shown in Fig III.4F after treatment of HCT116 cells with 2 mM hydroxyurea for 48 h. Gene 
expression levels were normalized and expressed as in Fig III.1; mean values + s.d., n = 2. 
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Supp Fig III.S7: The effect of Cyclin E1 on replication-dependent histone gene expression and pre-
mRNA 3’ end processing is independent of p53 status. The Cyclin E1 siRNA utilized in Fig III.4C-E 
and Supp Fig III.S6B was transfected into p53 null (p53-/-) HCT116 cells and analyzed for the expression 
of Cyclin E1 (A), total and polyadenylated HIST1H2BD (B) as well as total and polyadenylated 
HIST1H2AC (C) mRNAs. Gene expression levels were normalized and expressed as in Fig III.1; mean 
values + s.d., n = 2. 
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Supp Fig III.S8: NPAT expression is essential for optimal levels of replication-dependent gene 
transcription and proper mRNA 3’ end processing. A second siRNA targeting NPAT (siRNA #2) was 
used to perform similar analyses as in Fig III.5A-C. (A,B) The effects of this siRNA on the expression of 
total and polyadenylated HIST1H2BD (A) and HIST1H2AC (B) mRNAs was assessed in HCT116 cells 
72 h after transfection with control or NPAT siRNAs as in Fig III.5. (C) The effectiveness of NPAT 
siRNA #2 was assessed by random-primed qRT-PCR using the same RNA samples as in (A,B). Gene 
expression levels were normalized and expressed as in Fig III.1; mean values + s.d., n = 2. (D) The 
knockdown of NPAT protein levels following transfection with either NPAT siRNA were verified by 
western blot analysis in cell lysates prepared in parallel to the mRNA samples shown in Fig III.5A-C and 
Supp Fig III.S8A-C. (E) The effects of CDK9 knockdown on replication-dependent histone mRNA 3’ 
end processing were confirmed in HCT116 cells 72 h after transfection with control or CDK9 siRNAs. 
Gene expression levels were normalized and expressed as in Fig III.1; mean values + s.d., n = 2. 
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Supp Fig III.S9: Decreased CDK9, PAF1 and NPAT recruitment to replication-dependent histone 
genes is a specific effect of NPAT knockdown and not due to non-specific effects of siRNA 
transfection. Chromatin immunoprecipitation experiments were performed as in Fig III.2 and III.6 using 
HCT116 cells that were mock transfected (i.e., water only), transfected with two different control 
siRNAs, or a specific siRNA against NPAT for 72 h. The recruitment of CDK9 (A), PAF1 (B) and NPAT 
(C) was investigated at both the transcriptional start site (TSS) and 3’ end cleavage site (0.5 kb) of the 
HIST1H2AC gene. Only minor differences between the three control samples were observed. In contrast, 
substantial differences in the recruitment of all three factors between the control and NPAT knockdown 
cells was observed particularly at 0.5 kb. 
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3. General Discussion 
 

3.1  Chromatin structure, histone modifications and the CTD of 
RNAPII 

 

Chromatin structure, histone modifications and the phosphorylation status of the 

CTD of RNAPII have been associated with transcriptional regulation (Berger, 2007; 

Buratowski, 2003; Egloff and Murphy, 2008). Our concern was to get insights into the 

function of CTD phosphorylation, especially Ser2 phosphorylation by CDK9, in 

influencing posttranslational histone modifications. Whereas quite a lot was already 

known in yeast, this aspect still needed to be investigated in humans. Thus, our main 

focus was to explore the connection between CTD phosphorylation and histone H2B 

monoubiquitination which led us to a model in which CDK9 regulates not only H2Bub1 

but a hierarchy of histone modifications by CTD-dependent and -independent 

mechanisms. Hence, we discovered new and important similarities and distinctions 

between the functions of P-TEFb (CDK9/Cyclin T1) in yeast and humans. 

 

3.1.1 A CTD-independent way for monoubiquitination of human histone 
H2B? 

 

 As already mentioned in section 1.2.1.1 on page 11f., monoubiquitination of 

histone H2B is coupled to ongoing transcription (Osley, 2006; Shilatifard, 2006). For 

investigation of the distribution of H2Bub1 on active human genes Minsky et al. 

generated an anti-H2Bub1 monoclonal antibody (Minsky et al., 2008). Genome wide 

analysis of H2Bub1 distribution revealed a preferred association of monoubiquitinated 

histone H2B with the transcribed region of highly expressed genes, more precisely, 

H2Bub1 levels starting near the transcriptional start site gradually increased into the 

transcribed region. To obtain these data a total of 16,101 genes were used for a ChIP-

microarray. Interestingly, this distribution pattern of H2Bub1 on active genes resembles 

that of Ser2-phosphorylated RNAPII on the activated p21 gene (Gomes et al., 2006). In 

this study twenty different positions on the active p21 gene were investigated by ChIP 

analysis using an antibody specific for Ser2-phosphorylated RNAPII. This correlation 

led us to the hypothesis that H2Bub1 could be dependent upon P-Ser2 CTD and thus 

upon the activity of CDK9, which phosphorylates Ser2 residues of the CTD in humans 

(Marshall et al., 1996). Although P-Ser2 and H2Bub1 are disconnected in yeast and 

instead P-Ser5 of the CTD seems to play a role since inactivation of Kin28p, the yeast 
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Ser5 kinase, leads to decreased H2Bub1 levels, a link between H2Bub1 and CTD 

phosphorylation in humans has not been investigated so far (Xiao et al., 2005). 

Our results indeed show that CDK9-dependent phosphorylation of RNAPII CTD 

at Ser2 is important for monoubiquitination of histone H2B. Knockdown of CDK9 as 

well as deletion or mutation of the RNAPII CTD led to decreased H2Bub1 protein 

expression whereas overexpression of CDK9 resulted in an increased level of H2Bub1 

(illustrated in Fig I.2B-D on page 38). Our model suggests that P-Ser2 serves as a 

platform for the binding of the PAF complex which stimulates the activity of RNF20/40 

which then monoubiquitinates histone H2B. This model has already been established 

for yeast with the exception of P-Ser5 being the CTD modification that plays a role in 

recruiting the yeast PAF complex to the elongating RNAPII (Wood et al., 2003b; Xiao 

et al., 2005). 

While inhibition and knockdown of CDK9 led to a strong decrease to almost 

non-detectable H2Bub1 protein levels, either deletion of the whole CTD or mutation of 

the Ser2 residue of the CTD to alanine that can not be phosphorylated resulted in only a 

moderate loss of H2Bub1 (illustrated in Fig I.2B,D on page 38). This suggests that 

H2Bub1 is regulated primarily through CDK9-dependent CTD phosphorylation but 

could in addition also be regulated in a different way. 

In yeast, the E2 ubiquitin ligase implemented in monoubiquitination of histone 

H2B, Rad6p, is phosphorylated on Ser120 by Bur1p, a yeast homolog of human CDK9, 

and this is critical for fully catalyzing monoubiquitination of histone H2B in vivo 

(Wood et al., 2005). Interestingly, this effect appears to be independent of CTD 

phosphorylation since the phosphorylation of CTD at Ser2 and Ser5 is unaffected in 

Bur1p mutant strains (Keogh et al., 2003). The human homolog of Rad6p was also 

shown to be phosphorylated at Ser120 by cyclin-dependent kinases in vivo (Sarcevic et 

al., 2002). Since CDK9 likely has various target proteins and is the homolog of Bur1p it 

could be possible that it can also phosphorylate the human Rad6p homolog UBE2A. 

Unpublished results of our group show that CDK9 can indeed phosphorylate UBE2A 

and that this can occur in the absence of the CTD. 

Additionally, our ChIP data show a clear decrease of RNF20, RNF40 and PAF 

recruitment to the HIST1H2BD gene upon knockdown of CDK9 (illustrated in Fig I.4C 

on page 42). However, there is still a detectable level of these proteins on the gene. Why 

then is H2Bub1 still essentially undetectable on this gene although there are detectable 

levels of RNF20, RNF40 and PAF? Maybe this is because the function of UBE2A is 
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impaired in the absence of phosphorylation by CDK9. Having this second “pathway” 

the strong decrease in H2Bub1 on the HIST1H2BD gene despite the moderate decrease 

in binding of RNF20, RNF40 and PAF to this gene after CDK9 knockdown could be 

explained. 

Another support for a second way of monoubiquitination of H2B by UBE2A is 

the fact that this protein plays an important role in DNA damage response (Game and 

Chernikova, 2009). For DNA repair the chromatin cohesion has to be altered meaning 

that nucleosomes have to be removed and later on replaced by histone chaperones. 

H2Bub1 has been shown to be essential for the function of the FACT chaperone in yeast 

which removes an H2A/H2B dimer from nucleosomes (Laribee et al., 2007). 

Interestingly, FACT was shown to play a role in exchanging the variant histone H2AX 

with the canonical histone H2A by facilitating both incorporation or dissociation of 

H2AX from the nucleosome (Heo et al., 2008). Phosphorylation of H2AX which is 

implicated in the cellular response to DNA damage facilitates FACT-mediated 

dissociation of H2AX via nucleosomal destabilization whereas ADP-ribosylation of the 

FACT subunit SUPT16H results in release of FACT from the nucleosome and thus 

stabilization. These results suggest a critical role for FACT during DNA repair 

processes. It is tempting to speculate that a histone octamer containing phosphorylated 

H2AX and H2Bub1 might serve as an even more efficient substrate for FACT. In 

support of a role for H2Bub1 in controlling the DNA damage response, collaborative 

work from our group together with the group of Moshe Oren showed an effect of the 

H2B E3 ubiquitin ligase RNF20 on apoptosis induced by 5-Fluorouracil (5-FU), a 

chemotherapeutic agent that incorporates into DNA and leads to DNA damage (Shema 

et al., 2008). Depletion of RNF20 resulted in a decrease in apoptotic p53-positive cells 

and is thus thought to be required for maintaining maximal p53 functionality. Moreover, 

RNF20 also sustains the expression of the tumor protein p53 binding protein 1 

(TP53BP1) which is an important component of the cellular response to double-strand 

DNA breaks. Rad6p is known to play an important role in DNA damage response as 

well (Game et al., 2009). However, a possible implementation of H2Bub1 in DNA 

repair mechanisms has not been demonstrated. Indeed, Rad6p not only 

monoubiquitinates histone H2B but also the proliferating cell nuclear antigen (PCNA) 

protein and this pathway is rather known to play a function in DNA damage response. 

However, altogether these studies suggest a possible role of H2Bub1 in altering the 

chromatin structure upon DNA damage. 
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3.1.2 The role of H2Bub1 in chromatin assembly and disassembly 
 

As already mentioned in section 3.1 on page 95, monoubiquitination of histone 

H2B is suggested to play an important role in altering the cohesion of the chromatin and 

was thereby thought to be implemented in opening and loosening nucleosomes (Laribee 

et al., 2007; Pavri et al., 2006). More detailed, H2Bub1 was shown to interact with 

Spt16p in yeast, a subunit of the histone H2A/H2B chaperone FACT, and was thought 

to control nucleosome eviction in front of elongating RNAPII (Pavri et al., 2006). 

Controversely, in 2003 it was already suggested that FACT could play a role in 

reversing nucleosome disruption that occurs during RNAPII elongation and could thus 

prevent internal initiation from cryptic promoters which was observed if Spt16p was 

lost (Mason and Struhl, 2003). In addition, previous studies in yeast revealed that H2B 

monoubiquitination increases as cells enter prophase and decreases after 

metaphase/anaphase transition (Mueller et al., 1985; Sarcevic et al., 2002). This leads to 

the suggestion that after DNA replication H2Bub1 could play a role in reassembling 

nucleosomes so that the DNA can be properly condensed before mitosis takes place. 

With regard to our results, this would mean that a decrease in H2Bub1 would lead to 

improper condensation of chromatin prior to mitosis and thus defects in cell cycle 

distribution. However, neither knockdown of CDK9 which we showed is important for 

monoubiquitination of H2B nor knockdown of RNF20/40 had an effect on cell cycle 

distribution (data not shown). If H2Bub1 functions more in nucleosome reassembly 

than in nucleosome removal thus still needs to be investigated. 

Furthermore, recent studies left the question unanswered if H2Bub1 directly 

stimulates transcription or in contrast if transcription facilitates H2Bub1. In this regard, 

Kim and co-workers recently showed that H2Bub1 alone is unable to directly affect 

transcription through chromatin but that ongoing transcription is required for efficient 

H2B monoubiquitination (Kim et al., 2009). This provides an explanation why 

H2Bub1-dependent H3K4me3 is a mark for recent transcription (Ng et al., 2003). 

Interestingly, in contrast to Pavri et al., they claim that they could not detect a direct 

function for H2Bub1 in activating FACT in vitro (Pavri et al., 2006). However, this 

could in part be due to the usage of the nucleosome assembly protein 1 (NAP1), rather 

than FACT, as a histone chaperone in their studies. Altogether, their results are 

consistent with those of Fleming et al., that showed a role for H2Bub1 in vivo in 

reassembling nucleosomes after passage of RNAPII but no function in depletion of 

nucleosomes during RNAPII passage (Fleming et al., 2008). Thus, these results on this 
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topic give evidence that H2Bub1 is rather a consequence of transcription and is 

important for events that follow the passage of RNAPII instead of directly functioning 

in stimulating transcriptional elongation (Kim et al., 2009). 

Recently, the E3 ubiquitin ligase RNF20 was shown to function in regulating a 

subset of human genes (Shema et al., 2008). In these RNF20-repressed genes H2B is 

highly ubiquitinated and additionally marks for poised RNAPII can be found. H2Bub1 

may in this case stabilize the nucleosomes downstream of RNAPII leading to a block 

for early elongation. The deubiquitinating enzyme USP22 could then be recruited to the 

paused gene by activators and function in promoting elongation via H2B 

deubiquitination (Espinosa, 2008). These findings thus propose a function of H2Bub1 in 

nucleosome stability rather then opening the chromatin and can be supported by a recent 

model by Chandrasekharan et al., where H2Bub1 first stabilizes nucleosomes in front of 

RNAPII to enhance the binding of FACT. A destabilization could then be the result of 

deubiquitination by Ubp8p thus enhancing the function of FACT in disassembling the 

nucleosomes and allowing the passage of RNAPII. The newly reassembled 

nucleosomes upstream of RNAPII localization could then again be stabilized by 

H2Bub1 (Chandrasekharan et al., 2009). These two models implicate that both 

ubiquitination and deubiquitination of H2B are crucial for RNAPII passage and thus 

productive elongation and that chromatin structure plays an important part in this 

process.  

In respect to our model in which H2Bub1 functions in proper replication-

dependent histone mRNA 3’ end processing, the hypothesis of H2Bub1 being crucial 

for nucleosome reassembly rather then eviction could be explained as follows. If 

H2Bub1 is lost as a result of CDK9 depletion, the reassembly and stabilization of 

nucleosomes does not take place properly anymore resulting in a nucleosome poor 

region that allows RNAPII to read past the normal canonical 3’ end processing site until 

it reaches a polyadenylation signal further downstream. Like that the observed increase 

in polyadenylated replication-dependent histone mRNAs could be explained. A similar 

mechanism has been proposed for the role of chromatin structure in controlling 

alternative splicing (Perales and Bentley, 2009). High nucleosome occupancy or a 

specific histone modification pattern in exons could lead to lower elongation rate in 

exons in comparison to introns and could thus have an influence on splicing. It is 

suggested that a slow elongation rate favors the inclusion of exons whereas a fast 

elongation rate favors exon skipping (De la Mata et al., 2003). 
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3.1.3 Chromatin structure versus CTD-code: What gives the signal for 
productive transcription? 

 

As discussed, chromatin structure seems to play an important role in efficient 

transcription. However, it was shown that the phosphorylation pattern of the CTD of 

RNAPII serves as a platform for a variety of proteins that are implemented in pre-

mRNA capping, 3’ end processing, splicing, transcription elongation, termination and 

chromatin modification appearing to play the major role in effective transcription 

(Phatnani and Greenleaf, 2006). For example, the cleavage factors CPSF73 and 

CSTF77 are specifically recruited to the RNAPII machinery during transcription and 

this is impeded if cells are treated with DRB which inhibits the phosphorylation of Ser2 

of the CTD (Glover-Cutter et al., 2008). Furthermore the histone H3 chaperone 

SUPT6H directly interacts with phosphorylated CTD at Ser2 pointing out the 

importance of CTD phosphorylation in recruiting factors necessary for effective 

transcription (Yoh et al., 2007). 

Recently, CDK8 was shown to play a positive role in regulating transcriptional 

elongation of genes that are part of the serum response network via phosphorylation of 

the CTD of RNAPII (Donner et al., 2010). CDK8 is a cyclin-dependent kinase that is 

associated with the Mediator complex which itself is part of the preinitiation complex 

and probably acts as a molecular bridge to facilitate RNAPII recruitment to the 

promoter (Cantin et al., 2003; Kuras and Struhl, 1999; Li et al., 1999). Although mostly 

characterized as a transcriptional repressor and lately identified as a potent oncoprotein, 

Donner et al. showed that CDK8 acts as a positive regulator of immediate-early genes 

(Ding et al., 2008; Firestein et al., 2008; Knuesel et al., 2009). Interestingly, siRNA- 

mediated depletion of CDK8 resulted in a gene specific decrease in Ser2- and Ser5-

phosphorylation of the CTD as a result of impaired recruitment of CDK7 and CDK9. 

Moreover, CDK8 was shown to interact with BRD4, a bromodomain containing protein 

that is implicated in the recruitment of P-TEFb (see section 1.1.2 on page 3f.) to 

multiple human genes, and upon knockdown of CDK8 the recruitment of BRD4 was 

significantly decreased (Hargreaves et al., 2009). A further observed effect of CDK8 

depletion was a decrease in the elongation rate since slower elongation complexes 

containing hypophosphorylated RNAPII could be detected in nuclear run-on 

experiments. Thus, a strong correlation between CDK8 recruitment, CTD 

phosphorylation and RNAPII elongation rates was demonstrated (Donner et al., 2010). 

These results by Donner et al. assume a time-dependent function. In the early stage of 
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transcription it is difficult for RNAPII to move through the gene resulting in a slow 

elongation rate but after ejection of some downstream nucleosomes the elongation rate 

could increase. Thus, a main function of the CTD of RNAPII seems to be the 

recruitment of proteins that change the chromatin structure in the transcribed region 

which is achieved by different patterns of CTD phosphorylation resulting in the 

recruitment of different proteins leading to a slower or faster elongation rate. 

As already mentioned, the CTD of RNAPII also plays a role in mRNA 3’ end 

processing since Ser2-phosphorylated CTD was shown to recruit 3’ end processing 

factors to elongating RNAPII (Ahn et al., 2004; Meinhart and Cramer, 2004). 

Admittedly, although the CTD is necessary for efficient processing it is not sufficient 

since attaching the CTD onto RNAPII or T7 RNAP does not enable productive 

processing (Natalizio et al., 2009). So what is the importance of chromatin structure in 

efficient transcription? Splicing was for example shown to be connected to chromatin 

structure since it was shown to be influenced by chromatin remodelling ATPases 

(Batsche et al., 2006; Sims III et al., 2007). In addition, alternative splicing is thought to 

be affected by the rate of elongation since a fast elongation rate is thought to favor exon 

skipping whereas a slow elongation rate is suggested to favor exon inclusion (De la 

Mata et al., 2003). The elongation rate could in turn be defined by nucleosome 

occupancy or particular histone modifications (Perales and Bentley, 2009). 

Furthermore, during transcription positive and negative supercoiling in front of and 

behind the RNAPII, respectively, is established and positive supercoiling was shown to 

eject histone H2A/H2B dimers from nucleosomes in vitro (Levchenko et al., 2005). 

These results suggest an important role for both CTD phosphorylation and 

chromatin structure in efficient transcription but their specific functions and interactions 

still need to be further explored. 

 

3.1.4 A role for pausing in mRNA 3’ end formation 
 

In most RNAPII transcribed genes, the inhibition of CDK9 results in a dramatic 

decrease of transcription. However, transcription of the U2 snRNA gene is only mildly 

affected although P-TEFb is normally recruited (Medlin et al., 2005). NELF is recruited 

to the end of a promoter proximal region of nucleosome depletion. Interestingly, the 

length of the nucleosome free region varies in different genes so that the NELF/P-TEFb 

elongation checkpoint can either lie close to the transcription start site or rather a few 

hundred base pairs further downstream. Is this checkpoint then still implicated in the 
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regulation of transcriptional elongation? Medlin and co-workers showed that in the U2 

snRNA this checkpoint lies at the end of the transcribed region so that P-TEFb is not 

required for transcription elongation (Medlin et al., 2005). Furthermore, the same group 

found that NELF is implemented in the transcriptional termination of the U2 snRNA 

gene rather than pausing since it is only found in the end of the transcription unit 

(Egloff et al., 2009). Interestingly, ChIP results revealed that CDK9 could be detected 

throughout the whole U2 gene whereas it was recruited to the β-actin gene only at the 

point where the histone occupancy increases. These results indicate that an increase in 

histone density may be important for the recruitment of NELF and suggests that 

chromatin structure plays a central role in deciding whether pausing of RNAPII occurs 

and which function this elongation checkpoint has (Egloff et al., 2009). 

A question that arises from these observations is if promoter proximal pausing of 

RNAPII prior to productive elongation is really a process in which RNAPII halts and 

afterwards proceeds or if it is rather an early termination pathway and stalled RNAPII is 

found there because of aberrant termination and thus abortive transcription. It is not 

possible to distinguish between paused or early terminated RNAPII. In mammalian, 

Drosophila melanogaster and yeast sequencing analysis revealed the widespread 

existence of short, promoter-associated transcripts of which a part is rapidly degraded 

by the exosome indicating that they are released from the elongating RNAPII complex 

(Carninci, 2009; Preker et al., 2008). Buratowski thus speaks of early and late 

termination pathways (Buratowski, 2009). NELF has been described as a negative 

elongation factor that inhibits productive elongation shortly after initiation and was thus 

termed a 5’ pausing factor (Peterlin and Price, 2006). Upon phosphorylation by CDK9, 

NELF leaves the elongating complex and productive elongation can proceed. 

Interestingly, NELF was also found to be required for proper termination of snRNAs 

and replication-dependent histone mRNAs (Egloff et al., 2009; Narita et al., 2007; 

Wagner et al., 2007). In contrast to the notion that each gene either exclusively uses an 

early or a late termination pathway, Buratowski proposes a kinetic competition model 

for termination which is dependent upon the phosphorylation status of the CTD and the 

timely recruitment of negative and positive transcription elongation factors 

(Buratowski, 2009). 

While Buratowski points out the importance of CTD phosphorylation and 

transcription factor recruitment in termination and 3’ end formation, Perales and 

Bentley rather hold chromatin structure responsible for these events. They underscore 
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their opinion with the fact that poly(A) sites are associated with their own chromatin 

signature and suggest that an impact on the transcriptional elongation rate might 

influence 3’ end processing (Perales and Bentley, 2009; Spies et al., 2009).  

Interestingly, in Drosophila melanogaster a role for chromatin structure in 

histone mRNA 3’ end processing has been proposed since the histone variants H3.3 and 

H2Av and the histone chaperone anti-silencing function 1 (Asf1) are crucial for proper 

histone mRNA 3’ end formation (Wagner et al., 2007). In regard to these results, our 

model suggests that specific CDK9-dependent phosphorylation and monoubiquitination 

of H2Β serve as markers that allow the correct recognition of the histone mRNA 3’ end 

cleavage site by specific mRNA 3’ end processing proteins. 

 

3.2 Polyadenylated replication-dependent histone transcripts: 
formation and possible functions 

 

mRNAs transcribed from replication-dependent histone genes are not normally 

polyadenylated like all other RNAPII transcribed mRNAs but instead end in an 

evolutionary highly conserved 3’ end stem-loop structure (Dominski and Marzluff, 

1999; Marzluff et al., 2008). In addition, their transcription is cell cycle-dependent with 

levels increasing at the beginning of S phase dropping to basal levels at the end of S 

phase (Heintz et al., 1983; Sittman et al., 1983). Interestingly, replication-dependent 

histone mRNAs contain both a stem-loop structure and a downstream polyadenylation 

site suggesting the possibility of two pathways for the production of either canonically 

processed or polyadenylated mRNAs. Indeed, polyadenylated replication-dependent 

histone transcripts could be observed in several studies suggesting their production 

under certain circumstances and moreover a possible physiological role (Collart et al., 

1991; Kirsh et al., 1989; Narita et al., 2007). 

A recent study showed that in the absence of the tumor suppressor parafibromin, 

which is a component of the PAF complex, replication-dependent histone transcripts are 

not properly processed following the stem-loop structure but polyadenylated (Farber et 

al., 2010). Interestingly, the yeast Paf1p complex is necessary for the recruitment of 3’ 

processing factors and the human PAF1 complex associates with the 3’ mRNA 

processing factors CPSF and CSTF (Rozenblatt-Rosen et al., 2009; Sheldon et al., 

2005). Since PAF plays a role in the CTD-dependent H2B monoubiquitination, these 

effects could, in addition, be partially due to chromatin modifications. In our studies we 

could investigate a connection between CDK9 activity and the status of polyadenylated 
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histone transcripts as well as the fact that a G1 cell cycle arrest, induced by p53 

accumulation, serum starvation, Cyclin E knockdown or the DNA damaging reagent 

hydroxyurea leads to an increase in polyadenylated histone transcripts. However, the 

reason for the decision of the polyadenylated pathway and the mode for this switch still 

remain to be elucidated. 

 

3.2.1 Is polyadenylation of replication-dependent histone transcripts a 
result of splicing? 

 

Replication-dependent histone pre-mRNAs transcribed from canonical histone 

genes do not contain introns and are thus not spliced (Dominski and Marzluff, 1999, 

Marzluff et al., 2008). Rather, the recognition of splice junctions excludes the 

possibility of normal 3’ end processing of replication-dependent histone mRNAs. Thus, 

in our studies, the recognition of splice sites in replication-dependent histone pre-

mRNAs could impede proper processing 3’ to the stem-loop structure and thus lead to 

the usage of a downstream polyadenylation signal. Besides splicing, also spurious 

intragenic transcription initiation could result in the production of polyadenylated 

transcripts which initiate transcription downstream of the canonical histone mRNA 3’ 

end processing site and would thus be recognized using the oligonucleotides used in the 

experiment illustrated in Fig I.3D,E on page 41. It was shown that by inserting one or 

two introns into the open reading frame of a gene containing the histone 3’ end resulted 

in the usage of a cryptic 3’ polyadenylation site and this was independent of the distance 

between the 3’ end and the polyadenylation signal (Pandey et al., 1990). So what is the 

critical step in deciding whether to produce canonically processed or polyadenylated 

replication-dependent histone mRNAs? To address the question if splicing or spurious 

intragenic transcriptional initiation could be the reason for the production of 

polyadenylated histone mRNAs, we measured the poladenylation status of histone 

transcripts of a non-spliced histone gene, namely HIST2H2AA, and could detect an 

increase of polyadenylated histone mRNAs after siRNA mediated depletion of CDK9 

(illustrated in Supp Fig I.S2A on page 52). In addition, the increase in polyadenylated 

transcripts of spliced histone transcripts (HIST1H2BD and HIST1H2AC) by using 

oligonucleotides that span the exon/exon junctions of each spliced transcript which is 

produced from a long primary transcript was measured (illustrated in Fig II.2A,B on 

page 60). No changes in the increase of polyadenylated replication-dependent histone 

mRNA transcripts could be observed compared to the usage of oligonucleotides that do 
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not span the exon/exon junctions. These results suggest that at least our observations 

were not due to splicing defects and hypothesize that splicing is not the reason for the 

production of polyadenylated replication-dependent histone transcripts. 

 

3.2.2 Function and regulation of NPAT in replication-dependent histone 
mRNA 3’ end processing. 

 

As already mentioned in section 1.3.2.4 on page 27f., NPAT is essential for S 

phase entry and activation of histone gene transcription (Ma et al., 2000; Wei et al., 

2003; Ye et al., 2003). Thus, it is crucial for cell proliferation and proper cell cycle 

regulation. In addition to NPAT, another protein has been shown to play an important 

role in the regulation of histone transcription. FADD-like IL-1β-converting enzyme 

(FLICE) associated huge protein (FLASH) was initially identified as a component of 

the apoptosis signalling complex called the death-inducing signalling complex (DISC) 

(Imai et al., 1999). However, its role in activation of caspase 8 has been questioned 

since the existence of domains mediating interactions between proteins of the apoptosis 

machinery could not be confirmed (Koonin et al., 1999). Despite descriptions of being a 

cytoplasmic protein, FLASH was found in subnuclear foci of the nucleus, more 

precisely it was shown to colocalize with coilin and NPAT to Cajal bodies (Barcaroli et 

al., 2006b). Interestingly, FLASH and NPAT interact in vivo independent of coilin and 

are both localized to histone locus bodies (HLBs). Moreover, they are both important 

for proper S phase expression of histone genes and required for maintenance of Cajal 

body structure. However, despite these similarities, they do not share any significant 

regions of sequence similarity and more importantly, depletion of NPAT leads to an 

inhibition of S phase entry whereas depletion of FLASH blocks progression through S 

phase (Barcaroli et al., 2006a; Ye et al., 2003). 

Recently, the N-terminus of FLASH was found to interact with the U7 snRNP 

component LSM11 (Yang et al., 2009). Furthermore, depletion of the ortholog of 

human FLASH in Drosophila melanogaster (dFLASH) resulted in polyadenylation of 

replication-dependent histone pre-mRNAs indicating a role for FLASH in proper 3’ end 

processing of histone pre-mRNA (Yang et al., 2009). Since the stimulation of 3’ end 

cleavage is not dependent upon SLBP and a more efficient recruitment of U7 snRNP to 

the cleavage site, Yang et al. hypothesize that FLASH interacts with LSM11 and with 

an unidentified component of the processing machinery that recruits or activates the 3’ 

endonuclease CPSF73. 
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Our results showed that siRNA mediated depletion of NPAT resulted in a loss of 

proper replication-dependent histone mRNA 3’ end processing and led to 

polyadenylation of these transcripts (illustrated in Fig III.5A,B on page 79). The similar 

functions of FLASH and NPAT and the fact that FLASH is implicated in histone 

mRNA 3’ end processing supports our data and leads to the hypothesis that NPAT not 

only plays a role in histone transcription but is also important for proper histone mRNA 

3’ end processing. To test the hypothesis if its role is even more related to proper 

processing than to regulation of histone transcription one could add a constitutive not 

cell cycle-regulated promoter to a histone gene and look for recruitment of NPAT. Since 

NPAT is believed to be recruited through factors that are histone specific, binding of 

NPAT to this artificial construct would suggest that NPAT is rather implemented in 

processing than in transcription. 

As already mentioned in section 1.3.2.4 on page 27f., NPAT is phosphorylated 

by Cyclin E/CDK2 and this leads to stimulation of NPAT’s ability to promote S phase 

entry and histone gene transcription (Ma et al., 2000; Zhao et al., 1998). In the N-

terminus a LisH-like motif was found to be critical for the ability of NPAT to activate 

histone gene expression but not important for promoting S phase entry (illustrated in Fig 

7 on page 106) (Wei et al., 2003). Moreover, studies on the sequence of NPAT revealed 

a RXL-like motif which is known to facilitate interaction with cyclins in other CDK 

substrates (illustrated in Fig 7 on page 106) (Adams et al., 1996; Schulman et al., 1998; 

Zhu et al., 1995).  

 

 
 

Fig 7: Schematic diagram of NPAT. Shown are the N-terminal LisH-domain, the RXL-domain (the 
cyclin interaction motif) and the five known CDK phosphorylation sites (modified from Wei et al., 2003). 
 

Our GST-pulldown experiment revealed an in vitro interaction of an NPAT 

fragment (amino acids 801-1100) that contains the RXL-domain (amino acids 1062-

1066) with the P-TEFb components Cyclin T1 and CDK9 (illustrated in Fig III.5D on 
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page 79). Furthermore, immunoprecipitated endogenous NPAT could co-

immunoprecipitate Cyclin T1 as well as CDK9 (illustrated in Fig III.5E on page 79). 

Our model hypothesizes that NPAT recruits P-TEFb to histone gene promoters which 

then promotes transcription by phosphorylation of Ser2 of the RNAPII CTD, NELF and 

SUPT5H, and promotes processing through the recruitment of histone processing 

enzymes through modifications to chromatin structure (illustrated in Fig. III.6D,E on 

page 81). Taking into consideration that CDK9 is a Ser/Thr kinase and that the NPAT 

protein contains at least 5 phosphorylation sites (Wei et al., 2003) one could speculate if 

CDK9 also phosphorylates NPAT as well. In this scenario NPAT could recruit P-TEFb 

via direct interactions and would then itself be regulated through phosphorylation by 

CDK9.  

Accumulation of the cell cycle inhibitor p21 via Nutlin-3a treatment that inhibits 

the interaction of MDM2 with p53 and thus leads to stabilization and accumulation of 

p53, resulted in a decrease of NPAT protein expression (illustrated in Fig III.3E on page 

75). Interestingly, it seems that before a decrease of the overall protein expression 

occurred, the phosphorylation status of NPAT was reduced. We hypothesize that the 

E2F/RB pathway directly regulates NPAT expression but that the p21-dependent 

inhibition of CDKs regulate the phosphorylation status of NPAT which is a quicker 

effect than the overall transcriptional regulation. It could well be that unphosphorylated 

NPAT is recruited to the promoter of a histone gene and is then activated upon 

phosphorylation by Cyclin E/CDK2 (or perhaps CDK9 as hypothesized above). 

As a CDK inhibitory protein (CKI) p21 directly binds to Cyclin E/CDK2 and 

blocks its activity thus preventing phosphorylation of RB and keeping E2F inactive 

(Sherr and Roberts, 2004). The same is true for the CKIs p27 and p57 although their 

functions in mammalian development are distinct (Nakayama and Nakayama, 1998; 

Sherr and Roberts, 2004). Interestingly, p21 seems to be less effective in inhibiting the 

Cyclin E/CDK2-dependent phosphorylation of NPAT compared to p27 and p57, more 

precisely, p57 was shown to be the most effective inhibitor of the Cyclin 

E/CDK2/NPAT/HINFP pathway which may be explained by its ability to directly form 

a complex with NPAT (Mitra et al., 2009). 

A recent study also revealed a function of p57 in negatively regulating the 

phosphorylation of the CTD of RNAPII in an E2F1-dependent manner (Ma et al., 

2010). Interestingly, in this study p57 was shown to interact with CDK7 and CDK9 in 

vivo and to inhibit both Ser2- and Ser5-phosphorylation of the CTD. Furthermore, E2F1 
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was required for p57 to block CTD phosphorylation and E2F1 and p57 were found to 

directly interact and form stable complexes that can be detected on E2F-regulated 

promoters. Notably, the detected activity of p57 was not an indirect consequence of 

regulating RB phosphorylation since HeLa cells which were amongst others used in 

these studies express the E7 oncogene that inactivates RB. Ma et al. drew a model in 

which p57 binds to E2F associated with an E2F-regulated promoter and inhibits the 

phosphorylation of the CTD of RNAPII at P-Ser2 and P-Ser5 resulting in suppression of 

the transcription of E2F target genes. 

Since our studies revealed the dependence of monoubiquitination of histone 

H2B on CDK9 activity, massive changes in H2Bub1 levels should be expected to occur 

after accumulation of the CDK inhibitor p57 through CDK9 inhibition. Taking into 

account the well known tumor suppressor function of p57, a change in H2Bub1 levels 

would point out a more direct connection between posttranslational histone 

modifications and cell cycle regulation resulting in modification of the chromatin 

structure and tumor suppression.  

 

3.2.3 G0/G1 cell cycle arrest but not a G2 arrest seems to be relevant for the 
production of polyadenylated histone mRNAs 

 

Our results show an increase in polyadenylated replication-dependent histone 

transcripts upon induction of a G1 cell cycle arrest. This could either be achieved by 

accumulation of p53 upon treatment with the chemical MDM2 inhibitor Nutlin-3a, by 

serum-starvation, DNA damage induction via HU treatment or siRNA mediated 

depletion of Cyclin E1 or Cyclin D1 in the colorectal cancer cell line HCT116 

(illustrated in Fig III.1C,D on page 70, Fig III.4B,E,F on page 77, Supp Fig III.S6 on 

page 91 and data not shown). But is a G1 arrest crucial for an increase of polyadenylated 

replication-dependent histone transcripts or could any other cell cycle arrest like, for 

example, G2 arrest have the same effects? Interestingly, the effects in HCT116 cells 

observed upon Nutlin-3a treatment could not be observed in the human osteosarcoma 

cell line U2 OS although this cell line is also wildtype for p53. Our cell cycle analysis 

revealed that after p53 accumulation U2 OS cells do not show a distinct G1 arrest like 

HCT116 cells but rather go into G1 and G2 phase evenly (data not shown). Thus, a 

general cell cycle arrest is not sufficient to generate the effects observed in HCT116 

cells. In G1 phase the cell gets ready for its function in S phase, namely DNA replication 

where histones are needed. Afterwards, when cells enter G2 phase there is no need for 
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the production of histones anymore and moreover cells do not remain for a long time in 

this cell cycle phase. Importantly, there are mechanisms in place which prevent histone 

expression like the degradation of histone transcripts, NPAT and SLBP. Thus, it would 

make more sense to produce additional histone transcripts if a G1 arrest occurs than if 

cells go into G2 arrest. It also remains possible that Nutlin-3a might put HCT116 cells 

into G0 phase, meaning permanent cell cycle arrest instead of a G1 arrest. This would 

make sense since quiescent cells or terminally differentiated cells reside in G0 phase and 

could thus make use of polyadenylated histone transcripts over time as histones become 

degraded and need to be replaced. Unfortunately, a G0 arrest can not be distinguished 

from a G1 arrest by common flow cytometric analysis. However, by removal of Nutlin-

3a subsequent to treatment one could examine if the cells are able to reenter the cell 

cycle and thus answer the question if cells are put into permanent cell cycle arrest or 

not. 

Since siRNA mediated depletion of either Cyclin E1 or Cyclin D1 in HCT116 

p53-/- cells that are null for p53 revealed the same results as in HCT116 p53 wildtype 

cells, namely an increase in polyadenylated histone mRNAs, the regulation of the 

switch between the canonical histone processing and polyadenylation pathways seem to 

be independent of p53 itself but due to cell cycle arrest.  

 

3.2.4 The diverse mechanisms by which CDK9 controls histone mRNA 3’ 
end processing 

 

In our studies knockdown of CDK9, NELF-E, SUPT5H, the PAF component 

CTR9, Cyclin T1, RNF20 or RNF40 resulted in an increase of polyadenylated histone 

mRNAs produced from replication-dependent histone genes. Interestingly, although the 

knockdowns were comparably efficient, siRNA mediated depletion of CDK9 resulted in 

an approximately 15-fold increase whereas RNF20- or RNF40-knockdown led to only a 

two-fold increase in polyadenylated histone mRNAs (illustrated in Fig I.3D,E on page 

41). Since H2Bub1 is a direct target of RNF20/40 activity it seems to not be the most 

downstream target of CDK9 which affects histone mRNA processing. As already 

mentioned, CDK9 has multiple targets that could play a role in controlling proper 

replication-dependent histone mRNA 3’ end processing. Since knockdown of NELF-E 

and SUPT5H also resulted in an increase of polyadenylated histone transcripts and both 

are targets of CDK9, the larger effect of CDK9 knockdown on the production of 

polyadenylated histone mRNAs is likely a sum of each event. CDK9 knockdown thus 
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probably affects not only the CTD-dependent regulation of H2Bub1 but also the 

function of SUPT5H and NELF-E in proper histone mRNA 3’ end processing. 

Interestingly, in our studies siRNA-mediated depletion of SUPT5H had almost no effect 

on H2Bub and H3K4me3 but led to a considerable decrease of H3K36me3 protein 

levels. In addition, an approximately 6-fold increase of polyadenylated histone mRNAs 

could be detected. This confirms the suggestion that polyadenylation of histone 

transcripts can occur independent of H2Bub1 as well. Since CDK9 depletion affects not 

only H2Bub1 and H3K4me3 but also H3K36me3, H3K36me3 could also play a role in 

controlling the polyadenylation of histone mRNAs. The effect of depletion of the 

H3K36 methylating protein SETD2 on histone mRNA polyadenylation confirms this 

(illustrated in Fig II.2C on page 60). Despite a possible RNAPII CTD-independent 

function of H3K36me3 in polyadenylation of histone mRNAs, a function of the capping 

enzyme for the recruitment of 3’ end processing factors should also be considered. 

Since SUPT5H interacts with the capping enzyme (CE), a depletion of SUPT5H could 

result in less recruitment of the CE and thus less recruitment of the 3’ end processing 

machinery. A function for the CE in elongation, termination and 3’ end processing has 

already been suggested (Adamson et al., 2005; Glover-Cutter et al., 2008; Perales and 

Bentley, 2009). Interestingly, a recent study in Schizosaccharomyces pombe shows that 

the CTD of Spt5p and RNAPII have functionally overlapping roles in capping enzyme 

recruitment (Schneider et al., 2010). Shortening of Spt5p CTD resulted in growth 

defects and this could be rescued by coexpressing RNAPII CTD. More interestingly, the 

mutation of both CTDs had an even more severe effect and suggested that Spt5p CTD 

and RNAPII CTD act synergistically. However, since phosphorylation of RNAPII CTD 

at Ser2 and/or Spt5p CTD on Thr1 are not essential for viability of S. pombe, CDK9 

must phosphorylate another essential target site in vivo. Nevertheless, these data support 

both RNAPII CTD-dependent and -independent functions of CDK9 activity.  

Recently, NELF and CBC80 have been shown to play an important role in 

proper 3’ end processing of replication-dependent histone transcripts since their 

knockdown resulted in an increase in polyadenylated histone mRNAs (Narita et al., 

2007). The effect of siRNA mediated depletion of NELF on the production of 

polyadenylated replication-dependent histone transcripts was repeated and confirmed in 

our studies (illustrated in Supp Fig I.S2B on page 52). Interestingly, NELF is generally 

considered to play an opposing role to CDK9 in transcriptional regulation but 

knockdown of either protein similarly led to an increase in polyadenylated histone 
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transcripts. How could this be explained? Probably these two proteins play distinct roles 

during different cell cycle phases. For example, NELF might repress the expression of 

replication-dependent histone transcripts outside of S phase and CDK9 could, in 

contrast, play a role in ensuring proper processing of replication-dependent histone 

mRNAs during DNA replication. In case of a knockdown of either protein, derepression 

of histone transcripts outside of S phase in the absence of SLBP (following NELF-E 

knockdown) or deregulation of proper processing during S phase (following CDK9 

knockdown) would similarly result in an increase of polyadenylated histone mRNAs in 

asynchronous cell cultures. Since this is only a speculation further studies in 

synchronized cell cultures would be necessary to proof this hypothesis. For example, 

one could synchronize cells and examine the presence of NELF and CDK9 in each cell 

cycle phase. Moreover, synchronized cells in which NELF or CDK9 has been depleted 

by siRNA transfection could be harvested in different cell cycle phases and tested for 

the amount of polyadenylated histone transcripts to determine if the effects of NELF 

and CDK9 knockdown are indeed cell cycle phase specific. 

Interestingly, using a high-throughput yeast two-hybrid system a binary protein-

protein interaction of the nuclear cap binding protein subunit 1 (NCBP1) also known as 

CBP80 and RNF40 was detected (Rual et al., 2005). Based on these results one could 

speculate if NELF, CBP80 and RNF20/40 could somehow collaborate in the regulation 

of replication-dependent histone mRNA 3’ end processing for example in such a way 

that NELF and CBP80 could recruit RNF20/40 to transcribed histone genes. The 

activation of RNF20/40 could then require CTD binding factors that are recruited upon 

CTD phosphorylation. Thus, an only partial effect of each individual in regulating 

replication-dependent histone mRNA 3’ end processing may perhaps be explained.  

 

3.2.5 What is the molecular mechanism which controls the mode of  
replication-dependent histone mRNA 3’ end processing? 

 

As already mentioned, in addition to depletion of CDK9, RNF20/40, NELF, 

CBP80 or SLBP, the induction of a G1 arrest increased the production of 

polyadenylated histone transcripts as well. This could be shown by a G1 arrest induced 

by activating the p53 pathway, serum starvation, DNA damage reagents or Cyclin E 

depletion (illustrated in Fig III.1C,D on page 70, Fig III.4B,E,F on page 77, Supp Fig 

III.S6 on page 91, Supp Fig III.7B,C on page 92). 
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Cells are arrested in G1 phase if they experience stress, DNA damage or other 

harms that would make proper DNA replication unfavorable. Thus, either repair 

mechanisms are necessary or if damage is too severe the cell goes into apoptosis. Since 

the transcription of replication-dependent histone genes is restricted to S phase and 

histone mRNAs have very short half-lives, there is only a very low basal level of 

histone transcripts produced in other cell cycle phases. If cells experience DNA damage 

for example, histones need to be exchanged and thus it is reasonable that in this case 

polyadenylated histone transcripts produced outside of S phase which exhibit cell cycle-

independent stability and translation might be advantageous (Kirsh et al., 1989). What 

exactly the molecular signal is that leads to the production of histone transcripts without 

a 3’ end stem-loop structure but instead containing a poly(A) tail is not known. In fact, a 

signal for the production of polyadenylated histone mRNAs may not be necessary if a 

low basal level of histone gene transcription occurs in the absence of canonical 3’ end 

processing factors since these transcripts would likely become polyadenylated if not 

recognized by cell cycle-regulated processing factors such as NPAT or SLBP. 

Our results showed that depletion of CDK9 resulted in an increase in the 

production of polyadenylated histone transcripts and importantly less recruitment of 

SLBP and LSM11 to the cleavage site of the examined histone gene (illustrated in Fig 

I.4D on page 42). This observation leads to the suggestion that if proper 3’ end 

processing can not occur because of the lack of crucial processing factors like SLBP and 

LSM11 as part of the U7 snRNP, polyadenylated histone transcripts are produced. Since 

the expression of SLBP is restricted to S phase but absolutely necessary for transport, 

stabilization and translation of processed replication-dependent histone transcripts 

(Marzluff et al., 2008), cells that experience cell cycle arrest would not be able to 

produce histones unless they would choose a second, SLBP-independent, 

polyadenylation pathway. 

Knockdown of SLBP in human cells was shown to result in an increase of cells 

in S phase and reduction of cell proliferation (Sullivan et al., 2009). Interestingly, it was 

observed that most of the histone transcripts are properly expressed but are retained in 

the nucleus pointing out a role for SLBP in histone mRNA export. Does that mean that 

the polyadenylated histone mRNA transcripts that we observed in our studies are not 

being translated? Since polyadenylated histone mRNA transcripts were found on 

polyribosomes in mammalian cells this indicates that they are indeed translated and that 

polyadenylation does not affect their translatability but rather likely allows for cell 
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cycle-independent transport and translation (Kirsh et al., 1989; Moss et al., 1994). 

However, the importance of polyadenylated histone transcripts still needs to be 

investigated. 

 

3.2.6 Possible physiological functions of polyadenylated replication-
dependent histone mRNA transcripts 

 

As already mentioned, in addition to normal replication-dependent histone 

transcripts that end in a 3’ end stem-loop structure, replication-dependent histone 

mRNAs containing a poly(A) tail have also been reported (Challoner et al., 1989; 

Cheng et al., 1989; Collart et al., 1991; Kirsh et al., 1989; Moss et al., 1994). Thus, 

mammalian histone genes contain signals for the formation of a stem-loop structure as 

well as signals for the production of a poly(A) tail. Why then, if polyadenylated histone 

transcripts are thought to just be a result of processing defects, has the possibility of 

either producing transcripts containing a stem-loop or a poly(A) tail been conserved 

throughout evolution? If polyadenylated histone transcripts had no physiological role, 

they would not be produced, but under certain conditions they are  indeed (Collart et al., 

1991; Kirsh et al., 1989; Narita et al., 2007). But what is the physiological function of 

polyadenylated mRNAs produced from replication-dependent histone genes? 

Their increased stability due to their poly(A) tail and their cell cycle-independent 

translation (Kirsh et al., 1989) could provide an advantage to non-dividing normal cells 

or rapidly dividing tumor cells. Long living terminally differentiated cells like nerve 

cells, muscle cells, osteocytes or memory B cells live without being replicated. For 

maintaining proper DNA packaging and chromatin structure in the absence of DNA 

replication, for example when histones are degraded by natural processes, there would 

be no possible source of new histones if all histone synthesis were replication-

dependent. Polyadenylated histone transcripts instead could be translated replication-

independently and thus provide a source of histones for non-dividing cells. Since these 

are only speculations, it would be interesting to investigate if such cell types produce 

polyadenylated histone transcripts under specific circumstances like differentiation or 

tumorigenesis as well. 

Furthermore, microarray analysis revealed changes in the expression of 

polyadenylated replication-dependent histone mRNAs connected to cancer (Abba et al., 

2005; Ehlers et al., 2008; Martinez et al., 2007; Zhao et al., 2004). In estrogen receptor- 

alpha positive breast cancers the polyadenylated histone transcript of the HIST1H2BD 
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gene was for example shown to be overexpressed and in invasive lobular carcinomas 

(ILCs) the expression of 11 different histone gene transcripts were downregulated 

(Abba et al., 2005; Zhao et al., 2004). Another study identified a downregulation in the 

expression of the polyadenylated replication-dependent histone transcripts of the 

HIST1H2BD and HIST1H2BG genes in human papilloma virus positive (HPV+) head 

and neck squamous cell carcinomas in comparison to HPV negative (HPV-) ones 

(Martinez et al., 2007). Taking the observation of polyadenylated replication-dependent 

histone transcripts being differentially expressed in cancers in comparison to normal 

tissues into consideration, polyadenylated histone mRNAs could provide an advantage 

to rapidly dividing cells by supplying an additional source of histones translated outside 

of S phase. Both terminally differentiated cells or rapidly dividing cancer cells would 

thus gain an advantage in producing additional histones translated outside of S phase.  

To gain more knowledge about the biological significance of polyadenylated 

histone transcripts it would be interesting to investigate which histone transcripts are 

most highly polyadenylated. By utilizing siRNA-mediated depletion of those specific 

mRNAs one could treat cells with or without chemotherapeutics and afterwards perform 

proliferation assays, colony formation assays and flow cytometry analysis to check, for 

example, for physiological differences in transcription, survival and genomic stability. 

Finally, the evolutionary conserved existence of downstream polyadenylation 

signals in replication-dependent histone genes points to a usage and function and further 

studies will aim to investigate the physiological role of a switch from canonical histone 

mRNA 3’ end processing towards polyadenylation. 
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4. Summary and Conclusions 
 

In the presented studies we investigated a connection between CTD 

phosphorylation and posttranslational histone modifications and identified new 

mechanisms for the production of polyadenylated replication-dependent histone 

transcripts. CDK9 activity that leads to phosphorylation of Ser2 of RNAPII CTD was 

shown to be crucial for maintaining overall H2Bub1 levels and moreover H3K4me3 and 

H3K36me3 levels. Besides Ser2 other CDK9 targets like SUPT5H, NELF-E and 

probably the human homolog of yeast Rad6p seem to be implicated in these histone 

modifications. Interestingly, CDK9 activity and H2Bub1 help to maintain proper 

histone mRNA 3’ end processing since depletion of CDK9 resulted in less recruitment 

of specific mRNA 3’ end processing factors to histone genes leading to read-through of 

RNAPII to an alternative downstream polyadenylation signal and thus production of 

polyadenylated replication-dependent histone mRNAs. We could further show that the 

induction of a G1/G0 cell cycle arrest following p53 activation, serum starvation, 

treatment with the DNA damaging reagent hydroxyurea (HU) or following Cyclin E1 

depletion leads to a decrease in total histone gene expression and an increase in 

polyadenylated histone transcripts. Inducing a G1/G0 arrest negatively affected E2F-

dependent transcription of the histone-specific transcriptional regulator NPAT. We 

could show that NPAT can directly interact with P-TEFb (CDK9/Cyclin T1) via its 

cyclin binding RXL motif and created a model in which NPAT recruits P-TEFb to 

histone genes to ensure proper 3’ end processing (illustrated in Fig 8 on page 116f.). 

Thus we provide evidence that G1/G0 arrest alters replication-dependent histone 3’ end 

processing leading to the production of polyadenylated histone transcripts. We 

hypothesize that the production of additional histone transcripts outside of S phase may 

provide an advantage for quiescent or terminally differentiated cells by serving to 

maintain proper DNA packaging and chromatin structure in the absence of DNA 

replication.  
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Fig 8: Schematic representation for the role of G1/G0 arrest in controlling the mode of replication-
dependent histone 3’ end formation. (A) In the beginning of S phase NPAT binds to histone gene 
promoters via factors like OCT1, gets phosphorylated and thus activated by Cyclin E/CDK2 and recruits 
P-TEFb. CDK9 functions in phosphorylation of Ser2 of RNAPII CTD leading to the recruitment of PAF 
and to monoubiquitination of histone H2B by RNF20/40. H2Bub1 is known to be a prerequisite for 
ASH2L-dependent H3K4me3 that is recognized and bound by CHD1 which can recruit U2 snRNP that 
functions together with U7 snRNP and SLBP in proper 3’ end processing and termination. (B) Upon 
G1/G0 arrest NPAT expression is decreased leading to less recruitment of NPAT and P-TEFb finally 
resulting in mistaking the 3’ end cleavage site and thus readthrough of RNAPII to a downstream 
polyadenylation site (composed from the models in publication II and III). 

Upon G1/G0 cell cycle arrest 
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