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Abstract

Abstract

Cyclin-dependent kinase 9 (CDK9) was shown to ke $ler/Thr kinase that
phosphorylates the C-terminal domain (CTD) of #rgést subunit of RNA Polymerase
II (RNAPII) at serine residue 2 in mammalian thegulating its activity following
transcriptional inititiation. Furthermore, CDK9 wasiggested to also regulate co-
transcriptional histone modifications and mRNA @ssing events. Our studies show
that CDK9 functions in maintaining global levels distone H2B lysine 120
monoubiquitination (H2Bubl) at lysine 120 and gsgida complex network for
additional histone modifications, including histort@3 lysine 4 trimethylation
(H3K4me3) and H3K36me3. However, these modificatiseem to not only be
dependent upon phosphorylation of the CTD but melwther CDK9 targets like
suppressor of Ty 5 homolog (SUPT5H), negative eding factor-E (NELF-E) and
probably the ubiquitin-conjugating enzyme E2A (UBg2Interestingly, we found that
CDK9 activity and the mentioned histone modificaicare necessary for maintaining
proper replication-dependent histone mRNA 3’ ematpssing since CDK9 knockdown
resulted in an inefficient recognition of the catreleavage site and led to read-through
of RNAPII to an alternative downstream polyadenglasignal. Furthermore, induction
of a G cell cycle arrest by accumulation of p53 resulied an increase in
polyadenylated replication-dependent histone mRKakdcripts as well via reduced
expression of the E2F-dependent histone-specditstription regulator nuclear protein
Ataxia Telangiectasia locus (NPAT). We could shdwattNPAT can directly interact
with the positive transcription elongation facto(R» TEFb) and thus recruits CDK9 to
replication-dependent histone genes playing a molgroper replication-dependent
histone mMRNA 3’ end processing. These latest resuftcover a mechanism of a
regulated switch form processed replication-dependestone mRNA transcripts to

polyadenylated ones during a normal cellular preces

Vil



General Introduction

1. General Introduction

1.1 RNA Polymerase Il-dependent transcription and mRNA
processing

In eukaryotes protein coding genes are transcritpedRNA Polymerase I
(RNAPII) from DNA into messenger RNA (mRNA) in thmeicleus. Subsequently, the
MRNA is transported into the cytoplasm and traeslahto proteins. The transcript
generation by RNAPII takes place in a so-callesdcaiption cycle that includes the
three main phases initiation, elongation, and teation. Before the first step takes
place, general transcription factors (GTFs) builglatform at the promoter of the
respective gene and recruit RNAPII to form the ipteition complex (PIC). In detall,
the PIC includes RNAPII, the general factors TFIIB, IIE, IIF, IIH and additional
cofactors (Orphanidest al, 1996). TFIIH, the last initiation factor that bis to the
PIC, has ATPase, helicase and kinase activity €Bvgjet al, 1996). After formation
of an open complex between RNAPII and the meltadtostranded DNA, which is an
ATP-dependent process, the first phosphodiested bsnbuilt and the presence of
nucleotide triphosphates (NTPs) allows RNAPII teacl the promoter. The kinase
activity of TFIIH finally leads to the phoshorylati of the carboxy-terminal domain
(CTD) of the largest subunit of RNAPII (RBP1), &rise residue 5 (Ser5) being an
important part of transcriptional regulation (Lesdayoung, 2000). This event will be
described in detail in section 1.1.3 on page 4fftHe early stage of elongation the
transcription elongation complex (TEC) is instabtel has the tendency to release the
transcribed mRNA, a process which is called abertiitiation (Sims lllet al, 2004).

It was shown that after synthesis of a 23 nucledtothg transcript the slippage becomes
undetectable and a stabilized TEC is formed (Padllarse, 2003). The promoter escape
may be followed by an additional regulatory stemnpoter-proximal pausing, which
may be subsequently followed by productive elomga(Saunderet al, 2006). The
transcription cycle finally ends with the termimati phase in which the mRNA is
cleaved and polyadenylated and RNAPII is removedfthe gene (Proudfoet al,
2002).

1.1.1 Regulation of transcription by promoter-proximal pausing

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

transcript reaches a size of 20-50 bases (Ben2@§5). This phenomenon was first

1



General Introduction

demonstrated for the heat-shock gbsp700f Drosophila melanogasteiGilmour and
Lis, 1986). Before RNAPII commits into productivéomgation, promoter-proximal
pausing functions as a checkpoint and is controligdspecific negative elongation
factors that will now be introduced (Saundetsal, 2006). The entry of RNAPII into
productive elongation is repressed by two importaegative factors the DRB
sensitivity-inducing factor (DSIF) consisting ofetlsubunits suppressor of Ty4 (Spt4p)
in yeast or suppressor of Ty4 homolog (SUPT4H) umans, Sptsp or SUPT5H
respectively and the negative elongation factor (NEwhich comprises four subunits
NELF-A, B, C/D and E (Nariteet al, 2003; Wadeet al, 1998a; Yamaguchet al,
1999). DSIF can bind to the hypophosphorylated fofRNAPII (RNAPII,) and NELF
then binds to the preformed binary DSIF/RNAPII céexpand the nascent RNA which
leads to an increased pausing time and a decrdasescription rate of RNAPII
(Renneret al, 2001; Yamaguchet al, 2002).

It is postulated that the pausing of RNAPII mediatey DSIF and NELF is
needed to allow the recruitment of the capping er&yCE) and hence the addition of a
7-methyl guanosine cap to the 5’ end of the nastranscript (Sims lllet al, 2004).
The CE associates with the Ser5-phosphorylated @drthe CTD of RNAPII and with
SUPT5H (Rodriguezt al, 2000; Wen and Shatkin, 1999he efficient release of
paused RNAPII into the productive elongation ph@sdargely controlled by the
positive transcription elongation factor b (P-TEAB)TEFb phosphorylates the CTD of
RNAPII at serine residue 2 (Ser2) as well as thendwu DSIF subunit SUPT5H.
SUPT5H is phosphorylated at a C-terminal repeatlairto the RNAPII-CTD and this
modification leads to a conversion from a negative positive function of DSIF in
transcriptional elongation (Peterlin and Price, 00amadaet al, 2006). In addition,
P-TEFb phosphorylates NELF-E, thereby releasing RNAfrom the repressive
complex (Fujinagaet al, 2004; Peterlin and Price, 2006). Furthermore,df®matin
specific transcription elongation factor FACT (fgates chromatin transcription) that
was originally identified for its role in allowinglongation through chromatin,
cooperates with P-TEFb to remove the DSIF/NELF-@edi negative regulation of
transcription (Wadaet al, 2000). The combined effects of different P-TEFb
phosphorylation events relieves the repressingomctif these negative elongation
factors on RNAPIlI which allows the change from poten-proximal pausing to
productive elongation (Fujinagd al, 2004; Ivanowt al, 2000; Kim and Sharp, 2001,
Renneret al, 2001; Wadeet al, 1998b; Yamaguchet al, 1999). P-TEFb thus has
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separate functions to promote transcription. Onahe hand it blocks the activity of
repressors in the early stage of elongation antherother hand it phosphorylates the
CTD during productive elongation (Wood and Shiktf, 2006). The fact that
productive elongation requires a variety of addiéibelongation factors shows that this

is a highly regulated process.

1.1.2 The positive transcription elongation factob (P-TEFD)

The positive transcription elongation factor b waentified as a factor
that can stimulate 5,6-dichlorofitb-ribofuranosyl-benzimidazole (DRB) sensitive
transcription and is required for RNAPII to syntizeslong transcripts (Marshall and
Price, 1992). The complex is a heterodimer compos$ede cyclin-dependent kinase 9
(CDK?9), a cell division cycle protein 2 (CDC2)-likgerine/Threonine kinase, and one
of four cyclin partners, Cyclin T1, T2a, T2b or GgcK (Fu et al, 1999; Penget al,
1998b; Penget al, 1998a). CDK9 was identified in 1994 and first mahPITALRE,
based on a conserved sequence found in CDC2 aatddeélinases, due to its unknown
function and interaction partners (Gragtaal, 1994). In addition to the well known 42
kDa form of the CDK9 protein a second, larger fo@RQK9(55), was identified that is
translated from an mRNA that is generated by uaisgcond upstream promoter of the
CDK9 gene (Shoret al, 2003). As a general transcription factor P-TE$kequired for
the efficient transcription of most genes. Its miinction is the Ser2-phosphorylation
of the CTD of RNAPII thereby promoting transcriptad elongation and other co-
transcriptional processes (Marshetllal,, 1996).

Compared to the functions of P-TEFb in mammalsetfage two homologs that
combine its activities ilsaccharomyces cerevisiadich include the Burlp/Bur2p and
the Ctk kinase complexes (consisting of Ctklp, @tkihd Ctk3p) that may both
function in the phosphorylation of the CTD (Woodl&hilatifard, 2006).

P-TEFb can be found either in an active or in active complex. The core
active complex comprises CDK9, Cyclin T1 or T2 dhd bromodomain containing 4
protein (BRD4) (Janget al, 2005). BRD4 was shown to recruit P-TEFb to
transcriptional templateis vitro andin vivo and since BRD4 binds acetylated residues
on histones it may facilitate P-TEFb recruitmentttive genes (Brest al, 2008; Wu
and Chiang, 2007; Yangt al, 2005).

Besides the core active P-TEFb complex an inactrge” P-TEFb complex
exists and contains at least 50% of CDK9 in Helldscén addition to CDK9 and
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Cyclin T1 or T2 the large complex comprises the 78Kall nuclear RNA (7SK
snRNA) and the hexamethylene bisacetamide-indugetkipn 1 or 2 (HEXIM1,2)
(Michelset al, 2003; Michelset al, 2004; Nguyeret al, 2001; Yanget al, 2001; Yik

et al, 2003). It is postulated that a single molecule’8K snRNA binds a dimer of
HEXIM1 or HEXIM2 thus changing its conformation gbat it exposes a binding
domain for P-TEFb. Phosphorylation of T186 of thdodp of CDK9 allows the
binding of two complexes to the HEXIM proteins riéislg in an inactive P-TEFb
complex (Li et al, 2005b; Marshall and Grana, 2006). Another compbreé the
inactive P-TEFb complex is La ribonucleoprotein @mfamily, member 7 (LARP7)
also designated as PIP7S (P-TEFb interaction préoei7SK stability) (Heet al, 2008;
Kruegeret al, 2008; Markeret al, 2008). As a stable component of the 7SK snRNP it
stays bound to 7SK snRNP when P-TEFb is activateldr@leased and its expression is
essential for maintaining 7SK stability and theegrity of the large complex (Krueger
et al, 2008).

A further possibility of regulating P-TEFb activitg the acetylation of CDK9
with the major acetylation site being at lysine Z4is posttranslational modification
was shown to enhance the ability of P-TEFb to phosgate the serine 2 residue of the
CTD of RNAPII (Fuet al, 2007).

1.1.3. The “CTD-code” of RNAPII

In addition to its catalytical core, the largesbusnit of eukaryotic RNAPII
(RBP1) contains an unusual carboxy-terminal dom@TD) that comprises 52
repeated heptapeptides in humans and mice witlsdhsensus sequence Tyr-Ser-Pro-
Thr-Ser-Pro-Ser (¥5;PsT4SPsS;) (Cordenet al, 1985; Corden, 1990). This sequence
is evolutionary conserved but the number of repeattes from 26 in yeast, 32 in
nematodes, 45 iDrosophila melanogasteand 52 in mammals (Egloff and Murphy,
2008). It is a target for phosphorylation which @t as a platform for proteins that are
implicated in different co-transcriptional processéBrookes and Pombo, 2009;
Dahmus, 1995).

Two forms of RNAPII either containing a hypo- ohgperphosphorylated CTD
(RNAPIl; and RNAPIy respectively) exist (Dahmus, 1981). The non- or
hypophosphorylated RNAPII is associated with th€ Rt the promoter whereas the
hyperphosphorylated form is part of the elongattogiplex. As already mentioned in

section 1.1 on page 1 and section 1.1.2 on pageh8kphorylation mainly occurs on
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Ser2 and Ser5 of the heptapeptide but was recémilyd on Ser7 (Chapmaet al,
2007; Egloffet al, 2007). Phosphorylation of Thr4 and Tyrl have &@lsen postulated,
as has glycosylation of Thr4. Ser5 phosphorylatiocurs near the 5’ end of genes and
is carried out by the cyclin-dependent kinase 7 KZPa component of the general
transcription factor TFHII that binds to the hypopphorylated form of RNAPII
(Komarnitsky et al, 2000). This modification allows the binding of eth
guanyltransferase that is responsible for additiotie 7-methyl guanosine cap to the 5’
end of the newly synthesized mRNA (Cleb al, 1998). When promoter-proximal
pausing occurs after promoter escape CDK9 as p&1{T&Fb phosphorylates the CTD
at Ser2 allowing RNAPII for productive elongatioNldrshall et al, 1996). 3’ end
processing factors like the protein 1 of cleavage polyadenylation factor | (PCF11)
were shown to directly bind to P-Ser2 repeats ¢oimg CTDs (Meinhart and Cramer,
2004). Chromatin Immunoprecipitation (ChlP) reswlt®wed that P-Ser5 of the CTD
predominates near the transcription start site gérae, whereas in the middle of a gene
both Ser2 and Ser5 are phosphorylated and neal3'trend Ser2 is extensively
phosphorylated (Phatnani and Greenleaf, 2006). gPlooglation of Ser7 appears to
play a gene-specific role being required for theper expression of ShRNA genes but
not protein-coding genes. Furthermore, it seemsbeocritical for recruiting the
Integrator complex which is necessary for the 31 pnocessing of ShRNAs (Egloét
al., 2007). Recent findings indicated that the kinaeenolog to CDC28 (Kin28p) in
yeast and its homolog CDK7 in humans are the ksasgponsible for phosphorylation
of Ser7 (Akhtaet al, 2009; Boeinget al, 2010).

Since the phosphorylation of the CTD is a dynamioocgss, also
dephosphorylation must be performed by specificsphatases. The TFIlIF-associated
CTD phosphatase 1 (FCP1) and the small CTD phoaghdt (SCP1) were reported to
dephosphorylate Ser2 and Ser5 respectively of dpeapeptide sequence (Egloff and
Murphy, 2008; Meinharét al, 2005; Yecet al, 2003; Yecet al, 2005).

Phosphorylated RNAPII is associated with pre-mRNAcpssing factors like
the 5’ end capping enzyme, splicing factors, clgavand polyadenylation factors
(Bentley, 2005). Up to now, 8 different phosphotigla patterns within the repeat are
possible (unphosphorylated CTD, combinations ofeR2SP-Ser5 and P-Ser7 CTD).
These different modification patterns appear ty plaole in the recruitment of specific
regulatory factors that control the activity of rtsaribing RNAPII (Corden, 2007).

Thus, differential posttranslational modificatiom$ the CTD residues within the
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heptapeptide sequence generate a so-called “CTE® ¢tbdt serves as a platform for a
variety of proteins that are timely recruited dgrithe transcription cycle (Egloff and
Murphy, 2008). In addition to the phosphorylaticattprn thecis/transisomerization of
the proline residues Pro3 and Pro6 by the peppdylyl cis/transisomerase, NIMA-
interacting 1 protein (Pinlp) which binds to Sea2d Ser5-phosphorylated CTD and
change the structure of the CTD likely also addh® complexity of the “CTD code”
(Buratowski, 2003).

Each of these different possible conformation pasief the CTD is thought to
play its own role in the regulation of RNAPII-degemt transcription by being
responsible for specific transcriptional steps aod-transcriptional pre-mRNA
processing events. Theoretically, every residua otential target for some kind of
posttranslational modification. Thus, multiple CTodifications help to recruit
specific proteins which play important roles in tiegulation of transcription (illustrated

in Fig 1 on page 6).

G
PIC Promoter 5‘ capping Productive
formation clearance and pausing elongation

'h;G

Fig 1: RNAPII-dependent transcription and the CTD phosphorylation patterns. When the PIC is
built RNAPII is present in a hypophosphorylatednforTFIIH then phosphorylates Ser5 and in some
genes Ser7 which leads to promoter clearance. mRpauakes place upon binding of the negative
elongation factors NELF and DSIF, the capping erey{@E) is recruited and 5’ capping takes place.
Upon recruitment of P-TEFb, Ser2, DSIF and NELF @hesphorylated, leading to the dissociation of
NELF, the conversion of DSIF into a positive tramsion elongation factor and consequently to
productive elongation (modified from Peterlin anmit®, 2006; Phatnani and Greenleaf, 2006).

1.1.4 Co-transcriptional mMRNA processing

Several pre-mRNA processing events including 5’ eapping, splicing and 3’
end formation by cleavage and polyadenylation oamHtranscriptionally (Bentley,
2005; Sisodieet al, 1987). The CTD of RNAPII provides a landing pad mMRNA

processing factors and plays a central role in toepling of processing and
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transcription since the truncation of the CTD whsven to result in defects in capping,
cleavage/polyadenylation and splicing (McCrackeal, 1997).

The first event of co-transcriptional processingimiy the transcription cycle
takes place at the step of transcriptional intiatend requires Ser5-phosphorylated
CTD. As already mentioned in section 1.1.3 on p#@ehis modification is recognized
by the capping machinery implicating the threeat#ht enzymes RNA triphosphatase,
guanylyltransferase and 7-methyltransferase inty@asther two enzymes, the capping
enzyme, that implicates triphosphatase and guarghgferase activities, and the 7-
methyltransferase in mammalian (Ho and Shuman, ;1$%roederet al, 2000;
Shuman, 2001). It was shown that the human capgmgme can stimulate promoter
escape of RNAPII by relieving transcriptional reggien by NELF and that its
recruitment is enhanced by directly binding to SBRT(Mandalet al, 2004). Since
human capping enzymes were found at 5’ ends asasehlroughout genes and even in
3’ regions downstream of the poly(A) site, theyme® stay bound to the RNAPII
platform after capping has taken place and mayetbsr even influence elongation,
termination and 3’ end processing (Glover-Cuttéral, 2008; Perales and Bentley,
2009).

Splicing factors are recruited to the nascent trapsas well and either remove
most of the introns co-transcriptionally or markets for post-transcriptional splicing
(Wetterberget al, 2001). For splicing U1 snRNP first binds to the &equence at the
5’ splice site of the intron and U2 small nucle®ARauxiliary factor (U2AF) to the AG
3’ splice site. U2 snRNP then base pairs with trenth site, the triple shRNP U4-
U6/U5S is recruited and rearranged to assume tlaytiatlly active conformation as Ul
and U4 are discarded (Perales and Bentley, 2002).shRNP and other splicing
regulatory proteins were shown to be recruitedeioeg and to interact with the CTD of
RNAPII resulting in efficient splicing (Dagt al, 2007; Listermanet al, 2006).
Additionally, the knockdown of the chromodomain fgio 1 (CHD1) and the decrease
in H3K4me3 levels leads to a diminished associatibd2 snRNP with chromatin and
results in less efficient pre-mRNA spliciingvivo showing that H3K4me3 is crucial for
efficient recruitment of spliceosomal proteins tiee CHD1 protein (Sims llet al,
2007).

Cleavage and polyadenylation of the transcript alsours co-transcriptionally
and is performed by a large cleavage/poly(A) comple yeast this complex is

recruited to elongating RNAPII in part by bindin§tbe components polyadenylation
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and cleavage factor subunit 11 (Pcfl1lp) which gibunit of the cleavage factor 1A
(CF1A) and the termination factor regulator of Ttydnsposition 103 (Rtt103p) to the
Ser2-phosphorylated CTD (Kimet al, 2004; Licatalosiet al, 2002; Meinhart and
Cramer, 2004; Proudfoot, 2004). In mammals thevelga factor CPSF73 was found at
both the 5’ and 3’ ends of genes and is thouglfitsbbind with TFIID to the promoter
and is then handed off to RNAPII and travels witfGlover-Cutteret al, 2008).
Recently, purification of the human 3 end procegsicomplex identified
approximately 85 proteins including the polymerassociated factor (PAF) complex
subunit cell division cycle 73 (CDC73) and the FAGUbunit suppressor of Tyl6
homolog (SUPT16H) implicating a connection betwe&n end processing and
transcriptional elongation in human cells (&hial, 2009). The cleavage and 3’ end

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

1.1.4.1 Mammalian 3’ end processing of polyadenylad mRNAs

In higher eukaryotes the canonical polyadenylatsignal AAUAAA is
recognized and bound by the cleavage and polyaalémyl specificity factor (CPSF)
that consists of at least five subunits (CPSF1685KE100, CPSF73, CPSF30 and FIP1).
Another canonical sequence, the downstream sequedaceent (DSE) that is rich in
G/U or U residues is located up to 30 nt downstrearhe cleavage site and is bound
by the cleavage stimulating factor (CSTF). Afterseambly of the basal 3’ end
processing machinery that consists of the cleafagmrs | and 1l (CFI and CFIl),
CPSF73 catalyses the endonucleolytic cleavage at dieavage site, 10-30 nt
downstream of the poly(A) signal (Danckwasettal, 2008; Shiet al, 2009; Weiner,
2005). Afterwards, the poly(A) polymerase (PAP) sddpproximately 250 A-
nucleotides to the 3’ end of the cleaved trans¢Batinckwardtet al, 2008). Additional
upstream or downstream signals can facilitate thavage that often occurs 3’ to the
dinucleotide CA (Weiner, 2005). CPSF was shown heectly interact with the
transcription factor TFIID already being associatedth transcription in the
preinitiation complex (Dantoneit al, 1997).

In contrast to all other known eukaryotic mMRNAglieation-dependent histone
MRNAs are not polyadenylated and their processagires a different set of proteins.
The details of histone mRNA 3’ end processing dredftinctions of important factors
being involved will be explained in section 1.3r2mage 23ff.
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1.1.4.2The importance of 3’ end processing

Eukaryotic pre-mRNA 3’ end processing is a verpamant process that has
several functions crucial for cell growth and vidipi Polyadenylation of the 3’ end of
the pre-mRNA is important for its transport frometmucleus into the cytoplasm
(Vinciguerra and Stutz, 2004). Furthermore, it timts in promoting stability of the
MRNA by preventing degradation by 3’ exonucleasbgwvis a principle mechanism
controlling mRNA stability (Wicken®t al, 1997). Both, the addition of a poly(A) tail
and the binding of the poly(A)-binding protein (PRBhas been shown to prevent
degradation of mMRNAs in the cytoplasm (Fetdal, 1997). The translation of mMRNAs
into proteins is enhanced by the interaction ofgbly(A) tail and the PABP with the 5’
cap (Wiluszet al, 2001). This interaction was shown to optimize #ifciency of
translation in yeast (Preiss and Hentze, 1998). Ihend processing machinery
interacts with transcription factors of the prdatibn complex and with the CTD of
RNAPII thus potentially playing a role in control§ transcriptional initiation. In
addition, the poly(A) signal is crucial for proptanscriptional termination (Bentley,
2002; Proudfoot, 2004). Conversely, defects in BH erocessing can negatively

influence transcription (Manley, 2002).

1.2 Chromatin structure and histone modifications

The genomic DNA of all eukaryotic cells is highlprndensed and wrapped
around core histone proteins to produce a condessadture called the chromatin
(Kornberg, 1974). One nucleosome, which is the &mental unit of the chromatin
structure, comprises a core of eight histone pmetdivo each of histone 2A (H2A) and
2B (H2B), histone 3 (H3) and histone 4 (H4) wherélvyp H2A-H2B dimers interact
with an H3-H4 tetramer. Around these nucleosomésliase pairs of DNA are twined
(Kornberg, 1977; Lugeet al, 1997). The H1 histone serves as a linker thaiciest®s
with DNA between single nucleosomes which leads bagh folded 30 nm fiber (Allan
et al, 1980; Thomeet al, 1979). Histones are small basic proteins thasisbrof a
flexible positively charged N-terminus the so-cdlléhistone tail” and a globular
COOH-terminal domain that make up the nucleosonaéfadd (Fischleet al, 2003;
Jenuwein and Allis, 2001). The N-termini protrudeag from the DNA and are thus
exposed on the nucleosome surface (Lwdeal, 1997). The majority of chromatin is

found in a condensed, compact form called heteomshtin that contains only a few
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genes and is generally transcriptionally inactit®. comparison, the uncondensed
regions of the genome that contain a high dengieaes is referred to as euchromatin
and generally more transcriptionally active (Hefik@000; Richards and Elgin, 2002).
Today it is known that not only the structure ofarhatin but also posttranslational

modifications of the histone tails are linked tanscriptional regulation.

1.2.1 Histone modifications and the “histone code”

Given their position of the surface of the nuclenss the histone tails function
as acceptors for a variety of enzyme-catalyzedtgostiational modifications taking
place at specific amino acid side chains includiagetylation, methylation,
ubiquitination and sumoylation of lysine residugsjosphorylation of serine and
threonine residues, and methylation of argininedues (Fischleet al, 2003; Turner,
2007) (illustrated in Fig 2 on page 11). There aw® possible mechanisms how
posttranslational modifications of histones carutaig transcriptional activity. The first
model predicts that the different chromatin modifions result in changes in
electrostatic charge i.e. acetylation that neweslipositive charge or phosphorylation
that adds a negative charge or from modified ictevas between nucleosomes (Strahl
and Allis, 2000). This change would then affect &tality of nucleosomes to bind to
DNA and thereby alter the accessibility for DNA dhimg proteins such as transcription
factors. The second and probably most important ehad the change of the
nucleosome surface by the attached chemical passsational modifications that
serves as a platform for specific chromatin-bindangteins (Berger, 2007). Two classes
of domains that interact with specific modified ideges are the bromodomain which
binds to acetylated lysine residues and the chramaih that interacts with methylated
lysine residues (Berger, 2002). The hypothesis thatetwork of posttranslational
modifications including the number, type, combioatiand localization within the
genome controls the status of a gene thereby dbmydhe biological outcome is
termed the “histone code” (Berger, 2002; Jenuweiah Allis, 2001; Strahl and Allis,
2000). In addition, histone modifications can iefige each other in a synergistic or
antagonistic way leading to a complex and divengerint pattern (Jenuwein and Allis,
2001). There are histone modifications that arkelthto transcriptional activation and
others for transcriptional repression. The mostlisth example, histone actetylation, is
balanced by histone acetyltransferases (HATS) astorie deacetylases (HDACs) and

is generally associated with the promoters of atyitranscribed genes (kt al, 2007).
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In the next section some specific other posttraiasial modifications are pointed out

and described in detail.

P Ub

H2A Ac S1GRGIéQGGKARA...AVLLPKﬁQTESHHKAKGK —COOH

P Ub

H2B NH.— PEPVKSAPVPKKGSKKAINE(O...TgOYTSSK —COOH
Me

MePr r r Mer r Mer Me Me

H3 NHZ—ARTKQTARK GGKAPRKQLASKAARKSA GVKK .EFKTD...
91011 17 18 23 26 2728 79

PMerr rMe

H4 Ac-SGRGKGGKGLGKGGAKRHRKVLRDNIQGIT...
1 3 5 8 12 16 20

Fig 2: Posttranslational modifications of the corehistones and their positioning.The histone tails can
be methylated at lysines and arginines (green gent, phosphorylated at serines or threoninesogyel
circles), acetylated at lysines (red triangles),ubiquitinated at lysines (blue stars) (modifiednfr
Peterson and Laniel, 2004).

1.2.1.1 Histone H2B monoubiquitination (H2Bubl)

Monoubiquitination of histone H2B (H2Bub1l) was shote be associated with
transcriptionally active DNA and appears to occumgrily co-transcriptionally (Davie
and Murphy, 1990; Osley, 2006). In humans H2BubJ)risferentially found in the
transcribed regions of highly expressed genes aaslreported in yeast to be required
for efficient reassembly of nucleosomes during gétion. Therefore H2Bubl was
suggested to be linked to transcriptional elongatioboth yeast and humans (Fleming
et al, 2008; Minskyet al, 2008).

The ubiquitination process requires three separatgymatic activities
(Hochstrasser, 1996). First, ubiquitin, a 76 amawd protein, is activated by an
ubiquitin activating enzyme (E1) in an ATP-depertdemanner. Secondly, it is
conjugated to a cysteine residue of a ubiquitinugating enzyme (E2) via a thioester
bond and finally transferred to a target lysinades by a ubiquitin-protein-isopeptide
ligase (E3) (Weake and Workman, 2008). Whereasupadyitination generally targets
a protein for degradation via the 26S proteasomenaumbiquitination is generally

associated with a change in protein function (Rigk001).
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In yeast Saccharomyces cerevis)ad2Bubl takes place at lysine residue 123
(K123) whereas in humans it occurs at lysine resitid0 (K120) (Osley, 2006). Less
than 10% of the total histone H2B are monoubigattd and this modification is
rapidly removed by ubiquitin proteases (UBPs) andhius a highly dynamic process
(Osley, 2004; Zhang, 2003). In yeast, Ubp8p, a aomept of the Spt-Ada-Gcnb-
acetyltransferase (SAGA) complex deubiquitinatedBH2 vitro and in vivo and in
humans ubiquitin specific protease 22 (USP22),bausii of the human SAGA complex
was shown to be the ortholog of yeast Ubp8p (Henrgl, 2003; Zhanget al, 2008).
Interestingly, both ubiquitination and deubiquitioa of histone H2B appear to be
involved in transcriptional activation (Heney al,, 2003).

In yeast, the E2 enzyme for H2Bulrlvivo was shown to be radiation-sensitive
mutant protein 6 (Rad6p) and the interacting E&degwas identified to be a RING
finger protein called brefeldin A sensitive protein(Brelp) (Hwanget al, 2003;
Robzyket al, 2000; Woockt al, 2003a). Based on sequence alignment two homologs
for the yeast Rad6p protein have been found in Imshr@amely hHR6A and hHR6B or
also called UBE2A and UBE2B according to the nevmanclature (Kokeret al,
1991). Up to now it is debated if these are theeB2ymes responsible for H2Bubi
vivo or if rather another ubiqutin conjugase, UBCHGjlddoe implicated in this process
(Pavri et al, 2006; Zhuet al, 2005b). Concerning the E3 ligase two RING finger
proteins, RNF20 and RNF40, that share sequence Ibggaevith yeast Brelp were
shown to both be essential for monoubiquitinatiérhistone H2B (Kimet al, 2009;
Zhuet al, 2005b).

Rad6p can associate with the elongating form of RNAnd this interaction is
dependent upon Brelp and the Paflp complex in yXasb et al, 2005). The yeast
Paflp complex, consisting of five different proteifPaflp, Rtflp, Ctr9p, Cdc73p and
Leolp) was identified to bind to Ser5-P CTD of RNA&nd to interact with Brelp to
recruit Rad6p to the promoter region of activenscribed genes (Laribeeal, 2007).
Rad6p is also phosphorylated and thereby activaggtle Burlp/Bur2p kinase complex
which in this way is implicated in controlling mamaquitination of H2B (Woockt al,
2005; Wood and Shilatifard, 2006). These obsermaatshow that H2Bubl is a histone

mark that is coupled to RNAPII transcriptional edation in both yeast and humans.
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1.2.1.2 Histone H3 lysine 4 trimethylation (H3K4mep

Methylation of histones occurs either on arginind/ar lysine residues, whereas
arginine methylation of histones is involved in gearctivation but lysine methylation
instead can influence either activation or repaes¢Berger, 2002). The lysine residues
of histone H3 or H4 are methylated by lysine mettigly transferases (KMTs) and can
be mono- di- or trimethylated. Each level of mazhfion can have a different biological
outcome showing the complexity of this posttransteatl modification (Berger, 2007).

Trimethylation of histone H3 (H3K4me3) is assodiatevith highly
transcriptionally active genes whereas dimethytatd histone H3 (H3K4me2) occurs
at both inactive and active genes (Berger, 200Tn®einet al, 2002; Santos-Roset
al., 2002). Concerning the localization of this pasislational modification, it was
shown that H3K4me3 occurs near the transcriptiart stte (TSS) and the 5’ end of the
open reading frame (ORF), H3K4me2 is found throughbe whole body of the gene
but peaks in the middle and H3K4mel is enrichatdeB’ end of genes (lgt al, 2007;
Pokholoket al, 2005). Mono-, di- and trimethylation of histon& i performed by the
complex of proteins associated with Setlp (COMPABSYyeast, a homolog of the
human methyltransferases SET1 and the mixed linkademia (MLL) protein family
(Schneideeet al, 2005). Human MLL complexes contain the subunitseat, small, or
homeotic-like protein (ASH2L), retinoblastoma bingiprotein 5 (RBBP5) and WD
repeat domain 5 protein (WDR5) and knockdown of REHesults in a global
reduction of H3K4me3 (Stewaset al, 2006). TheMLL1 gene is involved in numerous
translocations that are found in several humaneaeukemias (Rowley, 1998; Tenney
and Shilatifard, 2005). The fusion proteins of streimslocatedMLL genes loose their
H3K4 methyltransferase domain but are still ablévitod to homeoboxHOX) genes
and are associated with an increase in their egjoresind thus dysregulation (Guenther
et al, 2005; Krivtsowet al, 2008; Rozovskaiat al, 2001).

Since H3K4 methylation does not affect transcript@ongationn vitro per se
and in addition the methyltransferase Setlp doesffiect the processivity of RNAPII
in yeastin vivo, the precise function of H3K4 methylation in trengtion regulation is
not yet known (Mason and Struhl, 2003; Pastrial, 2006). The importance of H3K4
methylation thus seems to lie primarily in a sigingl function (Liet al, 2007). This is
supported by the fact that chromatin-remodelingtoiec and histone modification
complexes that contain plant homeodomain (PHD)efisgcan directly recognize and
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bind to H3K4me3 (Zhang, 2006) and recruit complexesactivate or repress
transcription.

The methylation status of H3K4 plays a role in eithecruiting, activating or
repressing effectors. H3K4me2 and H3K4me3 botlureacetyltransferases directly or
via binding of Chdlp, an elongation-related chrome¢modeling factor, and the
methyltransferase Setlp as part of COMPASS whicideto an increase in other
histone acetylations and trimethylated H3K4 redpelst (Berger, 2007; Pray-Graet
al., 2005; Sims lll and Reinberg, 2006). In humans QHi3sociated with H3K4me3
assists in recruiting pre-spliceosomal componekésl2 snRNP to chromatin resulting
in facilitating pre-mRNA maturation (Sims gt al, 2007; Sims 1lll and Reinberg,
2009). Importantly, via this posttranslational nfadition the rate but not the catalysis
of splicing in human cells is affected. Thus, tbkerof H3K4me3 seems to lie mainly in
serving as a mark for proteins that are implememtéhde recruitment of complexes that
influence transcription or pre-mRNA maturation.

In contrast, only H3K4me3 serves as a signal taureepressing effectorike
deacetylases and demethylases leading to represfsgane activity (Berger, 2007; Shi
et al, 2006; Huanget al, 2006). Like this, the posttranslational modifioat of one

residue on a histone can have multiple biologicouies.

1.2.1.3 Histone H3 lysine 36 trimethylation (H3K36ra3)

Di- and trimethylation of lysine 36 in histone HI3K36me2 and H3K36me3)
are both coupled to transcriptional elongation.

In Saccharomyces cerevisidige histone methyltransferase Set2p was found to
be the specific enzyme for methylating histone H8 lgsine residue 36 (di- and
trimethylation) (Strahket al, 2002). It is recruited to the CTD phosphorylatsdthe
Ctk complex (Wood and Shilatifard, 2006). Set2p whswn to directly interact with
elongating RNAPII by binding to dual P-Ser2/P-Sptosphorylated CTD but not to
unphosphorylated RNAPIh vitro (Li et al, 2003; Xiaoet al, 2003). In addition, ChIP
analysis revealed the association of Set2p and BE3K8&thylation with the coding
region of genes and the correlation with activescaiption (Krogaret al, 2003).

In Drosophila melanogasteH3K36me2 peaks near the promoter region of
genes whereas H3K36me3 is accumulated towards’terd3of genes. Interestingly,
these methylation events are performed by two @iffes KMTs, namely maternal effect

sterile family member 4 (dMes-4) and huntingtinenaicting protein b (dHypb)

14



General Introduction

respectively (Bellet al, 2007). In humans the methyltransferases HYPB, @kd
MYND domain containing 2 (SMYD2) and nuclear reaeghinding SET domain-
containing protein 1 (NSD1) appear to take oves¢hmles since they can methylate
H3K36in vitro (Brown et al, 2006; Edmundst al, 2008; Rayasarat al, 2003; Suret
al., 2005). The enzyme that is relevant vivo and if it catalyses mono-, di- or
trimethylation of H3K36 still remains to be elucidd.

Concordantly, these studies show that in both yaadtmammals, P-Ser2 of the
CTD is necessary to recruit the histone methylfemase responsible for the
trimethylation of H3K36 (Krogaet al, 2003; Liet al, 2005a).

The role of H3K36me3 during transcriptional elongiatwas shown in yeast to
recruit histone deacetylases specifically to tlamgcribed region in order to suppress
improper internal initiation (Carrozzt al, 2005). Otherwise transcription initiation on
cryptic promoters in the body of genes would lead'ttruncated transcripts and thus

aberrant protein production.

1.2.1.4 Histone modification crosstalk

Histone modifications can influence one another.éx@mple, one modification
can function to recruit an enzyme or activate azyeratic activity that is necessary to
generate another histone modification (Suganumavdodkman, 2008). This so-called
trans-histone effect is well known for H2Bubl in beingrerequisite for H3K4me3 and
H3K79me3 and is highly conserved from yeast to hufixoveret al, 2002; Fischlest
al., 2003; Nget al, 2003; Sun and Allis, 2002; Woad al, 2005). Rad6p was shown to
be essential for H3K4me3 through H2Bubl on lysi@8 in yeast in a unidirectional
regulatory pathway (Sun and Allis, 2002). Not oRI$K4me3 by the Setlp-containing
COMPASS complex but also H3K79me3 by a methyltrawasfe called disruptor of
telomeric silencing 1 (Dotlp) was shown to be déeeeah upon H2Bubl (Briggst al,
2002; Nget al, 2002; Singeet al, 1998). Interestingly, H2Bub1 specifically affeclis
and trimethylation of H3K4 and H3K79 but not monahyation in yeast. Thus, it is
thought that not the enzyme recruitment is affedietin fact the processivity of the
histone metyltransferase (Delet al, 2005; Shahbaziart al, 2005). By using
chemically ubiquitinated H2B, McGintgt al. recently showed that H2Bubl directly
activates DOT1L-mediated intranucleosomal methgtatf H3K79 in humans and that
this posttranslational modification is carried dayt the catalytic domain of DOTI1L

(McGinty et al, 2008). However, the recruitment of DOT1L was dependent upon
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monoubiquitination of H2B in their studies. In cadt to H3K4me3 and H3K79me3,
H3K36 methylation was shown not to be dependenthen H2Bubl driventrans
histone pathway (Briggst al, 2002).

1.2.2 Movement through chromatin is coupled to postanslational histone
modifications

For efficient transcriptional elongation throughramatin the physical barrier
caused by the nucleosomes has to be removed. Tdiggs is done by nucleosome
assembly/disassembly factors called histone chapsravhich are defined as factors
that have a histone binding activity and a histdapendent, ATP-independent
nucleosome assembly activity (Eitolt al, 2008). Most histone chaperones have a
preference for either binding H2A/H2B or H3/H4 disieThese escort proteins transfer
histones from one chaperone to another, to enzyorgs, or off DNA and are thus
crucial in fundamental processes like transcriptimplication and DNA repair (De
Koninget al, 2007).

The FACT complex is a heterodimeric complex comgystof the structure
specific recognition protein 1 (SSRP1) and the S1LBM protein in humans and
polymerase | binding protein 3 (Pob3p) and Sptltpeast and is a histone chaperone
implicated in  transient  transcription-coupled noseme  disassembly
(Belotserkovskaya and Reinberg, 2004; Orphanetesl, 1998; Orphanidegt al,
1999). During transcriptional elongation it remowesingle H2A/H2B dimer from the
nucleosomes thus decreasing the barrier to elong&NAPII (Reinberg and Sims lll,
2006). This process was shown to be stimulated dyoubiquitination of H2B (Pavri
et al, 2006).

Additionally, by travelling with elongating RNAPIEFACT is also involved in
the reassembly of nucleosomes during transcriptieftngation (Mason and Struhl,
2003). Interestingly, the FACT and the PAF comphaxe been shown to genetically
and physically interact in yeast (Krogahal, 2002). The following model for the role
of H2Bubl in transcription elongation was creatgdPlavri and co-workers based ion
vitro transcription elongation assays. When RNAPII haltsthe first nucleosome,
FACT is recruited and further recruits the PAF ctempand the ubiquitination
machinery (UBCH6 and RNF20/40) leading to H2BublisThistone modification then
facilitates the function of FACT resulting in arcreased H2A/H2B dimer removal thus

leading to a more accessible DNA template and hemoee efficient transcriptional
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elongation by RNAPII (Pavret al, 2006). In contrastn vivo it was shown that the
FACT subunit Sptlép and H2Bubl regulate histone osigépn at the yeast
galactokinase 1 genaydll) during elongation and prevent internal initiatifnom

cryptic promoters in gene-coding regions (Flemetgal, 2008). Thus, although it is
debated whether FACT is involved in adding or remgH2A/H2B dimers, it clearly

plays an important role in altering the cohesiothefchromatin.

1.2.3 Poised promoters show hallmarks of transcripdn initiation

Studies on mammalian promoters revealed that predded PICs can be found
at many inactive genes and that these genes disjgéyne marks that are generally
associated with transcription initiation (Kiret al, 2005b; Leeet al, 2006).
Additionally, comparison of transcript levels withe location of RNAPII and histone
marks in differentiated mammalian cells, embryosiem cells androsophila cells
showed that hallmarks of initiation can be foundnmany promoters regardless of
transcriptional output (Guenthet al, 2007; Museet al, 2007; Zeitlingeret al, 2007).
These marks include RNAPII occupancy, H3K4me3 aoetydation of H3K9 and
H3K14 and are found on approximately 75% of allt@iro-coding genes (Agaliogt al,
2002; Margaritis and Holstege, 2008). However, amlyubset of these genes produce
full-length transcripts and possess hallmarks afngation like H3K36me3 and
H3K79me2 (Guenthest al, 2007). This suggests that not only active ortimaayenes
exist but an additional third class, so-called $eali” genes, which produce no
detectable transcripts but experience transcriptioniation (Price, 2008). The
phosphorylation profile of the CTD and the histanedification profile in active and
“poised” genes could be revealed by ChIP analysiaguspecific antibodies. They
showed that active genes possess both P-Ser2 &ws5PCTD whereas only P-Ser5
was detected in “poised” genes. The histone madiba profile showed H3K4me3 and
H3K36me in active genes and H3K4me3 and H3K27me®lemented by the
polycomb repressive complex 2 (PRC2), in “poiseeligs (Brookes and Pombo, 2009).

Many developmentally regulated promoters in mamamaéimbryonic stem cells
were shown to possess bivalently marked chromaéin bhoth the activating mark
H3K4me3 and the repressing mark H3K27me3 (Bernstedth, 2006; Mikkelseret al,
2007). In this “bivalent domain” model the repressimark is dominant over the
activating so that the genes are held in a “poisetlite for activation during

development leading to very low transcription lev@ierzet al, 2009). However, the
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presence of the activating marks allow for rapitivation of gene expression following
removal of the repressive marks. In differentiatingurons from these stem cells
H3K4me3 persists but H3K27me3 gets lost in genasgét avtivated whereas in genes
that remain inactive, H3K27me3 stays constant aB&4ie3 is removed (Berger,
2007).

In summary, the observations depicted here linktthlescriptional status of a
gene to a specific phosphorylation pattern of titNMARII CTD and a distinct histone
modification pattern that connects transcriptiomegulation with posttranslational

histone modifications.

1.3 Coupling of histone synthesis with the cell cycle

The mammalian cell cycle consists of two major esagnitosis (M phase) in
which nuclear division takes place including pnmeta-, ana-, and telophase and the
interphase between two M phases which is dividéal @, S and G phases (Norbury
and Nurse, 199215, and G are the gap phases before and after S phase am \BRINA
replication occurs (Mitchison, 1971). After cytoksis, cells may enter into a resting
state that is known as “quiescence” grgbase and thus stop proliferating (Malumbres
and Barbacid, 2005; Vermeulest al, 2003). The cell cycle requires three major
transitions at the beginning of S phase/8} entry of mitosis (M) and at the exit of
mitosis (metaphase/anaphase). ThgSGransition is marked by the onset of DNA
replication, G/M transition is accompanied by breakdown of thelear envelope and
chromatin condensation and the metaphase/anaphassition is marked by the
separation of the sister chromatids (Hocheggei., 2008).

1.3.1 Proteins that regulate the progression of theell cycle

Each transition from one cell cycle phase to amoihédighly regulated by the
interplay of different molecules. Among these tlyelios are the key regulators that
together with cyclin-dependent kinases (CDKs) foattivated Serine/Threonine-
kinases that phosphorylate target proteins leattiqgogression through the cell cycle.
Importantly, cyclins are degraded in a specificeliynregulated manner with half-lives
of hours or rather seconds (Kobayashal, 1994). In addition, kinases, phosphatases,
CDK inhibitors and specific ubiquitin-proteasomargdexes 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 (CDKSs)

Two of the most important proteins that are invdlive the cell cycle regulation
are cyclins and cyclin-dependent kinases (CDKsmflexes of cyclins and CDKs are
formed during specific cell cycle phases (illustchtin Fig 3 on page 19) and
phosphorylate important cell cycle regulating tarngeoteins. The mammalian cyclins
are the G cyclins Cyclin D (D1, D2 and D3) and Cyclin E (Bf&d E2), and the mitotic
cyclins Cyclin A (A1 and A2) and Cyclin B (B1 an@B(Giacinti and Giordano, 2006).
The first cyclins produced in the cell cycle inpesse to extracellular signals, the D-
type cyclins, preferentially bind to CDK4 or CDK@d are then crucial for the (&
transition by regulating early .Gphase whereas the Cyclin E/CDK2 complex is
necessary for trigerring S phase i.e. initiatiorDMA replication (Hitomi and Stacey,
1999). Cyclin A/CDK2 and Cyclin A/CDK1 are neededtle final steps of S phase and
in G, phase and Cyclin B/CDK1 regulates several evamisigl the G/M transition and
progression through mitosis (Giacinti and GiordaB606; Hocheggeet al, 2008;
Malumbres and Barbacid, 2005; Nigg, 2001; Nurs€020
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Fig 3: The mammalian cell cycle.A circular (A) and a linear(B) model illustrate the different
Cyclin/CDK complexes and their function throughdhe mammalian cell cycle. D-type cyclins and
CDK4 or CDK6 regulate events in early; @hase, Cyclin E/CDK2 is important for,/S transition,
Cyclin A/ICDK2 and Cyclin A/ICDK1 play a role during and G phase and Cyclin B/CDK1 is
responsible for mitosis (modified from Hocheggerl, 2008; Vermeuleet al, 2003).

In order that they are only active during the cgltle phase they are needed, the
cyclins are synthesized and degraded during edtlecyate and their levels are finely
modulated by the ubiquitin-proteasome system (UfE®&ssonet al, 2008). More
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precisely, they are ubiquitinated by E3 ubiquitgakes,lte SKP1-CUL1-F-box-protein
complex (SCF) and the anaphase-promoting complelk'syme (APC/C) leading to
their degradation by the UPS (Fasanet@l, 2010) The SCF complex is involved in
all cell cycle stages and targets many key regrdand the cell cycle like Cyclin D1,
Cyclin E1, the pocket protein family member p13d #me transcription factor E2F1 as
well as cyclin-dependent kinase inhibitors (CKIsi Iplays a prominent role in (5
transition. In contrast, the APC/C complex orchesl progression through mitosis into
G; phase by inducing the degradation of Cyclin B trelsegregation of chromosomes
during anaphase (Fasanatal, 2010; Hocheggest al, 2008; Wickliffeet al, 2009).

Another level of regulation of Cyclin/fCDK complexes their inactivation
through binding to CKIs. In metazoans two CKI fassl exist which include the
inhibitors of CDK4 (INK4) family and the Cip/Kip faily (Bessonet al, 2008). The
INK4 family consists of p18<*?, p18NK** p18VK4 and p18'™*? that all bind to CDK4
and CDKG6 thus preventing their association withypet cyclins Members of the
Cip/Kip family, p2fPYWariSdil 555l and p5%P?, instead bind to both cyclins and
CDK subunits and regulate the activity of Cyclin, =, A- and B/CDK complexes
(Sherr and Roberts, 1999).

Moreover, the activity of Cyclin/CDK complexes isrther regulated by kinases
and phosphatases. For their complete activation tia@e to be phosphorylated at a
conserved threonine residue by a CDK activatingsen(CAK). In contrast, the “small”
mutant protein 1 (WEEI§xists that adds an inhibitory phosphate to a §pdgrosine
residue (Malumbres and Barbacid, 2005). Finallygsphatases can either deactivate or
activate CDKs by removing either an activating orihibitor phosphate respectively
(Morgan, 1995). The CDC25 phosphatase family ctsisis CDC25A, CDC25B and
CDC25C. CDC25A plays an important role in thg/S5transition and CDC25B is
activated during S phase and activates the mi@ticlin B/CDK1 by removing an
inhibitory phosphate. Active Cyclin B/CDK1 then pphorylates and activates
CDC25C leading to a positive feedback mechanismtanehtry into mitosifAressy
and Ducommun, 2008; Nilsson and Hoffmann, 2000mé&renet al, 2003).

In addition to being highly regulated by the depictnechanisms, Cyclin/CDK
complexes themselves regulate a large number gjettaproteins in the cell by
phosphorylation of Ser/Thr residues of the respeqgproteins. In the next section the
retinoblastoma protein (RB) will be described asimaportant target protein and its

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

During G, phase Cyclin D binds to CDK4 or CDK6 and formsaanplex that
phosphorylates the hypophosphorylated retinoblastgrotein (RB) leading to its
hyperphosphorylation and thus inactivation (Weigha©995).

The retinoblastoma gene was the first identifieddu suppressor gene and was
isolated from retinoblastoma tumors (Lee al, 1987). The encoded retinoblastoma
protein is a nuclear phosphoprotein that belongbegoocket protein family consisting
of three proteins RB, p107 and p130 that all contaihighly conserved sequence in
their pocket domain (Poznic, 2009). RB repressasstription of genes that are
necessary for the (&5 transition and thus arrests cells in thepBase of the cell cycle
(Weinberg, 1995). RB can be phosphorylated by @y€li together with CDK4 or
CDKG®6 or Cyclin E/CDK2 and there is evidence thathbaf these complexes are needed
to completely inactivate RB (Harbour and Dean, 2Q@thdberg and Weinberg, 1998).
Dependent upon its phosphorylation status, RB eggsilthe activity of the E2F family
of transcription factors which are crucial for teepression 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 familymiers, E2F1-E2F8 that have
functional and structural differences (DeGregow dohnson, 2006). Most of them can
interact with members of the retinoblastoma pogkedtein family. There are for
example transcriptional activators (E2F1, E2F2, H2that interact with pRB and
transcriptional repressors (E2F4 and E2F5) thattlpnbsd to p130 and p107 (Dyson,
1998; Gaubatet al, 2000) E2F6, E2F7 and E2F8 instead are transcriptioqaessors
that function through pRB-independent mechanisnmdafer and Ginsberg, 2009h
the cell free E2Fs and complexed E2Fs exist tteaktdher in an activated or repressed
state respectively. Free E2Fs are heteromeric stamgi of a E2F family member
subunit and a dimerization partner (DP) proteinusiutb(DP1 or DP2) that potentiates
the activity of the E2F factor and stabilizes iteraction with the hypophosphorylated
RB protein (Bandarat al, 1993; Helinet al, 1993; Kreket al, 1993; Ormondroyet
al.,, 1995). The complexed forms instead contain E2HABterodimers that are stably
bound to the respective RB family member (pRB, p1@007) and thus kept in an
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inactive state (Caet al, 1992; Chellappaat al, 1991; Cobriniket al, 1993; Shirodkar
et al, 1992).

As already mentioned, the activity of the E2F traupdion factor depends on the
phosphorylation status of its putative RB bindingartper. In its active,
hypophosphorylated form, RB is bound to E2F/DP #ngs keeps it in an inactive
complex. If RB is phosphorylated the E2F/DP/RB cterplissociates allowing E2F to
activate target genes that encode for cell cyctpilegors like Cyclin E, Cyclin A,
CDK2 and factors necessary for entering S phaseDKA Polymerase, thymidine
kinase, etc. (Gengt al, 1996; Huett al, 1996; Ogriset al, 1993; Ohtanet al, 1995;
Pearsoret al, 1991; Schulzet al, 1995).

Considering many studies, three general types &f &#nplexes seem to exist:
activator E2F complexes (E2F/DP), inhibited E2F ptexes (E2F/DP/RB) and
repressor E2F complexes (E2F/DP/RB). In the adiv@bomplexes the activation
domain of E2F promotes transcription, in the int@dicomplexes the bound RB masks
the activator domain leading to an inert compler anthe repressor complexes the
bound RBs recruited to promoters have a repressioitg (Dyson, 1998)

During the cell cycle different E2Fs are expressedifferent phases of the cell
cycle. The E2F activators are highly expressed fr@mto S phase with E2F3
expression increasing in early; ® mid G phase and E2F1 and E2F2 being most
highly expressed at theS& boundary (Johnson and Schneider-Broussard, 1998)
contrast, the E2F repressors E2F4 and E2F5 aressqu throughout the cell cycle but
in Gy and early G they are kept in repressive complexes with p1Q¥ @80 and are
recruited to the nucleus (De la Luetal, 1996) There the repressor complexes are
thought to bind to promoters and to recruit HDAGssuilting in transcriptional
repression of S phase genes (Wilson, 2007). Whéls eater late @ phase the
repressor complexes are rapidly replaced by thiratot complexes containing the
subunit E2F1, E2F2 or E2F3 which then leads toettgression of genes important for
the G/S transition (Takahaski al, 2000). Recently, it was shown that in latepBase
the activator E2F1 recruits the cofactor host tadtor-1 (HCF-1) that associates with
the H3K4 methyltransferase complex SET1/MLL leadion@ facilitated activation of S
phase genes (Tyagt al, 2007).
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1.3.2 Histone synthesis is strictly coupled to theell cycle

During the cell cycle the correct packaging of DNAo chromatin has to be
sustained and thus the histone proteins have tagély produced during S phase of a
replicating cell to package the newly synthesiz&tADnto nucleosomes before the cell
divides (Osley, 1991). Replication-dependent histarRNA levels increase up to 35-
fold in the beginning of S phase and drop to noreatls in the end of S phase (Harris
et al, 1991). This S phase-dependent accumulation edriestranscripts is due to an
increase in the rate of transcription and in thecessing efficiency and the reduction to
basal levels in the end of S phase is explained kgpid degradation of the transcripts
and inactivated processing (Marzleff al, 2008). The factors involved in the coupling
of histone mRNA transcription to S phase of thé cgtle will be introduced in the next

sections of this chapter.

1.3.2.1 Replication-dependent histone genes: orgaation and localization

In the genome of all studied metazoans the fiveocmal histone genes are
organized in clusters that contain multiple coppéseach (Marzluffet al, 2008). In
mammals there are three clusters, the largest emeet HIST1 which is located on
chromosome 6 (6p21-6p22) in humans and two smallestersHIST2 located on
chromosome 1 (1g21) ardIST3 located at 1942 in humans (Marzldt al, 2002).
These clusters are further separated into eithtetaly repeated or jumbled clusters
(Marzluff et al, 2008). The first one contains one copy of eactheffive histone gene
whereas there is no gene order and also no idemjeszes for each protein in the
jumbled cluster. While tandemly repeated clustere dound in Drosophila
melanogasteand frogs, jumbled clusters are found in mammadstards (Marzluffet
al., 2008). Histone gene loci were observed to beukatly associated with Cajal
bodies (CBs), subnuclear organelles first repotigdRamon y Cajal in 1903 that
contain factors involved in histone mMRNA 3’ end gessing (Cajal, 1903; Frey and
Matera, 1995; Wu and Gall, 1993). However, recetlipations have revealed that the
principal regulatory proteins important for histogene expression as well as 3’ end
processing and histone genes are concentratedeaifispsubnuclear compartments
called histone locus bodies (HLBs) that were fidéscribed in Drosophila
melanogasteand that in comparison the mentioned factors @se frequently present
in coilin-containing CBs (Ghulet al, 2008; Liuet al, 2006; Matera, 2006). Moreover,
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HLBs are associated with replication-dependenbhistgene clusters on chromosomes
1 and 6 and the degree of their colocalization WiBs depends on the cell line and the
cell cycle phase (Bongiorno-Borboaeal, 2010).

The two histone genesHIST1H2BD and HIST1H2AC addressed most
extensively in this thesis, are both located at thajor histone gene locus on
chromosome 6. There are FAST1H2B and 12HIST1H2A genes that are named
alphabetically with thé1IST1H2BAgene being closest to the telomere and ti{egthe
of this cluster lying closest to the centromer (kaif et al, 2002). The expression of
the histone genelIST1IH2BDand HISTIH2ACwas shown to be downregulated by
knockdown of RNF20, the E3 ubiquitin ligase of bis# H2B, in HelLa cells, with
HIST1H2BDbeing the histone gene that was affected to tghdsi extent (Shemeat
al., 2008).

1.3.2.2Replication-dependent histone mRNA 3’ end processin

Unlike all other known mRNAs in eukaryotic celldlet MRNAs transcribed
from canonical replication-dependent histone getesot contain introns and are not
polyadenylated (Dominski and Marzluff, 1999; Maitlet al, 2008). Constitutively
expressed histone mRNAs which encode the repladevagiant histones are not cell
cycle regulated but are instead polyadenylatedsamde of them even contain introns
(Brushet al, 1985; Wells and Kedes, 1985).

Instead of a poly(A) tail the replication-dependéigtone mRNAs end in a
highly conserved 16 nucleotide long 3’ end stenplstructure, which is located 4-5
nucleotides upstream of the cleavage site. Thavelge site is followed by a purine-rich
element the so-called histone downstream elemedEjHvith the consensus sequence
AAAGAG in vertebrates (Birnstielet al, 1985; Dominski and Marzluff, 1999;
Marzluff, 1992; Marzluffet al, 2008).

The formation of the histone mMRNA 3’end requires tiinding of the stem-loop
binding protein (SLBP) to the conserved stem-lowpcsure and the interaction of the
U7 snRNA, a component of the U7 small nuclear nim@oprotein (SnRNP) with the
HDE (Dominski and Marzluff, 1999; Mowry and Steiti987) (illustrated in Fig 4 on
page 26)The cleavage occurs 4-5 nucleotides after the stem-3’ to the dinucleotide
CA and is performed by CPSF73 which also cleavéggdenyaletd mRNAs (Dominski
et al, 2005; Gicket al, 1986; Weiner, 2005).
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SLBP was identified in 1996 by the group of W.F.rkaff as a RNA binding
protein that is required for histone pre-mRNA pisieg (Wanget al, 1996). Already
in 1989 a factor that recognizes the stem-loop dexcribed and termed the hairpin
binding factor (HBF) by that time (Vasseret al, 1989). For its high affinity binding
the entire sequence of the stem-loop structure thadfive flanking nucleotides are
required (Williams and Marzluff, 1995). Its role rthg processing is to stabilize the
binding of the U7 snRNP to the HDE and to recraé tleavage factor to the cleavage
site (Dominski and Marzluff, 2007).

The U7 snRNP was the firdransacting factor identified in replication-
dependent histon€ 8nd processing (Birnstiel and Schaufele, 1988)ufiistructured 5’
terminus base pairs with the HDE while its 3’ esdfolded into a stem-loop. The
central portion of the U7 snRNA contains an Sm aiteund which the Sm proteins
assembly and form a ring. This ring consists okse8m proteins in which the Sm-like
proteins LSM10 and LSM11 replace SmD1 and D2 indheonical heptameric Sm
protein ring that binds spliceosomal shnRNAs.

In addition to SLBP and the U7 snRNP, further pgreteare crucial to stabilize
the processing complex. The heat-labile procestantpr Symplekin for example is
thought to function as a platform that recruits ttleavage and polyadenylation
specificity factors CPSF73 and CPSF100 (Takagaki Branley, 2000). Recently,
Symplekin was identified as a component of the lsegsitive protein complex that
includes all five subunits of CPSF and two subuoft€STF (Kolev and Steitz, 2005).
A further component of the processing machineryraglication-dependent histone
MRNASs is the zinc finger protein ZFP100 that istdirthe active U7 snRNP and binds
to LSM11 and interacts with the SLBP/pre-mRNA coexplo help stabilize the binding
of the U7 snRNP to the histone pre-mRNA (Azzetial, 2005; Dominsket al, 2002;
McGinty et al, 2008; Pillaiet al, 2003; Wagner and Marzluff, 2006).

Surprisingly, in addition to proteins like SLBP, WARNP and ZFP100 that are
unique for the 3’ end processing of canonical metomRNAS, there are also proteins
that are common with the processing machinery diguenylated mRNAs like
Symplekin, CPSF100, CPSF73 dadtor interacting with poly(A) polymerase(EIP1)
suggesting an evolutionary conservation of the meicms for formation of 3’ ends of
all RNAPII transcripts (Marzlufét al, 2008)
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Fig 4: Formation of the processing complex on candcal histone pre-mRNAs.SLBP binds to the
stem-loop and U7 snRNA as part of the U7 snRNP Ipases with the HDE. Together these factors
recruit a cleavage complex consisting of the endlzases CPSF73 and CPSF100, Symplekin and other
molecules not shown. ZFP100 stabilizes the binding7 snRNP by interacting with SLBP and LSM11
(modified from Marzluffet al, 2008).

1.3.2.3Transport, translation and degradation of histone fRNA

After transcription and cleavage of the histone-pfRNA 3’ end SLBP stays
bound to the stem-loop structure and accompaniesriaiture histone mRNA to the
cytoplasm (Whitfieldet al, 2004). There it stimulates its translation byiragtogether
with the SLBP-interacting protein 1 (SLIP1) and #mekaryotic translation initiation
factor 4y (EIF4G) to circularize the mature histone mRNA K@akci et al, 2008;
Marzluff et al, 2008). Like that the 3’ end of the histone mRN#Nes into proximity
to the 5’ cap which increases efficient translatidhthe end of S phase or when DNA
replication is inhibited histone mMRNAs are rapidiggraded in a process that requires
SLBP as ais-element (Pandey and Marzluff, 1987). SLBP recrhiesproteins that are
crucial for adding a short oligo(U) tail to the toise mMRNA like the up-frameshift
protein 1 (UPF1) which is a RNA helicase and thenteal uridyltransferase (TUTase)
(Kaygun and Marzluff, 2005). The oligo(U) tail theerves as a binding site for the
LSM1-7 ring which plays a role in the recruitmetittioe decapping complex (DCP1-
DCP2) and the exosome (Parker and Song, 2004 v&ulit al, 2009). Finally, the
histone mRNA is degraded from both the 5’ and 3Ishy exonucleases.

SLBP expression and phosphorylation, leading talégradation, is cell cycle-
dependent and its expression pattern reflectsofhiaistones (Narit&t al, 2007; Zheng
et al, 2003a). SLBP accumulates just before entry infih&se, is rapidly degraded in
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the end of S phase and is bound to histone mRNa&ugtrout its lifetime (Marzlufet
al., 2008). However, there are different moleculamalg that regulate both since
degradation of histone mMRNAs by DNA synthesis intbils does not effect SLBP
levels nor does stabilization of SLBP at the endSophase affect histone mRNA
degradation (Whitfielat al, 2004; Zhenget al, 2003a) in Marzlufet al, 2008).

1.3.2.4Regqulation of replication-dependent histone gene @anscription

The nuclear protein Ataxia Telangiectasia locus ANP was shown to be
essential for the entry of cells into S phase andtimulate histone gene transcription
(Ma et al, 2000; Weiet al, 2003; Yeet al, 2003). NPAT was first identified and
described in 1996 as being produced from a houpakggene positioned close to the
Ataxia Telangiectasia locus (0.5 kb from the 5’ efdATM) on human chromosome
11922-g23 (Imaiet al, 1996). The protein consists of 1427 amino achliss an
apparent molecular mass of 220 kD and containscieanulocalization signal and five
target sites for phosphorylation by cyclin-deperdaotein kinases (Imast al, 1996;
Zhaoet al, 1998). NPAT is associated with the histone gdosters on chromosome
1921 and 6p2lin vivo during S phase when these are actively expressed a
overexpression of NPAT leads to activation of mstoH2B and histone H4
transcription (Maet al, 2000; Zhaoet al, 2000; Zhenget al, 2003b). In contrast,
inhibition of NPAT expression was shown to lead d@oconsiderable decrease in
replication-dependent histone transcripts in hus@natic cells (Gaet al, 2003; Yeet
al., 2003).The expression of NPAT is cell cycle regulated by transcription factor
E2F whose family members (activator E2F1 and repre&2F4) can bind to E2F
binding sites in the promoter of tiMPAT gene resulting in a maximal expression of
NPAT at the G/S phase boundary (Gab al, 2003; Zhacet al, 1998).Its activity is
also dependent upon post-translational modificatigmce it interacts with Cyclin
E/CDK2in vivo through a cyclin-binding RXL motif and is a phospylation target of
this CDK (Zhaoet al, 1998).This phosphorylation is crucial for the colocalirat of
NPAT with Cyclin E to Cajal bodies during S phasel aegulates the ability of NPAT
to activate histone gene expression (Bongiorno-8oelet al, 2008; Maet al, 2000).
Thus, NPAT activity is increased when cells entgshdse and this in turn leads to a
coordinated upregulation of histone gene expressidnis stage of the cell cycle (Zhao,
2004). NPAT functions together with proteins thagjulate the expression of histone
H2B and histone H4 (Mitrat al, 2003; Zhenget al, 2003b). The octamer-binding
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protein 1 (OCT1) coactivator in S phase (OCA-S) washtified to be essential for S
phase-dependent histone H2B transcription. By tlirdinding to OCTL1 it is recruited
to histone H2B promoters vitro andin vivo during S phase (Zhengt al, 2003b).
Furthermore, the histone H4 transcription factolNIFHP) was shown to regulate histone
H4 gene expression by interacting with conserveaéldcycle regulatory sequendes
vivo utilizing NPAT as a key coactivator to enhance tiia@scription of the histone H4
genes (Mitreet al, 2003).

Taking these factors into account, the following d&lo of histone gene
regulation by NPAT was recently built. At the/G boundary NPAT is phosphorylated
by Cyclin E/CDK2 which leads to the associationNPAT with histone promoters.
This is suggested to occur through its interactiaih histone subtype specific binding
proteins (SSBPs) like OCT1/OCA-S and HINFP thatlldim subtype specific regulatory
elements (SSRESs) of the respective histone prosioMPAT then recruits a histone
acetyltransferase (HAT) like Tat interacting prateb0 kDa (TIP60) by binding to a
transformation/transcativation domain-associatedeon (TRRAP) which interacts with
TIP60 resulting in the acetylation and thus actorabf the histone promoter (DeRah
al., 2008) (illustrated in Fig 5 on page 28).

SSRE histone gene

Fig 5: Model for the function of NPAT in activating histone genesSubtype specific binding proteins

(SSBP) bind to subtype specific regulatory eleméBISRE) and associate with NPAT which is then
phosphorylated by Cyclin E/CDK2. This leads to tleeruitment of a transformation/transcativation
domain-associated protein (TRRAP) that interactth i histone acetyltransferase (HAT) resulting in
acetylation and thus activation of histone prorm®{erodified from DeRaet al, 2008).

1.3.2.5The existence of polyadenylated replication-dependehistone mRNAs

Polyadenylated mRNAs produced from replication-ahelemt histone genes
were identified that in many cases still contaie tharacteristic sequences for canonical
histone 3’ end processing (Davila and Samuelss608)2 This suggests that under
certain circumstances transcripts produced fromesdistone genes may be either
processed by polyadenylation or by the histoneipenechanism. Interestingly, the
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loss of normal histone mMRNA processing by depletib8LBP or U7 snRNP can result
in the production of polyadenylated histone mRNA&sll{ivan et al, 2001; Wagneet
al., 2007). The same effect was observed by knockavgndhe CDK9 target NELF-E
or a component of the cap binding complex (CBQ,dap binding protein 80 (CBP80),
giving evidence that some histone mRNAs can begssed in both ways and thus two
processing pathways exist (Nargigal, 2007).

The histone genes mainly used in our studid§T1IH2BDand HIST1H2AC
produce besides normally processed transcriptspalls@adenylated transcripts resulting
from the splicing of a longer primary transcripttdrestingly, polyadenylated histone
transcripts are found in the human EST databasa farmber of replication-dependent
histone genes. Since both gendtST1H2BDandHIST1H2AC,can be spliced, as an
example of a non-spliced replication-dependent ohst transcript that can be
polyadenylated, th&lIST2H2AAgene was chosen, that is part of thKST2 cluster
located on chromosome 1 (Marzleff al, 2002).

Studies have shown that the levels of polyadenylatanonical histone
transcripts are very low in proliferating cells boay increase during differentiation or
tumorigenesis (Abbat al, 2005; Collaret al, 1991; Kirshet al, 1989; Martinezt al,
2007; Nariteet al, 2007; Zhacet al, 2004). These observations lead to the speculation
that these polyadenylated histone transcripts mrediurom (normally) replication-

dependent histone genes may serve a physiologieal r

1.3.3 The tumor suppressor p53 regulates cell cycle progssion through
p21

P53 was first described in 1979 as a 53 kDa protdiith was shown to have
tumo