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ABSTRACT

The highly conserved Polycomb (PcG) and Trithorax (TrxG) proteins work
antagonistically to regulate and maintain gene expression pattern in flies and mammails.
They constitute a regulatory system that is crucial for the dynamic change and
retention of gene expression states. PcG and TrxG proteins contribute to cellular
memory during the development of multicellular organisms and are essential regulators

of developmentally important genes.

It is known from studies performed in Drosophila that PcG and TrxG proteins act
through cis-regulatory DNA elements also called Polycomb response elements (PREs).
In Drosophila, PcG and TrxG proteins bind via sequence-specific DNA binding proteins
to PREs and thus regulate gene expression patterns.

In mammals, little is known about the involvement of PcG and TrxG proteins in gene
regulation. A recent study from our group based on genome-wide transcription and
binding profiles identified transcribed intergenic Polycomb sites (TIP sites), and
postulated that these sites could be the equivalent to the Drosophila PRE in mammals
[1]. The authors validated these findings with transient transfections of TIP site
containing vectors and showed that these constructs repressed the reporter gene in
murine ES cells. It had previously been shown that many Drosophila PREs are
transcribed and it has been proposed that their non-coding transcripts are involved in

the recruitment of PcG or TrxG proteins to their target sites.

This study aimed to determine whether TIP sites are indeed mammalian PREs, and
whether the non-coding transcripts they produce are important for their regulatory
properties. To address this question | have generated transgenic murine ES cell lines
with integrated TIP sites flanked by a Luciferase reporter gene. All constructs were
integrated at an identical genomic location, to exclude genomic position effects and to
allow comparisons. | used the transgenic ES cell lines to analyze the functional
characteristics of TIP sites in a genomic context. To determine the regulatory effects of
TIP sites on gene expression reporter assays were performed. | show that the Nkx2-9
TIP site can reduce the expression of the Luciferase reporter gene to one third
compared to the control without the TIP site. Furthermore, to gain better understanding
of the involvement of PcG proteins in the repression of the reporter gene, a knockdown
of PcG proteins was performed. However the results of this analysis were inconclusive.
Finally, ncRNA analysis was performed to determine the role of the non-coding
transcripts in reporter gene expression. This analysis showed that every analyzed TIP
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site is transcribed and moreover that this transcription may influence that of their
corresponding genes. This study shows that TIP sites integrated into chromatin show
strikingly different properties to those observed in transient assays [1], and illustrates

the importance of studying gene regulatory elements in the correct chromatin context.



ZUSAMMENFASSUNG

Die hochkonservierten PcG- und TrxG-Proteine regulieren und erhalten bestimmte
Gen-Expressionsmuster sowohl in Drosophila als auch in Wirbeltieren aufrecht. In
ihren Funktionen erganzen sie sich als Antagonisten und steuern einen wichtigen
Beitrag zum epigenetischen Gedachtnis von Zellidentitaten wahrend der Entwicklung
héherer Organismen bei. Sie sind unentbehrlich fir die dynamische Regulation von

Genen, die in humanen und murinen ES Zellen fir Entwicklungsprozesse wichtig sind.

Aus Studien, die an Drosophila durchgefiihrt wurden ist bekannt, dass PcG- wie auch
TrxG-Proteine Uber sogenannte PREs (Polycomb Response Elements) agieren. PREs
sind DNA Sequenzen, welche ein bestimmtes Muster in der Basenfolge enthalten, das
von PcG- und TrxG-Proteinen erkannt werden kann.

In Vertebraten sind PREs bislang schwer zu identifizieren gewesen. In einer kurzlich
veroffentlichten Studie aus unserer Arbeitsgruppe, welche auf genomweiten
Transkriptions- und Proteinbindungsprofilen basiert, wurden sogenannte TIPs
(transkribierte, intergenische Polycomb-Sequenzen) vorgestellt [1]. Die Autoren
vermuten, dass die TIP sites das Aquivalent zum Drosophila PRE in Vertebraten sind.
Diese Vermutung wird durch transiente Transfektionen mit Vektoren, welche TIP sites
tragen, validiert. Die Ergebnise haben gezeigt, dass TIP sites die Expression eines
Reportergens in murinen ES Zellen reprimieren konnen.

Weiters wurde gezeigt, dass viele Drosophila PREs transkribiert werden und es wurde
angenommen, dass diese nicht-kodierenden Transkripte in die Rekrutierung von PcG-

und TrxG-Proteinen zu ihren Zielorten involviert sein kdnnten.

In dieser Arbeit habe ich mir zum Ziel gesetzt herauszufinden, ob TIP sites tatsachlich
Vertebraten PREs sind und ob die nicht-kodierenden Transkripte, welche aus ihnen
hervorgehen, wichtig fur ihre regulatorischen Funktionen sind. Ich habe transgene
murine ES Zellen generiert, indem ich TIP sites in das Genom von ES Zellen stabil
integriert habe. Alle Konstrukte wurde an einen indenten genetischen Locus integriert,
um einen Vergleich zu ermdéglichen und Einflisse durch genomische Positionseffekte
zu verhindern. Ich habe die transgenen Zellen benutzt, um die Funktionen von den
TIPs, die nun im Chromatin der genomischen DNA eingebunden sind, zu analysieren.
Durch den Einsatz eines in den transgenen Zellen enthaltenen Luciferase-
Reportergens konnte ich eine dreifache Reduzierung dieses Reporters feststellen. Da

Zellen, die kein TIP enthalten, keine Reduktion in der Expression des Reportergens



aufweisen, wissen wir, dass die Reduktion dieses Reportergens abhangig vom Nkx2-9
TIP ist. Deshalb nehmen wir an, dass der Nkx2-9 TIP Polycomb-Proteine rekrutieren
und ein Vertebraten PRE sein kénnte. Zum Nachweis, dass die Repression des
Reportergens von Polycomb-Proteinen abhangig ist, haben wir im Gegenversuch die
Produktion von Polycomb-Proteinen durch siRNAs unterbrochen. Jedoch waren die
Ergebnisse dieser Experimente nicht beweiskraftig.

Desweiteren haben zahlreiche Studien, darunter die oben erwahnte der Kollegen [1],
nachgewiesen, dass bei der Rekrutierung von Polycomb-Proteinen und
anschlielRenden Genrepression auch nicht-kodierende RNS beteiligt sind. Aus diesem
Grund wurde eine Analyse der nicht-kodierenden Transkripte in diese Arbeit mit
einbezogen. Die Ergebnisse zeigen, dass jede TIP site transkribiert wird und, dass die

Transkription dieser die Transkription der zugehérigen Gene beeinflussen kdnnte.

Diese Studie macht deutlich, dass die Resultate von TIP sites, welche in den
genomischen Kontext von murinen ES Zellen integriert wurden, auffallige Differenzen
aufweisen verglichen mit den Ergebnissen aus ftransienten Analysen. Dadurch
unterstreicht diese Studie die Wichtigkeit, regulatorische Elemente in ihren korrekten

genetischen Hintergrund zu analysieren.



CONTENTS

B | 30 10 10 o I 0 9
1.1  POLYCOMB GROUP PROTEINS...cceiiiiiiiiuinnriereeneeeeteeeeeeeseseeseennnnsreenereeeeseeeeeseeens 9

1.2 PoLycoms REPRESSIVE COMPLEXES (PRCLAND PRC2) ....uvevvveeeeiiiiieeee e 10

1.2.1 PR e e e e e e e e e e e e et e e et ettt aas 10

1.2.2 PR C L.ttt e e e e e e e e e e e e et ettt e et et b e bbbt s 11

1.3 HISTONE MODIFICATIONS. ceeeeteteeeesiaaiaaunnrrereereenereeeeeeesessasseannnsnnrreereeeereeeeseesssaans 13

13.1 Histone acetylation and H3K27me3 ......ooooiiiiiiiiiiiieeieeiieeeeee e 13

1.4  POLYCOMB RESPONSE ELEMENTS (PRES) ...uvvvviieeieiiiiieeeeeciiieee e eevieee e e svaeea e 14

1.5 NON-CONDING RNAS IN PCG PROTEIN RECRUITMENT ..ceeiieinnnirreereeeereeeeee e e e 17

1.6 TRANSCRIBED INTERGENIC POLYCOMB (TIP) TARGET SITES..uuvvreeeeererrrreeeeesnrnneeaans 18

1.6.1 O L T I Y PSSP 19

1.6.2 NKX2-9 TIP SITE .euvvviiiieeiieieieiiciiiitee e e e e e e s e ibbeere e e e e e e e s 19

1.6.3 MEIST TIP SIt@.ceeiiiiiiiiiiiiiiiiiirieie e e e e e e ee e et e ee et 20

2 AIM OF THIS THESIS .....uiiieiiiiiiiiitiiiittisi et reeas e s es s e s e e sa s se s e s sasessenassans 23
3 MATERIALS AND METHODS ....ccuuiiitmeiiiiimeiiiieneiiiieniirieetiieniesssieniesssseneesssessesssssssessssaes 25
S TR0 R |V 78 13 PP 25

3.1.1 (01 01T 0 o1 To= - TP PPPTP SRR 25

3.1.2 KIS e e e e e e e e e e et e e e e e e et et et e et bbb e bbb s 25

3.13 Standard Buffers and SOIUtIONS ......cc.cevviiiiiieiiniie e 26

3.1.4 Buffers, solutions and media used for the cell culture..........ccoeuunnn..e. 28

3.1.5 Competent E. coli STrain ....coiviiiiiiiiiiiiiieec e 29

3.1.6 Murine Embryonic stem Cells ........iiiiiiiiiiiiiiiiiieeee e 29

3.1.7 PIaSNIAS .ot e e e e e s 29

3.1.8 [ AV 0 4 1= ST 29

3.1.9 Oligonucleotides (5" = 3") cicciiiei e 30

3.1.10 Primer sequences for gPCR of transcripts from TIP sites and adjacent

Fod=T o 1T TP PP 31
3.1.11  RNA INTEIfEIrENCE ittt ettt st e s b 31
3.1.12  Locked NUCIEIC ACIAS..ccocuuiiieriiiiiee ettt 32
3.1.13  SOFEWAIE coeiiceee et st e b 32



3.2 IVIETHODS teuuuuiieereeeeeeeeeeeeteeeteteressaaaisasseseesaseeeeeseseeesnssssssnsssssssassssseseesesansenenes 33

3.2.1 Cloning TIP sites and the En2 PRE into the pGL4.26 TK hygrofloxed

(V=11 (o] OO PPP S UPPPR PPN 33

3.2.2 Cloning TIP sites and the En2 PRE into the Rosa26 Vector................... 34

3.2.3 TrANSTECTIONS ...ueiiiiiiiiieee et e e e e e e et rereeeee e 35

3.2.4 Stable Integration of TIP sites and the En2 PRE constructs into the

MUFNE ROSA26 [OCUS....ccceeeeiiiieeieceee e e 35

3.2.5 DIagnOSEIiC PCR ..ceiiiiiiiiiiire et 36

3.2.6 SOULNEIN BlOt. . e e e e e e e e e e e e e e e e aeeaaens 37

3.2.7 cDNA Preparation and gPCR analysis ......cccceevvviiiiiiiiiiieiieeenn e, 38

L £ 1] 1 1 I N 39
4.1 CLONING OF TIP SITES INTO THE TARGETING VECTOR OF THE MURINE ROSA26 LOCUS ... 39

4.2  TRANSIENT TRANSFECTIONS OF TIP SITES AND THE EN2 PRE SHOW A REPRESSIVE EFFECT

ON THE LUCIFERASE REPORTER GENE IN MURINE ES CELLS ..uuvviiviiiieeieeeeiicee e eeeeeiee, 41

4.3 VERIFICATION OF SITE-SPECIFIC, SINGLE INTEGRATION OF TIP SITES INTO THE MURINE
R0OSA26 LOCUS BY DIAGNOSTIC PCR AND SOUTHERN BLOT ...uvviieiiiiieeieceeiie e, 43

4.4 STABLE INTEGRATION OF TIP SITES AND THE EN2 PRE INTO THE MURINE ROSA26 LOCUS
SHOW SILENCING OF THE LUCIFERASE REPORTER GENE ..cvvvuuneeeerernnreeerrennneeeernnnnannss 48

4.5 KNOCKDOWN OF EzH2 AND SUz12 HAS NO EFFECT ON THE EXPRESSION LEVEL OF THE
LUCIFERASE REPORTER GENE IN TRANSGENIC 46C ES CELLS ...cvvvvueiiieiiiicee e 50

4.6 EXCISION OF THE HYGROMYCIN CASSETTE USING CRE RECOMBINASE LEADS TO REDUCED
EXPRESSION OF THE LUCIFERASE REPORTER GENE IN SOME TRANSGENIC CELL LINES......... 52

4.7 NCRNA ANALYSIS AT TIP SITES AND CORRESPONDING GENES....cceevvvvueeeeerreennnareeeennnns 55

5 DISCUSSION....ccittuiiiiuiireiireiirteiirassrnessiressirasssrssssrssssrsesssssssssssssrssssrassssssssssssssssssssnssses 59
5.1  ANALYSIS OF REPORTER GENE REPRESSION IN TRANSIENT AND TRANSGENIC ASSAYS ....... 59

5.2 KNOCKDOWN OF PRC2... ettt e e ettt e e e e e eaaee s e e e eeaae e e eaees 62

5.3 INCRNA ANALYSIS .ettuueieeieitieieeeeetttieeseeeettaeeeeesetaaaseeeentanaaseeernssnnaeeseresnnneeaens 63

6 ABBREVIATIONS ......couuiiiiiiiriiiriiiieniiieiireiirasisrssssrssssrsessissssssssssrssssrssssrssssssssessassssnssses 67
7 LIST OF FIGURES ......coeuiiieiiruniirnniiieniiieiiresiirssismssssrssssrssssrsssssssssssssssrsssssssssssssesssssssnssses 69
8  LIST OF TABLES .....cuuiituiiiiiiiriiiritiiieniiieiiressirasisrasssrnsssrsessrsssssesssssssssrssssssssssssssssassssnssses 71
9 REFERENCES ....ccuiiiuiiiiiiiiiiiriiiriiiieniiinesiinessirssisrssssrssssrssssrsssssesssssssssrsssssssssssssssssssssnssses 73



10 ACKNOWLEDGEMENTS

11 CURRICULUM VITAE ....






1 INTRODUCTION

1.1 PoLycomB GROUP PROTEINS

What is the difference between a liver cell, an endothelial cell and an embryonic stem
cell? Clearly, these cells have different functions and morphologies but what is the
underlying cause of these differences? It is the gene expression pattern, a combination
of genes that are in a transcriptional active or on-state and genes in a repressed,
silenced or off-state, which determines cellular identity, function and morphology. The
active state is associated with an open chromatin structure and active gene regions are
usually transcribed, allowing several DNA-binding proteins and enzyme such as the
RNA Polimerase Il to access the DNA, which is wrapped around histones. These
proteins and enzymes can transcribe the DNA or repair it in the case of single or
double strand breaks. The off-state is not associated with active transcription. In
contrast, these genes and DNA sections have a compact chromatin structure, which
does not allow proteins to access and bind DNA. This leads to transcriptional shutdown
of regions whose expression is not necessary for the cell in a specific developmental

period or in a specific differentiated cell type.

An important aspect in the development of vertebrates is the ability of ES cells to self-
renew while at the same time bearing the ability to differentiate into any given cell type.
In ES cells, genes crucial for self-renewal and “stemness” are turned on and actively
transcribed whereas genes pivotal for differentiation are turned off and not transcribed

[2, 3]. However, to date it is not yet fully understood how gene expression is regulated.

The Polycomb group (PcG) of proteins is crucial for the determination of gene
expression and normal development of multicellular organisms. They are highly
conserved in flies and mammals and play a major role in silencing genes important for
development [4, 5]. In Drosophila, they are able to maintain repressed transcriptional
states after the initiating determining transcription factors have disappeared [6, 7].

PcG genes were first identified in Drosophila melanogaster [8, 9]. They were named
after Polycomb (PC) and extra sex comb (ESC) mutations, which cause an additional
sex comb phenotype on the second and third leg of D. melanogaster. It is now known
that this phenotype is caused by misexpressions of homeotic (Hox) genes in the

antennapedia (ANT-C) and bithorax (BX-C) complexes of D. melanogaster. PcG
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proteins and their antagonistic players the TrxG proteins are crucial for the
maintenance of the correct expression of body-patterning genes including the Hox
genes during the development of Drosophila [5]. Their importance in mammalian
development is marked by gastrulation arrest and lethality in PcG gene null mouse
mutants [10, 11]. How PcG proteins work as transcriptional regulators is not yet fully
understood, but it is known that they act through several main protein complexes,
which are highly conserved throughout evolution. In the case of Polycomb, the two
main multi-protein complexes in both flies and mammals are Polycomb repressive

complex 1 (PRC1) and Polycomb repressive complex 2 (PRC2).

1.2 Porvcoms RePRESSIVE COMPLEXES (PRC1 AND PRC2)

1.2.1 PRC2

In vertebrates, the PcG proteins EED, EZH2, SUZ12 and the histone-binding protein
RbAp46/48 are the core components of the PRC2 protein complex [12, 13].

PRC2 catalyzes H3K27me2 and H3K27me3 through the subunit EZH2, which has
been shown to exhibit methyliransferase activity via its SET domain [14-16]. The
outcome of this histone modification is believed to be transcriptional repression of
target genes [17]. Moreover, studies have shown that EZH2 KO mouse embryos die
upon gastrulation, demonstrating an essential role of EZH2 in mouse development [18].
Several authors have reported that binding of SUZ12 and EED is required for EZH2
activity [12, 13].

PRC2 In vivo and in vitro experiments have suggested an

important role of SUZ12 in regulation of PRC2 [13]. It

has been reported that SUZ12 can stimulate the activity

10k
of PRC2 by recruiting the histone-binding protein

, RbAp48 to the complex, which stabilizes the protein
ﬁ complex [13].

Figure 1 Vertebrate PRC2 core components.
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Furthermore, it has been shown that H3K27me2/me3 is lost in mouse embryos lacking
the SUZ12 protein. This confirms that SUZ12 is necessary for EZH2 HMT activity [19,
20]. During mouse embryogenesis SUZ12 KO mutants have proliferative defects and

are not viable [13].

The core component EED has, similar to SUZ12 and EZH2, been shown to be
important for mouse development, since EED KO mice exhibit growth defects and die
upon gastrulation [18, 21]. Moreover, EED functions as a scaffold protein since it can
link EZH2 to histone H3 substrates and thereby stabilize the complex at target sites
[22].

In addition, it has been reported that the histone-binding protein RbAp48/46 can bind to
PRC2 and by this optimize the enzymatic activity of PRC2 [19].

In summary, PRC2 is important for the establishment of H3K27me3, a repressive mark
leading to transcriptional shutdown of target genes. Recognition of H3K27me3 by the
PRC2 complex is essential for proper function. In concordance, H3K27me3 marks
stimulate PRC2 activity. Recent studies have demonstrated that both EZH2 and EED
can bind specifically H3K27me3 nucleosomes and that this read-out is responsible for

the propagation of the repressive chromatin mark [23, 24].

1.2.2 PRC1

The core components of mammalian PRC1 are RING1A/1B, mPH, BMI1 and CBX [25-
31]. PRC1 can recognize and bind H3K27me3, which is thought to be a repressive
histone modification.

Through its chromo-domain the CBX protein can
PRC1 mediate recognition and binding of H3K27me3 [32].
Due to this it is thought that PRC1 works downstream

MRING1A/ | BMI-1
1B of PRC2. Nonetheless, PRC1 has also been reported

>

Figure 2 Vertebrate PRC1 core components.

to target genes independently of PRC2 [33].

In addition, the RING1A/1B protein contains a ring-domain and by this it can
monoubiquitylate Lysine 119 of Histone 2A (H2AK119ub1) [34]. This posttranslational
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modification of H2A has been shown to influence the RNA Pol Il activity. In vitro
studies have demonstrated that H2AK119ub1 can block RNA Pol Il activity leading to

transcriptional arrest [35, 36].

Furthermore, Francis and colleagues have shown that the PRC1 core complex can
lead to chromatin compaction in vitro [37]. Moreover, PRC1 is believed to stabilize
nucleosomal arrays at its target genes by blocking chromatin remodeling enzymes,
which would normally allow access to condensed DNA sections and repressed genes
[29, 37, 38]. These data endorse the relevance of the PRC1 complex in the

maintenance of gene repression.

A B Cbx-PRC1

Figure 3 Mechanisms of PRC1 and PRC2.
(A) Deposition of H3K27me3 marks by PRC2. (B) Recognition and binding of H3K27me3 by the PRC1
protein CBX and (C) ubiquitination of H2AK119. RF = Recruiting factors such as Jarid2 target PRC2 to

specific loci. Figure adapted from [39].
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1.3 HISTONE MODIFICATIONS

In this section | especially want to present the H3K27me3 histone mark, which is
important in PcG protein mediated gene silencing. For better understanding | will also
include acetylation of histone residues and H3K36me3 as these marks have functions,
which are antagonistic to those of most histone methylation marks. | will not cover any

other histone modifications, since these were not the subjects of this thesis.

1.3.1 Histone acetylation and H3K27me3

Post-translational histone modifications can change the chromatin structure in such a
way that the interaction between DNA and histones becomes loose, allowing other
proteins to access the DNA and transcribe or repair it. This is the case for acetylated
histone marks, such as acetylation of H3K27 (H3K27ac). Acetylation of histone
residues is equivalent to the addition of negatively charged residues to histones, which
overall destabilize the interaction between the negatively charged DNA and the
positively charged histones [40]. Actively transcribed genes are associated with
histones, which are hyper-acetylated. This is also the reason why acetylation of
histones is known to be an active mark. In some cases, the chromatin structure might
be changed resulting from the replacement of one histone by another variant (e.g. H3

becomes replaced by H3.3 [41]) or the recruitment of other regulatory proteins.

The PRC2 core protein EZH2 catalyzes di- and tri-methylation of H3K27 as mentioned
above. H3K27me3 is an important histone modification, which correlates highly with
repressed genes and therefore is thought to be a repressive mark [17]. PRC2 can bind
to this histone mark via EED, one of its core subunits, which in turn stimulates the
activity of the complex [42].

As a result of post-translational modification, H3K27 can be mono- di or tri-methylated.
Methylation of H3K27 occurs gradually, where di-methylation results from H3K27me
and tri-methylation from H3K27me2 [14]. It has been proposed that H3K27me2 is an
important intermediary product because it might prevent acetylation of H3K27 and thus
chromatin will rather stay compact and ready to be methylated further resulting in
H3K27me3 [14, 17].

Both H3K27me2 and H3K27me3 are associated with facultative heterochromatin (fHC),
which is regulated in a developmentally specific manner [43], whereas mono-

methylated H3K27 is associated with constitutive heterochromatin (cHC) [44]. In
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general, heterochromatin is associated with condensed chromatin architecture and low
levels of transcription. For example, repetitive genomic sequences, centromeres and
telomeres are considered as cHC. These regions are heterochromatinized stably
although moderate transcription at these loci is still possible [45, 46]. In contrast to cHC,
fHC has a more diverse chromatin structure and is sometimes found to be as
condensed as it is in cHC, e.g. in the case of the inactive X-chromosome. Still, at
specific loci such as promoters of inactive genes it has also been reported to be
indistinguishable from euchromatic regions, which have a loose chromatin architecture

and are associated with actively transcribed gene regions [43].

Zee et al. have shown that tri-methylation of H3K27 is a stable mark with a low turn-
over compared to other methylated histone residues [47]. It is believed that the
recruitment of regulatory factors, such as the PRC1 subunit CBX or the PRC2 subunits
EZH2 and EED is crucial for the establishment of H3K27me3. The chromo-domain of
the PRC1 subunit CBX binds H3K27me3 specifically and its affinity to this mark
increases with the augmented abundance of H3K27me3 [48]. Moreover, it has been
demonstrated that H3K27me3 and H3K36me3, an active mark associated with
transcriptional elongation, are located at different loci [49]. This again suggests that
H3K27me3 is associated with repressed and transcriptionally silent genetic regions
whereas the active H3K36me3 mark is rather associated with transcriptionally active

regions, such as transcription start sites.

1.4 PoLycomB RESPONSE ELEMENTS (PRES)

PcG proteins act through cis-regulatory DNA elements called Polycomb response
elements (PREs), to maintain gene expression patterns. In Drosophila, PREs contain
multiple short DNA motifs. Several sequence-specific DNA binding proteins recognize
these motifs and recruit PcG proteins to these sites. Thus, in Drosophila a PRE carries
the information to recruit PcG or TrxG proteins. These DNA motifs have been used to

predict computationally and identify further PREs [50].

In the past years, transgenic studies in flies have revealed that PREs can maintain the
gene expression pattern that is established by an adjacent enhancer through many cell
divisions even though the initial activating or repressing factors have gone [6, 7]. Due
to this, they are often described as epigenetic memory elements. Furthermore, Cavalli

and Paro have been able to show that PREs are switchable elements, which can
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switch between an active and a silent state upon an experimentally induced change of
the promoter status [51]. To date, PREs are best characterized in the Drosophila Hox-
complexes. At this locus some PREs are located kilobases away from their promoters
and form higher-order chromatin interactions as they interact through a looping-form
with repressed target genes [31]. In transgenic Drosophila assays three functional
hallmarks of a PRE have been characterized: (1) Silencing of a reporter gene at an
ectopic locus, (2) loss of silencing of the reporter gene upon genetic PcG depletion and

(3) recruitment of PcG proteins to the PRE at the ectopic locus [5, 52].

The problem of identifying mammalian PREs is compounded by the fact that the
molecular mechanisms underlying mammalian PcG recruitment are not fully
understood. The recruitment of PcG to PREs is more complex in mammals compared
to flies. Mammalian PcG protein are involved in many different tissue-specific
processes throughout development [52]. Another obstacle in identifying vertebrate
PREs is the fact that PcG protein mediated H3K27me3 tends to spread over large
domains, including the PRE itself, the promoter and the gene body [53]. This makes it
difficult to identify PREs solely from PcG binding profiles.

Recently several vertebrate PREs, which share functional characteristics reminiscent
of Drosophila PREs have been identified [54-56] and (Heinen et al., manuscript in
preparation). Although the Polycomb repressive complexes are conserved between
Drosophila and vertebrates, there is only one DNA binding protein that seems to have
a conserved function in PcG recruitment in both flies and mammals, namely the YY1
(Drosophila homologue PHO; GCCAT) protein [57]. It has been shown that YY1
rescues gene silencing when introduced into PHO-deficient Drosophila embryos [58].
In a recent study Woo and colleagues analyzed an intergenic region of the human
HOXD cluster for PcG protein association [55]. The identified region is called D11.12
and was shown to repress a reporter gene and to associate with PRC1 and PRC2
proteins in human mesenchymal stem cells (MSC). The 1.8 kb region contains a
cluster of YY1 binding sites and a highly conserved region of 237 bp. Mutations of the
YY1 binding sites led to a partial loss in reporter gene repression and impede binding
of BMI1 at this locus, but not SUZ12 binding. In contrast, a deletion of the highly
conserved sequence resulted in a loss of repression and PRC1 and PRC2 binding.
This led to the conclusion that YY1 binding sites might be involved in PRC1
recruitment whereas the highly conserved region is important for both PRC1 and PRC2
recruitment. Another study performed by Mendenhall et al. demonstrated that YY1
binding sites are not necessary for PRC2 recruitment. Moreover, the authors point out

that there is no overlap between YY1 binding sites and PRC1 or PRC2 at a global level.
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Instead, these sites co-localize with genomic sites which are marked by H3K4me3 only
[59]. YY1 might not be involved in PRC2 recruitment directly though it might interact
with other regulatory proteins and with PRC1 and impact PcG mediated gene silencing

this way.

Other authors try to find similarities in the recruiting mechanism of PcG proteins to the
PREs by introducing presumptive vertebrate PREs into the Drosophila genome. Sing
and colleagues have identified a putative vertebrate PRE called the PRE-kr [54]. It
regulates the expression of the Maf-B/Kreissler gene in mice rhomdomeres. The
endogenous PRE-kr is associated with PRC1 and PRC2 components and reporter
constructs have been shown to recruit PcG proteins as well. The analysis of the PRE-
kr has shown, that the element contains YY1 and GAF (GAGAG) binding sites but their
involvement in PRC1 and PRC2 recruitment has not been investigated. Instead, the
PRE-kr was introduced into Drosophila where it has been shown to mediate reporter
(mini-white) silencing. Moreover, the putative regulatory elements recruited PcG
proteins to polytene chromosomes. Thus, the authors show that the PRE-kr acts as a
PRE in Drosophila as well [54].

In Drosophila, somatic chromosomes are paired. This pairing is important for the
increase in silencing in flies. This phenomenon is called pairing sensitive silencing
(PSS) and it is a good indication of PRE activity. Cuddapah et al. have identified a
potential human PRE in resting T-cells [60]. This 3 kb long PRE (SLCA17-PRE)
contains YY1 and GAF binding sites and was shown to act as a pairing-sensitive
silencer in Drosophila as well. These data indicate that PcG proteins might be recruited
to vertebrate PREs in a similar way as in Drosophila. However, the fact that
extrinsically introduced vertebrate elements are silenced in the Drosophila genome

might be a protection and defense mechanism to shut down unknown DNA.

The intense search for vertebrate PREs in the past few years has brought interesting
details on PcG proteins and their associated regulatory proteins und nucleic acids to
light. However, these studies have also revealed a high level of complexity and many

potentially redundant mechanisms.
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1.5 NON-coNDING RNAS IN PcG PROTEIN RECRUITMENT

In mammals, the identification of PREs involves more than the characterization of
respective DNA binding proteins. Recent studies have revealed that PcG proteins
might be attracted to their sites of action not only through DNA binding proteins, but
also through non-coding (nc) RNAs [14, 31], reviewed in [61]. Several authors have
shown that the PRC2 protein SUZ12 co-immunoprecipitates and interacts with ncRNAs
[62, 63]. In addition, Zhao et al. have demonstrated that EZH2 interacts with ncRNAs in
vivo [62, 64].

The shutdown of the female X-chromosome involves the expression of the ncRNA Xist,
which coats the Xi and leads to trimethylation of H3K27 and thereby to
heterochromatization [42]. It has been shown that PRC2 can interact with the 1.6 kb
long ncRNA RepA transcribed from Xist [64]. Additionally, it has been reported that the
large intergenic non-coding (linc) RNA HOTAIR, which is transcribed from the
mammalian HOXC locus, can bind and target the PRC2 complex to the HOXD locus
[65]. Furthermore, it has been demonstrated that HOTAIR can bridge the PRC2
complex to LSD1, a demethylase that catalyzes demethylation of H3K4me2, an active
histone mark, and that is required for gene repression in Drosophila [66]. Moreover, the
authors observed that a knockdown of the lincRNA HOTAIR led to decreased binding
of SUZ12 and LSD1 on the HOXD locus and also to a loss of H3K27me3 but to an
increase in H3K4me2. Strikingly, overexpression of HOTAIR led to the conclusion that
a CG-rich motif, which plays an important role in PRC2 binding [53, 67], is involved in
HOTAIR targeting [66]. In this context it seems likely that ncRNAs, which are crucial in
imprinted gene regulation and X-inanctivation are also associated with silencing of

protein-coding genes through the PRC2 complex [68].

Genes that are repressed by PcG proteins are very often associated with H3K4me3
and RNA Pol Il at transcriptional start sites and promoters, which indicates a potential
to initiate transcription at these loci [2, 35]. Due to this, Kanhere and colleagues
wanted to examine whether short transcripts resulting from these regions were
associated with PcG proteins. Indeed they found that regions generating short ncRNAs
but no mRNAs are enriched for H3K27me3 and interact with PRC2 through a stem-

loop structure, reminiscent of the interaction between Xist and PRC2 [63, 64].
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1.6 TRANSCRIBED INTERGENIC PoLycomB (TIP) TARGET SITES

Transcribed intergenic Polycomb target sites, also called TIP sites or TIPs, represent a
novel class of vertebrate Polycomb target sites and were described for the first time by
Hekimoglu-Balkan and colleagues [1]. These sites are, as their name suggests,
transcribed during differentiation and they recruit PcG proteins to the sites of
transcription, also in a developmentally regulated manner. It has been reported
previously that PREs can be transcribed into ncRNAs in both flies and mammals in a
developmentally regulated manner [61, 69]. Transcription from these sites can regulate
PcG function and recruitment [70]. Another characteristic of TIP sites is that they are
more conserved than intronic sequences, though less conserved than protein coding
genes. Furthermore, it was shown that only a small percentage of TIP sites contain
predicted CpG islands. This indicates that CpG islands are not required for PcG

recruitment to these sites.

In their study, Hekimoglu-Balkan et al. performed ChIP analyses at different stages of
neural differentiation and found that TIP sites recruit PcG proteins to their site of
transcription. In contrast to coding regions, H3K27me3 and SUZ12 enrichment profiles
overlapped precisely with regions of TIP site transcription (Figure 1). These results
build up a basis on which motif based computational PRE prediction can be performed,

as there is no PcG spreading at TIP sites.

A ESC B progenitor C neuron

0.8 081 0.4 Figure 4 Average H3K27me3

1 1 enrichment profiles in ES cells
: /Jf/\\/\/\/ during differentiation overlap
0 0 o1/ precisely with sites of TIP site

) 1 o
15 0 15 -15 0 15 -15 0 15 transcription [1].

average H3K27me3

relative distance from TIP centre

In addition to PcG protein enrichment profiles, reporter assays were performed in
transient transfection assays on selected sites. These studies showed that TIP sites
repressed transcription of a reporter gene independent of the direction of transcription
from the TIP site itself. Moreover, the data indicate that the transcript from one TIP site
(TIP site 3, also called Nkx2-9 TIP site) is required for full repression of the reporter

gene [1].
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1.6.1 Utfl TIP site

The Utf1 TIP site is located on the murine chromosome 7 [1, 71]. In ES cells,
transcription from the Utf1 TIP site was detected but no enrichment in H3K27me3
(Figure 5). In neurons, no transcription from the TIP site was detected and H3K27me3
levels increased, whereas H3K4me3 levels decreased [1].

The corresponding Utf1 gene, also located on chromosome 7, has one transcript

(Ensembl) and is expressed in ESCs.
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Figure 5 Expression and ChIP tracks for the Utf1 design region [1].

The exon-intron structure of the corresponding Utf1 gene is shown on top. The intergenic transcript is
indicated as expressed, when the bar below the TIP site is solid. The intergenic transcript is not expressed
if the bar below the TIP site is dashed. The grey box indicates an overlap between TIP site transcription

and H3K27me3 enrichment.

1.6.2 Nkx2-9 TIP site

The Nkx2-9 TIP site is located on the murine chromosome 12 [1, 71]. In ES cells, both
transcription from the TIP site and H3K27me3 enrichment is detected (Figure 6). Upon
differentiation into neurons, transcription from the Nkx2-9 TIP site is not detected and
histone methylation modifications change in the same way as for the Utf1 TIP site;
H3K27me3 is more enriched whereas H3K4me3 is reduced [1].

The corresponding gene has one transcript (Ensembl) and is expressed in ESCs. The

expression level of the gene decreases upon differentiation into neurons.
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Nkx2-9 design region; chr12:57526296-57536296
15 - 15 Fm
sxpressien . e |Ii| il 5 Lol L.....u
5 5
H3K27me3 & ®
0 L1 pnltee toalle oo dkallid bl o
57 59
H3K4me3 © s I
6 1 el llll 1|.|I| P II ﬁQ It I | IIII |||. I]I.l Il | | ey II
-5kb +5kb -5kb +5kb
ESC neuron

Figure 6 Expression and ChIP tracks for the Nkx2-9 design region [1].

The exon-intron structure of the corresponding Nkx2-9 gene is shown on top. The intergenic transcript is
indicated as expressed, when the bar below the TIP site is solid. The intergenic transcript is not expressed
if the bar below the TIP site is dashed. The grey box indicates an overlap between TIP site transcription
and H3K27me3 enrichment.

1.6.3 Meisl TIP site

The Meis1 TIP site is located at the murine chromosome 11 [1, 71]. No transcription
from this TIP site is detected in ES cells and H3K27me3 levels are elevated compared
to those in neurons [1]. Upon differentiation, H3K4me4 marks are enriched. In addition,
the TIP site is transcribed and expression from the corresponding gene is detected as

well (Figure 7). The Meis1 gene has 8 transcripts (Ensembl).
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Figure 7 Expression and ChIP tracks for the Meis1 design region [1].

The exon-intron structure of the corresponding Meis1 gene is shown on top. The intergenic transcript is
indicated as expressed, when the bar below the TIP site is solid. The intergenic transcript is not expressed
if the bar below the TIP site is dashed. The grey box indicates an overlap between TIP site transcription
and H3K27me3 enrichment.

Overall, the data demonstrate that TIP sites can target PcG proteins to their site of
transcription. Presumably due to PcG recruitment, repression of transcription from a

reporter gene was achieved. TIP sites have a very low or no CpG island content and
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they are transcribed. For one TIP site (TIP site 3 or Nkx2-9 TIP site) it was shown that
its transcription is necessary for full reporter gene repression. Nonetheless, a TIP site
can only be regarded as a vertebrate PRE, if these characteristics can be maintained
and the data reproduced once the TIP sites have been integrated into the genomic

DNA at an ectopic locus.

21



22



2 AIM OF THIS THESIS

The aim of this thesis is to contribute to the understanding of PcG protein regulated
gene expression in a mammalian system using murine ES cells. This work is especially
based on studies performed by Hekimoglu-Balkan and colleagues, which for the first
time described PcG protein recruitment to transcribed intergenic sequences (TIP sites)
in mammals [1]. Since this study used transient assays in murine ES cells, we have
made it our goal to understand the functional properties of TIP sites upon stable
integration into chromatin of murine ES cells. Central questions were whether the TIP
sites are able to repress transcription of a reporter gene upon stable integration into
the genomic DNA. And if so, whether this repression was dependent on PcG proteins.
Furthermore we have investigated the role of ncRNA transcripts, which arise from the

TIP sites, in PcG protein recruitment and PcG protein mediated gene repression.

Overall, the aim of this thesis is the analysis and characterization of possible vertebrate
PREs.
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3 MATERIALS AND METHODS

3.1

MATERIALS

3.1.1 Chemicals

6x Loading Dye (Thermo Scientific)

Agarose (Sigma-Aldrich)

Ampicillin (Amresco)

BSA, 10mg/ml (New England Bio Labs)

DMSO (Sigma-Aldrich)

Ethanol (Merck)

GeneRuler DNA Ladder mix, ready to use (Thermo Scientific)
Hygromycin B (Invitrogen)

Iso-propanol (Sigma-Aldrich)

Kanamycin (Sigma-Aldrich)

Lipofectamine 2000 (Life Technologies)

Opti-MEM (Life Technologies)

Perfecthyb Plus (Sigma-Aldrich)
Phenol:Chloroform:Isoamylalcohol 25:24:1 (Fluka)
Radioactivity: (a-**P)-dCTP, 3000 Ci/mmol, 250 uCi (Perkin Elmer)
Sodium hydroxide (NaOH) (Fluka)

SYBR Safe DNA gel stain (Invitrogen)

3.1.2 Kits

Dual Luciferase Reporter Assay System (Promega)

High Pure RNA Isolation Kit (Roche)

illustra ProbeQuant G-50 Micro Columns Radiolabeled Probe purification Kit
(GE Healthcare)

Immobilon-Ny+ Membrane, Charged Nylon, 0.45 ym, 30 cm x 3.3 m Roll
(Millipore)

Kapa fast ready mix with dye (Peglab)
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* Kapa2G Robust PCR Kit (Peqglab)

* Luciferase Assay System (Promega)

* peqGOLD Hot Start Mix Y (Peqlab)

* Prime-It RmT Random Primer Labeling Kit (Agilent Technologies)

e PureYield Plasmid Midiprep System (Promega)

* QIAprep Spin Miniprep Kit (Qiagen)

* QIAquick Gel Extraction Kit (Qiagen)

* Quick Ligation Kit (New England Biolabs)

* SYBR Green Jump Start Taq Ready Mix for Quantitative PCR (Sigma)
* Transcriptor Reverse Transcriptase (Roche)

* TURBO DNA-Free (Ambion)

*  Whatman Chromatography Paper 46 cm x 57 cm (Schleicher and Schuell)

3.1.3 Standard Buffers and Solutions

1x PBS:
8g NaCl (137mM), 200mg KCI (2.7mM), 1.44g Na,HPO,4 (10mM), 240mg
KH,PO,0 (2mM), add 1L dH,O
Prepared by the IMBA service department

1x TE:
10mM Tris, 1 mM EDTA add 1L dH,0, adjust pH with acetic acid
Prepared by the IMBA service department

10x TAE:
48.49g Tris (0.4M), 3.7g EDTA (0.01M), add 1L dH,0, adjust pH with acetic acid
Prepared by the IMBA service department

5M NaCl:
292.2g NaCl (5M), add 1L dH,O
Prepared by the IMBA service department

3M NaAc (pH 5.2):

408.1g 3M NaAc3H,0, add 1 L ddH,0, adjust pH with acetic acid
Prepared by the IMBA service department
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LB media (pH 7.5):
5g NaCL, 10g Tryptone, 5g Yeast extract, add 1 L dH,0O, adjust pH with NaOH
Prepared by the IMBA service department

LB Amp® agar plates (pH 7.5):
16g Agar, 5g NaCl, 2g Tryptone, 5g Yeast extract, adjust pH with NaOH
Prepared by the IMBA service department

SOB media:
20 g Tryptone, 5g Yeast Extract, 2ml 5M NaCl, 2.5 ml 1M MgCl,, 10ml 1M
MgS04, add 1L dH,0, sterilized by autoclaving
Prepared by the IMBA service department

SOC media:
0.9 ml 20% glucose, 0.5 ml 1M MgCl,, add 50 ml SOB media

20x SSC:
175.3 g NaCl, 88.2 g Na3C6H507<2H20 (= sodium citrate), add 1L dH20,
adjust pH with HCI
Prepared by the IMBA service department

Low stringency buffer:
2x SSC, 0.1 %SDS, add 1L dH20

Ultra high stringency buffer:
0.5x SSC, 0.1 % SDS, add 1L dH20

Depurination solution:
0.25 M HCL: 25 ml of 37 % HCL add 1 L dH,O

Denaturation solution:
0.5 N NaOH (20.0 g NaOH), 1.5 M NaCl (87.7 g NaCl), add 1L dH20O to final
volume

Neutralization solution:

500 ml 1M Tris pH 7.5, 300 ml 5M NaCl
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3.1.4 Buffers, solutions and media used for the cell culture

+/+ media:
10% FCS (Gibco)
1x L-glutamine (Sigma-Aldrich, 100x, 200mM))
1x Penicillin/Streptomycin (Sigma-Aldrich, 100x)
1x Non-Essential Amino Acids (Sigma-Aldrich, 100x)
1x Sodium Pyruvate (Sigma-Aldrich, 100x, 100mM)
0.1mM B-mercaptoethanol (Merck)
1000U LIF (Esgro)
add 500 ml DMEM (prepared by the IMBA service department)

stored at 4°C up to one week

+/- media:
10% FCS (Gibco)
1x L-glutamine (Sigma-Aldrich, 100x, 200mM))
1x Penicillin/Streptomycin (Sigma-Aldrich, 100x)
1x Non-Essential Amino Acids (Sigma-Aldrich, 100x)
1x Sodium Pyruvate (Sigma-Aldrich, 100x, 100mM)
0.1mM B-mercaptoethanol (Merck)
ad 500 ml DMEM (prepared by the IMBA service department)
stored at 4°C

Freeze media:
50% FCS (Gibco), 40% +/+ media, 10% DMSO (Sigma-Aldrich)

1x Trypsin:
Dilution prepared using 10x Trypsin (Gibco)

0.1% Gelatin solution:
Prepared using 2% Gelatin (Sigma), add 500 ml 1x PBS

Cell lysis buffer:

0.1 M EDTA (pH 8.0), 10 mM NaCl, 0.5% N-Lauroylsarcosine, 10 mM Tris-ClI
(pH 8.0)
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3.1.5 Competent E. coli strain

DH5a, F_80/lacZAM15 AphoA gyrA96
Provided by the IMBA service department

3.1.6 Murine Embryonic stem cells

Murine 46¢ (Sox1°") embryonic stem cells were used for all cell culture experiments

in the course of this study [1], [72].

3.1.7 Plasmids

pGL4.26 TK hygrofloxed containing a hygromycin coding region flanked by loxP sites,
a TK promoter, a luciferase reporter gene (luc2) and a beta-lactamase (Amp®) coding
region. The basic plasmid was obtained from Promega and modified by Robert Heinen

and Tanja Drexel.

Rosa26 contains a beta-lactamase (Amp~) coding region and homologous arms

targeting the murine gene trap Rosa26 locus on chromosome 6 [73].

PRL-TK is a wildtype Renilla luciferase (Rluc) control reporter vector. It contains a TK
promoter and a beta-lactamase (Amp~) coding region. The vector was obtained from

Promega.

PEGFP-N3 is a GFP reporter gene containing a Kanamycin resistance. The Plasmid

was obtained from BD Biosciences Clontech.

CRE contains a Cre recombinase and a Kanamycin resistance gene. It was obtained

from Vector Biolabs.

3.1.8 Enzymes

e Ascl (Thermo Scientific, 5 U/ul)
* AsiSI (New England Biolabs, 10 000 U/ml)
e BamHI (Thermo Scientific, 10 U/ul)
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* Hindlll (Thermo Scientific, 10 U/pl)
* FastAP Thermosensitive Alkaline Phosphatase (Thermo Scientific, 1 U/ul)
e Pacl (Thermo Scientific, 10 U/pl)

*  Psp14061 (Acll) (Thermo Scientific, 10 U/pl)

e Sacl (Thermo Scientific, 10 U/pl)

* Xhol (Thermo Scientific, 10 U/pl)

e Xmal (New England Biolabs, 10 000 U/ml)
* Proteinase K (Sigma-Aldrich)

3.1.9 Oligonucleotides (5’ — 3’)

Oligo Name Sequence (5' - 3%) Purpose
pGl4.26mcsfwd AGTGCAGGTGCCAGAACATT Sequencing, Colony PCR
pGl4.26mcsrev AACAGTACCGGATTGCCAAG Sequencing
ROSA26mcs-fwd GAGTTCTCTGCTGCCTCCTG Sequencing, Colony PCR
ROSA26mcs-rev TCTTCTGGGCAGGCTTAAAG Sequencing, Colony PCR
Luc2-seqg-fwd GCTACTTGATCTGCGGCTTT Sequencing
Luc2-seq-rev AAAGCCGCAGATCAAGTAGC Sequencing
FIpTK-eff-LCb CAAACCCTAACCACCGCTTA Sequencing, Colony PCR
pGL4.26mcsdo_test
. GGTCATGGCCGCAATAAAAT Sequencing
Rosa diagA TCTACCAGAGCCTCGTGGAC Diagnostic PCR

Rosa dcloningB

GCTAGTCGACCACCGCCCCACACT
TATT

Diagnostic PCR

Amplification of internal probe for

Ro-diag-luc-2a GGACTTGGACACCGGTAAGA

southern blot

. Amplification of internal probe for

Ro-diag-luc-2b GTCCACGAACACAACACCAC

southern blot

Amplification of external probe for
Ro-diag-mm-s3a TTTGCCTGGGTATTGCCTAC

southern blot

Amplification of external probe for
Ro-diag_mm-S3b CCTAGGATCTTGGCTTGCAC

southern blot

PCR to confirm excision of hyg™ coding
Ro_dTg2a ACGTTTCCGACTTGAGTTGC .

region

PCR to confirm excision of hyg™ coding
pGl4.26 Lucpa AGATCCGCGAGATTCTCATT

region

Table 1 Oligonucleotides (5’ — 3’)
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3.1.10

Primer sequences for qPCR of transcripts from TIP sites and adjacent genes

Name of targeted transcript

Forward primer (5' - 3')

Reverse primer (5' - 3')

Gapdh TGCGACTTCAACAGCAACTC CTTGCTCAGTGTCCTTGCTG
Suz12 GACAGAAGCCAGAGACGACCT TTCCTGCATAGGAGCCATCAT
Ezh2 GTGACAGAGAAGCAGGGACTG CACCACTCCACTCCACATTCT
Utf1 TIP site AGTTTCCCTCTTCTCCACAGC GGGTTGTCATGGGTCTTCTCT
Nkx2-9 TIP site TGCCTAAAGCCACCCTAGACT AAAATCTTGCTCTGGGACTGG
Meis1 TIP site GTTCTCTGCCCTCCAAATACC GCCAGCATTCCTCCATTATCT
Utf1 gene CCTCCTCTCTGGTGAGGCCA GCATCAGACGTAGTCACCGGG
Nkx2-9 gene TTCCCAGCCTACCAGCACTTA CTTTGGTGTGGCTGTAGCTCT
Meis1 gene TCTGCCACCGGTATATTAGCTG | TGAAAGTCGCATACCTGGTCA

Table 2 Primer sequences for gPCR

3.1.11 RNA Interference
Name of RNAi Sequence Company
Non-targeting siRNA | UGGUUUACAUGUCGACU
Dharmacon, ON-TARGET plus (D-001810-01-05)
#1 AA
Non-targeting siRNA | UGGUUUACAUGUUUUCU
Dharmacon, ON-TARGET plus (D-001810-03-05)
#3 GA
Non-targeting siRNA | UGGUUUACAUGUUUUCC
Dharmacon, ON-TARGET plus (D-001810-04-05)
#4 UA
GCACAAGUCAUCCCGUU Dharmacon, ON-TARGET plus Set of 4 (J-
Ezh2 siRNA #5
AA 040882-05)
CAGAGAAUGUGGAUUUA | Dharmacon, ON-TARGET plus Set of 4 (J-
Ezh2 siRNA #6
UA 040882-06)
GGGAUGAAGUUCUGGAU | Dharmacon, ON-TARGET plus Set of 4 (J-
Ezh2 siRNA #7
CA 040882-07)
GGUAAAUGCUCUUGGUC | Dharmacon, ON-TARGET plus Set of 4 (J-
Ezh2 siRNA #8
AA 040882-08)
Suzt2 #5 UUACAUGUCUCAUCGAAA | Dharmacon, ON-TARGET plus Set of 4 (J-
uz
u 040180-05)
Suzt2 #6 GGAUAGAUGUUUCAAUC | Dharmacon, ON-TARGET plus Set of 4 (J-
uz
AA 040180-06)
Suzi2 #7 GUAAAGAGAACACCUAUC | Dharmacon, ON-TARGET plus Set of 4 (J-
uz
A 040180-07)
Suzi2 #8 CAACUUACAUUUACCGG Dharmacon, ON-TARGET plus Set of 4 (J-
uz
uu 040180-08)

Table 3 RNA interference
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3.1.12 Locked Nucleic Acids

Name of LNA Sequence (5' - 3') Company
Scrambled GACGGTAACYAGGCGA EXIQON
Utf1 antisense2 GGTGCTGGGAAATGTGAG EXIQON
Nkx2-9 antisense1 CCTCACCCTTGTTAAATC EXIQON

Table 4 Locked nucleic acids

3.1.13 Software

* CLC Main Workbench (CLCbio, version 6.6.2)

* Gene Construction Kit (Textco, version 3.5.3)

* NCBI Primer designing tool (http://www.ncbi.nlm.nih.gov)

e  Webcutter 2.0 (http://rna.lundberg.gu.se/cutter2/)
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3.2 METHODS

3.2.1 Cloning TIP sites and the En2 PRE into the pGL4.26 TK hygrofloxed vector

TIP sites were cloned into the pGL4.26 vector containing the TK promoter and a hyg®
gene. Additionally, as a control for the expression level of the luc2 reporter gene, the
En2 PRE was cloned into the pGL4.26 TK hygrofloxed vector. Previous TIP and PRE
constructs contained a minimal promoter in front of the TIP site or the PRE and were

provided by Betll Hekimoglu-Balkan and Robert Heinen.

TIP site | Enzyme 5' | Enzyme 3' | Fragment size (bp)
utf1 Sacl Sacl 3142
Nkx2-9 Sacl Sacl 2758
Meis1 Xhol Xhol 3510
En2 Sacl Hindlll 1600

Table 5 Enzymes used for cloning of TIP sites and the En2 PRE into the pGL4.26 TK hygrofloxed

vector.

In each reaction set-up, 2 ug of DNA were digested for 1 hour at 37°C with the
appropriate amount of enzyme following the manufacturer’s protocol. To prevent self-
annealing of the digested vector backbone, FAST AP was added during the last 5

minutes of the restriction reaction.

Agarose gel electrophoresis was performed to separate the digested DNA (1%
agarose gel, 100V, 30 min). According to their expected size, the bands were cut out
and purified using the QIAquick Gel Extraction Kit. DNA concentration was determined
using the UV/VIS Spectrophotometer Nanodrop ND-1000 (Peqlab) at 260 nm.

During the ligation process, a five-fold molar excess of the insert was combined with
50ng of the digested pGL4.26 TK hygrofloxed vector using the Quick Ligation Kit (New
England Biolabs). 2 pl of the ligation mixture were transformed in 80 pl of competent
DH5a E.coli cells and incubated on ice for 10 minutes. Heat shock was applied at 42°C
for 50 seconds. Subsequently the cell suspension was placed on ice for another 5
minutes. 750 pl of SOC media were added and the cell suspension was incubated for 1
hour at 37°C, shaking vigorously. The cell suspension was plated on LB Amp® agar

plates and incubated over night at 37°C.
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Colony PCR was performed to indentify clones positive for the constructs of interest
using the peqGOLD Hot Start Mix Y (Peqlab) and 50 uyM of each primer with the
following program: 4min at 94°C, 40 cycles of 30sec at 94°C — 30sec at 61°C —
1min/kb at 72°C, 10min at 72°C.

The identified positive colonies were inoculated overnight in 5 ml LB media with added
ampicillin at 37°C. Plasmid DNA was purified using the QIAprep Spin Miniprep Kit
(Qiagen). The constructs of interest were validated by sequencing (IMBA service

department).

3.2.2 Cloning TIP sites and the En2 PRE into the Rosa26 Vector

For the purpose of homologous recombination, TIP sites and the En2 PRE had to be

cloned into the Rosa26 vector.

TIP site | Enzyme 5' | Enzyme 3’ Fragment size (bp)
Utf1 Ascl AsiSI 7890
Nkx2-9 Ascl AsiSI 7492
Meis1 Ascl AsiSI 8257
En2 Ascl AsiSI 6304

Table 6 Enzymes used for cloning of TIP sites and the En2 PRE into the Rosa26 targeting vector.

The restriction digest, ligation, transformation, colony PCR and sequencing were
performed as described above.

Constructs of interest were inoculated overnight in 50 ml of LB media with ampicillin
and plasmid DNA was purified using the PureYield Plasmid Midiprep System

(Promega). As an additional control a restriction analysis was performed.

Total size Restriction Position of Fragment size
Plasmid DNA Enzyme
(bp) sites sites (cuts) (bp)

R 5246, 6066,
Rosa26 TK hyg" Utf1 17833 Xmal 3 8973 14106, 2907, 820
Rosa26 TK hyg" Nkx2-9 17435 Xmal 2 5246, 8575 14106, 3329

R 5565, 9080, 8509, 6157, 3515,
Rosa26 TK hyg™ Meis1 18201 Xhol 4

15237, 15257 20

R 5246, 5714,

Rosa26 TK hyg™ En2 16247 Xmal 3 7387 14106, 1673, 468

Table 7 Enzymes used for the restriction analysis of the Rosa26 constructs.
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3.2.3 Transfections

For transient transfections 1.75 x 10° 46¢ murine ES cells were co-transfected with the
pGL4.26 TK hygrofloxed plasmid DNA containing the TK promoter, hyg® gene and the
TIP sites or the En2 PRE, 600ng of EGFP vector (BD Biosciences Clontech) and 25ng
of pRL-TK vector (Promega) using the Lipofectamine 2000 reagent (Invitrogen).

For siRNA transfections, 1.5 x 10° 46¢ murine ES cells were co-transfected with 30 nM
of double-stranded siRNA, 25ng of pRL-TK vector (Promega) and EGFP vector (BD
Biosciences Clontech) to obtain a total DNA amount of 800ng using the Lipofectamine
2000 reagent (Invitrogen). The siRNAs targeted either mouse Suz12 mRNA or mouse
Ezh2 mRNA.

For the LNA transfections, 1.5 x 10° 46¢ murine ES cells were co-transfected with 10
nM of LNA, and EGFP vector (BD Biosciences Clontech) to obtain a total DNA amount
of 600ng using the Lipofectamine 2000 reagent (Invitrogen). The LNAs targeted either
mouse Nkx2-9 TIP site ncRNA or mouse Utf1 TIP site ncRNA.

For the excision of the hygromycin cassette in transgenic cell lines, 1.5 x 10° 46¢
murine ES cells were co-transfected with 400ng of Cre and EGFP vector (BD
Biosciences Clontech) to obtain a total DNA amount of 800ng using the Lipofectamine
2000 reagent (Invitrogen). Double-selection was performed with media +/+ with added

hygromycin (200pg/ml).

Expression of the luc2 reporter gene was determined using the Dual Luciferase
Reporter Assay System (Promega) or the Luciferase Reporter Assay System

(Promega) following the manufacturer’s protocol.

3.2.4 Stable Integration of TIP sites and the En2 PRE constructs into the murine

Rosa26 locus

In order to obtain better targeting efficiency of the murine Rosa26 locus in 46¢ ES cells,
the Rosa26 plasmid DNA containing the TK promoter, hyg® gene and the TIP sites or
the En2 PRE were linearized with restriction enzymes. Rosa26 plasmid DNA
containing the Meis1 TIP site was linearized using the restriction enzyme Psp1406l,
whereas Rosa26 plasmid DNA containing the Nkx2-9 TIP site, Utf1 TIP site and the
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En2 PRE was linearized using the enzyme Pacl. The linearized plasmid DNA was

isolated by Phenol-Chloroform Isoamylalcohol (25:24:1) purification.

1 x 107 46¢ ES cells were trypsinized and resuspended in 800 ul 1x PBS. Using an
electroporation cuvette (Gene Pulser, 0.4cm, Biorad), cells were electroporated with 20
ug of linearized plasmid DNA using the GenePulser Xcell (Biorad) under following

conditions: Voltage (V) 230, Capacitance (uF) 500, Resistance (Q) «, Cuvette (mm) 4.

After electroporation, 200 ul of 1x PBS were added to the cell suspension. 100 ul of the
cell suspension (corresponds to 1 x 10° cells) were seeded on a 10 cm plate with +/+
media.

36 hours after seeding, cells were selected on +/+ media with hygromycin (200ug/ml)

until the cell colonies were ready to be picked and expanded (app. 7 — 10 days).

Verification of 46¢ ES cells positive for the single, site-specific integration of the TIP or

PRE construct was performed by diagnostic PCR and southern blot.

3.2.5 Diagnostic PCR

46¢ ES cells in a 96 well pate were lysed with 10 pl lysis buffer containing proteinase K
(1mg/ml) and incubated for 1 hour at 65°C. Proteinase K inactivation took place for 10
minutes at 95°C.

A 100-fold mastermix was prepared as follows:

PCR grade water 1900 ul
5x Kappa2G robust GC buffer 500 pl
10 mM dNTP mix 50 pl
50 M Rosa diagA primer 20 pl
50 uM Rosa dcloningB primer 20 pl

Kappa2G robust DNA polymerase (1U/ml) 10 pl

20 ul of the mastermix were added to the cell suspension into each well. PCR was
performed under following conditions: 2min at 95°C, 20sec at 95°C, 35 cycles of 15sec
at 58°C/2min at 72°C, 3min at 72°C.

The DNA was analysed using agarose gel electrophoresis.

36



3.2.6 Southern Blot

In order to verify correct integration at Rosa26, and to exclude multiple integrations of
the constructs of interest into the genome of murine 46¢ ES cells, a southern blot was

performed using the isotope *?P.

Firstly, the DNA was isolated by lysis of 46¢c ES cells using lysis buffer and proteinase
K (1mg/ml). DNA concentration was determined using the UV/VIS Spectrophotometer
Nanodrop ND-1000 (Peqglab) at 260 nm. 7 ug of the genomic DNA were digested with
the restriction enzyme Hindlll and - in a separate reaction set-up - with the restriction
enzyme BamHI. The genomic DNA was loaded on a 1% agarose gel along with the
marker Gene Ruler DNA Ladder mix ready to use (Thermo Scientific).

The gel was run for 4 hours at 120 V.

After the gel was rinsed in dH,O, the depurination solution was added and the gel was
incubated for 20 minutes, shaking gently. The gel was rinsed in dH,O and the
denaturation solution was added. The gel was incubated for 30 minutes and then
washed again with dH,O. Finally, neutralization solution was added and incubated for

another 30 minutes, shaking gently.

Southern Blot Tray Lid

Absorbent Paper

Filter Paper
Nylon Membrane

Figure 8 Schematic view of the platform for the
FierPaperBridge | southern blot

(http://www.gibthai.com/services/technical_detail.php?

Southern Blot Tray : : ID=17 ) .

A platform for the transfer was constructed (for details see figure 8). The gel was
placed upside down on the platform and covered with the Immobilon-Ny+ Membrane
(Millipore). Three layers of Whatman Chromatography Paper (Schleicher and Schuell)
were cut to match the size of the gel, wetted with 20x SSC buffer and placed on the gel.
A stack of absorbing paper towels was placed on the 3 layers of Whatman paper.
Additionally, a glass plate was placed on the paper towels and finally, a 0.5 kg weight

was put on top of it. Blotting took place overnight at RT.
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The nylon membrane was dried for 1 hour at 80°C and the DNA was fixed by cross
linking using the Stratagene 1800 crosslinker.

The internal and external probes were labeled radioactively by using the Prime-It RmT
Random Primer Labeling Kit (Agilent Technologies) following the manufacturer’s
protocol. The probes were labeled using (a-*P)- dCTP (Perkin Elmer). The radio-
labeled probes were purified using the illustra ProbeQuant G-50 Micro Columns (GE
Healthcare).

The Perfecthyb Plus (Sigma-Aldrich) prehybridization buffer was added to the nylon
membrane and incubated for 30 minutes at 65°C. Radioactively labeled probes were
added to the prehybridization solution and incubated overnight at 65°C.

The nylon membranes were washed firstly with the low-stringency buffer and then with
the ultra high-stringency buffer. The membranes were wrapped into Saran plastic film
and placed into an exposure cassette overnight. Visualization was performed using the

Typhoon Phosphoimager (Amersham).

Once stable cell lines were generated and site-specific insertion of the constructs of
interest was validated by diagnostic PCR and southern blot, expression of the luc2

reporter gene was determined using the Luciferase Reporter Assay System (Promega).

3.2.7 cDNA Preparation and gPCR analysis

Total RNA from 46¢ murine ES cells was isolated using the High Pure RNA [solation
Kit (Roche) and after isolation treated with Turbo DNase (Ambion). RNA concentration
was measured using the UV/VIS Spectrophotometer Nanodrop ND-1000 (Peqlab) at
260 nm. cDNA preparation was performed using the Transcriptor Reverse
Transcriptase (Roche).

gPCR analysis was performed using SYBR Green Jump Start Taqg Ready Mix for
Quantitative PCR (Sigma) and Realplex mastercycler (Eppendorf) with the following

program:
95°C 3min. 1x
95°C 15 sec.
60°C 45sec.  40x
72°C 30 sec.
95°C 15 sec.
60°C 15 sec.
Dissociation analysis* 20 min. e
95°C 15 sec.
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4 RESULTS

4.1 CLONING OF TIP SITES INTO THE TARGETING VECTOR OF THE MURINE ROSA26

LOCUS

The initial pGL4.26 vector contains a TIP site or the En2 PRE, a TK promoter, the
luciferase reporter gene (luc2) and a hygromycin resistance gene (hyg®) for positive
selection of ES cells. The hyg® gene is driven by the SV40 promoter and flanked by
loxP sites. The latter can be useful for the excision of the hyg® gene once ES cells
have been selected positively for the site-specific insertion of the transgene.
Additionally the vector contains an ampicillin resistance gene (Amp~). For the insertion

or excision of the TIP site or the PRE, FRT-sites were cloned into the vector.

In order to exclude any effect from the FRT-sites on the regulation of the TIP sites or
the En2 PRE, the TIP sites and the PRE were excised using restriction enzymes as
described above (Table 5) and inserted into a pGL4.26 vector, resembling the initial

vector. However, the new pGL4.26 vector does not contain FRT-sites (Figure 9B).

The Gt(ROSA)26Sor (ROSA26) locus in mice is 9 kb long and ubiquitously expressed
in embryonic and adult tissues [74]. Over the past decade 130 mouse knock-in lines
and the stable expression of single-copy transgenes in murine ES cells have proven
this locus to be optimal for site-specific integration of transgenes. To achieve
successful homologous recombination in ES cells, the constructs of interest were
cloned into the corresponding Rosa26 targeting vector (TV).

The Rosa26 locus is an transcriptionally active locus and expressed moderately in ES
cells [73]. However, we reasoned that the strength of the Rosa26 promoter might be
too weak to drive the expression of the luc2 reporter gene [74]. To overcome this

problem the viral TK promoter was inserted downstream of the TIP site or the PRE.

All constructs of interest containing a TIP site or the En2 PRE, the TK promoter, hyg®
gene and the luc2 reporter gene, as well as the Rosa26 targeting vector were digested
with Ascl and AsiSlI restriction enzymes. The constructs of interest were ligated into the
Rosa26 TV in between of two genomic Rosa26 fragments (Rosa26 5 — and 3’

fragment), which drive the homologous recombination process (Figure 9C).
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Figure 9 Cloning of the TIP site into the Rosa26 targeting vector.

Excision of the Utf1

restriction enzyme

Insertion the construct
into the Rosa29 vector

Utf1 TIP site

Insertion of the Utf1
TIP site into the
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The Utf1 TIP site is shown here as an example for the cloning of all TIPS sites and the En2 PRE. (A) The
pGL4.26 vector with FRT-sites. (B) The pGL4.26 vector without FRT-sites. (C) The Rosa26 targeting

vector.
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4.2 TRANSIENT TRANSFECTIONS OF TIP SITES AND THE EN2 PRE SHOW A REPRESSIVE

EFFECT ON THE LUCIFERASE REPORTER GENE IN MURINE ES CELLS

Previously it has been shown that the expression of the luc2 reporter gene, driven by
the viral TK promoter, was down-regulated upon transient transfection of murine 46¢
ES cells with pGL4.26 constructs containing a TIP site and flanked by FRT-sites [1].
Repression was dependent on the presence of the TIP site. Furthermore, Robert
Heinen investigated the repressive effect of the En2 PRE on the luc2 gene (Heinen et
al., manuscript in preparation). However, the constructs used by Robert Heinen
contained a minimal promoter instead of the viral TK promoter upstream of the PRE.
Since the repressive effect from the En2 PRE on the luc2 gene was known we used

this PRE in combination with the TK promoter

as a positive control for the luciferase assays.

Furthermore, we wanted to investigate whether

the En2 PRE will be able to down-regulate the

1}

A;R

expression of the reporter gene even though it

is driven by the TK promoter.

Ut TIP site

oxP
HygR
TK Promoter

SV40 prom
QOXP mp,

w2

pGL426 TK UtN TIP Orientation 1 for the vectors used for transient transfections of 46¢

(9%21bp)
=2, ES cells.

Figure 10 The Utf1 TIP site construct as an example

In order to quantify the effect of the TIP site or the En2 PRE on the expression of the
firefly luc2 gene, 46¢c ES cells were transfected transiently with the pGL4.26 vectors
containing the TIP site or the PRE driven by the TK promoter (Figure 10).
Concomitantly as a control for the transfection efficiency the Renilla luciferase was
transfected. As an additional control constructs lacking the TIP site or the PRE were

transfected.

Constructs containing the Nkx2-9 or the Utf1 TIP sites were able to repress the
expression of the luc2 reporter gene in 46¢ ES cells upon transient transfection (Figure
11). In contrast, the Meis 1 TIP site did not repress the reporter gene. These results

are consistent with previous studies [1].

Furthermore, the En2 PRE was able to repress the reporter driven by the TK promoter

in this assay, confirming that the En2 PRE has a repressive effect even in combination
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with this promoter, which drives high-level expression of the Luciferase reporter gene

(Heinen et al., in preparation).
Overall these data indicate that the expression of the luc2 gene is repressed upon

transfection with TIP sites or the En2 PRE construct, whereas the Meis1 TIP site does

not show a repressive effect.

1.2

0.8

0.6

RLU

0

~

0.

N

Ctrl Meis1 Utf1 fw Utf1 rev  Nkx2-9 fw Nkx2-9 rev

o

Figure 11 Expression levels of the firefly Luciferase reporter gene in 46¢c ES cells transiently
transfected with pGL4.26 vectors containing constructs of interest.

Normalization of the data: Absolute values of the renilla luciferase were normalized on the pGL4.26 vector
(Ctrl). The resulting product was multiplied with the absolute firefly luciferase values. RLU = Relative light

units. (n=2)
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4.3 VERIFICATION OF SITE-SPECIFIC, SINGLE INTEGRATION OF TIP SITES INTO THE

MURINE ROSA26 Locus BY DIAGNOSTIC PCR AND SOUTHERN BLoT

In order to examine the effect of the TIP sites on the reporter upon stable integration
into the genome, the constructs were targeted to the Rosa26 locus in murine ES cells.
After the electroporation of 46¢c ES cells, picked cell colonies were expanded and
cultured for later analysis. In order to test whether these colonies contained the
construct of interest at the right genomic locus (Rosa26) and if the insertion took place
once as desired or multiple times, a diagnostic PCR and a southern blot were
performed.

The diagnostic PCR was performed to preselect cell colonies, which were presumably
positive for the site-specific insertion of the transgene in 46¢ ES cells. For this purpose
primers were designed (blue arrowheads in Figure 12, sequences in Table 1), which
span over a region of 1.8 kb (blue solid line in Figure 12). This region contains the
transgenic hyg® gene, a part of the Rosa26 recombination site as well as a section of

the genomic DNA flanking the recombination site.

Hindlll Hindlll Hindlll

HindIll Hindi Hind!l! Bt BamHI Hindlll

' Hindl
HindlligamH1 BamHI BamHl  Hindlll BamHI
N

hygro

— - — ]
Utf1 TIP site luc2 [ =

TK Promoter SE—

L4

Figure 12 Genomic Rosa26 locus with integrated Utf1 TIP site transgene.
In green are depicted the Rosa26 recombination sites flanking the transgenic construct. In black is shown
the genomic DNA. Blue arrowheads illustrate the primers used for the diagnostic PCR. The PCR product

is shown as a solid blue line.

The PCR product was separated on an agarose gel as can be seen in figure 13. The
PCR product has a size of 1.8 kb and contains the transgene on the desired genomic
locus in 46¢ ES cells.

Additionally, the site-specific integration of the transgene was validated by southern
blot. For this purpose the DNA of the cell colonies, which were preselected using
diagnostic PCR, was cut with the restriction enzyme HindlIl.

An external probe was used, which was hybridized to a complementary region on the

genomic DNA flanking the Rosa26 locus (Figure 14, dark blue solid bar).
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If the transgene was inserted site-specifically at the Rosa26 locus, the region amplified
and radiolabelled will have a size of 6.8 kb. In heterozygous cells, the transgene is
inserted only once at the Rosa26 locus. On the other allele the transgene must be
missing and a region of 4.5 kb will be detected (Figure 14B). Due to this, two bands will
be detectable on the blot after autoradiography: One band will be at the height of 6.8
kb and represent the transgene at the Rosa26 locus in 46¢c ES cell (Figure 14A). The
other band will be at the height of 4.5 kb and will represent the wt Rosa26 locus
without the transgene in 46¢ ES cells (Figure 14B).

For the transgenes Nkx2-9 (Figure 16, lane 1 — 6), Utf1 (Figure 16, lane 7 — 12) and
En2 (Figure 16, lane 17 — 22) six cell lines were preselected by diagnostic PCR and
verified by southern blot for site-specific integration.

In the case of the transgenes Utf1 and En2, all six cell lines were positive for a
successful integration at the Rosa26 locus. However, two cell lines expected to contain
the Nkx2-9 transgene were not positive for site-specific integration (Figure 16, lane 2
and 5).

Four cell lines containing the Meis1 transgene were preselected and confirmed positive
for the site-specific integration in the Rosa26 locus by southern blot (Figure 16, lane 13
- 16).

bp
3000

1000
500

Figure 13 Diagnostic PCR.

Screening for cell lines containing
the Utf1 transgene. Arrows indicate
cell lines positive for the insertion
of the transgene. M = Marker, + =
positive control, - = negative
control, P = Plasmid (additional
positive control), 0 = only dH20

(additional negative control).

To validate whether the integration of the transgene occurred once or multiple times,
the DNA of preselected cell lines was cut in a separate restriction digest with the
restriction enzyme BamHI. Due to the hybridization position of the internal probe, which
is located in the luc2 reporter gene (Figure 15, red solid bar), the amplified and

radiolabelled product will vary in in size among the transgenic cell lines. The reason for
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the unequal length of the products is the differing length of each TIP site or PRE (for

more details see table 5).

g Hirg Fiell e e
il
Hndil il tod Hindil
hugro
bs e
—_— — -
Utf1 TIP site lue2 External probe
TK Promoter
6.8 kb
B Hindil

Hindlll Hinguy Hindlll Hindlll

R

—
External probe

H_J

4.5kb

Figure 14 Murine Rosa26 locus with integrated Utf1 transgene.
Blue solid bar represents the hybridization region of the external probe. (A) Construct detected in this
region is 6.8 kb long if the transgene is inserted. (B) Construct detected in the murine wt Rosa26 locus (for

example if the transgene was not inserted) is 4.5 kb long.

BamHI BamHI BarHI

Internal probe

Figure 15 Rosa26 locus with integrated Utf1 transgene.
Red solid bar represents the hybridization region of the internal probe. The size of the constructs detected

using the internal probe depends on the size of the integrated TIP site or the En2 PRE in this locus.
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As shown in figure 17, all six transgenic cell lines contain the Utf1 TIP site or the En2
PRE and the insertion of these occurred once. In the case of the Nkx2-9 TIP site,
single insertion of the transgene took place in all cell lines except for one (Figure 17,
lane 2). As for the Meis1 TIP site, single insertion of the transgene was identified in two
cell lines (Figure 17, lane 13 and 14) whereas in the other two cell lines possible

double integration of the TIP site might have occurred (Figure 17, lane 15 and 16).

Taken together, the results of the diagnostic PCR (Figure 13) and the southern blot
(Figure 16 and figure 17) demonstrate that for each integrated TIP site (Nkx2-9, Utf1
and Meis1) and for the En2 PRE there are at least two independent lines, which can be
used as biological replicates. Single insertions of the transgenes were validated by
southern blot using an internal probe. The site-specific integration was confirmed by

diagnostic PCR and southern blot using an external probe.
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Figure 16 Southern blot: External probe.

Lane 1 — 6: Nkx2-9 preselected cell lines. Lane 7 — 12: Utf1 preselected cell lines. Lane 13 — 16: Meis1
preselected cell lines. Lane 17 — 22: En2 preselected cell lines. Black arrows represent the region
containing the transgene at the Rosa26 locus (6.8 kb) or the wt Rosa26 locus without the transgene (4.5
kb). Red arrowheads represent cell lines not positive for integration of the transgenes at the Rosa26 locus

(lane 2 and 5). M = Marker, + = positive control, - = negative control.

123456 7 8 9101112 13141516 171819202122 + - M

Figure 17 Southern blot: Internal probe.

Lane 1 — 6: Nkx2-9 preselected cell lines, size of the amplified region: 8.7 kb. Lane 7 — 12: Utf1
preselected cell lines, size of the amplified region: 9 kb. Lane 13 — 16: Meis1 preselected cell lines, size of
the amplified region: 5.6 kb. Lane 17 — 22: En2 preselected cell lines, size of the amplified region: 7.5 kb.
Red arrowheads represent cell lines not positive for single integration of the transgenes (lane 2) or double

integration of the transgene (lane 15 and 16). M = Marker, + = positive control, - = negative control.
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4.4 STABLE INTEGRATION OF TIP SITES AND THE EN2 PRE INTO THE MURINE ROSA26

LOCUS SHOW SILENCING OF THE LUCIFERASE REPORTER GENE

In previous as well as in this study it has been shown, that the expression of the luc2
reporter gene was repressed upon transient transfection of murine 46¢ ES cells with
the selected TIP sites or the En2 PRE. Due to this we addressed whether this will also
be the case once the TIP sites and the En2 PRE are integrated into the murine Rosa26
locus. The murine Rosa26 locus is an active gene region, which is transcribed at a
moderate level and free of PcG protein binding [74, 75]. We have decided to target this
region and insert the transgenes into the Rosa26 locus because it is a well-
characterized locus that enables efficient integration.

Once it was verified which cell lines contained the transgenes of interest at the murine
Rosa26 locus in 46¢c ES cells, the cells were lysed and a luciferase assay was
performed to determine the expression levels of the luc2 reporter gene. For the
transgenes Nkx2-9, Utf1 and En2 three independent cell lines were measured as
biological replicates. For the control (Ctrl; contains neither a TIP site nor a PRE) and
the Meis1 transgene two independent cell lines were used for the luciferase assay as

biological replicates.

The Meis1 transgene does not repress the expression of the reporter gene as can be
seen in figure 18. This is consistent with the results we obtained from transient
transfection assays (Figure 11) and with previous data [1]. In contrast, the Nkx2-9
transgene does repress the expression of the luc2 gene also in accordance with
previously shown data. The expression of the reporter gene is down regulated to only
27% compared to the expression of the reporter gene in Ctrl cell lines. Moreover, the
expression of the luc2 gene is even lower in Nkx2-9 transgenic cell lines compared to
the results obtained from the transient transfection in which the reporter was repressed
to 44% of control levels.

However, the data for Utf1 and En2 transgenic lines do not show repression of the
reporter gene as strongly as was the case in transient assays. In Utf1 cells the
expression of the luc2 gene is 84% of the control level, whereas in the transient assays
it was 40%. The same is true for En2 cell lines, repressing the reporter gene only to

66% compared to 37% in the transient assay.

In general the data indicate that the Nkx2-9 transgene represses the expression of the
luc2 reporter gene in 46¢ murine ES cells. Furthermore, the Meis1 transgene has been

shown not to repress the reporter gene in transient assays (Figure 11) as well as in
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stable cell lines (Figure 18). However, the repressive effect of the Utf1 TIP site as well

as of the En2 PRE on the luc2 reporter gene were not as strong as in transient assays.
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Figure 18 Expression levels of the firefly luciferase reporter gene in transgenic 46¢ ES cells.

Normalization of the data: Absolute values of the firefly luciferase were normalized on the absolute
expression levels of the luciferase in control cell lines (Ctrl). Error bars represent standard deviations
resulting from four different measurements and the comparison between their relative expression of the

luc2 gene. RLU = Relative light units.
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4.5 KNOckDOWN OF EzH2 AND Suz12 HAS NO EFFECT ON THE EXPRESSION LEVEL OF

THE LUCIFERASE REPORTER GENE IN TRANSGENIC 46¢C ES CELLS

In previous studies it was shown that TIP sites, like PREs, are PcG target sites. In
order to evaluate whether TIP sites represent a class of vertebrate PREs three major
aspects of a PRE must be tested: Silencing of a reporter gene at an ectopic locus, loss
of silencing of the reporter gene upon genetic PcG depletion, and recruitment of PcG
to the PRE at the ectopic locus [5, 52].

As shown before, TIP sites and the En2 PRE have the ability to repress transcription of
the luc2 reporter gene in murine 46¢ ES cells and thereby they fulfill the first hallmark
of a PRE (Figure 18). Going further, we wanted to know whether expression of the

reporter gene was up regulated upon knockdown of PcG proteins.

A Nkx2-9 KD Ezh2 B Nkx2-9 KD Suz12
140.00 120.00
120.00 100.00
g 100.00 g 80.00
a 80.00 o
< < 60.00
O 60.00 0]
X 40.00 31.34 X 40.00 21.99
20.00 . 20.00 -
0.00 0.00
si Ctrl Ezh2 Suz12 si Ctrl Ezh2 Suz12
C Utf1 KD Ezh2 D Utf1 KD Suz12
500.00 120.00
400.00 100.00
I I  80.00
9 300.00 Q
< < 60.00 50.51
9O 200.00 o
R X 40.00
100.00 . 21.12 20.00
0.00 _— 0.00
si Ctrl Ezh2 Suz12 si Ctrl Ezh2 Suz12

Figure 19 qPCR to determine PcG knockdown efficiency using siRNA targeting Ezh2 or Suz12
transcripts.

Si Ctrl represents cells transfected with non-targeting siRNAs. Values were normalized to GAPDH. Error
bars show standard deviation. (A) KD of the Ezh2 transcript in Nkx2-9 transgenic cell lines. (B) KD of the
Suz12 transcript in the Nkx2-9 transgenic cell lines. (C) KD of the Ezh2 transcript in the Utf1 transgenic

cell lines. (D) KD of the Suz12 transcript in Utf1 transgenic cell lines.
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For this purpose transgenic 46¢ ES cells were transfected with siRNAs targeting either
Ezh2 or Suz12 transcripts (more information in table 3, RNA interference). To detect
the knockdown of the Ezh2 or Suz12 transcript qPCR was performed (Figure 19,
primer sequences in table 2).

The knockdown of both transcripts, Ezh2 and Suz12, was efficient to varying degrees
(Figure 19). In Nkx2-9 transgenic cells the expression of the Ezh2 transcript was down
regulated to 31% (Figure 19A) and the expression of the Suz12 transcript was lower
than 22% (Figure 19B). The knockdown of the expression of Ezh2 in Utf1 transgenic
cells was efficient as well (21%) whereas the knockdown of the Suz12 transcript in Utf1
transgenic cells was not as efficient (50.5 %) but still detectable (Figure 19C and D).
Overall the data show that the knockdown of either the Ezh2 or the Suz12 transcript
was efficient.

Interestingly, an increased expression of the luc2 reporter gene upon knockdown of
PcG proteins was not detected (Figure 20). In each cell line containing a TIP site or the
En2 PRE as well as in cell lines not containing any TIP site or PRE (Ctrl) no change in
luc2 gene expression was observed even though the knockdown itself was effective
(Figure 19). This suggests either that the TIP sites are not subject to PcG regulation, or

that the knockdown strategy was not sufficient to cause misregulation.
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Figure 20 Detection of the expression levels of the luc2 reporter gene in murine 46¢ ES cells upon
knockdown of PcG proteins Ezh2 and Suz12.

Ctrl = Control cell lines, which do not contain a TIP site or a PRE. Si-Ctrl = non targeting siRNAs. siEZH2
= siRNA targeting the Ezh2 transcript. siSuz12 = siRNA targeting the Suz12 transcript Error bars show

standard deviations from seven independent measurements (n=1 except for Ctrl and En2 cell lines n=2).
RLU = Relative light units.
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4.6 EXCISION OF THE HYGROMYCIN CASSETTE USING CRE RECOMBINASE LEADS TO
REDUCED EXPRESSION OF THE LUCIFERASE REPORTER GENE IN SOME TRANSGENIC

CELL LINES

The simian virus 40 (SV40) promoter is a promoter used for high-level expression
(Invitrogen). In the constructs we used to integrate into 46¢c ES cells this promoter lies
upstream of the hygromycin resistance gene and drives its expression (Figure 9C).
Due to its ability to drive high-level expression we reasoned that it might have an
influence also on the expression of the luc2 reporter gene.

To examine this possibility, the hyg® gene, which is flanked by loxP sites, was cut out
using the Cre recombinase. Primers flanking the region which was cut out were used
to perform a diagnostic PCR and to confirm cell lines positive for the excision of the
hyg® gene (Figure 21). In the case of successful excision of the hygromycin resistance
gene, the construct detected by diagnostic PCR has a length of 707 bp. The results of
the diagnostic PCR confirm that the excision of the hygromycin resistance gene using

Cre recombinase was successful (Figure 21A and 21B).

Next, a luciferase assay was performed to determine whether the SV40 promoter has
an impact on the expression of the luc2 reporter gene (Figure 22). Intriguingly, the
expression levels of the luc2 reporter gene vary highly upon excision of the hyg® gene
in cell lines containing either of the TIP sites at the murine Rosa26 locus (Figure 22).
Meis1+ represents a cell line containing the Meis1 TIP site and the hyg® gene at the
Rosa26 genomic locus in murine 46¢ ES cells. The expression level of the luc2
reporter gene in Meis1 transgenic cell lines is relatively high compared to the
expression level of the reporter gene in the Ctrl cell line, also containing the hyg® gene
(Ctrl+). This has already been observed before (Figure 18). Meis1A and Meis1B
represent cell lines positive for the excision of the hyg® gene. The expression of the
luc2 reporter gene in Meis1A cell lines is twice as high as the expression of the
reporter gene in Meis1B cell lines. This is very striking since these two cell lines were
thought to be biological replicates. This variation pattern can be observed in cell lines
containing the Nkx2-9 TIP site or the Utf1 TIP site as well.
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In contrast to these data,
control cell lines containing
either the En2 PRE or no TIP
site or PRE at all, do not show

such extreme variations in the

expression of the reporter gene.
M1 2 3 4 56 728 910 1 12

Figure 21 End-point PCR performed to identify cell lines positive for the excision of the hng gene.
M = Marker. “Wt” represents wt 46¢c ES cells, which do not contain any kind of transgene. - = additional
H2O negative control. (A) Lane 1 — 6: independent cell lines containing the En2 PRE. Lane 7 — 11:
independent cell lines containing no TIP site or PRE (Ctrl). Lane 12 — 16: independent cell lines containing
the Nkx2-9 TIP site. (B) Lane 1 — 6: independent cell lines containing the Meis1 TIP site. Lane 7 — 12:

independent cell lines containing the Utf1 TIP site.
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Figure 22 Expression levels of the luc2 reporter gene in murine 46¢c ES cells after hng gene
excision.

(Ctrl) represents cell lines, which do not contain any TIP site or PRE. (+) represents cell lines, which still
contain the hng gene. Error bars show standard deviations between four independent measurements.
RLU = Relative light units.
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Overall, the results of the luciferase assay are ambiguous for cell lines containing the
TIP sites Meis1, Nkx2-9 and Utf1 transgenes compared to the controls. From these
data it is not possible to conclude, what effect the hyg® gene has on the reporter gene

expression.
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4.7 NcRNA ANALYSIS AT TIP SITES AND CORRESPONDING GENES

The involvement of ncRNAs in PcG targeting and recruitment has been observed
previously by several authors [42, 63-65]. In genome-wide studies it has been
demonstrated that TIP sites are transcribed during neural differentiation of ES cells [1].
Moreover, by performing a reporter assay the authors were able to detect one
transcript, the Nkx2-9 TIP site transcript, which was required for full repression of the

reporter gene [1].

Due to this, expression studies were performed to determine whether TIP sites are
transcribed into ncRNA once they are integrated into chromatin. Non-coding transcripts
from each TIP site were measured in transgenic cell lines as well as in the control lines
without the transgenes and in 46¢ wild-type ES cells (Figure 23). Previously it has
been shown in transient assays that the Meis1 TIP site was highly transcribed
compared to the other TIP sites [1]. However, we find that in the transgenic cell lines,
transcription from the Utf1 TIP site is substantially higher than in the other two TIP sites
(Figure 23A). Moderate transcription from the Nkx2-9 TIP site was detected with an
expression level two fold higher in the transgenic line compared to the control line
without the TIP site (Figure 23B). Expression of the Meis1 TIP site was detected in the
transgenic cell line and endogenous levels were very low (0.2 % GAPDH in the control
line without the transgene) or not detectable at all (in wild-type ES cells, Figure 23B).
We were also interested in the expression of the transcripts from the corresponding
TIP site genes. To ask whether the overexpression of the TIP site transcript from the
transgene would affect the transcription of the corresponding endogenous gene, we
performed gPCR to detect Utf1, Nkx2-9 and Meis1 mRNAs in the presence and
absence of the transgenic construct. We find that the Utf1 gene is transcribed highly in
the transgenic cell line compared to the control without the transgene (Figure 23C).
However, expression of the Utf1 gene in wild-type cells was also elevated, thus it is not
clear whether this is a cell line variation. The Nkx2-9 gene was expressed highly above
endogenous background in the Nkx2-9 transgenic cell line, whereas expression of the
Meis1 gene in Meis1 transgenic cell lines was not detectable above background
(Figure 23D).

To determine whether the non-coding transcripts of the transgenic TIP sites have an
influence on the repression of the reporter gene, knockdown experiments were
performed using Locked nucleic acids (LNAs). These targeted either the respective TIP

site transcript or were non-specific towards a target (Ctrl). Surprisingly, expression of
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the Nkx2-9 TIP site for one biological replicate is reduced and for the other this is not
the case (Figure 24A). The same is true in Nkx2-9 transgenic cells, where the TIP
transcript was knocked-down and the expression of the corresponding gene was
detected (Figure 24C).

For the other biological replicate of Nkx2-9 as well as for the Utf1 TIP sites the
knockdown did not work (Figure 24B and 24D). Furthermore, no changes in reporter
gene expression were detected upon knockdown of the TIP site transcripts (Figure 24E
and 24F).

In summary, transcription from the TIP sites and from the corresponding genes was
detectable above background in all transgenic cell lines except for the Meis1 gene. The
data also indicate that there is massive transcription from the Utf1 TIP site and the Utf1
gene. Upon knockdown of the TIP site transcripts, no changes in TIP site expression or
TIP site corresponding genes have been observed except for one biological replicate

of Nkx2-9. In addition to that, no reduction in reporter gene expression was detected.
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Figure 23 Detection of TIP site transcripts and transcripts from corresponding TIP site genes.

(A) Detection of the TIP site transcripts in transgenic cell lines (Nkx2-9, Utf1 and Meis1), in control cell
lines without integrated TIP site (Nkx2-9 Ctrl, Utf1 Ctrl and Meis1 Ctrl) and in 46¢ wild-type ES cells (Nkx2-
9 wt, Utf1 wt and Meis1wt). (B) Detection of the Nkx2-9 and Utf1 TIP site transcripts in transgenic cell line,
control cell lines without integrated TIP site and in 46¢ wild-type ES cells. (C) Expression levels of
corresponding TIP site genes in transgenic cell lines, control cell lines and 46¢ wild-type ES cells. (D)
Expression levels of corresponding Nkx2-9 and Utf1TIP site genes in transgenic cell lines, control cell

lines and 46¢ wild-type ES cells.

X-Axis: In “Nkx2-9” expression of the transgenic and endogenous Nkx2-9 TIP site or gene was measured
in the transgenic cell line containing the Nkx2-9 TIP site. In “Nkx2-9 Ctrl” the expression of the
endogenous TIP site or gene transcript was measured in transgenic cell lines, which contain the same
transgene as Nkx2-9 transgenic cell except for the TIP site itself. In “Nkx2-9 wt” the transcript of the

endogenous Nkx2-9 TIP site or gene was detected in 46¢ wild-type ES cells.
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Figure 24 Determination of TIP site ncRNA involvement in PcG dependent repression of the
reporter gene.

(A) Detection of Nkx2-9 and (B) Utf1 TIP site transcripts in transgenic cell lines containing the respective
TIP site upon TIP site transcript knockdown with scrambled LNAs (Ctrl) and LNAs targeting the particular
TIP site transcript. (C) Expression levels of the corresponding Nkx2-9 and (D) Utf1 TIP site genes upon
knockdown of the TIP site transcripts in the respective transgenic cell lines. (E) Relative values for the
expression of the Luciferase reporter gene in transgenic cell lines carrying the Nkx2-9 TIP site or (F) the
Utf1 TIP site upon knockdown with scrambled LNAs (Ctrl) and LNAs targeting the particular TIP site
transcript. RLU = Relative light units. “#1 Nkx2-9 LNA” and “#2 Nkx2-9 LNA” represent two biological
replicates, as well as “#1 Utf1 LNA” and “#2 Utf1 LNA”.
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5 DiscussioN

5.1 ANALYSIS OF REPORTER GENE REPRESSION IN TRANSIENT AND TRANSGENIC ASSAYS

In the course of this study transgenic cell lines were generated carrying either
transcribed intergenic Polycomb (TIP) sites or the En2 PRE. As a control, transgenic
cell lines carrying the same constructs but without a TIP site or the En2 PRE were
used. Reporter gene assays were performed to determine whether TIP sites have the

potential to repress transcription from the Luciferase reporter gene.

In previous studies (Heinen et al., manuscript in preparation) the En2 PRE was
identified and shown to fulfill the hallmarks of a PRE, namely silencing of a reporter
gene at an ectopic locus, loss of silencing of the reporter upon PcG protein depletion
and recruitment of PcG proteins to the PRE at the ectopic locus [5, 52]. In that study a
minimal promoter was used to drive moderate expression of the Luciferase reporter
gene. In our experiments we used the En2 PRE as a positive control, since we knew
what to expect from the reporter gene assays for this PRE. In contrast to the study
mentioned above, a viral TK promoter was used to drive expression of the reporter
gene instead of a minimal promoter. The TK promoter was also used in the constructs
that carried a TIP site, and has previously been shown to be repressed by specific TIP
sites in transient [1]. The choice of the TK promoter for the integrated assays described
here, instead for the minimal promoter used in Heinen et al., was intended to drive
high-level expression of the Luciferase reporter gene, giving a high dynamic range
within which repression could occur. Thus in the case of reporter gene repression, this
would provide evidence that the TIP site or the PRE have the ability to silence

expression of the reporter gene from a strong promoter.

In transient assays performed during this study 46c ES cells transfected with
constructs carrying the TIP site or the En2 PRE show reduced transcription from the
Luciferase reporter gene down to 40% (Figure 11). This is true for all TIP sites and the
En2 PRE except for the Meis1 TIP site. These results agree with transient assays
performed previously by Hekimoglu-Balkan and colleagues [1]. Additionally, here it was
shown for the first time that the En2 PRE in combination with the strong viral TK
promoter has a repressive effect on the reporter gene. This confirms that the En2 PRE

has strong repressive function in gene regulation due to its ability to reduce
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transcription from the reporter gene. This is also true for the Nkx2-9 and the Utf1 TIP

sites.

To investigate the function of TIP sites and the En2 PRE upon stable integration into
chromatin of 46¢ ES cells, transgenic cell lines were generated in which each construct
was integrated at the same genomic location. Using these lines we performed reporter
assays, demonstrating that repression of reporter transcription changed compared to
the Luciferase read-out in transient assays (Figure 18). The En2 PRE lost more than
20% in repression compared to transient assays. The Utf1 TIP site repressed the
reporter gene only to 80% whereas it showed twice as much repression in the transient
assays. Surprisingly, the Nkx2-9 TIP site showed stronger repression in the transgenic
assays and repressed the reporter gene more than threefold compared to the control
cell line without the TIP site and almost twice as much as in transient assays. The data

for the Meis1 TIP site remained unaltered, showing no repression of the reporter gene.

The source of these differences in repression profiles might be due to alterations in
chromatin environment upon stable integration of the TIP sites into genomic DNA. To
date it is still unclear whether bacterial plasmid DNA becomes packaged into chromatin
upon transient transfections in mammalian cells [76, 77]. The function of regulatory
elements such as PREs and TIP sites is dependent on their chromatin context. From
studies performed in Drosophila it is known, that PREs act together to enhance gene
silencing. Furthermore it has been reported, that PREs can act via higher-order
chromatin interactions [52, 78]. Assuming that this is also true for vertebrate PREs, the
chromatin context in which the PREs and TIP sites are inserted will influence their
activity. If however no such chromatin context can be established when inserting the
TIP site into the cell using bacterial plasmid DNA, then the activity of these TIP sites
and PREs might be altered.

Furthermore, it has to be taken into consideration that we have used the Rosa26 locus
as our targeting region and as mentioned before, this locus is euchromatic. This means,
it has an open chromatin structure and is actively transcribed [74, 75]. This
circumstance might be problematic insofar as it may affect recruitment of PcG proteins
in a negative way. In vitro experiments show that PRC2 is recruited more effectively to
dense chromatin compared to more dispersed chromatin regions [79]. Hence, this
would result in less PcG protein recruitment and less reporter gene repression at the
euchromatic Rosa26 locus. However, following these thoughts it is difficult to reconcile
the fact that the Nkx2-9 TIP site repressed the reporter gene more efficiently in

transgenic cell lines than in transient assays. Nonetheless it would be necessary for
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future experiments to consider targeting other genomic regions, which are not as active

as the Rosa26 locus.

Another possibility for such drastic changes in reporter gene repression between the
transient and the integrated assay could be the herpes simplex virus (HSV) TK
promoter, which lies upstream of the Luciferase reporter gene and drives its
expression. The TK promoter drives high-level expression of the reporter gene and
was used in this study exactly because of this feature to obtain a broader spectrum of
reporter gene expression. On the other hand one can assume that the TK promoter
drives Luciferase expression at a high level and by this interferes with the repressive
function of the TIP sites. This way the detected expression levels of the reporter gene
would be falsified in the case of the En2 PRE, the Meis1 TIP site and the Utf1 TIP site
(Figure 18). One future possibility of overcoming this problem is to generate transgenic
cell lines driven by a minimal promoter, which drives moderate expression of the
reporter gene. The drawback of this promoter is a reduced detection spectrum of
reporter gene expression. However, the Nkx2-9 TIP site represses Luciferase
expression in transgenic cell lines (Figure 18). These data argue against the
interpretation, that the TK promoter interferes with the repressive mechanism of the
TIP sites.

Each transgenic cell line contained besides the TIP site or the En2 PRE also a
hygromycin resistance gene, which is also driven by a viral promoter, namely the SV40
promoter. This promoter drives high-level expression of the hyg® gene. To exclude the
possibility of strong interference resulting from the SV40 promoter, for each TIP site
and the En2 PRE cell lines were generated without the hyg® gene (Figure 21).
Luciferase reporter assays were performed and we expected to obtain an overall
reduced expression of the reporter gene upon hyg® excision. Strikingly, biological
replicates of transgenic cells containing the TIP sites Utf1, Meis1 and Nkx2-9 show
drastic variation in reporter gene expression (Figure 22). Since the source for this
diverse data points might be a contamination among the cell lines, genotyping of each

replicate will be necessary to confirm their identities.
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5.2 KNockpowN ofF PRC2

To determine whether repression of the reporter gene transcript was dependent on
PcG proteins, we have used siRNAs to knockdown transcripts from SUZ12 and EZH2,
two core components of the PRC2 complex. Quantitative PCR was performed to

confirm successful knockdown of these transcripts (Figure 19).

Furthermore we performed assays to determine the expression of the Luciferase
reporter gene upon knockdown of PRC2. Against our expectations, expression of the
reporter gene was not elevated (Figure 20). Interestingly, reporter gene expression in
the En2 PRE transgenic cell lines did not increase upon knockdown of the PRC2
components, although cell lines carrying this PRE cell lines responded to the same
knockdown strategy in Heinen et al. The quality of the siRNAs was considered intact
because of the efficient knockdown (Figure 19). Nonetheless, an additional method
detecting protein expression of the transcript, which was knocked down, e.g. a western
blot should be considered for future work.

Furthermore, the knockdown method we have used may not be the optimal approach
for this system. After the delivery of the siRNAs to each cell lines, the cells were
incubated at 37°C for 48 hours as described in the transfection protocol (Lipofectamin
2000 reagent, Invitrogen). Using this protocol, the cells may not have had sufficient
time to degrade the PRC2 components fully in only 48 hours. An extension of the
incubation period might lead to degradation of the siRNAs. Furthermore, since the cells
are dividing actively, the space provided in a 24-well plate may not have been sufficient.
Furthermore, since it has been reported that H3K27me3 is a stable mark with a low
turn-over [47], it is possible that the cells require more time to dispose of this histone
modification after the knockdown. Due to this, subsequent experiments will focus on an
shRNA-mediated knockdown of PRC2. Following this technique, the shRNAs are
delivered into the cells using a viral vector and integrated into the genome. The shRNA
is then transcribed by Pol Il, resulting in a pri-microRNA that can be further processed
firstly by Drosha and then by Dicer until it is loaded into the RNA-induced silencing
complex (RISC). The passenger strand will be degraded whereas the guide strand will
lead to MRNA cleavage of the targeted transcript or to repression of its translation, in
both cases leading to gene silencing. This will allow to knockdown components of

PRC2 over a longer period of time [80].

Finally, since repression from the reporter gene did not respond to PRC2 knockdown,

and transcript levels vary so drastically between transient and transgenic cell lines, it
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would be interesting to know whether H3K27me3 enrichment profiles are distributed
over the TIP site in transgenic cell lines as they are on the endogenous TIP sites. To
gain better insight into this, it would be necessary to perform ChIP experiments with

the transgenic cell lines and compare these to the transient data.

5.3 NCcRNA ANALYSIS

In previous studies it was observed that TIP sites are transcribed into ncRNA in ES
cells transiently transfected with constructs carrying the TIP sites, demonstrating that
the TIP sites themselves contain promoters [1]. Moreover, the authors showed that in
specific cases the transcripts were required for reporter gene repression. We wished to
address whether the TIP promoters would drive transcripts from these sites once they
were stably integrated into the genomic DNA of ES cells, and whether the transcripts

would be required for reporter gene repression.

We were able to detect transcription from all TIP sites above background levels (Figure
23). Meis1 TIP site transcription was approximately 20-fold above endogenous levels.
In contrast, transcription from the Meis1 TIP site observed by our colleagues was 166-
fold above endogenous levels in transient assays [1]. Moreover, the authors observed
that the transcription from the Meis1 TIP site was relatively higher compared to the
transcription levels of the other TIP sites. The Nkx2-9 TIP site was detected 5-fold and
the Utf1 TIP site 3-fold above endogenous levels [1]. In our study, we show that
transcript levels from the Utf1 TIP site were drastically increased compared to the other
TIP site transcripts (Figure 23A). Moreover, transcription levels from the corresponding
Utf1 gene were augmented as well compared to the other TIP site genes (Figure 23C).
However, expression of the Utf1 gene in wild-type cells was also elevated. Interestingly
we find, that transcription of the Utf1 gene in the Utf1 TIP site transgenic cell line is 1.5-
fold higher than in the “Utf1 wt” cell line whereas it is 12-fold higher compared to the
“Utf1 Ctrl” line. Since both cell lines, the “Utf1 wt” and the “Utf1 Ctrl” cell line contain
the same number of Utf1 TIP sites, we would have had expected that the mRNA levels
of the Utf1 gene in these cell lines would be similar. This difference in transcript levels
between the wild type and control cell line might be due to contaminations that
happened in the cell culture. If the repetition of this experiment shows that the
transcription of the Utf1 gene is indeed elevated in those cell lines, which contain the
transgenic Utf1 TIP site, then this would suggest that the Utf1 TIP site transcript is

directly involved in the regulation of the Utf1 gene expression.
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Additionally, we observed that the transcription level of the Nkx2-9 TIP site was 2-fold
higher compared to the control line without the transgenic Nkx2-9 TIP site and 5-fold
higher compared to the wild type cells. Similar differences in mMRNA expression of the
Nkx2-9 gene were observed in the respective cell lines. The mRNA level of the Nkx2-9
gene was 2-fold higher in the transgenic cell line compared to the control and 4-fold
higher compared to wild type cells. To conclude whether the Nkx2-9 TIP site has
regulatory function on the expression of the corresponding gene a repetition of this

experiment is required as it is for the Utf1 TIP site.

Furthermore, we wanted to know if repression from the Luciferase reporter gene
depends on transcripts from the TIP sites. To evaluate this, we used Locked Nucleic
Acids (LNAs) to knockdown the TIP site transcripts from the Nkx2-9 and Utf1 TIP site
(Figure 24A and 24B), because these two TIP sites showed repression of the reporter
gene (Figure 18). In previous studies it has been shown that the knockdown of the Utf1
TIP site transcript does not affect expression of the Luciferase reporter gene whereas
the knockdown of the Nkx2-9 TIP site led to a significant increase in Luciferase
reporter activity [1]. Due to this the authors concluded that the transcript of the Nkx2-9
TIP site might be involved in the repression of the reporter gene. At the same time we
have also examined the corresponding genes in those cell lines in which the respective

TIP site transcript was knocked down (Figure 24C and 24D).

Unfortunately, Utf1 TIP site transcripts did not decrease upon transcript knockdown
using LNAs (Figure 24B), demonstrating that the knockdown was not successful.
Surprisingly, it was observed that the Nkx2-9 TIP site transcript was reduced to 50%
for one biological replicate (Figure 24A, #1 Nkx2-9 LNA). Nonetheless, these data
could not be reproduced with the other biological replicate (Figure 24A, #2 Nkx2-9
LNA). However, we observed the same pattern in transcript knockdown when we
examined the corresponding Nkx2-9 gene. It was interesting to observe that
transcription of the Nkx2-9 coding gene decreased upon knockdown of the Nkx2-9 TIP
site transcript (Figure 24C). This result might indicate that the non-coding transcript
from the Nkx2-9 TIP site has a regulatory effect on its corresponding gene. This would
be consistent with the apparent up-regulation of the Nkx-2-9 gene in the presence of
the TIP transgene. However these data must be considered as preliminary because

the method needs to be improved in order to generate reproducible data.

Previously it has been reported that reporter gene repression was dependent on the
non-coding transcript from the Nkx2-9 TIP site [1]. To ask whether this is also the case

in the integrated system, luciferase assays were performed to detect expression from
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the Luciferase reporter gene upon knockdown of the TIP site transcripts. However, no
reduction in reporter gene was observed even though the transcript knockdown was

apparently effective for one replicate carrying the Nkx2-9 TIP site (Figure 24E and 24F).

Although the knockdown was performed using the same methods and conditions as
previously reported [1, 71], massive cell death was observed upon LNA transfection.
Furthermore, it has to be taken into account that due to time reasons the LNA
transfections were performed only once. Considering these facts, interpretation of the
data set is currently not possible. Optimization of the knockdown procedure as well as
several repetitions of this experiment will be required to evaluate these data. Due to
this, we can only conclude that there is potential for improving the knockdown while at
the same time minimizing cell death to obtain reproducible data. Once this has been

achieved, it will be interesting to re-examine the data reported here.
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