




The studies presented in this thesis were performed in the Department of Cell 
Biology of the Erasmus MC in Rotterdam, The Netherlands. The department is a 
member of the Medisch Genetisch Centrum Zuid-West Nederland (MGC).

ISBN: 978-94-6228-243-8

Cover Design en Lay-Out: Appelsan
E-mail: info@appelsan.net

Printed by SMG Groep Hasselt

Disturbance of Transcription Factor Dynamics in Mammalian Cells: Knock-in, Knock-down, Knock-out or Anchor-Away 3



4 Disturbance of Transcription Factor Dynamics in Mammalian Cells: Knock-in, Knock-down, Knock-out or Anchor-Away



Proefschrift

ter verkrijging van de graad van doctor aan de
Erasmus Universiteit Rotterdam

op gezag van de rector magnificus
Prof. dr. H.G. Schmidt
en volgens besluit van het College voor Promoties

De openbare verdediging zal plaatsvinden op
dinsdag 1 oktober 2013 om 15:30 uur

door

Ruud Jacobus Johannes Jorna

geboren te Made en Drimmelen

Disturbance of Transcription Factor Dynamics in Mammalian Cells: Knock-in, Knock-down, Knock-out or Anchor-Away 5



6 Disturbance of Transcription Factor Dynamics in Mammalian Cells: Knock-in, Knock-down, Knock-out or Anchor-Away

Promotiecommissie

Promotor: Prof. dr. F.G. Grosveld

Overige leden: Prof. dr. J.N.J. Philipsen
 Dr. R.A. Poot
 Dr. J. Essers

Copromotor: Dr. E. Soler



Disturbance of Transcription Factor Dynamics in Mammalian Cells: Knock-in, Knock-down, Knock-out or Anchor-Away 7



8 Disturbance of Transcription Factor Dynamics in Mammalian Cells: Knock-in, Knock-down, Knock-out or Anchor-Away

List of abbreviations 9

Chapter 1  Introduction 10  

Chapter 2  Transcription regulation by distal  52 
enhancers: Who’s in the loop?  

Chapter 3 Fast and targeted removal of nuclear factors  63
 in mammalian cells by Anchor-Away

Chapter 4 Identifying direct target genes of  79 
 transcription factors using Anchor-Away  

Chapter 5 Functional analysis of distal gene  93
 regulatory elements: Myb -81kb enhancer 
 knock-out and inactivation of Myb intronic  
 transcriptional attenuator element   

Chapter 6 General Discussion 104  

Chapter 7 Summary / Samenvatting 112  

Chapter 8 Curriculum Vitae and Publication List 118 

Chapter 9 PhD portfolio 121 

Chapter 10  Acknowledgements / Dankwoord 126



List of abbreviations

3C  Chromatin conformation capture
3C-seq  3C combined with next generation sequencing
AA  Anchor-Away
ACH  Active chromatin hub
BAC  Bacterial artificial Chromosome
bp  Basepair
BL-CFC  Blast colony forming cell
CFC  Colony forming cell
ChIA-PET  Chromatin interaction analysis by paired-end tag sequencing
ChIP  Chromatin immuno-precipitation
ChIP-seq  ChIP combined with next generation sequencing
DNA  Deoxyribonucleic acid
ES cells  Embryonic stem cells
EB  Embryoid body
EHT  Endothelial to hematopoietic transition
GRN  Gene regulatory network
HEK293T cells  Human Embryonic Kidney 293 cells, stably expressing large T-antigen
Kbp  kilo base pair
LCR  Locus control region
LDB1  LIM domain binding protein 1
Mbp  Mega base pair
MYB  Myeloblastosis oncogene
PCR  Polymerase chain reaction
RNA  Ribonucleic acid
RNA pol II  RNA polymerase II
TF  Transcription factor
TRN  Transcriptional regulatory network
WT  Wild type
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Mouse embryonic stem cells

The mouse (Mus Musculus) has been extensively studied as a model organism. It 
is a placental mammal (like human), relatively cheap to house, small in size, has a 
short gestation time (19-20 days), produces large litters (6-8 animals) and becomes 
sexually mature quickly (6-8 weeks). Moreover, mouse inbred strains are available, 
considerably increasing the statistical power of genetic experiments.

A mouse embryo starts to develop after an oocyte is fertilized by a sperm cell. The 
fertilized oocyte or zygote will undergo several mitotic divisions until it has reached 
the 16 cell stage. This stage, where the conceptus consists of tightly coupled cells, is 
called morula. The first fate decisions are then made: part of the cells will contribute 
only to extra-embryonic tissues, while others will form the intra-embryonic tissues 
[1]. One stage later, at around embryonic day 3.5 (referred to as E3.5), the developing 
embryo is in the blastocyst stage. An overview of these first developmental steps 
is presented in figure 1A-F. The blastocyst is characterized by the presence of the 
inner cell mass and a fluid-filled cavity called the blastocoele [2]. Trophectoderm 
cells surround both (figure 1G). Trophectoderm cells are responsible for invading 
the uterine wall during implantation and they will also make up the fetal part of 
the placenta [3; 4]. The inner cell mass will be segregated into two distinct cell 
types: the epiblast cells that will form the embryo proper and a layer of primitive 
endoderm cells that separates the epiblast cells from the blastocoele (figure 1H, 
[5]). The primitive endoderm cells will divide upon implantation and develop into 
extra-embryonic visceral and parietal endoderm [6].

Mouse embryonic stem (ES) cells are isolated from E3.5 blastocysts, where they 
reside in the inner cell mass [7; 8]. ES cells are defined by two remarkable properties. 
The first is that ES cells are pluripotent, meaning they can differentiate toward any 
somatic lineage found in the mouse, both in vitro and in vivo. In culture ES cells 
can be differentiated into all three primary germ layers (endoderm, ectoderm and 
mesoderm) [9; 10]. When ES cells are injected into E3.5 blastocysts and transferred to 
the uterus of pseudo-pregnant female mice, they can contribute to the generation 
of all tissues of the resulting chimeric animal [11; 12]. The second property is that 
ES cells can self-renew, preserving their pluripotent state. ES cells can be kept 
in culture indefinitely by keeping them on a monolayer of mouse embryonic 
fibroblasts (used as feeder cells), and in the presence of leukemic inhibitory factor 
(LIF) and fetal calf serum [13; 14]. Serum can be replaced by bone morphogenetic 
protein 4 (BMP4). BMP4 induces expression of Id genes via the Smad pathway, it 
was shown that forced Id expression combined with LIF addition is also sufficient 
for ES cell self-renewal [15]. However, ES cells do not grow well in that defined 
medium and are prone to differentiate. More recently it was shown that ES cells 
can also be kept in their non-differentiated ground state by addition of inhibitors of 
two kinases, MEK and GSK3 [16-18] to the culture medium. This chemically defined 
medium is called 2i medium. The inhibitors block the ERK and fibroblast growth 
factor (FGF) signalling cascades. It was shown that levels of NANOG, a transcription 
factor known to be essential to maintain pluripotency of ES cells, fluctuate much 
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less in 2i medium than in other media [291]. Fluctuations of Nanog levels do 
happen when ES cells are cultured in other media. Rat ES cells can be derived 
from rat blastocysts in 2i medium, a feat that could not be accomplished in other 
culture media. These experiments led the authors to conclude that 2i medium 
brings ES cells in the ‘true’ undifferentiated ground state [16]. Many labs across the 
world work on ES cells for a variety of reasons: ES cells provide a platform to study 
normal and abnormal (e.g. in absence of a gene) early embryonic development, 
ES cells are a great source for tissue engineering purposes because they can be 
differentiated and ES cells could be used to cure genetic diseases in the future. 
This last application has been illustrated in literature, as genetic mutations causing 
diseases have been corrected in human ES cells and shown to be cured in the 
specific adult cell type on several occasions [19-22].

Figure 1. A-H) Stages in pre-implantation development of a mouse embryo. The inner cell mass (ICM) 

in the mid blastocyst at E3.5 contains pluripotent ES cells that can be extracted and cultured. Scale bars 

= 20µM. PE = primitive endoderm. Adapted from [1]. I) A chimaeric male was obtained by injecting ES 

cells obtained from a 129P2 mouse (light/agouti fur colour) into a C57/Bl6 blastocyst (black fur colour). 

Therefore the mouse has a striped black/brown appearance. J) A C57/Bl6 (black) female mouse was bred 

to the chimaera and gave birth to pups that were derived from the injected 129P2 ES cells (light/agouti). 

The pups are half C57/Bl6 (mother) and half 129P2 (light/agouti) and therefore have obtained a mixed fur 

colour (dark brown).

Genetic manipulation of ES cells can be achieved using (viral) random integration 
of deoxyribonucleic acid (DNA), insertion of DNA by transposases or homologous 
recombination (gene targeting, discussed below). The genetically modified ES 
cells can be used to obtain chimeric mice by injecting the ES cells into recipient 



blastocysts. The resulting chimeric mouse embryos contain tissues that are derived 
partly from the wild type cells of the blastocyst and partly from the genetically 
manipulated ES cells. If the manipulated ES cells also contribute to the germ cells, 
the modification can be transmitted to the offspring, resulting in the establishment 
of a modified mouse line. An easy way to detect chimerism is to inject ES cells 
derived from a mouse strain with dark fur into blastocysts of white fur animals. 
From the fur colour of the offspring it is easy to judge the chimerism, as is shown 
in figure 1I and J. Usually a high level of chimerism translates into a high level of 
germline transmission of the ES cell derived modification.

Determination of gene function

DNA is said to bear the blueprint of life. The DNA within cells of organisms 
harbours all the information that makes up that specific organism. In order to use 
the information contained within the genomic DNA, cells first need to change 
the information to another, intermediate molecule: ribonucleic acid (RNA). This 
is achieved through a process called transcription. Finally, RNA can be used as a 
template for the ribosome to produce proteins. This process is called translation. 
The hierarchy of DNA-RNA-protein is called the central dogma of life. Proteins are 
the molecules that perform most of the chemical processes that take place within 
cells. All parts of the DNA that code for proteins are referred to as genes, the RNA 
that is transcribed from genes is referred to as messenger RNA (mRNA). The human 
genome contains approximately 20,000 protein coding genes [23; 24], while the 
mouse genome encodes for approximately 23,000 such genes [25; 26]. With the 
discovery of non-coding RNA the number of genes has been increasing. Non-
coding genes are transcribed parts of the genome that are associated with genes 
as regulatory region or genes that code for functional RNA molecules that are not 
translated into protein by the ribosome. Several classes of non-coding RNAs have 
been discovered, they are conserved from bacteria to humans and have functions 
in all cellular processes [27].

Eight to ten percent of protein coding genes encode transcription factors (TFs). 
TFs are proteins found in all living organisms, and are essential in the control of 
gene expression. The different cells within an organism, despite having the same 
genome, are able to acquire different fates (e.g. liver cell versus lymphocyte) 
and perform different functions through the action of specific TFs. Expression 
of different sets of TFs in a given cell type will dictate whether certain genes 
are turned on or off, or whether their expression is positively or negatively 
modulated. TFs therefore play a central role in many biological processes such 
as cellular proliferation, differentiation, or responses to stimuli, and are involved 
in many diseases such as cancer or developmental disorders. TFs act at the level 
of transcription. They perform their functions by binding the DNA at specific 
sequences and gene loci, either via direct protein-DNA interactions, or indirectly as 
part of multiprotein complexes with DNA-binding activity. TFs and TF complexes 
recognize specific DNA motifs, partly explaining the selectivity of target genes 
between different TFs. Within TF complexes there may be chromatin modifying 
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enzymes, which are enzymes that modulate gene activity by chemically modifying 
the DNA or the histone proteins around which the DNA is wrapped. In this way 
TF complexes may have positive or negative activity on gene transcription, 
depending on the composition of the complexes. Specific interactions formed 
between cooperating or antagonizing TFs yield a dynamic network of interactions 
which fine-tune gene transcription levels and dictate whether a gene should be 
expressed or not expressed in a given cell type and at a given developmental 
stage. The different TFs present in a cell are able to regulate each other’s expression 
and that of numerous other genes. Indeed, recent studies have shown that TFs 
are able to bind thousands of different loci simultaneously in a given cell type, 
forming transcriptional regulatory networks controlling cell behaviour. Elucidating 
the function of TFs and chromatin remodelling enzymes has been one of the key 
pursuits in cell biological research. One of the most straightforward approaches 
to assess protein function is by deleting (part of ) its genomic locus, rendering 
the protein non-existent or non-functional (i.e. gene knock out). By observing 
the phenotype of a mouse after knocking out specific gene(s), one may draw 
conclusions about the function of the protein under investigation. Gene knock 
out cells can be obtained through gene targeting. The next part of this chapter will 
discuss the gene targeting process.

Gene targeting

The process of manipulating a specific gene by homologous recombination (i.e. 
non-random, targeted genetic modification) is referred to as gene targeting. 
This strategy takes advantage of the relatively high homologous recombination 
capability of mouse ES cells: when exogenous sequences with complete 
homology to a particular genomic region are introduced in ES cells, the 
endogenous DNA repair/recombination machinery will catalyse the exchange of 
homologous DNA strands thereby replacing the endogenous genomic sequence 
with the exogenous DNA. This process will keep the DNA sequence unaltered at 
sites of homologous recombination but can be used to introduce additional non 
homologous sequences in the genome (see below and figure 2A). Gene targeting 
will therefore modify genomic sequences at a specific locus, but leaves the rest 
of the genome unaltered. It can be used for several purposes, usually knocking-
out of a specific gene or mimicking disease mutations or knocking-in exogenous 
sequences into a specific gene. In a gene knock out strategy, the function of a 
specific gene is disrupted by deleting (part of ) the coding sequence on the DNA. 
A knock in refers to the targeted addition to a specific gene. The added sequence 
may be a traceable marker (e.g. a fluorescent protein) allowing spatio-temporal 
visualization of gene expression or a tag sequence. Tag sequences code for short 
stretches of amino acids specifically recognized by high-affinity antibodies or 
biochemical compounds. Tags are frequently used for biochemical purification of 
gene products or when antibodies raised against the endogenous factor are not 
available or have insufficient specificity. 



Targeted mutation of a gene in ES cells was first described for the Hprt gene in 
1987 [28]. Loss of the X-linked Hprt gene can be selected for in cell culture, making 
it an easy target. It took several more years before targeted mutation of genes 
without selectable phenotypes was reported [29-32]. These genes were mutated 
through gene targeting. A targeting experiment consists of several steps: first 
designing a targeting vector with selectable markers to select for properly targeted 
clones, performing homologous recombination in ES cells, selecting for the 
targeted clones and verifying the vector integration site and proper homologous 
recombination in the selected clones. Gene targeting in mouse ES cells has been 
optimized in many ways, dramatically increasing efficiency of the process. Despite 
these advances the whole process is still time consuming and necessitates custom 
work for each region to be targeted. Please note that the term gene targeting 
refers to manipulation of a gene. However any region of the genome, with the 
possible exception of centromeres and telomeres, can be targeted. In recent years, 
deletions of microRNA or enhancers are becoming more frequent (e.g. [33-35]) 
and also targeted mutation of a specific sequence/motif is possible [36; 37].

Steps in gene targeting

1.   Obtain E.coli host strain containing BAC of interest
2.   Electroporate plasmid harbouring recombineering genes into the same E.coli
3.   Generate the adaptor cassette containing homology arms and desired mutation by PCR
4.   Perform recombineering to insert adaptor cassette into the BAC to generate mutated BAC
5.   Generate minimal plasmid backbone containing homology arms for targeting vector by PCR
6.   Perform recombineering with minimal backbone and mutated BAC to obtain targeting vector
7.   Verify targeting vector by digest pattern and sequencing
8.   Purify targeting vector, linearize and electroporate into ES cells
9.   Select ES cells that have integrated targeting vector by antibiotic selection
10. Pick ES cell colonies and expand
11. Verify correct integration in ES cell colonies

Box 1. An overview of the steps involved in a typical gene targeting experiment. 

In order to design a successful targeting strategy it is important to have detailed 
knowledge of the region that needs to be manipulated. Genome browsers such as 
Ensembl, UCSC and VEGA and the ENCODE database are indispensible tools and 
made the generation of gene targeting vectors a lot easier. These online resources 
can be consulted to determine protein binding and expression of RNAs from the 
targeted region that may influence the outcome of the experiment. They also 
provide the genomic sequence, facilitating the design of the targeting vector itself 
and the downstream analyses (Southern Blot, PCR) to confirm targeting.

A gene targeting vector generally consists of two regions of homology to the 
genome that needs to be manipulated, the region of the DNA that is manipulated 
in the desired way, an antibiotic resistance marker that makes selection with 
antibiotics possible and a counter-selectable marker (see figure 2A). The counter-
selectable marker kills cells that have integrated the vector randomly rather than 
by homologous recombination (figure 2B). Diphtheria toxin A has been shown to 
account for a three time higher targeting efficiency [38-40] and is widely used. An 
overview of the steps involved in a gene targeting experiment is given in box 1.
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Figure 2. Homologous recombination. A) Principle of homologous recombination, this is the same for 

mammalian cells and bacteria. The example shown resembles targeting of a certain genomic sequence 

with a targeting vector. Exchange of homologous DNA takes place and results in a non-crossover or cross-

over event. Typically, the cross-over event can be selected for with antibiotics. B) Random integration of 

the same targeting vector results in cell death because of integration of the counter-selection marker. This 

does not happen when homologous recombination takes place (compare to A).

Recombineering and BAC libraries

The construction of gene targeting vectors using traditional molecular cloning 
techniques in bacteria used to be tedious work. Development of BAC (Bacterial 
Artificial Chromosome) libraries and recombineering has dramatically improved that 
process. Recombineering (recombination-based genetic engineering) is a technique 
that allows fast, seamless manipulation of DNA in bacteria without the need of 
restriction enzymes or size constraints. It makes use of homologous recombination 
in bacteria, which is performed using short homology arms (usually 50 base pair 
(bp) long). Recombineering was first developed by three independent labs [41]. 
Although the various methods are similar, there are small differences. The most 
widely used and most versatile is the method developed by the Stewart laboratory 
[42-45]. The method relies on recombination proteins found in the λ phage or the Rac 
prophage [43] that can be expressed in bacteria from a plasmid under control of an 
arabinose-inducible promoter. These recombinases are able to catalyse the insertion 
of exogenous sequences into a target DNA molecule (e.g. plasmid or BAC) at a given 
site using homology arms for homologous recombination. Standard vectors that 
can be used for gene targeting have been developed by the Stewart laboratory [46]. 
This makes construction of a targeting vector fast and straightforward.

Another advantage of recombineering is that the method can be used conveniently 
with large constructs such as BACs. BACs are DNA constructs mimicking bacterial 
chromosomes, containing a fertility origin of replication, a single copy origin that 
can be propagated in bacteria. Due to the capacity of BACs to host very large size 
constructs (up to ±400 kbp), they have been used to create libraries of mammalian 
genomic DNA [47; 48]. BAC libraries are a splendid resource for researchers to 
manipulate a certain part of the genome, because it provides practically any 
region of interest with homology arms suitable for homologous recombination 
[47; 48]. A graphical representation of the process performed to obtain a gene 
targeting vector from a BAC by recombineering is shown in figure 3.
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Figure 3. A-C) Recombineering involves homologous recombination in bacteria, for the principle see 

figure 2A. The pictures give a stepwise overview how a gene targeting vector can be made from a BAC 

containing wild-type genomic sequence in two rounds of recombineering. The red colour indicates the 

sequence containing the desired mutation and the selectable marker. In green is the plasmid backbone. 

5’HA = 5’ homology arm; 3’HA = 3’ homology arm; Rec. Pl. = recombineering plasmid. 

D) A typical gene targeting vector. The 5’ and 3’ homology arms (black line) are long (2-10 kb) stretches of 

DNA homologous to that of the target genome. The origin of replication and other selectable marker are 

for propagation and selection in bacteria and reside on the plasmid backbone (green line). The selectable 

marker (red box) is for antibiotic selection in mammalian cells and bacteria. Diptheria toxin A provides 

counter selection.

BACs can be modified by recombineering so that they can be used for transfection 
in ES cells. If the whole gene locus of a gene is present on the BAC, this should 
faithfully recapitulate expression of the target gene (also in vivo) [46; 49]. It is also 
possible to fluorescently label a gene and make point mutations in e.g. enhancers, 
to follow what happens with the spatio-temporal expression of the gene when 
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specific regulatory sequences are mutated. Linear integration of a BAC into 
the genome has been shown by the use of the PiggyBac transposon system in 
fertilized oocytes [50] as well as ES cells [51]. Combining these techniques harbours 
a promise for elegant experiments that can be done in future. For now, the most 
frequent use of BACs in recombineering is to obtain homology arms for targeting 
constructs. After the production of a targeting construct, one proceeds to ES cells 
to perform homologous recombination (box 1).

Homologous recombination in ES cells

Homologous recombination is an essential part of machinery for the cell to repair 
DNA damage and sort sister chromatids during meiosis [52], but the process can 
be manipulated to incorporate specific mutations into a cell’s genome [29]. Many 
cell lines show proficiency for targeting by homologous recombination, mouse 
and human ES cells included [29; 53]. Mouse ES cells seem to be particularly 
efficient in homologous recombination [40], unlike human ES cells. A homologous 
recombination reaction involves two stretches of identical or similar molecules of 
DNA. The target DNA, that needs to be replaced (e.g. because of a double stranded 
break) is cut around at the 5’ ends in a process called resection. It is thought that the 
linear homologous DNA presented to the cell during gene targeting is recognized 
by the cell’s DNA repair machinery as a double stranded break. Next, in the strand 
invasion step, the overhanging 3’ end of the replacing DNA molecule ‘invades’ a 
target strand, forming a structure that is known as a Holiday junction. The Holiday 
junction is an unstable structure that needs to be removed by nucleases that cut at 
the 3’ ends of the junction (the process of homologous recombination is reviewed 
in [54]). The resulting sequence of DNA can be one of two things: cross-over or 
non-crossover, see figure 2B. Proper gene targeting results from a cross-over event 
and can be selected for by a selectable marker. Of note, one cannot distinguish 
between genuinely targeted loci and random integration (which is not mediated 
by homologous recombination) of the target DNA by the selectable marker. The 
counter selection marker helps selecting homologous recombined clones over 
clones with random integrations (see fig. 2A vs 2B).

Although the process of targeting by homologous recombination is not completely 
understood, some basic rules to increase efficiency have been described. Longer 
homology arms give better targeting efficiency [55], but the effect is dampened 
after ±10kb of homology [56]. Second, isogenic DNA performs better than non-
isogenic DNA [57]. This may account for lower efficiency of targeting in human 
ES cells: inbred humans do not exist, and BAC library are usually from a different 
human genome than that present in the different human ES cell lines. The third 
measure that makes targeting more efficient is the addition of the counter-
selectable marker [39].

Several strategies were adopted to delete protein function by gene targeting in 
order to create a specific gene knock out mouse. The most important ones are 
discussed in the next section.



Gene targeting strategies 

Gene traps and traditional knock out alleles

A gene trap strategy relies on integration of a ‘trap’ vector in the genome. Gene 
trap vectors typically consist of a splice acceptor, a selectable marker without 
promoter, a reporter gene (lacZ, antibiotic resistance gene or a fluorescent protein 
in general) and a stop signal (figure 4B). When the vector is integrated in introns of 
an expressed gene, it will be spliced to the gene exons during transcription. Hence 
integration of the ‘trap‘ vector leads to a modified protein sequence and as a result 
will often generate truncated protein products. Although a gene trap can be 
targeted to a specific gene, their main application is to produce a library of knock 
out cells by random integration of the gene trap vector [58-61]. If the cells used 
are mouse ES cells, they can be turned into reporter mice. Reporter mice show 
staining only where the gene is active in the mouse embryo [59]. The mice can be 
crossed to become homozygous gene trapped and theoretical knock out mice.

The advantage of the technique is that is relatively fast, easy to screen by expression 
of the reporter gene and flexible. A drawback is that splicing around the gene trap 
has been reported on several occasions [59; 62; 63], as a consequence the gene 
trapped allele is not a knock out allele. Another consideration is that the gene trap 
could integrate at the 3’ side of an expressed gene, leading to a protein product 
that is truncated close to the C-terminus. Such protein products may be (partially) 
functional, not recapitulating a full knock out phenotype in cells or mice. Finally, 
selection of gene trapped cells is limited to expressed genes only since transcription 
needs to be active on the locus in order to splice to the gene trap construct.

A way to confidently knock out a protein fully is to target a selectable marker to 
(part of ) a gene (figure 4C). This leads to the complete deletion of that part of 
the gene, and loss of (functional) protein. This strategy has been successful in 
elucidating protein function for many proteins [31; 32; 64-67]. As understanding 
of the genome improved, scientists learned that knocking out a critical exon of a 
gene is a better strategy than knocking out the whole or big parts of the genomic 
locus of a gene. When big parts of the genome are taken away, one may affect 
microRNAs and/or regulatory sequences for other genes [68; 69]. 

The advantage of the traditional knock out over gene traps is that it is more 
controlled, i.e. the modification is user defined. A knock out can be confirmed 
at the protein level, the risk of splicing around the cassette can be avoided. If a 
reporter gene is added to the selectable marker, it is possible to obtain a reporter 
knock in, functional knock out mouse. The traditional knock out is less suitable 
for genome-wide studies or screens but offers the possibility to be spatially and 
temporally controlled allowing precise characterization of gene function. The 
generation of conditional knock out alleles is detailed in the next section. 
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Figure 4. An overview of different targeting cassettes used to knock out a hypothetical gene. Sizes are 

not drawn to scale. A) normal, non-targeted situation. Exon 1 of this hypothetical gene contains the 

start codon (ATG) and exon 3 contains the stop codon (stop). B) Gene trap, the gene trapped gene 

is interrupted by alternative splicing via the splice acceptor. The colour marker (LacZ / eGFP) and/or 

selectable marker are expressed after the first exon of the gene and then expression is stopped. SA 

= Splice Acceptor C) Traditional knock out allele, a selectable marker (SM) is expressed instead of the 

second exon. This completely disrupts expression of the second and third exon, resulting in a knock out. 

D) The conditional knock out allele. The second (critical) exon can be knocked out by Cre recombinase 

expression, causing the gene to be expressed faulty. The selectable marker can be removed by Flp 

recombinase expression. E) Combination of gene trap and conditional knock out allele. After targeting, 

the gene is gene trapped and thus knock out. To ensure full knock out of the protein the selectable 

marker and second exon of the gene can be removed by Cre expression. If Flp recombinase is first 

expressed, the selectable marker and gene trap are removed, resulting in a conditional knock out allele. 

The conditional knock out allele is converted to knock out by Cre expression after Flp expression.



Conditional knock out alleles

The techniques described earlier lack conditionality. This can be problematic when 
a very early embryonic lethal phenotype is observed, or if one wants to study the 
effects of a knock out in a specific (adult) tissue whereas it may be essential in 
another tissue at an earlier stage. In these cases, the option to conditionally knock 
out a gene in a spatio-temporally controlled manner is needed.

Thus conditional knock out allele strategies were developed. These strategies 
rely on inducible recombination of a genomic area of choice. The area to be 
conditionally knocked out is placed in between sites recognized by a site-specific 
recombinase [40; 70-75]. The selection marker can be removed, as well as the area 
of interest by expressing the site-specific recombinases (figure 4D). More advanced 
variations, for instance combining a conditional gene trap with a conditional allele 
have also been devised and are routinely used (figure 4E).

Three site-specific recombinases can be used to generate conditional knock outs: 
Cre, Flp and Dre. All site-specific recombinases work in a similar way: they have a 
recognition sequence of 34 bp (33 for Dre) consisting in two palindromic repeats of 
14 bp and a 6 bp (5 for Dre) binding sequence [70-74]. Variations in the palindromic 
repeats can be tolerated, this is well documented for Cre recombinase [76], but 
the binding sequence is rigid. One recombinase molecule binds its recognition 
sequence, after which it can make contact another recombinase molecule bound 
to another recognition sequence. When the two are brought together, the DNA 
in between the two recognition sequences is removed [77]. Many Cre knock in 
mouse lines exist, expressing (inducible or tissue/stage specific) Cre on certain 
developmental windows/tissues as specific proteins. These mouse lines are used 
to remove conditional regions in the conditional knock out allele.

The conditional knock out strategy has great advantages: gene function can be 
shut down in a tissue of choice, at the preferred time. Typically the knock out is 
relatively fast, after ±12h of Cre expression a locus is removed and a typical protein 
is ablated ±48 hours after Cre expression [78; 79], although these numbers vary on 
a gene-to-gene basis as they depend on protein half-life. All other advantages of a 
traditional knock out still apply. The need for Cre transgenic mice is a disadvantage, 
it complicates breeding schemes and the Cre knock in of choice may not always be 
available. In any case it lengthens the time to obtain the mouse model desired. In 
general, obtaining a (conditional) knock out mouse is a time-consuming process.

Novel ways of genome engineering

A major drawback of homologous recombination has been that only one allele 
can be targeted at once. The majority of genes are present in two copies in the 
genome. If both need to be mutated by homologous recombination, one has 
to perform serial targeting experiments, or breed the generated animals to get 
homozygous lines.
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Several new ways of engineering genomes, that show promise to target two alleles 
at once, have been described in literature recently. The three most important 
candidates are zinc finger nucleases, Transcription Activator-Like Effector (TALE) 
nucleases and Cas9 nuclease (figure 5). Zinc finger and TALE nucleases both rely 
on fusion of a DNA binding protein domain to a restriction enzyme, FokI. Cas9 is 
an enzyme that cuts DNA, when guided by RNA molecules. All systems introduce 
double stranded breaks by digesting the DNA. These double stranded breaks 
attract molecules for homologous recombination. This targeted recruitment of 
the homologous recombination machinery makes the process of homologous 
recombination more efficient. It has been shown that gene targeting with these 
systems can be efficient when only short stretches of homologous DNA are used 
in the targeting constructs (0.5-1kb), and they offer the possibility to target two 
alleles at once [80-84].

ATGGGCTTAATCCTAGACGTCGGTTACTGCA
TACCCGAATTAGGATCTGCAGCCAATGACGT

ATGGGCTTAATCCGGATGGTCGGTTACTGCAGT
TACCCGAATTAGGCCTACCAGCCAATGACGTCA

FokI
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ATGGGCTTAATCCGGATGGTCGGTTACTGCAGT
TACCCGAATTAGGCCTACCAGCCAATGACGTCA

Cas9 protein





UACCCGAAUUAGGAUCU

guiding RNA

ATGGGCTTAATCC      TCGGTTACTGCAGT
TACCCGAATTAGG      AGCCAATGACGTCA

Zinc Finger Domains TALEs

Figure 5. Overview of three novel genome editing methods. From left to right: zinc finger nucleases (ZFNs), 

TALENs and the Cas9 system. The three systems guide a nuclease (FokI for TALENs and ZFNs, Cas9 in the 

last system) to a specific site in the genome (recognition sequence). The guiding elements are protein zinc 

finger domains for ZFNs, protein TALE domains for TALENs and a guiding RNA for the Cas9 system. With all 

the systems a double stranded break is made at a specific site in the genome. This double stranded break 

recruits homologous recombination factors, improving gene targeting efficiency (discussed above and 

figure 2). A more detailed description is given in the text. The FokI recognition sequence is depicted with 

a yellow box, the Cas9 NGG motif is shaded gray. 

Zinc fingers are highly conserved protein domains known to bind DNA with 
reasonable specificity. The first next generation genome engineering tool to be 
devised relies on zinc finger domains fused to FokI. FokI has a GGATG recognition 
sequence, and makes a double stranded break 9bp upstream and 13bp 
downstream of this sequence [85]. FokI has two domains, a DNA-binding domain 
and a DNA-cleavage domain that need to hetero-dimerize in order to digest DNA 
[86-88]. The zinc fingers can be manipulated to recognize a target DNA sequence 
[80], although producing zinc finger pairs with good specificity is a challenging 
task. Good results have been obtained in cells of different model organisms [21; 
80; 89]. The major problem seems to be that zinc fingers have a short recognition 
sequence, making it challenging to create specific binding zinc fingers with no 



off-target binding [90]. For some loci (target sequences) very efficient zinc fingers 
were generated, but target sequences have to be chosen carefully [91]. Obviously, 
the system is dependent on the presence of a FokI recognition site. Targeting 
of both alleles at once has been reported [80; 92], but efficiencies differ greatly 
between different loci.

The second class of genome engineering tools are the TALE nucleases. This system 
consists of a domain of a TALE protein fused to a FokI domain. TALE proteins are 
proteins secreted by Xanthomonas bacteria and have longer DNA recognition 
sequences than zinc fingers [84]. The method to engineer TALE proteins to bind 
specific sequences of DNA has been elucidated and TALE domains with affinity 
for any target sequence can be generated by traditional cloning experiments [82]. 
TALENs have shown promising results in cell lines, and homozygous targeting is 
possible [93]. The possibility of off-target effects is still present, and it was found 
that a target sequence that is present many times in the genome can overwhelm 
the DNA repair machinery, leading to chromosomal rearrangements and/or cell 
death [90]. The TALE nucleases, like the zinc finger nucleases, rely on the presence 
of a FokI recognition sequence.

The most recent development on genome editing is the clustered regularly 
interspaced short palindromic repeats (CRISPR)/CRISPR associated (Cas) system. 
Originally the system was identified as a principle defence system of bacteria 
against foreign (plasmid) DNA entering [94-96]. The method works via RNA, rather 
than protein, guiding the nuclease to the recognition DNA sequence [97]. The 
nuclease is the Cas9 protein, which is capable of making double stranded breaks 
in linear double stranded DNA and can be purified from bacteria. In nature two 
RNA molecules are needed to guide Cas9 to a target sequence, but it was shown 
that one artificial guide RNA of ±50 nucleotides can be used alternatively [97]. 
Cas9 cuts three base pairs after the recognition sequence and is dependent on a 
NGG motif that has to be present directly after the cut site [98; 99]. Since the Cas 
system has only been developed recently, more thorough testing for off-target 
effects remains to be done [100]. Other features, such as efficiency of targeting in 
general and homozygous targeting in particular will also have to be tested more 
thoroughly, although some quantitative information is becoming available [97-
99]. For the moment, the Cas system seems very promising to edit the mammalian 
genome, especially because of the ease of use. Transfection of the target DNA, a 
plasmid coding for the Cas9 protein and a plasmid coding for the guiding RNA 
simultaneously suffices to perform gene targeting using the Cas system [100]. 

Other techniques to disturb gene function

Knock down by RNA interference (RNAi)

An easy and relatively fast solution to inactivate gene function is using RNA 
interference (RNAi), an RNA-dependent gene silencing process. This approach 
consists of knocking down the expression of a gene of choice by the use of 
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small interfering RNAs (siRNAs), leading to mRNA degradation. On the basis of 
this system revolutionary work was done on the RNAi pathway in the nematode 
Caenorhabditis elegans and plants [101-106]. The cellular system seems to be 
conserved among most (but not all) eukaryotes [107-112]. In short, it works by 
introducing short double stranded pieces of RNA into the cell. This can be done 
directly, through transfection of long double stranded RNAs, or by incorporation 
of a plasmid that harbours a short hairpin RNA (shRNA, coding for siRNA 
precursors) under the control of an RNA polymerase III promoter [106; 113-115]. 
The shRNA and long double stranded RNA methods were developed to avoid 
direct introduction of siRNAs into the cells, which made using the RNAi pathway 
to knock down genes more robust [116]. Both long double stranded RNAs and 
shRNAs are recognized by a protein called Dicer, which processes it to produce 15-
21 nucleotides long double stranded siRNAs [117-119]. The strands of the siRNAs 
are separated, and they integrate into an active RISC complex. After integration 
into the RISC complex, single stranded siRNAs can bind to their complement 
sequences on mRNA. The mRNA cannot be used in translation and is targeted 
for degradation [120]. Since the mRNA cannot be used for protein production, a 
drop in protein level is generally observed. An overview of the system is given in 
figure 6. The precise timing to reach efficient knock down of a gene depends on 
transcript abundance, protein abundance and half-life of the protein. However, 
despite its ease of use, some drawbacks are associated with this system such 
as low specificity caused by off-target knock down of genes. With improved 
understanding of the system off-target effects may be avoided [117]. An example 
of this is the development of esiRNA [121; 122], short siRNAs generated from a 
long dsRNA by an endoribonuclease digest (hence the name esiRNA). The long 
dsRNA is stable throughout the transfection and after it is cut by a simultaneously 
transfected endoribonuclease (the E.coli Dicer or RNase III are mostly used), a big 
heterogeneous pool of esiRNAs is produced. All esiRNAs target one specific mRNA, 
making esiRNA a specific and effective way to knock down proteins. Overall, RNAi 
mediated knock down has proven to be a very good method to elucidate protein 
function. The RNAi pathway is also amenable to high-throughput applications, 
therefore it can be used to perform drug target screening.

The advantages of the RNAi system are its ease of use and its flexibility. Repositories 
containing shRNA sources for virtually every gene in a number of genomes are 
available. It is possible to obtain shRNA for your favourite gene and knock it 
down in any cell amenable to transfection or viral transduction. Viral transduction 
of primary cells has been successfully performed for a number of tissues [123-
127]. siRNA mediated knockdowns can be applied in large screens, targeting 
many genes, or targeting several members of the same protein complex [128]. 
The time needed to reach significant knock down efficiency, i.e. the time needed 
to significantly decrease mRNA and protein levels after introduction of siRNA/
shRNA, is comparable to the time needed to inactivate a gene after induction of 
Cre recombinase expression in conditional gene knock outs (i.e. 24-72h). When 
compared to a knock out the drawback of the RNAi is that knock down is never 
complete, some target protein remains in the treated cells [117]. Most often a full 
knock out is not needed to see a phenotypic effect, however in some cases siRNAs 



do not provide sufficient reduction of protein levels. A second drawback is that 
some cells are not amenable to transfection and are too delicate to survive viral 
transduction of RNAi constructs. Such cells cannot be manipulated by the RNAi 
system.

Figure 6. RNAi knockdown in mammalian cells. The protein DICER recognizes double stranded RNA (or 

shRNA) and cleaves them to short, double stranded siRNAs. The siRNAs bind the RISC complex and the 

strands are segregated. Single stranded siRNA in the RISC complex binds to mRNA, mediating cleavage 

of the target mRNA. Picture is taken from [288].
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Finally, a common drawback between both conditional knock out and RNAi 
mediated knock down is the time needed to deplete the gene product (protein). 
Indeed, the time needed by Cre recombinase or RNAi to achieve gene knock out or 
down is usually within the range of several hours to several days (24-72h). This time 
frame is very long compared to the time needed for transcription to take place, 
which occurs within the frame of minutes to a few hours. Hence, when knocking out 
or down a gene involved in transcription regulation such as a gene coding for a TF, 
it is almost impossible to discriminate between primary (direct and specific, genes 
regulated by the TF) and secondary (indirect and non-specific, genes not directly 
regulated by the TF but e.g. by genes regulated by the TF) effects of gene removal 
on global transcription regulatory networks. This is illustrated by data showing that 
typically not more than 30% of the genes that are misregulated after knock out of a 
specific TF are also bound by the TF as determines by massive parallel sequencing 
after chromatin immune-precipitation (unpublished observations, [130; 131]). This 
implies that the amount of secondary effects is substantial. In order to separate 
primary from secondary targets, and better characterize TF functions in normal 
development and disease, faster ways to perform a knock down in mammalian 
cells are clearly needed.

Anchor-Away

An example of a particularly promising faster way to knock out protein function 
is the Anchor-Away technique published in 2008 [131]. The authors show that 
a target nuclear protein can be sequestered in the cytoplasm in baker’s yeast 
(Saccharomyces cerevisiae). It is achieved by fusing both the target nuclear protein 
and a ribosomal protein (the anchor) to tags consisting of cellular protein domains 
that are able to heterodimerize in the presence of the small drug rapamycin. 
The anchor ribosomal protein is normally incorporated into the ribosome, and 
maturing ribosomal subunits are transported in a large flow from the nucleus to 
the cytoplasm [132; 133]. Upon addition of rapamycin to the culture medium, [134], 
the two rapamycin binding domains (tags) bind to rapamycin and to each other 
forming a high affinity ternary complex. This causes the target nuclear protein to 
become physically attached to the ribosomal subunit, and to be transported out 
of the nucleus into the cytoplasm. An overview figure of this procedure is provided 
in figure 7A. Once the nuclear protein resides in the cytoplasm, it cannot go back 
to the nucleus, so its nuclear activity is effectively inactivated. In the original study 
Haruki et al. observe growth phenotypes of yeast, comparable to those observed 
in knock outs of the same gene [131]. The advantage compared to conventional 
knock out or knock down is its incredible speed since due to the large flow of 
ribosomal proteins throughout the nucleus towards the cytoplasm, the nucleus 
can be depleted of TF in less than one hour in yeast.

Anchor-Away is a system which, if applicable to mammalian cells, may be fast 
enough to dissect primary and secondary effects of a knock down. It may also offer 
the possibility to differentiate between genes that are primary targets, but react 
with different kinetics to the ablation of a target protein. In addition, thanks to its 
speed Anchor-Away may allow the study of effects of specific nuclear proteins 



and TFs during development and differentiation where transitions in cell fate 
occur rapidly during short time windows. In addition, Anchor-Away may offer the 
possibility to study the role played by essential factors for which knock out and/
or knock down are toxic and cause cell death. Being able to analyze phenotypic 
effects quickly after inactivation and before lethality occurs may overcome this 
limitation. 

Some characteristics of the Anchor-Away system have not been fully established 
at the moment. One major question is whether only the TF of choice is pulled 
out of the nucleus, or direct binding partners will also move along with the TF to 
the cytoplasm. Secondly, the system has not been tested in mammalian cells, and 
transferring it from yeast to mammals may be challenging (see chapter 3 & 4).

+ Rapalogue

Anchor Away tagged bait TF

Ribosome with incorporated 
ribosomal protein anchor

Rapalogue

A

B

Figure 7. Potential systems that can achieve fast protein disruption. 

A) Anchor-Away. A ribosomal protein anchor and a target transcription factor are expressed with 

rapalogue-binding tags. Upon addition of the rapalogue, ternary complex formation takes place. This 

causes the transcription factor to be dragged along with the ribosome to the cytoplasm.

B) auxin inducible degron (AID) system. The protein of interest (POI) is expressed with an AID domain 

tagged to it. TIR1 (black) has to be separately expressed in the same cell, the rest of the complex (grey) is 

present in mammalian cells. Upon addition of Auxin, binding between the AID domain and the TIR1 takes 

place. This is followed by E2 ubiquitin ligase recruitment and poly-ubiquitination of the AID domain. Poly-

ubiquitination is a signal for degradation by the proteasome. Picture is adapted from [140].

As stated above, the main advantage of Anchor-Away in mammalian cells would 
be its speed. Since Anchor-Away directly acts at the protein level rather than the 
RNA or DNA level, one does not have to wait until the endogenous protein is 
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degraded. Anchor-Away is conditional and can in theory be applied to any nuclear 
protein(s), to inactivate the nuclear function of these protein(s). A disadvantage of 
the Anchor-Away technique is that it needs engineered cells expressing both the 
tagged ribosomal protein and the homozygously tagged protein of interest. In its 
present form it is not amenable to high-throughput analyses of nuclear factors, but 
rather represents an original tool for in depth characterization of selected factors.

The auxin inducible degron system

Another way to ablate a protein is to be able to conditionally influence its stability, 
by targeting it to degradation by the proteasome. Several systems have been 
described that explore this avenue [135-139]. One of the most recent and most 
promising is the auxin inducible degron (AID) system [135; 140]. It relies on the 
expression of three proteins that are conserved among all eukaryotes, the ubiquitin 
ligases SKP1, CULLIN and F-BOX protein, which form a complex (SCF-complex). 
In plants there is another protein called TIR1 that binds to the SCF-complex to 
poly-ubiquitinate proteins that contain an AID domain. Poly-ubiquitination is a 
well-known signal for degradation by the proteasome [141]. There are no known 
proteins with an AID domain in mammalian cells, nor is Tir1 present in the 
mammalian genome. But if plant Tir1 is expressed in mammalian cells, it does bind 
to the SCF-complex and is shown to degrade proteins fused to an AID domain (if 
expressed) [135; 142]. This makes it possible to engineer cells that express both 
TIR1 and target protein of choice fused with an AID domain, making inducible 
degradation of the target possible. The system is described in figure 7B. AID was 
recently tested in human cells [140], and shows promising results. The real test, 
endogenous degradation of tagged proteins in a target cell, still needs to be done 
to test the system to its full extent.

Hematopoiesis

Hematopoiesis refers to the process of blood cell production. It represents the 
largest quantitative cellular output of the adult body and has been a paradigm for 
many developmental processes and diseases. The function of the cell types differs 
and ranges from oxygen transport (red blood cells or erythrocytes) to defence of 
the body against disease (white blood cells) and blood clotting (platelets). The 
different blood cell types have limited life spans, and need to be replenished 
continuously. All the blood cells are continuously generated and replenished 
from a rare pool of hematopoietic stem cells (HSCs). Apart from differentiating, 
the HSCs also need to self-renew in order to sustain a pool of HSCs. In order 
to produce the enormous amount of new blood cells generated each day, 
immature hematopoietic progenitors which derive from differentiation of a small 
number of HSCs need to expand tremendously to meet the body’s demands. An 
overview of the hematopoietic system is given in figure 8A. HSCs reside in the 
bone marrow during adult life. The bone marrow HSCs receive stimuli from their 
micro-environment [143-146] to maintain the balance between self-renewal and 
differentiation of HSCs [147]. 



(Mis)regulation of hematopoiesis

Hematopoiesis is tightly regulated by external signals to the developing blood 
cells. Externally, the micro-environment provides molecules that can bind to 
receptors on the cell-surface of the developing blood cells. This general process 
is called cell signalling and has been shown to stimulate many different cellular 
processes [52]. In this particular case, cell signalling can lead to the establishment 
of gene expression programs favouring the differentiation to a particular kind 
of mature blood cell. Essential proteins in these gene expression programs are 
transcription factors TFs. TFs achieve the dynamic transitions in gene expression 
profiles during hematopoiesis, acting during small developmental windows or 
within specific hematopoietic lineages. For instance, the GATA family of essential 
TFs act differently during hematopoiesis: Gata2 is expressed early in HSCs and 
immature progenitors, whereas Gata1 expression is switched on later and drives 
the differentiation towards the erythroid and megakaryocytic lineages. Gata3 is 
expressed in the lymphoid lineage and participates in the production of T cells. 
TFs do not act alone, they need other TFs to make up a TF complex that exerts 
its function. This gives some flexibility, as specific TFs can form complexes with 
different factors to regulate expression of different sets of genes. It has been 
reported for TFs that they are part of different complexes, even within the same 
cell type [148; 149]. Within a complex, TFs can have different functions, from DNA 
binding to recruitment of other complexes or act as a docking site for other TFs 
that need to be in close proximity. A description of particular TFs playing key roles 
in hematopoiesis follows later in this chapter.

The balance between proliferation and differentiation of hematopoietic 
progenitors is tightly controlled in order to maintain tissue homeostasis. TFs play 
an essential role in controlling this delicate balance and alterations in TF function 
have been linked to the development of disease. Different kinds of leukemia are 
examples of this [150-155]. The problem of misregulated differentiation can occur 
at any point along each of the differentiation pathways (see figure 8A), resulting in 
different disease phenotypes. In acute lymphoblastic leukemia for instance, where 
too many lymphoid cells are produced. This results in accumulation of immature 
lymphocytic cells in the bone marrow, overcrowding other cells [151]. The cause 
of such misregulation can stem from within the (developing) blood cells, but faulty 
or absent stimuli of the micro-environment can also be causative. The diseased 
and healthy state of HSC differentiation is subject of intensive studies. A better 
understanding of these may help in developing new and better drugs to cure 
leukemia. Another subject that attracts a lot of interest of the scientific community 
is the characterization of the molecular events underlying the emergence of blood 
(stem) cells in the embryo.
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Figure 8. A) The hematopoietic system. LTHSC = Long-term repopulating HSC, STHSC = Short-term 

repopulating HSC, MPP = multipotent progenitor, CMP = common myeloid progenitor, CLP = 

common lymphoid progenitor, GMP = granulocyte/macrophage progenitor, MEP = Megakaryocyte/

erythrocyte progenitor, RBC = red blood cell. Adapted from [289] B) Hematopoietic sites during mouse 

development. Day of development is indicated at the bottom of the picture. AGM = Aorta-gonads-

mesonephros region. Adapted from [290] C) Picture of an ES cell colony and an embryoid body at day 

7 of differentiation. A blood island has formed within the embryoid body (red colour). LIF = Leukemia 

inhibitory factor

Hematopoiesis in the mouse embryo

Hematopoiesis occurs in two waves in the mouse embryo. The first, or primitive, 
wave starts at embryonic day 7.5 (E7.5), corresponding to the presence of the first 
blood cells in the developing mouse embryo. They are erythroid progenitor cells 
and are located in the yolk sac [156]. Emergence of endothelial and hematopoietic 
cells coincides in the yolk sac, which led as early as the 1920’s to the hypothesis that 
there is a common progenitor for endothelial and hematopoietic cells [157-159]. 
This common progenitor was named the hemangioblast. Cells with the expected 
hemangioblast-like properties (both endothelial and hematopoietic potential) 
have been isolated from developing mouse and human embryos [160-165], to 
demonstrate the existence of the hemangioblast. In 2000 it was shown that the 



hemangioblast isolated from mouse embryos also harbours the potential to form 
smooth vascular muscle cells [166]. The hemangioblast is also referred to as the 
Flk1+ cell, since this cell can be identified by the expression of cell-surface receptor 
fetal liver kinase 1 (Flk1) [167-169]. Other hematopoietic (progenitor) cells can be 
found in the yolk sac later in development (E7.5-E10), but no bona fide stem cell 
activity could be detected in these early yolk sac cells [170]. 

The second, or definitive, wave of hematopoiesis is characterized by the 
emergence of definitive progenitors in the mouse embryo. During this wave the 
bona fide long-term repopulating HSC is produced. This HSC is found from E10.5 
onward in the developing embryo. It is first found in the developing aorta within 
the aorta-gonads-mesonephros region and in the viteline and umbilical artery 
[170-173]. The placenta harbours true HSC activity as well around E10.5, although 
it is not clear whether this stems from de novo generation or early colonization 
[174]. Much research has been performed to clarify that HSCs actually stem from 
hematopoietic clusters that bud out of the ventral wall of the dorsal aorta [170; 
175]. The clusters emerge from an endothelial layer of cells, in vivo evidence that 
endothelial and hematopoietic cells share a common ancestry. Endothelium 
harbouring hematopoietic potential is referred to as hemogenic endothelium 
[160]. Under influence of specific factors hemogenic endothelium can give rise 
to hematopoietic (stem) cells in a process termed endothelial to hematopoietic 
transition [176; 177]. Recently cells that bud out of the clusters into the circulation 
of the mouse E10.5 AGM have been visualized [178], evidence is strong that this 
event is in fact the ‘birth’ of an HSC in the mouse embryo.

As soon as HSCs enter circulation they start to colonize other, secondary, 
hematopoietic tissues [179]. The fetal liver is an important secondary hematopoietic 
tissue that rapidly expands the amount of HSCs in between E12 and E15 [170]. 
During this time, the fetal liver is the most important hematopoietic organ in the 
mouse embryo. All kinds of hematopoietic progenitors can be found around this 
time in the fetal liver [180]. For instance, the fetal liver on E14 is often used as a 
potent source for erythroid progenitors. During the time, from E12 to E17, HSCs 
can be found in circulation. From E15.5 HSCs colonize the bone marrow [181], the 
place where they will reside from here on and the rest of adult life. An overview 
of hematopoietic organs during development can be seen in figure 8B. Animal 
models are indispensible for studying hematopoiesis, although many aspects of 
hematopoiesis can also be recapitulated in vitro in cell culture. In vitro models 
have the advantage of being cheaper, less time consuming, more accessible and 
more flexible than in vivo approaches, but have the disadvantage that they lack 
the normal microenvironment (hematopoietic niche).

Hematopoiesis in a dish

A valuable asset of ES cells is that they can be used to differentiate toward somatic 
cell lineages in vitro. This is done in general by withdrawing LIF from the medium. 
Culture conditions vary largely though, depending of what kind of somatic 
cell type is wanted. In general, ES cells will form large spheric structures upon 
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withdrawal of LIF. For these spheric structures the term embryoid body (EB) was 
coined [9; 182]. Several labs confirmed that these EBs contain all three germ cell 
layers and that they do resemble to some extent the post-implantation embryo 
[9; 10]. There are limits to this resemblance, as there is no body-plan nor polarity 
in EBs [183]. It is possible to push EB differentiation toward the hematopoietic 
lineage in vitro, by adding ascorbic acid and holo-transferrin to the differentiation 
medium [184]. The stepwise specification of blood progenitor formation from 
mouse ES cells through the epiblast and mesoderm stages has been studied 
in detail [185]. This specification leads to a peak of Flk1+ cell production after 
3.25 days of differentiation [186; 187]. These Flk1+ cells have endothelial and 
hematopoietic potential and can form smooth vascular muscle as well [166; 188]. 
They can form blast colonies (BL-CFC), and as such are the in vitro equivalent of 
the hemangioblast. After six days of EB differentiation, blood islands can be seen in 
the EB which are similar to yolk sac blood islands in the developing embryo [156; 
189]. Definitive hematopoietic cells (but not HSCs) can be observed from day 8 
onwards. An overview of differentiation of ES cells to the hematopoietic lineage is 
presented in figure 8C.

More recent work by the laboratory of George Lacaud has shown that the 
hemangioblast, hemogenic endothelium and endothelial to hematopoietic 
transition (EHT) can also be studied in vitro [190-192]. In these elegant models 
it has been shown that the TF RUNX1 is an essential regulator of EHT. There is 
in vivo evidence in the frog Xenopus that the BMP and fibroblast growth factor 
(FGF) signaling pathways act upstream of RUNX1 [193]. The TFs GFI1/GFI1b were 
identified as downstream targets of RUNX1 in mouse cells, but are not able to fully 
rescue the EHT phenotype of hemogenic endothelium in the absence of Runx1. 
Expression of Gfi1/Gfi1b did allow cells with the correct morphology to bud out of 
the endothelium; however these cells did not have hematopoietic competence. 
For Gfi1/Gfi1b knock out hemogenic endothelium the story was reversed: cells 
with hematopoietic competence were present, but they did not acquire the 
correct morphology. From this study it was concluded that Gfi1/Gfi1b is required 
for cells to acquire the correct identity, but not hematopoietic competence during 
EHT [191]. This study readily demonstrates the importance and flexibility of in vitro 
studies on TFs in hematopoiesis. 

Transcription factors in hematopoiesis

TFs are important regulators of hematopoietic differentiation, in vivo and in vitro. 
Many TFs that play a role in this process have been identified and their functions 
have been studied in detail. These studies often involve knock out or knock down 
techniques as described earlier in this chapter.
 
Runx1 / Cbf-β

RUNX1 (AML1, CBF-α2) is a DNA-binding TF that is a member of the family of α 
core binding factors. Members of the α core binding factor family can interact 
with another TF, the core binding factor β (CBF-β). The consensus binding motif 



of RUNX1 is YGYGGTY, where Y can be either T or C [195; 196]. RUNX1 can bind 
to DNA alone, but the affinity of binding to its motif is greatly enhanced (around 
10-fold) when it associates with CBF-β [197]. It was stated before that RUNX1 is 
an essential regulator for EHT, priming several gene loci for expression. Binding of 
RUNX1 to these loci was shown by DamId [193]. After this initial activating activity, 
RUNX1 is mainly thought of as a repressor of transcription in macrophages [198] 
and megakaryocytes [199-203], by interacting with the co-repressor mSIN3a [204-
206]. It is known that Runx1 is expressed in erythroid cells and that the protein 
interacts with essential regulators of erythropoiesis like LDB1, GATA1 and TAL1 
[149; 207]. More recently, it was shown that RUNX1 acts as both a repressor and 
an activator of transcription in erythroid cells, and that it interacts with both LSD1 
and MyEF2 [208].

The Runx1 knock out phenotype generated a lot of attention, as mice without 
Runx1 die at E12 due to a complete lack of definitive hematopoiesis [208], while 
primitive hematopoiesis is only mildly affected [209]. In fact, Runx1 knock out 
embryos fail to produce hematopoietic clusters in the dorsal aorta [210], a situation 
that is mimicked in the in vitro phenotype discussed earlier. Hematopoiesis in 
Cbf-β knock out mice is affected in the same way as in the Runx1 knock out mice, 
stressing the importance of the interaction between RUNX1 and CBF-β proteins 
[211]. In an effort to better understand the role of RUNX1 in hematopoiesis, Runx1 
was conditionally knocked-out at different times during development. This led to 
the conclusion that Runx1 is essential early in development (until E10.5, concurrent 
with the emergence of HSCs and EHT), but is dispensable afterwards. 

Another important feature of the RUNX1 gene is its frequent involvement in 
human acute myeloid leukemia (AML). Many translocations found in AML material 
involving the RUNX1 gene have been described. Most frequent is the 8q22 t(8;21) 
translocation [212; 213], generating a RUNX1-ETO fusion protein that contains 
the DNA-binding runt domain of RUNX1 and all conserved domains of the 
transcriptional repressor ETO. As a consequence, the fusion protein is able to bind to 
RUNX1 target genes and favours the aberrant recruitment of co-repressors via ETO 
[214]. It has been shown that the RUNX1-ETO fusion protein blocks differentiation 
of myeloid blast cells, whilst it promotes self-renewal, thereby contributing to the 
AML disease phenotype. 

Ldb1

The ubiquitously expressed LIM domain binding protein 1 (LDB1, also known as 
CLIM2 or NL1) was first identified in yeast-2-hybrid screens for its capacity to bind 
to LIM homeodomains and LIM only (LMO) proteins [215-217]. It was found to be 
an interaction partner of GATA1 in erythroid cells [148; 218]. LDB1 has no DNA 
binding capacity or enzymatic activity. LDB1 rather seems to function as a docking 
protein, by interacting with specific protein partners [219]. Through its N-terminal 
homodimerization domain it is able to form homodimers, potentially bringing two 
distant sites on the DNA together (figure 9, [220; 221]). In this way it plays a role in 
long-range DNA interactions, as was highlighted in recent studies [222; 223]. For a 
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detailed introduction on long-range interactions the reader is referred to chapter 2. 
LDB1 has been shown to play a central role in a core complex controlling erythroid 
cell fate. Among the partners of this complex are GATA1/2, TAL1, ETO2 and LMO2 
[148]. In recent work it has been shown that this complex is required to stimulate 
transcription of genes required in the late stages of erythropoies, although it 
suppresses the expression of some genes in this stage as well [206]. Throughout 
this thesis this complex will be referred to as the LDB1-complex.

Figure 9. A theoretic model of long range chromatin interactions mediated by the LDB1 complex in late 

erythropoiesis. Two TF complexes bind distinct sites on the genome by factors able to directly interact 

with DNA (GATA1 and TAL1/E2A in this picture), LDB1 is part of this complex and indirectly interacts with 

the DNA binding factors. Through homodimerization of LDB1 the two complexes are linked and the two 

distinct genomic sites in close proximity. This process is called chromatin looping. Adapted from [222]. TSS 

= transcription start site

LDB1 is a highly conserved protein in eukaryotes and has a role many developmental 
processes in the mouse. This is exemplified by the Ldb1 knock out mouse, which 
has a plethora of developmental defects [224]. Among them are patterning 
defects, defective neural development, aberrant development of the heart and a 
complete absence of hematopoiesis (primitive and definitive). More recently it was 
shown that Ldb1 is required for hemangioblast function [225], HSC maintenance 
[226] and erythropoiesis [227]. The way LDB1 exerts its role is, as stated before, by 
binding to specific protein partners. The LMO proteins are important interaction 
partners for LDB1. This is exemplified by the knock out phenotypes of Lmo2 and 
Lmo4, which recapitulate the Ldb1 knockout phenotype for blood [228; 229] and 
neural development [230] respectively. More recently, it was shown that LDB1 is an 
upstream regulator of hematopoietic/endothelial development [225].

Tal1

T-cell acute lymphocytic leukemia protein 1 (TAL1 or SCL) was first identified as 
a recurrent target of chromosomal translocations in T-cell acute lymphocytic 



leukemia. Rearrangements causing leukemia often involve high expression of 
human TAL1 in differentiated T-cells, where TAL1 is normally suppressed [231]. 
TAL1 is a basic helix-loop-helix TF and binds so-called E-box motifs on the DNA. 
The E-box has the consensus motif CANNTG, where N can be any nucleotide. 
To efficiently bind DNA TAL1 needs to heterodimerize with another basic helix-
loop-helix protein, such as TCF3, E2A, E2-2 or HEB [232]. In the LDB1-complex TAL1 
cooperates with GATA1/2 to bind the DNA, resulting in a consensus motif for the 
LDB1-complex: (C)TGN

7-8
WGATAR [206]. This motif contains a full GATA motif with 

half an E-box motif. 

Different strategies for disrupting TAL1 protein function have been tried in order 
to elucidate the role of TAL1 in hematopoiesis. A complete Tal1 knock out mouse 
generates neither primitive nor definitive blood and therefore dies at around 
E10.5 of severe anaemia [233]. Tal1 knock out embryos show retarded growth and 
defective angiogenesis as well. ES cells that are homozygous knock out for Tal1 
are unable to contribute to blood in chimeric mice, but do contribute to other 
tissues [234]. EBs derived of Tal1 knock out ES cells are devoid of hematopoietic 
potential, although Flk1+ cells were formed [188]. The differentiation potential 
to endothelial lineages was also affected. To further investigate TAL1 functions 
in hematopoiesis, conditional knock out studies were performed. They revealed 
that Tal1 is not only important for the emergence of blood cells in the embryo, 
but also for maintenance of blood generation in the adult. Conditional knock 
out of Tal1 in adult blood led to impaired differentiation of megakaryocytes and 
erythrocytes, as committed progenitors could not be generated [235], whereas 
other blood lineages seemed to be unaffected by Tal1 knock out in adult blood. 
Further dissection of Tal1 function in blood formation was performed by using 
cells with inducible TAL1 in cell culture. Using these ES cells it was shown that early 
Tal1 expression, at the mesoderm stage (day 2-4 of EB differentiation), is essential 
for commitment to hematopoietic lineages later in development [236].
 
Myb

The myeloblastosis oncogene (Myb) encodes for the MYB TF. Myb is highly 
expressed in hematopoietic progenitors of all lineages (including HSCs), and is 
silenced upon differentiation toward the mature blood lineages [237; 238] (with 
the exception of megakaryocytes). This expression paradigm fits with a function 
for MYB in proliferation/differentiation decisions in progenitor blood cells. This is 
supported by the finding that human MYB is a protein misregulated in leukemia 
[239]. Myb knock out mice die at E15 because of an absence of definitive erythroid 
cells, although all blood lineages are affected [240]. Conditional knockout of the 
gene revealed roles of Myb in other blood cell types, mainly lymphoid [241; 242]. 
Expression of the Myb gene is regulated by the LDB1-complex through mediation 
of long-range promoter/enhancer interactions [223]. The expression of Myb and 
long-range chromatin interactions in its locus are topic of discussion in chapter 
2 and 5. 
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Gata1 and Gata2

The GATA family of transcription factors consists in a group of six TFs containing a 
dual zinc-finger DNA-binding domain. They were named for the core nucleotide 
sequence that makes up their binding motif on the DNA (GATA). The complete 
motif is WGATAR or WGATAA [243]. The functional properties of GATA proteins are 
similar, as was shown in a study where GATA factors were swapped. The results of 
this study indicate that the dynamic regulation of Gata factors is more important 
than their identity [244]. GATA1, GATA2 and GATA3 have shown to play important 
roles in hematopoiesis, this discussion will focus on GATA1 and GATA2. 

Knock out of the X-linked Gata1 results in embryonic lethality between E10.5 and 
E11.5, as a result of severe anemia. Early yolk sac erythropoiesis is blocked in these 
animals [245; 246]. It was shown that these animals have fewer hematopoietic 
progenitor cells, and erythropoiesis is blocked at the pro-erythroblast stage. Gata1-
less ES cells can be differentiated toward the hematopoietic lineage and produce 
hemangioblasts at a normal rate, but erythropoiesis and megakaryopoiesis are 
blocked [247]. Further investigation of the Gata1 knock out mouse showed that the 
megakaryocytic lineage is also affected in embryos [248]. Conditional knock out of 
Gata1 in adult mice led to a decrease in the number of erythroid progenitors and 
a differentiation block at the pro-erythroblast stage [249]. This study indicates that 
Gata1 may play a role in differentiation from early myeloid-erythroid progenitors 
to late erythropoiesis [250-252]. 

Gata2 knock out animals die between E10-11 due to severe anemia [253]. EBs 
derived from Gata2 knock out ES cells produce hemangioblasts at a lower rate, as 
well as a reduced number of macrophages, very few mast cells and a significantly 
lower number of definitive and primitive erythrocytes [254; 255]. Gata2 knock 
out ES cells cannot contribute to the hematopoietic lineage in chimaeric mice 
[255]. Moreover, it was shown that HSCs of Gata2 haploinsufficient donors are 
significantly less able to reconstitute the hematopoietic system of sub-lethally 
irradiated mice [256]. Remarkably, high GATA2 levels were found to inhibit 
hematopoietic differentiation of human HSPCs (Hematopoietic Stem/Progenitor 
Cells) by influencing cell cycle [257]. These results combined point at the dose of 
GATA2 as being critical for correct functioning of HSPCs. 

Gata1 and Gata2 expression profiles are in concordance with their knockout 
phenotypes: Gata2 is mainly expressed in HSPCs [258], but also in immature 
erythroid [259], megakaryocytes, mast and endothelial cells [259-261]. Gata1 
expression is turned on along erythrocytic specification [262], but is also found 
in committed hematopoietic progenitors, megakaryocytes, mast cells, eosinophils 
and dendritic cells [263-265]. Moreover, it was found that both factors can be part 
of the LDB1 complex [148; 266]. Combined, these findings suggest that a ‘GATA-
switch’ may take place. This means that genomic sites that are occupied by GATA2 
in early hematopoietic cells, may be occupied by GATA1 later during differentiation 
when Gata2 expression is decreased [267]. It was shown that GATA2 is a far less 
stable protein than GATA1 [268] and that proteasome inhibition stabilizes GATA2, 



blocking GATA-switching at least at several loci. GATA2 instability may account for 
rapid GATA2 loss during differentiation of HSCs, after which GATA1 can take GATA2’s 
place in erythrocyte progenitors in TF complexes such as the LDB1-complex. 

Other than the DNA motif itself, the chromatin state may be an important 
determinant of binding of TFs to the DNA. It is known that TFs are much less able to 
bind condensed chromatin [269]. However, not all GATA motifs in open accessible 
chromatin are bound. This suggests that additional motifs and/or co-factors are 
needed to target TFs to their cognate target sites in the genome. Indeed it was 
recently shown that GATA factor complexes binding to specific chromatin sites 
depend on the cofactors present in the complex [270].
 
Cofactors in transcription factor complexes

TF complexes need cofactors in order to be able to exert their function. For example, 
mass spectrometry of the individual members of GATA1 and LDB1-complexes in 
erythroid cells revealed the presence of histone modifying enzymes, chromatin 
remodelers and cell cycle regulators ([148; 271], and unpublished observations). It 
is hypothesized that these proteins are recruited to the genome along with the TF 
complex itself to i) influence the chromatin state leading to modified chromatin 
accessibility for TF binding and to activation or repression of transcription of genes, 
ii) maintain this chromatin state and iii) cross-talk between cellular functions (cell 
cycle, differentiation, apoptosis, etc.) to ensure proper regulation of these functions 
[272; 273].

Among the changes the cofactors promote are post-translational modifications 
(PTMs). PTMs are regulated changes of chemical properties of a specific amino 
acid within a protein by adding or removing a specific chemical compound to 
the amino acid. Examples of known PTMs that occur in mammalian cells are 
phosphorylation, acetylation, methylation or ubiquitination. There are many more 
known PTMs and new ones are still uncovered ([275], reviewed in [276]). Many 
specialized proteins that catalyze PTMs are identified in the human and mouse 
genome and many proteins that are subject to PTM have been identified. The 
function of PTMs is often providing a switch: regulating the specific affinity of a 
certain domain with its ligand or providing a platform for other domains to bind 
are examples of this [277]. It is appreciated that PTMs play a major role in the 
composition of TF complexes and determining their function [278], although the 
full extent of how PTMs influence cellular processes is far from being elucidated.

When the proteins present in a TF complex (TFs and cofactors with their associated 
cellular functions) as well as the target genes are known, this data can be 
combined to construct gene regulatory networks (GRNs). GRNs are blueprints of 
what is necessary to perform certain cellular functions. Many GRNs are presented 
in literature for developmental stages in different model systems, ranging from the 
reasonably simple to the immensely complex (e.g. [278-280]). All aim to provide a 
better molecular understanding of cellular functions.
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Histone modifications

A special class of PTMs are the histone modifications. Histones are the core proteins 
around which the DNA is wrapped in the nucleus in order to achieve the first level 
of compaction needed to fit the ≈6.109 base pairs of genomic DNA in the nucleus. 
Histones form octamers, with the N-termini protruding out of the complex. These 
N-termini are called the histone tails and they are heavily subjected to PTMs [282]. 
When first discovered, it was hypothesized that the state of PTMs on the histone 
tails would reflect the state of the chromatin [283]. The term histone code was 
coined for this hypothesis, in analogy with the genetic code. The histone code 
has been proven difficult to solve and to be ambiguous, but some rules have 
emerged from large-scale experimental data. Histone marks important for this 
work are discussed here, a more complete overview of histone marks that have 
been identified and chromatin states that have been (partly) ascribed to them is 
given in [282].

The histone octamer consists of two copies of each histone 1, histone 2A, histone 
3 and histone 4 (H1, H2A, H3 and H4). The amino acids in the tails are referred 
to by their single letter code and the position within the tail, counted from the 
N-terminus. If a PTM is present it is referred to with the first two letters of the PTMs 
name and a possible number if more groups are present, e.g. H3K4me2 stands for 
di-methylation of the lysine at position 4 of the histone 3 tail. Condensed chromatin 
or heterochromatin is associated with H3K27me3 and H3K9me3 and an overall 
loss of histone acetylation. Moreover, DNA itself can be methylated in regions 
where the chromatin is in closed confirmation [269; 281; 283]. Open chromatin 
(euchromatin) is associated with high levels of histone acetylation, and regions 
of low density of nucleosomes and regions of active enhancers characterized by 
the presence of H3K4me1 and H3K27ac. Actively transcribed genes are marked 
by high levels of promoter H3K4me3, and the transcribed region is covered by 
the H3K36me3 and H3K79me2 marks highlighting productive transcriptional 
elongation [281; 283]. A special class are bivalent promoters, promoters of genes 
that are primed for active transcription, but not yet expressing. These are marked 
both H3K27me3 (repressive mark) and H3K4me3 (active mark) [284]. However the 
finding of bivalent promoters has been challenged as well, it has been suggested 
that the low H3K4me3 levels on H3K27me3-marked promoters is an artefact of 
suboptimal culture conditions [285; 286]. A comprehensive review on chromatin 
accessibility, histone modifications and transcriptional silencing/activation is given 
in [287].
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Abstract

Genome-wide chromatin profiling efforts have shown that enhancers are often 
located at large distances from gene promoters within the non-coding genome. 
Whereas enhancers can stimulate transcription initiation by communicating 
with promoters via chromatin looping mechanisms, we propose that 
enhancers may also stimulate transcription elongation by physical interactions 
with intronic elements. We review here recent findings derived from the study 
of the hematopoietic system.

Introduction 

The development of multicellular organisms relies upon the capacity of stem 
and progenitor cells to respond to their microenvironment and differentiate 
upon exposure to specific stimuli. This multi-step process involves complex 
epigenetic changes within regulatory transcriptional networks, which contribute 
to the timely activation and repression of key developmental genes. Transcription 
of mammalian genes relies on the presence of a variety of cis-DNA regulatory 
sequences such as promoters and enhancers. Whereas it is relatively easy to 
identify gene promoters (i.e., at the 5’ end of transcriptional units), locating and 
characterizing enhancers is more complicated. Transgenic experiments carried out 
over the last few decades have taught us important lessons about transcriptional 
enhancers and genomic organization. Attempts to express transgenes in animals, 
under the control of endogenous promoter sequences, often resulted in weak 
expression, altered tissue specificity, and frequent transcriptional silencing after 
stable integration of the transgene into the genome. Efficient transgene expression 
(maintaining developmental transcription dynamics and expression levels) 
required the use of large genomic DNA sequences. Besides promoter elements, 
these large DNA fragments contained introns and sequences surrounding the 
genes. It was deduced that natural sequences surrounding the genes containing 
tissue-specific transcriptional enhancers were essential for its proper expression, 
because promoters work in combination with additional regulatory sequences 
that may be remote from transcription start sites (TSS). The de novo identification 
of transcriptional enhancers is difficult because they show not only a great variety 
in localization with respect to their target genes but also in sequence composition. 
The recent advances in high throughput sequencing technologies, such as ChIP 
Sequencing (ChIP-Seq), have allowed chromatin structure and transcription factor 
occupancy to be analyzed on a genome-wide scale. These techniques have 
resulted in a recent redefinition of enhancers as discrete genomic sites harboring 
a local combination of open chromatin structure (hypersensitivity to DNAse I), 
specific covalent histone modifications like mono- and di-methylation of histone 
3 lysine 4 (H3K4me1, H3K4me2), acetylation of H3K27, low levels of H3K4me3, 
and occupancy of RNA polymerase II (RNA Pol II) and transcription factors (TFs) 
[1-3]. Based on this (epigenetic) definition, thousands of potential enhancers were 
localized genome-wide, some of which have been functionally validated in vivo to 
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show that they fulfill the old criteria of the definition of an enhancer as a sequence 
that enhances the transcription of a gene [4]. Nevertheless, this redefinition of 
enhancers may not be sufficient to predict enhancer function in a spatio-temporal 
fashion during development. Furthermore, with the recent identification of 67 
novel types of histone modifications [5], the typical enhancer signature is likely to 
evolve and reveal a high degree of complexity and diversity. Presently, the best way 
to identify these critical regulatory elements is by combining histone modification 
profiling with the binding of general and tissue-specific TFs. 

The Genome is Big: Why Not Just Use All This Space? 

ChIP-Seq-based studies have determined the genome-wide binding sites of TFs 
with unprecedented ease and speed. A highly complex picture of transcriptional 
regulatory networks (TRNs) emerges from the data obtained. Textbook examples 
of TF binding at promoters are in fact exceptional cases, with several studies 
showing that critical tissue-specific TFs bind at large distances from genes TSS 
either in intergenic regions or within introns. For example, the binding profiles of 
the essential hematopoietic factors GATA1, TAL1, LDB1 and RUNX1 show that at 
least 90% of binding events are not at the promoter but intronic or intragenic 
[207; 296].  Binding sites are often localized several dozen to hundreds of kbp from 
the nearest TSS, indicative of long-range transcriptional regulation. In addition, 
it appears that developmentally regulated genes may harbor multiple binding 
sites for the same TF complexes, raising the possibility that TF-bound regulatory 
elements may act in a cooperative and/ or specialized fashion during development 
[6-9], underscoring the complexity of TRNs. Similar findings were reported for non-
hematopoietic tissues [10], indicating that transcriptional regulatory elements are 
generally located in the non-coding fraction of mammalian genomes. This is not 
surprising in light of the necessity to retain the coding and function of a gene 
during evolution. Importantly, enhancer location is clearly not restricted to the 
immediate vicinity of their cognate target genes as they may be found upstream, 
downstream or within genes. Long-range transcriptional regulation by distal 
enhancers hence emerges as an important mechanism driving proper spatio-
temporal regulation of gene expression during development. In agreement with 
this observation, examination of genome-wide association studies suggests that 
mutations in non protein-coding genomic regions contribute to disease traits in 
a significant number of cases [11]. For example, single nucleotide polymorphisms 
(SNPs) affecting the severity of the erythroid disorders beta-thalassemia and 
sickle cell anemia were found within the HBS1L-MYB and BCL11A loci [12]. The 
causative SNPs fall into intergenic and intronic regions, respectively, up to 80 
kb away from the gene promoters. An intronic SNP within the HERC2 gene has 
recently been linked to the regulation of the downstream OCA2 gene which is 
involved in human pigmentation [13]. One of the most extreme examples is the 
location of an enhancer 1 Mbp upstream from the Sonic Hedgehog (SHH) gene, 
within an intron of the unrelated LMBR1 gene [14]. SNPs were found in this region 
in humans and shown to affect spatio-temporal SHH expression resulting in the 
congenital abnormality preaxial polydactyly, one of the most frequently observed 



hand malformations [15]. These intriguing findings reveal the incredible functional 
complexity of the non-coding genome where intergenic, intronic and even gene 
desert areas [16; 17] have the potential to play critical roles in gene regulatory 
networks both in development and disease. This raises the question of how 
mammalian genome organization relates to transcriptional regulation, and how 
this organization dynamically changes during cellular differentiation to allow distal 
enhancers to regulate transcription over large distances in vivo. 

Long-range Transcription Regulation by Chromatin Looping 

New insights derived from ChIP-Seq analyses have provided a very detailed view 
of the regulatory potential of the genome although it is restrained to a linear 
perspective. Functional genomics studies are now facing the challenge of linking 
distal enhancers to their cognate genes, functionally dissecting enhancer-gene 
relationships, and understanding the impact of non-coding sequence variations 
in disease. The current dominant model for long-range transcriptional regulation 
proposes that distal enhancers are brought into physical proximity to their target 
genes in the three-dimensional nuclear space by chromatin looping mechanisms 
[18; 19]. The analysis of such spatial organization has been made possible thanks 
to the development of Chromosome Conformation Capture (3C) technology [20] 
and its high throughput derivatives (4C, 5C, 3C-Seq, HiC) [21]. 3C allows measuring 
the interaction frequency between two distal DNA elements and thereby provides 
information about local genomic topology and chromatin looping. 3C was 
originally used to study chromosome conformation in yeast [20] and the regulation 
of the ß-globin gene cluster by distal regulatory elements during erythroid 
development in mice [22]. We recently developed 3C-Seq technology which 
couples chromosome conformation capture to high throughput sequencing [6; 9]. 
3C-Seq measures interaction frequencies between a viewpoint (a DNA fragment 
of choice, e.g., gene promoter) and (distal) regulatory elements on a genome-
wide scale. We used 3C-Seq for the unbiased analysis of the spatial organization 
of the Myb proto-oncogene locus in murine erythroid cells [9]. Myb is a critical 
hematopoietic regulator required for the proliferation and expansion of all blood 
progenitors, and is dramatically down regulated during terminal differentiation. 
Failure to silence Myb expression is linked to impaired differentiation and may play 
a key role in leukemogenesis [23]. We showed that Myb transcription is regulated 
by an array of distal intergenic enhancers localizing up to 109 kb upstream of the 
gene. The enhancers are occupied by the essential hematopoietic TFs GATA1, TAL1, 
and LDB1. 3C-Seq profiling revealed that the enhancers loop to the Myb gene 
when it is transcriptionally active, forming an active chromatin hub resembling 
the one detected on the ß-globin locus. Importantly, the spatial organization of 
the locus is highly dynamic. During terminal differentiation the active chromatin 
hub is destabilized and the enhancers no longer loop to the Myb gene, a 
feature correlating with a loss of TF occupancy at the distal sites, and a loss of 
transcriptional activity of the locus (figure 1) [9]. This and earlier studies suggest 
that dynamic chromatin looping and changes in spatial organization represent 
important features within gene regulatory networks [9; 15; 22; 24-26]. 
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Figure 1. Transcription factor occupancy and three-dimensional structure of the Myb locus. (A) ChIP-Seq 

profiles of CTCF (red), LDB1 (blue) and KLF1 (grey) at the Myb-Hbs1l intergenic region. A schematic of the 

area including all TF-binding sites and their distance relative to Myb TSS is shown. (B) Spatial organization 

of the Myb locus in erythroid cells. On top, a linear schematic of the locus is shown (as in A), with the 

looping events towards the promoter summarized by the gray arrow. Below, the actual model of the 

three-dimensional conformation of the locus in vivo is shown, for both erythroid progenitors (expressing 

Myb) and differentiated erythroid cells (silencing Myb expression). TSS = transcription start site.



Chromatin Loop Formation and Maintenance 

The mechanisms by which specific chromatin loops are established, maintained 
or lost remain unclear. Furthermore, whether chromatin looping is a cause or a 
consequence of gene activity remains a matter of debate, although some data 
has been generated suggesting that chromatin looping can occur before a gene 
is expressed [27]. However, it is clear that chromatin loops depend on the local 
binding of structural and regulatory transcription factors. Structural proteins 
such as CTCF and Cohesin have been shown to participate in three-dimensional 
genomic interactions [28-30]. For instance, both CTCF and Cohesin were shown 
to be crucial for imprinting at the H19/IGF2 locus [31], a locus subjected to long-
range regulation by differential looping. It is worth noting that CTCF is also well 
known for its enhancer-blocking function and, as such, can limit the range of 
activity of nearby enhancers [28; 32]. Within the immunoglobulin к light chain 
locus (Igк), conditional inactivation of the CTCF gene in pre-B cells results in 
increased usage of the proximal Vк-3 gene family, which is rarely used in normal 
B cells. Increased Vк-3 genes usage correlates with increased interaction between 
the Igк locus enhancers and the Vк-3 genes in the absence of CTCF, suggesting 
that CTCF drives the specificity of enhancer-genes contacts at the Igк locus [29]. 
The absence of CTCF has been linked to disruption of loop formation at several 
other developmentally regulated loci. For instance, targeted disruption of a CTCF 
binding motif in the ß-globin locus 3’HS1 element, abolishing CTCF binding, 
disrupts local loop formation [30]. The Cohesin complex has also been linked 
to higher order chromatin structure formation and/or maintenance and it was 
shown that depletion of the Cohesin complex subunit SMC1 resulted in reduced 
enhancer-promoter loop formation at the Nanog locus in ES cells [33]. A further 
elegant study using HiC reveals that depletion of CTCF or Cohesion both lead 
to a loss of overall 3D configuration of the genome in mouse ES cells [personal 
communication K.Wendt]. In addition, TFs were also shown to play a role in long-
range gene regulation, e.g., the hematopoietic TFs LDB1, GATA1, FOG1, KLF1 and 
BCL11a are required to maintain chromatin looping within the ß-globin, Myb 
and other loci [9; 24; 34-37]. Differential enhancer-gene looping correlating with 
gene expression was also observed at the Kit oncogene locus. Kit expression in 
hematopoietic progenitors is controlled by a distal enhancer -114 kb upstream 
of the gene, which is occupied by GATA2 TF complexes and loops to the Kit gene 
when transcriptionally active. At the onset of terminal differentiation, the GATA2 
complexes are replaced by GATA1-nucleated complexes, correlating with a spatial 
reorganization of the locus, a modification of enhancer-gene interactions, and a loss 
of Kit expression [24]. These findings emphasize that complex interplay between 
regulatory factors binding to distal enhancers takes place during development, 
and suggest that the dynamic and timely establishment of higher order chromatin 
structures is involved in establishing and maintaining transcriptional regulatory 
networks. 
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Regulation of Transcriptional Elongation  
by Distal Enhancers 

Despite detailed information from a number of model loci [9; 22; 26; 28], higher order 
chromatin structure and local genomic reorganization upon signaling remain poorly 
understood or even completely uncharacterized for the vast majority of genes. 
Importantly, the functional relationship between distal enhancer-gene interactions 
and transcriptional activity is still a matter of debate. The prevalent model is that 
distal enhancers loop to target gene promoters where they stimulate transcription 
by providing an increased local concentration of positive acting factors [28; 33; 38]. 
However, this model does not apply to all cases. Sometimes distal enhancers show 
a preferential interaction with the transcribed part of their target genes (e.g., at 
intronic sites) rather than at promoter regions [9; 24; 39]. These observations raise 
questions regarding the functionality of such enhancer-gene contacts. We recently 
showed that the -81 kb Myb enhancer preferentially associates with the first intron 
of the gene. This region is strongly occupied by CTCF and was previously shown 
to harbor an ‘attenuator’ site regulating transcription elongation [23]. Accordingly, 
we demonstrated that this region represents the site where RNA Pol II switches 
from the initiating to the elongating form, as characterized by phosphorylation 
of serine (Ser) residues 5 and 2. The appearance of transcription elongation-
associated chromatin marks (e.g., H3K36me3) also occurs just downstream of 
the intronic CTCF site [9]. However, both this site and the Myb promoter harbor 
only minor quantities of the positive elongation factor CDK9, a kinase involved in 
the phosphorylation of RNA Pol II Ser 2, which regulates transcription elongation. 
Instead, strong enrichments of CDK9 and an additional positive elongation factor, 
TIF1γ, were found at the upstream regulatory sites, including the -81 kb enhancer. 
We proposed a model where RNA Pol II stalls at Myb intron 1, close to the CTCF site, 
and requires stimulatory activity from the distal enhancers to bypass the attenuator 
element. Interestingly, when erythroid cells were treated with the CDK9 kinase 
inhibitor DRB to inhibit transcriptional elongation, distal enhancers still looped to 
Myb intron 1. This suggests that the loops became non-functional due to their 
inability to provide kinase activity. Intriguingly, our unpublished observations 
suggest that this mechanism also operates at other developmentally regulated 
genes in erythroid cells (van den Heuvel, Kolovos et al. unpublished). Furthermore, 
previous experiments have shown that the ß-globin LCR controls high level globin 
transcription primarily through a stimulatory effect on transcription elongation 
[40]. Similar to the Myb upstream regulatory elements, the LCR was highly enriched 
for positive elongation factors, while proximal promoter sequences showed less 
binding of these factors [41]. Together, these data suggest that the function of 
at least a subclass of distal enhancers may be to provide direct local stimulation 
of transcription elongation (figure 2). In support of this view, a recent genome-
wide histone modification profiling study, performed in differentiating erythroid 
cells, suggested that the regulation of transcription elongation plays a key role in 
gene induction and repression processes during cellular differentiation [42]. Future 
investigations will reveal whether direct transcription elongation stimulation by 
enhancers is a general mechanism. 
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Figure 2. Speculative model of enhancer-mediated long-range stimulation of transcription elongation. 

The upper half shows a model gene with an upstream enhancer occupied by transcription factors, 

elongations factors and the transcription machinery. In the absence of chromatin looping, expression of 

the gene is kept low due to inefficient transcriptional elongation. Enhancer looping towards the gene 

results in the stimulation of elongation by increased RNA Pol II Ser 2 phosphorylation and high level 

gene expression. Structural factors involved in chromatin looping (i.e., CTCF and/or Cohesin, depicted by 

star symbols) possibly contribute to establishing local enhancer-gene communication.

Important Technical Challenges and Remaining Questions 

Since 3C-based technologies only provide topological information, their functional 
relevance should be interpreted with caution and needs to be supported by 
additional experiments. These experiments typically aim at correlating gene 
expression and TF occupancy with chromatin looping dynamics but assessing 
the functionality of a looping event remains a difficult task. One way to address 
this question is to generate mutant alleles and conditional enhancer deletions to 
address their roles in vivo, and to selectively disrupt specific loop formation [8; 30]. 
In the case of genes controlled by multiple regulatory elements (e.g., Myb), this will 
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show whether transcriptional activity directly depends on all the active regulatory 
elements or whether there are specific elements and/or subsets driving stage-
specific high level expression. Studies performed to address these questions for 
the human β-globin locus include the insertion of a human β-globin mini-locus 
in the mouse [38] and targeted disruption of the LCR in a cell line [43]. Despite 
the availability of high throughput recombineering technologies and novel ways 
to engineer genomes, such approaches remain laborious and time consuming. 
Recombineering and genome engineering are discussed in chapter one. It 
remains a challenge to obtain a broader picture of genomic architecture with 
sufficient resolution to visualize individual enhancer-gene contacts, and explore 
the correlation with gene transcription. Several new technological developments 
have provided new possibilities with approaches such as HiC allowing the capture 
of the genomic “interactome” or ChIA-PET, which allows the detection of genome-
wide loop formation nucleated by specific transcription factors (for review see 
ref. [20]). Defining the nuclear architecture, its dependence on regulatory factors 
and its impact on gene expression remains an important challenge in the field of 
functional genomics. However, it is likely to highlight key features that will provide 
a superior understanding of the regulatory role of the non-coding genome. One 
of the major challenges in this field may be to decipher the mechanism by which 
long-range interactions can switch a stalled to an elongating form of polymerase. 

Concluding Remarks 

The current genome-wide characterizations of enhancers provide a picture of 
increasing complexity and diversity in both enhancer structure and function [28; 
44]. We expect that different classes of enhancers will fulfill specific functions, such 
as facilitating transcriptional pause release or enhancing transcription elongation. 
The presence of multiple enhancers at single gene loci suggests that subsets 
of functionally specialized enhancers may provide a means to precisely drive 
transcription during specific developmental windows within specific lineages. 
Analyzing transcriptional regulation in both time and space emphasized the 
highly dynamic nature of the genome, which has recently been compared to a 
“regulatory jungle” [17], bearing “regulatory archipelagos” [16]. The rules governing 
the genomic regulatory landscape in its incredible complexity are only now just 
being discovered. Understanding the interplay between distal enhancers, their 
target genes, and their individual roles within complex genetic loci will remain a 
major task both in basic and disease-driven research. 
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Abstract

The slow kinetics of RNAi knock down or site-specific recombinase mediated 
conditional knock out in mammalian cells obscure the primary effects of the 
depletion of factors by these methods. Therefore, it would be advantageous to 
quickly inactivate or remove the target protein rather than the specific mRNA 
or genes. Here we apply the Anchor-Away technique [132] to mammalian cells. 
We show that Anchor-Away is capable of depleting factors from the nuclei of 
mammalian cells within four hours. Depletion is mediated by an anchor ri-
bosomal protein (rpL13) fused to the FKBP12 domain and the target nuclear 
factor (LDB1 in this work) fused to the FRB* domain. We show that addition of 
AP21967 (rapalog) induces ternary complex formation of the two domains and 
causes the target nuclear factor to be pulled from the nucleus to the cytoplasm 
by the ribosomal protein. We conclude that Anchor-Away is an important new 
technique to deplete  nuclear proteins in mammalian cells and perform func-
tional studies.

Introduction

In order to investigate target genes regulated by a transcription factor (TF) it is 
common practice that the TF of interest is either knocked down using RNAi or 
(conditionally) knocked out by gene targeting [207; 247; 328; 329]. Although these 
strategies have been very successful in generating functional data for many TFs, they 
nevertheless have their drawbacks. This is illustrated by data showing that typically 
fewer than 30% of the genes that are misregulated after knock down/out of a 
specific TF are also bound by the TF as determined by massive parallel sequencing 
after chromatin immune-precipitation (e.g. [130; 131]). A potential contributor to 
the low overlap are indirect, secondary effects. The problem is caused by timing: 
enough of the target protein has to be degraded by the proteasome in order to 
obtain a good knock down/out. The time this takes is dependent protein half-life 
and this can vary by orders of magnitude. In general one has to wait for at least 48 
hours, and as a result the cells spend a considerable time in an environment where 
the targeted protein is “slowly” disappearing providing time for secondary effects 
to take place. Thus during incubation time, genes primarily regulated by the target 
genes will be differentially regulated, but these primary regulated genes will also 
exert their influence on their transcriptional targets. These are the secondary 
effects of the knockdown.

A RNAi knock down specific drawback is that the interfering RNA should be 
specific and not cause non-specific effects, hence usually more than one shRNA 
needs to be used to obtain a reliable result. Moreover not all shRNAs result in the 
attended knock down and a number of different ones (3-5) need to be tested. In 
addition cells that are transfected with shRNA are not synchronous and in many 
cell types it is very difficult to deliver the shRNA to all the cells, causing the knock 
down to be incomplete. Although this last problem may be overcome by using 



lentivirusses to transduce cells with shRNA constructs. Similarly a conditional 
knock out takes time to take effect, is usually not synchronous in all cells of a 
population and often incomplete.  Secondary effects would be lowered if gene 
expression profiling could be performed much faster after the initiation of a knock 
down/out, preferably by removing the target protein directly instead of (part of ) 
its gene or mRNA. 

+ Rapamycin

DAPI α-HA (rpL13) α-V5 (Ldb1) Merge

A

B
EtOH,

45 minutes

rapalog,
45 minutes

Figure 1. A) Schematic view of AA in yeast as presented by Haruki et al [1]. Both target nuclear protein 

(yellow) and an anchor ribosomal protein (incorporated in ribosome, in grey) are tagged with an AA tag. 

Upon addition of rapamycin (green) ternary complex formation takes place between the tagged proteins 

and rapamycin. In time, the cell’s nucleus is cleared from the target protein. In mammalian cells the same 

mechanism is applied, although rapalog is used instead of rapamycin and a mammalian homolog of the 

ribosomal protein (rpL13 / rpL7a) is used. 

B) Immunofluorescence images of AA in HEK293T cells. The transcription factor LDB1 is in red, the nuclear 

DAPI stain in blue and in green the ribosomal protein rpL13. The upper panel depicts a control situation, 45 

minutes incubation with EtOH added to the medium. The lower panel shows pictures of cells 45 minutes 

after rapalog addition to the medium. The pictures shown are representative pictures of at least five 

different experiments, for those cells in the population that are double transfectants (rpL13-AA, LDB1-AA).
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A new approach for disturbing target nuclear proteins in yeast was presented by 
Haruki et al. in 2008 [1]. Their work shows that a target nuclear protein could be 
sequestered to the cytoplasm within the hour. Furthermore, it was shown that 
sequestration of nuclear factors to the cytoplasm using Anchor-Away (AA) led to 
growth phenotypes similar to those observed after RNAi knock down, suggesting 
AA can be used to obtain functional data. AA works through fusion of each of 
two different partner rapamycin binding domains to a specific ribosomal protein 
(anchor) and the target nuclear protein that is to be removed. Upon addition of 
rapamycin strong ternary complex formation takes place between the ribosomal 
protein and the nuclear protein. The ribosomal protein is incorporated in a 
maturing ribosomal subunit that is transported in a large flow from the nucleoli to 
the cytoplasm, through the nucleus. The nuclear protein is dragged along (figure 
1A) to the cytoplasm and remains there.

Here we present an adaptation of the original AA system for use in mammalian 
cells. In the original AA method, rapamycin was used as the inducing agent in 
rapamycin-resistant yeast strains [1]. Rapamycin toxicity in mammalian cells is 
well documented and rapamycin has a clinical application as an anti-cancer 
agent (e.g. recently reviewed in [8]). Toxicity of rapamycin is mediated through 
binding of the protein FK-binding protein 12 (FKBP12) and subsequent ternary 
complex formation with mammalian target of rapamycin (mTOR) protein. The 
ternary binding is mediated by the FRB domain of mTOR [9; 10]. An alternative 
to rapamycin is a homolog of rapamycin, AP21967, which will be referred to as 
rapalog from here on. Rapalog has no toxic effects on mammalian cells at low 
concentrations [11], because it has very low affinity for the original FRB domain. 
Rapalog does have a high affinity for the FKBP12 and a stable, mutated form of the 
FRB domain (K2095P, W2101F), the FRB* domain [12]. Upon binding of rapalog to 
FKBP12 an interaction surface is created for the FRB* domain to interact with both, 
establishing a strong ternary complex with nanomolar dissociation constant [10]. 
This inducible heterodimerization system has been used for other applications, 
such as identification of nuclear export sequences of proteins [334] and forced 
gene expression [332].
 
Here we report that AA functions in human HEK293T cells, mouse ES cells and 
cells differentiated toward the hematopoietic lineage from mouse ES cells. Target 
transcription factors can be sequestered to the cytoplasm within four hours in all cell 
types that were investigated. This time frame is one order of magnitude shorter than 
RNA interference and is therefore better suited to identify the direct effect of the 
functional removal of a target protein. AA works through addition of rapalog to the 
cell culture medium for HEK293T cells and mouse ES cells. Rapalog was unable to 
enter differentiated cells. This blockage was overcome by incorporating the rapalog 
in cationic liposomes that were subsequently fused with the differentiated cells.



Materials and Methods

Constructs
Original constructs of the AA paper [1] were a kind gift of Ulrich Laemmli’s 
laboratory. Constructs with FRB* and FKBP12 domains, as well as rapalog were 
obtained from ARIAD (now ClonTech, Cat. 635067). cDNAs of transcription 
factors and ribosomal proteins were cloned into pBUD and pPyCAG vectors, 
respectively. The DNA coding for the FRB* domain and V5 tag were ligated onto 
the transcription factor cDNAs and the DNA coding for the FKBP12 domain and 
HA tag onto the ribosomal protein cDNA. To obtain a BAC tagged version of 
Ldb1, recombineering on the 3’ end of Ldb1 was performed in the BAC RP23-
106G13. The DNA for recombineering was obtained by a PCR on the constructs 
made for tagging TFs in HEK293T cells with the following primers: Forward 
5’CATCCAGCCAAGAGAGCAAATCGGAGAATCCCACGTCACAGGCTTCCCAGGCC 
AGCACCAAGGGCCC 3’ and Reverse 5’GAGCTGTGAGGGGTAGGCAGGCAGAGC
GCTGGGTGGCCGTGGTAGGGCCTGGATCCCCTCGAGGGACC 3’. Recombineering 
plasmids were a kind gift of Francis Stewart’s laboratory in Dresden.

Cell culture
HEK293T cells were cultured in standard culture medium (89% DMEM, 10% FCS, 
1X Pen / Strep) and were transfected using lipofectamine. HEK293T cells were 
passaged every other day.
Mouse ES cells were cultured in 83% KO-DMEM (Gibco, Cat. 10829-018), 15% FCS, 1X 
Pen/Strep and 1X Non-essential amino acids (Invitrogen, Cat. 11140-050). Leukemia 
inhibitory factor (LIF, 103 U/ml) and 0.1mM 2-mercaptoethanol were added to 
the medium. For selection 200 µg/mL of G418 (Sigma, Cat. A1720) or 1.5 µg /mL 
puromycin (Sigma, Cat. P8833) was added. Medium was refreshed every day and 
cells were passaged every other day. Cells were transfected using lipofectamine 
according to manufacturer’s protocol. For establishing stable ES cell clones, selection 
was started 24 hours after transfection for about 7 days and medium-sized, round 
colonies were picked. Rapalog was kept at -20°C in EtOH at a 1mM concentration 
and added to a final concentration of 5µM in the culture medium. 

Differentiation of ES cells and rapalog incubation
ES cells were grown in suspension at 10.000 cells/ml on nonadherent dishes in IMDM 
medium (without LIF) with 15% FCS, 5% protein free hybridoma medium II (Gibco, 
Cat. 12040-077), 1% P/S, 1% Glutamax (Gibco, Cat. 25030-08), 0.05 μg/ml transferrin 
(Roche, Cat. 652-202), 0.05 µg/ml ascorbic acid (Sigma, Cat. A4544) and 1.8μl/ml 
monothioglycerol (Sigma, Cat. M6145). Embryoid bodies (EBs) were disrupted using 
trypsin-EDTA at day 3.25 of differentiation. EB cells were incubated for <4h with 5µM 
rapalog or EtOH and allowed to sediment on poly-prep slides (Sigma, Cat. P0425-
72EA) after which the immunofluorescence protocol could be started.

Liposome Preparation
Cationic liposomes were prepared by a lipid film hydration and extrusion method 
[14]. Liposomes containing a mixture of egg phosphatidylcholine (EPC; Lipoid 
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GmbH, Ludwigshaven, Germany), cholesterol (Sigma-Aldrich, St. Louis, MO, USA), 
1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP; Avanti Polar 
lipids, Alabaster, AL, USA) in a molar ratio of 7:1:2 was dissolved in chloroform/
methanol 9:1 (v/v). After addition of 0.1 mol% 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) 
(Rhodamine-PE; Avanti Polar lipids, Alabaster, AL, USA) the solvent was evaporated 
in vacuo using a rotary evaporator (Büchi Rotavapor R-210, Büchi Labortechnik, 
Flawil, Switzerland) until a homogeneous lipid film was formed. The film was 
hydrated in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffered 
saline (10 mM HEPES, 135 mM NaCl, pH adjusted to 7.4). The resulting vesicles were 
extruded at 60°C through a high-pressure Lipex thermoline extruder (Northern 
Lipids Inc, Vancouver, Canada) by passing through a Nucleopore polycarbonate 
membrane filter (Whatman, Newton, MA, USA) with pore diameters of 200, 100, 
80, and 50 nm (5 extrusions per filter). 

Film loading method [15]
AP21967 (ARIAD Pharmaceuticals, Inc, Cambridge, MA, USA) was dissolved in 
ethanol, which was evaporated with a stream of nitrogen gas. Empty liposomes 
were added to the rapalog film in a ratio 60:1 (total lipid: AP21967) and the mixture 
was sonicated for 10 min at 60°C in a sonication bath [16]. The suspension was left 
for 1 hour at room temperature, after which the free drug was separated from the 
cationic liposomes by size exclusion chromatography (Sephadex G-50 medium). 
Finally, the liposomes were passed through a 0.22 μm filter to remove any possible 
aggregates. 

Characterization of Liposomes
The average diameter and size distribution of the liposomes were determined 
by dynamic light scattering (DLS) using a Zetasizer Nano (Malvern Instruments, 
Worcestershire, UK). The mean size of cationic liposomes was 91.7 ± 1.57 nm with 
a polydispersity index (PDI) of 0.091 ± 0.008, whereas the liposomes with rapalog 
were larger with sizes of 132 nm and PDI of 0.093. The zeta potential was on 
average 58.2 ± 10.5 mV. Total phospholipid content was determined by phosphate 
assay according to Rouser et al [17]. 

Immunofluorescence
Cells on glass cover-slips or poly-prep slides were fixed in 4% weight:volume 
PFA/PBS for 15’ at RT, permeabilized with 0.1% volume:volume Triton®X-100/PBS, 
blocked with PBS/0.5% BSA/0.15% Glycine weight:volume, incubated overnight at 
4°C with anti-V5 (Invitrogen, Cat. R960-25) and/or anti-HA (Sigma, Cat. 029K4788) 
and for 2h at RT with appropriate secondary antibodies. Coverslips were mounted 
on glass slides with DAPI/Vectashield for DNA staining.

Whole cell lysates and Western Blotting
Cells were lysed in lysis buffer (20mM Hepes pH7.5, 150mM KCl, 2.5mM EDTA, 
5mM DTT, 10% Glycerol, 0.1% Triton, with 1X cOmplete, EDTA free protease 
inhibitors (Roche, Cat. 11873580001) added) and samples were subjected to 
immunoblotting using the LDB1 N-18 (Santa Cruz®, Cat. SC-11198), V5 or HA 



antibodies. Fluorescently labeled secondary antibodies were used (Licor, IRDye 
680LT series) and blots were imaged using the Odyssey imager.

Colony Forming Cell (CFC) assay
EBs were disrupted at day 6 with trypsin-EDTA. Cells were transferred to 
methycellulose-based media with 10% FCS, 1% L-glutamine, 0.25μg/ml transferrin, 
0.25μg/ml ascorbic acid, 2μl/ml monothioglycerol, 5% protein free hybridoma 
medium II, 0.01μg/ml mIL6, 0.001μg/ml IL3 (R&D Systems, Cat.403-ML), 0.005μg/ml 
hIL11 (R&D Systems, Cat.418-ML), 0.003μg/ml GM-CSF (R&D Systems, Cat.415-ML), 
4U/ml EPO (R&D Systems, Cat.959-ME), 0.005μg/ml TPO (R&D Systems, Cat.488-TO), 
0.1 μg/ml SCF (R&D Systems, Cat.455-MC). Red primitive erythroid colonies and 
white macrophage colonies (composed of round cells growing in clumps) were 
identified microscopically after 6 days according to morphology and color.

Results

Anchor-Away tagged proteins are stable and properly localized, and 
are AA proficient

HEK293T human cells were co-transfected with constructs for TFs tagged with the 
FRB* domain and a V5 tag, as well as constructs for ribosomal proteins tagged 
with FKBP12 and an HA tag. HEK293T cells were chosen because they divide 
fast (every 24 hours), are easy to transfect (80% efficiency with lipofectamine 
is often achieved) and can be cultured in standard culture medium. Cells were 
fixed to a slide 48 hours after transfection and protein localization was visualized 
by immunofluorescence. The expected localization of the ribosomal protein is 
in nucleoli and cytoplasm while transcription factors should be localized in the 
nucleus, but not nucleoli. Pictures of stained cells confirmed these localizations 
(figure 1B, right panel).

Next the AA constructs were tested for their AA proficiency by adding rapalog 
overnight to the culture medium and fixing the cells the next day. Several ribosomal 
proteins were tested this way to determine which would be most effective to drag 
a TF to the cytoplasm. They were chosen according to the following criteria: i) 
homologs of ribosomal proteins that were reported to be efficient in AA [1] ii) 
homologs of ribosomal proteins that were determined to have their C-terminus 
exposed to the surface of the ribosome in yeast [18; 19]. Only when AA-tagged TFs 
were co-transfected with the ribosomal proteins rpL7a or rpL13 was a shift from 
nucleus to cytoplasm observed (supplementary table 1). Other ribosomal proteins 
showed no capacity as anchors. Further experiments were only conducted with 
these two AA tagged ribosomal proteins. Since the main advantage of AA is meant 
to be its speed, a time lapse experiment was conducted. These experiments with 
rpL7a or rpL13 showed a clear shift in localization of LDB1, RUNX1 and GATA1 from 
the nucleus to nucleoli and cytoplasm after 45 minutes incubation with rapalog, 
(figure 1B, data not shown). 
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Some concerns have been raised about the stability of FRB* tagged proteins [20] 
and although the double FRB* mutant is reported to be stable [12], we investigated 
the effects of FRB* fusion on protein stability. It has been reported that tagging a 
protein with an FRB domain destabilizes the protein by targeting it for degradation. 
Incubation with a heterodimerizing agent, such as rapamycin or rapalog, and 
binding to FKBP12 stabilizes the fusion protein. To investigate the stability of the 
fusion product, HEK293T cells were co-transfected with TF constructs as well as 
the ribosomal protein construct. After 48 hours, protein samples were taken. Other 
cells were incubated for three hours with ethanol or rapalog and subsequently 
protein samples were made. Stability of the protein was judged on Western blot, 
which showed no instability due to the tagging (Supplementary figure 1).

N- and C-terminal AA tagged LDB1 are both AA-proficient in combination 
with rpL13-AA in mouse ES cells, but only C-terminal AA tagged LDB1 (LDB1-
AA) fully rescues Ldb1 -/- phenotype.

The next step after the proof-of-principle with overexpressed fusion proteins in 
HEK293T cells was to perform AA in relevant cells with (close to) endogenous 
levels. An Ldb1 -/- ES cell was derived earlier in our laboratory [21] and was used to 
obtain an ES cell that expresses both the AA tagged ribosomal protein and Ldb1 
in a background that does not contain endogenous Ldb1. Ldb1-/- ES cells do not 
have a phenotype, although Ldb1 is normally expressed in ES cells. LDB1 function 
is important for the maintenance of long-term repopulating hematopoietic stem 
cells, the development of megakaryocytes and primitive erythrocytes [22; 23]. It 
was shown that LDB1 plays an important role in chromatin looping, by bringing 
together remote genomic sites, probably mediated through homodimerization 
of its N-terminus [24]. More recently it was shown that hemangioblast formation 
from Ldb1 -/- ES cell derived embryoid bodies is severely hampered. Blood cell 
formation from the hemangioblast is blocked completely [21]. We first investigated 
the phenotype of ES cell differentiation after Ldb1 expression was restored in 
these cells. To restore Ldb1 expression, we used two different approaches: the 
cDNA of Ldb1 was placed behind a constitutive EF1α promoter and expressed, 
and a BAC-tagged version of Ldb1 was also prepared for expression. Either end 
was tried for the cDNA tagging, while the BAC-tagged version of Ldb1 was only 
tagged at its C-terminus. Stable clones were obtained after selection, and clones 
that showed close to endogenous levels of LDB1 on Western blot were selected 
(data not shown). In these clones, AA-tagged rpL7a or rpL13 were introduced and 
again stable clones were obtained (figure 2A). These clones were tested for their 
hematopoietic differentiation phenotype in a colony forming cell (CFC) assay. 
Clones transfected with the N-terminal tagged version of Ldb1 showed partial 
rescue of the Ldb1 -/- phenotype, but clones transfected with C-terminal tagged 
versions of Ldb1 were able to fully rescue the differentiation phenotype (figure 2B). 
After confirmation of the phenotype of the rescued Ldb1-AA ES cells, the AA 
system was tested in these cells, by addition of rapalog to the culture medium and 
immunofluorescence staining of the tagged LDB1 and ribosomal proteins (rpL13 
and rpL7a). Both combinations showed proficiency for AA, but the localization 
shift for LDB1-AA/rpL7a-AA seemed unable to reach completion. A time course 



experiment for LDB1-AA/rpL13-AA in ES cells shows that LDB1-AA is fully cleared 
from the nucleus after four hours, although not yet completely after two hours 
(figure 2C). This time window is a very significant improvement over that achieved 
with RNAi mediated knock-down, which takes at least 48 hours. Usually TFs exert 
their function during development in specific cell types rather than in ES cells 
as is the case for LDB1. In order to investigate whether AA is a widely applicable 
method, we therefore set out to show it is also working in differentiated cells.

Figure 2. Analysis of clones transfected with AA tagged Ldb1 in Ldb1-/- background. 

A) Western blot on the V5 and HA tag and VCP (loading control). Shown are four clones with N-terminally 

tagged LDB1 (N-term) and four clones with C-terminally tagged clone (C-term). Ldb1-/- (-/-) and wildtype 

(WT) protein extracts are also shown as negative controls for HA and V5 staining. M = protein marker. 

B) Rescue of Ldb1-/- hematopoietic differentiation phenotype by expression of AA tagged Ldb1. A picture 

of sedimented EBs on day 6 of differentiation in PBS shows primitive erythrocytes (red color in the pellet) 

are produced in the C-terminally tagged clone (C), but not in the N-terminally tagged (N) or Ldb1-/- (-/-) 

EBs. Furthermore, the results for a CFC assay on WT, C-term, N-term and -/- cells is shown. The N-terminally 

tagged EBs do rescue the phenotype of Ldb1-/- in part, but C-terminally tagged clones rescue the 

phenotype fully. The result of three independent experiments is shown. CFU-E = Colony Forming Unit 

– Erythrocyte; CFU-GM = Colony Forming Unit – Granulocyte, Monocyte; CFU-GEMM = Colony Forming 

Unit – Granulocyte, Erythrocyte, Monocyte, Megakaryocyte

C) AA in ES cells with C-terminally tagged LDB1. Cells were incubated for indicated times with rapalog (rap) 

or EtOH. For rpL13 the LDB1-AA has already shifted substantially to the cytoplasm after 2h of incubation, 

and is completely gone from the nucleus after 4h. After 7h LDB1-AA is still in the cytoplasm. Incubation 

with EtOH does not trigger relocalization of LDB1-AA.
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AA works in differentiated ES cells, when rapalog delivery is mediated by cationic 
liposomes

Ldb1-/- ES cells do not have a phenotype, and although Ldb1 is expressed in ES cells, it 
is not associated with chromatin at this stage (A. Martella et al, unpublished). In order 
to show AA in cells where Ldb1 is associated with other factors and functional, we 
differentiated ES cells for 3.25 days toward the hematopoietic lineage. At this stage, 
a peak of Flk1+ cells is observed in the embryoid bodies. The Flk1+ population is 
enriched for the hemangioblast, a hematopoietic/endothelial/vascular smooth 
muscle precursor [25-27]. It has been shown that LDB1 is associated with chromatin, 
and a complex containing LDB1 is regulating gene expression at this stage [21]. 
Embryoid bodies were disrupted and cells incubated in medium with rapalog or 
ethanol alone. Even after eight hours of incubation with rapalog, AA did not seem 
to work at all in these differentiated cells. Since the shift was observed in ES cells this 
suggested that either the rapalog was unable to enter the differentiated cells or that 
a conformational shift in the LDB1 protein caused the tag to be inaccessible in these 
cells. Haruki et al. had reported that rapalog could not be used for AA in baker’s yeast, 
although the reason for this remained unclear. We reasoned that the problem could 
have been similar, suggesting that rapalog unable to enter the cell was the more likely 
possibility. We therefore tried approaches that could allow rapalog to penetrate the 
cell membrane. 

The first approaches were to permeabilize the cell membrane with low concentrations 
of Triton (as described in [28]) or by adding lipofectamine to the medium with rapalog. 
Both approaches seemed to improve the situation to some extent and cells were 
present that showed a shift of localization indicating that penetration of the rapalog 
was indeed the problem (data not shown). Hydrophobic rapalog molecules can 
probably not be incorporated into the lipofectamine liposomes, as the inner part 
consists of a watery solution. Based on that it is to be expected that the chance of 
rapalog entering the cell is based on random proximity at the moment liposomes 
enter the cells. If true, the system could be improved by incorporating the hydrophobic 
rapalog into the lipid bilayer of liposomes using the film-loading method [15], as has 
been done for rapamycin [29]. We used cationic liposomes for this method, as the 
positive charge of these liposomes helps binding to the negatively charged cellular 
membrane [30]. Figure 3 shows that AA is working in differentiated cells after four 
hours of incubation with the rapalog-loaded cationic liposomes, but not for incubation 
with empty cationic liposomes. 



Figure 3. AA in differentiated ES cells. Images of a clone transfected with the C-terminally tagged Ldb1 

construct in Ldb1-/- ES cells. Differentiated cells were incubated with empty or rapalog-loaded cationic 

liposomes for four hours. LDB1 was imaged by immunofluorescence on the V5 tag. The picture shows that 

the rapalog-loaded, but not the empty liposomes induce a shift of LDB1-AA to the cytoplasm.

Discussion

The results presented here show a fast (<4 hours) removal of a target nuclear TF 
out of the nucleus in functionally relevant cells. LDB1 is a member of TF complexes 
in early and late erythropoiesis [2; 31; 32] and cannot act on its own due to an 
inability to bind DNA directly (reviewed in [33]). As such, the results presented 
here proof that AA can be used to knock out individual members of a complex. 
Moreover, the system can be used to knock out a nuclear target gene fast after 
cells are allowed to develop up to a specific point. This is impossible to accomplish 
with conventional siRNA-mediated knockdown or conditional knock out of genes, 
as these techniques are constrained by protein half-life. It has been noted in yeast 
that a gradual depletion of a target protein from the nucleus can lead to a different 
phenotype when compared to a sudden depletion [34]. 

A fast removal as presented here provides an opportunity to distinguish primary 
from secondary effects of the knock down/out. Improving the rate of primary 
over secondary effects of a knock down is an important priority, as it would allow 
us to better understand which genes are regulated by a specific TF. This in turn 
gives a better understanding of cellular functions and genes that are regulated 
in development. A last speculative feature of AA is that it is in theory more rapidly 
reversible than siRNA-mediated knock down: after removal / wash-out of the 
rapalogue, the system would be independent on transcription for reconstitution 
of nuclear protein levels. Reversibility of the system might allow temporary gene 
depletion at a specific developmental stage, after which protein levels could be 
restored to normal. This is a possible application that could be tested in future.

AA does not control the stability of the endogenous, untagged proteins. In 
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order to investigate fast nuclear factor depletion using AA, one has to (i) express 
an AA-tagged target nuclear protein and ribosomal protein in a cell of knock-
out background or (ii) modify the endogenous protein by gene targeting. 
Improvements in homologous recombination and the development of 
recombineering techniques make this last approach more attractive for mouse ES 
cells [35]. I therefore introduced the recombineering technique in the laboratory 
and targeted mouse ES cells to develop five different cell lines that can be used 
to obtain mouse models of AA. The TFs targeted are Cbf-β, Myb, Gata1, Gata2 
and Tal1 (see Chapter 4). Furthermore, techniques such as zinc finger nucleases, 
transcription activator-like effector endonucleases (TALENs) and the most recently 
developed Cas9 system (zinc fingers and TALENs recently reviewed in [36], Cas9 
is described in [37-40]) make the gene targeting approach feasible for many cell 
types including human ES cells and/or human somatic cells. An rpL13-targeted 
mouse ES cell line has been established and is confirmed to yield high chimaeras 
after blastocyst injection (supplementary figure 2), making it easier to obtain AA 
mice after one targeting event at the target gene. The C-terminal tagging by 
recombineering described here can easily be applied to any other gene, provided 
the correct BAC is available. Taken together these resources provide a short route 
to obtain AA proficient ES cells/mice of any gene.

Other systems have been described that regulate posttranslational regulation of 
protein stability, most recently the auxin-induced degron (AID) system in human 
cells [41]. The AID system has yielded promising results in two human cell lines 
(DLD-1 and RPE-1) after cDNA overexpression. Although the results for the AID 
system are promising, it was not tested in a knock out background or with 
endogenous levels of proteins. We would therefore like to emphasize that a shift in 
localization for overexpression experiments in HEK293T cells was visible within 45 
minutes (figure 1), but in ES cells no shift could be observed before approximately 
two hours (figure 2, data not shown). The exact timing in differentiated cells 
remains to be established, but appears at least as fast as observed in ES cells (figure 
2 and 3). 

A possible application of the system would be to target specific cells in mice. 
Results in this work (figure 3) indicate a potential inability of rapalog to enter 
somatic cells. This will have to be tested on a cell-to-cell basis and may be a hurdle 
to overcome if animal experiments are to be undertaken. The use of liposomes as 
presented here may help overcoming this hurdle, but potentially other avenues to 
target rapalog in vivo could be explored.



Supplementary table and figures for chapter 3

Supplementary table 1. Ribosomal proteins tested in AA in HEK293T cells. Only 
rpL13 showed positive results in mouse ES cells.

 Ribosomal protein AA proficient in HEK293T Ribosomal protein AA proficient in  
    HEK293T
rpL7a Yes rpL23a No
rpL13 Yes rpL24 No
rpL4 No rpSa No
rpL10a No rpS2 No

Supplementary Figure 1. Stability of the FRB* fusion protein. The same amount of protein was loaded 

of protein samples taken on: 48 hours after transfection (0), 51 hours after transfection, including 3h 

of incubation with EtOH in the medium (3h EtOH) and 51 hours after transfection, including 3h of 

incubation with rapalog in the medium (3h rapalog). A plasmid expressing GFP in mammalian cells was 

co-transfected to serve as a loading control. No difference in amount of LDB1-AA is observed, hence 

the fusion protein’s stability is similar in all cases. The blot shown is representative of three independent 

experiments.
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Supplementary Figure 2. Overview of rpL13 targeting with AA tag. The targeted genomic locus of rpL13 

is shown, exons are boxed, light gray indicates untranslated parts of the exons. Numbers underneath the 

locus correlate to the distance between restriction sites in kbps, where S = SphI and X = XbaI. Arrows 

indicate the location of primers used to screen for homologous recombination. Positive clones show a 

2.3kb band, an amplicon that spans the 3’ short homology arm (shown at the bottom right, positive is 

indicated with a +). The integration was confirmed at the 5’ side with a Southern blot. Beneath the locus, 

the position of the probes are indicated with a horizontal line. The result of the Southern blot is indicated 

on the lower left. WT = wild type, mut = mutation after homologous recombination.
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Abstract

Anchor-Away (AA) is a technique that provides a fast (<4h), specific and almost 
complete removal of target nuclear proteins by sequestering them to the 
cytoplasm. Here we describe efficient development of AA with six transcription 
factors involved in hematopoiesis and show the system is functional for three 
of six factors (other three not tested). The AA system is ready-to-use for the 
X-linked factor GATA1 and for the general adaptor molecule LDB1. AA-media-
ted inactivation of specific nuclear factors followed by gene expression analysis 
should yield better insights in direct target genes of TFs compared to conven-
tional RNAi knock down or (conditional) knock out of the same factors. The 
use of AA may pave the way toward clearer, more advanced gene regulatory 
networks for cellular development as a result of limited secondary effects.

Introduction

An important drawback of traditional knock out/down techniques is that they 
produce the desired primary effects but also substantial secondary effects. 
Typically, the target genes of a given TF become differentially regulated after 
knock out/down of the factor, but transcriptome measurements will also capture 
the differential regulation of secondary target genes which are result from 
misregulation of the first set of direct target genes. The problem is in timing: 
typically gene expression analysis takes place 48 to 72 hours after knock out/down, 
a time which is necessary to eliminate the endogenous protein from the cell. To 
achieve a faster way to deplete target proteins, new techniques may be focused 
on directly disrupting target protein function rather than its mRNA or gene. Several 
studies have been published that focus on post-translational modification of the 
target protein by addition of small molecules, e.g. the auxin-inducible degron 
system [1]. In chapter 3 we described Anchor-Away (AA) in mammalian cells as a 
fast and efficient alternative.

Anchor-Away (AA) in mammalian cells is based on the Anchor-Away technique 
in yeast [2] and works through rapalog-mediated ternary complex formation 
between an 11-kDa FRB* domain and a 12-kDa FKBP12 domain. The FRB* domain is 
fused to the target nuclear factor and the FKBP12 domain to the ribosomal protein 
L13 (rpL13). Once rapalog is taken up by the cells, a ternary complex is formed, 
i.e. the FRB*-TF and FKBP12-rpL13 fusion proteins together with the rapalog. After 
ternary complex formation the FRB*-fused TF is rapidly moved from the nucleus 
into the cytoplasm due to the large flow of ribosomal proteins through the nucleus 
towards the cytoplasm, disrupting nuclear function of the target TF. A schematic 
overview of AA and immunofluorescence pictures of the result is presented in 
figure 1. Here we describe data of AA-mediated protein disruption of three out of 
six mammalian transcription factors that were targeted to express the AA-tag from 
the 3’ side. The transcription factors Myb, Gata1, Gata2, Cbf-β and Tal1 were gene 



targeted at the C-terminus with the FRB* domain, combined with a V5 tag. rpL13 
was expressed as a transgene driven from the general CMV/chicken β-Actin (CAG) 
promoter, fused with the FKBP12 domain and an HA tag. Both tags will be referred 
to as AA tags below. Ldb1-AA was expressed from a BAC-tagged transgene in an 
Ldb1-/- background.

DAPI stain

3A-rpL13 HA stain

3A-Ldb1 V5 stain

+ Rapalog

+ Rapalog

Figure 1. The AA technique. AA-tagged ribosomal protein rpL13 and AA-tagged target nuclear protein 

form a ternary complex upon addition of rapalog. The large flow of ribosomes from the nucleoli to the 

cytoplasm (and through the nucleus) drags along the target. Target nuclear protein is now sequestered in 

the cytoplasm. This is shown in the cartoon on top and immunofluorescence pictures of AA in mouse ES 

cells are shown below to illustrate. 

The proteins were chosen because they are involved in hematopoiesis, and more 
particular in erythropoiesis. Ldb1 (Clim2, NL1) as well as Tal1 (Scl) play a role in the 
emergence of both the hemangioblast as primitive erythroid cells [3-7]. Gata2 is 
essential for the emergence of the hematopoietic stem cell [8; 9], as well as Cbf-β, 
the partner protein of RUNX1 [10].
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Gata1-/- ES cells that are differentiated in vitro encounter a block in erythroid 
development, as they are not allowed to develop past the pro-erythroblast stage 
[11; 12]. Moreover, with the exception of MYB, all proteins investigated interact 
as protein partners in a transcription factor complex that controls expression of 
genes important for erythroid development [13-15]. The Myb gene itself, which 
plays a central role in HSCs and erythropoiesis is regulated by this complex, termed 
the LDB1-complex [16].

To investigate the influence of the factors on hematopoietic development, 
AA was performed in cells obtained after in vitro differentiation of genetically 
engineered ES cells. Two stages were chosen for further investigation, the Flk1+ 
cell stage and the primitive erythroid stage. Both stages can be obtained by in 
vitro hematopoietic differentiation of ES cells [17-19]. A population of cells that 
express Flk1 (Kdr, Vegfr2) can be observed after 3.25 days of hematopoietic 
differentiation of ES cells in culture. This population of cells is enriched for the so-
called hemangioblast, an intermediate progenitor for hematopoietic, endothelial 
and smooth vascular muscle cells [20-22]. After six days of differentiation, primitive 
erythrocytes can be observed in blood islands of embryoid bodies [19]. 

Rapalog was loaded into the lipid bilayer of cationic liposomes in order to allow 
entrance of rapalog into the differentiated cells. EB cells derived from the targeted 
ES cells were AA proficient for all clones tested. Moreover, AA-mediated protein 
disruption in these cells happens fast, in less than four hours. This makes AA an 
important candidate technique when a thorough investigation for target genes of 
a specific protein is needed.

Material and Methods

Cell Culture
ES cells were cultured and differentiated as described in Chapter 3. ES cells were 
kept on irradiated feeders, unless mentioned otherwise. For gene targeting, 15µg 
of DNA was electroporated into 5*107 cells using a Bio-Rad Gene Pulser II with the 
following settings: exponential wave, 800V, 10uF (Tc was 0.2 or 0.3 ms). Cells were 
seeded on gelatinized dishes in several densities and selection was started the 
next day. Medium-size round colonies were picked after seven days and allowed 
to expand.

Recombineering, generating targeting vectors
Recombineering plasmids were a kind gift of Francis Stewart’s laboratory. The 
recombineering was performed as described [23]. A list of recombineering primers 
used is given in the supplementary table 1.

Southern Blotting
15µg of genomic DNA was cut with the appropriate restriction enzyme and 
run on a 0.7% weight:volume agaraso gel. The DNA was blotted to Hybond XL 
(Amersham, Cat. RPN203-S). Probes were made using 32P α-ATP random prime 



labeling (Stratagene, Cat. 300385) of PCR amplicons indicated in figure 2 and 
supplementary figure 1. The primers used to generate the amplicons are shown 
in the supplementary table 1. Radioactive hybridization signals were imaged on a 
phosphor screen after washing of the Hybond filter.

Gata2
gene locus

14kb

H BB B H H H

3.6
0.1 5.0

0.3 2.0
3.1

5’ 3’

neo

FRB*+V5+stop

loxP loxP

dta
Targeting

vector

H BB B H H H

3.6
0.1 7.3

0.3
2.0 3.1

5’ 3’

end of 5’
homology arm

end of 3’
homology arm

neo

3A

3A

2.26.6

Targeted
locus

16.3kb

A

B
5’ Long arm, BglII digest 3’ Short arm, HindIII digest

12.7kb mut

10.4kb WT

10.9kb mut

8.6kb WT

M M

14.1

8.5

(kb)
PCR positive clones PCR positive clonesWT WT

7.2

Figure 2. Knock in strategy on the Gata2 gene locus. A) Overview of the (targeted) Gata2 locus, exons are 

boxed, coding regions are in dark gray. Numbers depict the distance between different restriction sites in 

kbp. Restriction sites for HindIII (H) and BglII (B) are indicated, as are the positions for of the Southern Blot 

probes (5’ and 3’). The arrow in the top view indicates the position for the primer that was used to screen 

for integrations. Dta = Diphteria toxin A; AA = AA tag; neo = neomycin resistance gene. B) Southern blot on 

eight clones that were positive for the integration on PCR, two clones that were negative (-) and wildtype 

DNA (WT). M = λ-BsteII marker

Results

Efficient targeting of C-termini of transcription factors with AA tags

The selected transcription factors were targeted at their C-termini with the AA 
tag. Targeting constructs were obtained through recombineering of BACs and 
gap repair in a suitable targeting vector. A screen for correct targeting events 
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was conducted using PCR over the short homology arm. Targeting events were 
confirmed by Southern blotting. An example of the strategy for Gata2 is given in 
figure 2, an overview of the other loci can be found in supplementary figure 1. The 
loci were targeted with >20% efficiency for all genes with the exception of Myb 
(Table 1). The targeting efficiency observed for Myb is consistent with published 
data [24]. Targeting efficiencies may have suffered from the use of non-isogenic 
DNA as the BAC libraries used were obtained from C57/Bl6 DNA and the targeted 
IB10 cells are of 129P2 origin. 

Table 1. Targeting efficiencies for all genes targeted. Correct targeting events of at least four clones per 

gene were confirmed by Southern Blot. For Myb all six clones were confirmed by Southern Blot, the 

number of the other genes correspond to the number of clones positive in the PCR screen.

 Gene Number of Number of Targeting Number of clones:   
  clones analyzed clones targeted efficiency  differentiated / blood 

islands seen after  
6 days

 Gata2 24 14 58% 2 / 2
 Gata1 179 42 23% 4 / 4
 Tal1 192 49 26% 2 / 2
 Myb 192 6 3% 2 / 2
 Cbf-β 192 125 65% 2 / 2

All of the ES cell clones obtained have normal morphology and growth 
phenotypes, and are able to produce blood islands when differentiated towards the 
hematopoietic lineage (Table 1). For most factors a phenotype was not expected, 
as no phenotypes for ES cells haplo-insufficient for any of the factors have been 
reported. The X-linked gene Gata1 however, is hemizygous for the insertion after 
the first targeting event in the male IB10 cells. Gata1-/- ES cells have an inability to 
produce primitive erythrocytes, as cells are blocked at the pro-erythroblast stage 
[25]. The observation that primitive erythrocytes are formed in these EBs suggests 
that the AA-tag does not interfere with Gata1 function. Expression of Gata1, Tal1 
and Ldb1 was imaged on at least two independent ES cell clones and again on 
day 3.25 and day six of differentiation (figure 3 and 4). All clones tested faithfully 
recapitulated the expression of the genes.

AA works in EB cells derived from the targeted ES cell clones

The AA system was tested in the targeted clones for Tal1, Ldb1, and Gata1. RpL13-
AA was stably expressed as a transgene from the CAG promoter in these clones. 
Proper expression of the rpL13-AA construct has been confirmed previously. 
The stable clones obtained with rpL13-AA were differentiated toward the 
hematopoietic lineage and disrupted after 3.25 days (Tal1, Ldb1) or 6 days (Gata1). 
EBs were disrupted at indicated stages and cells were incubated in differentiation 



medium. As described in Chapter 3, adding rapalog to the medium of EB cells will 
not induce AA. Instead, rapalog has to be delivered after incorporation in the lipid 
bilayer of liposomes. After four hours of incubation, cells were fixed on a slide and 
localization of the transcription factors judged by immunofluorescent staining. AA 
works for TAL1-AA, GATA1-AA, LDB1-AA (figure 4 and chapter 3, [Jorna et al., in 
preparation]). This confirms that the cells generated are AA proficient.

Since endogenous protein (i.e. non AA-tagged) is still present in the Myb, Gata2, 
Tal1 and Cbf-β targeted heterozygous ES cells, the neomycin resistance cassette 
will have to be removed by Cre expression and the second allele subsequently 
targeted to investigate phenotypes. The Ldb1-AA and Gata1-AA cells can be used 
directly for protein disruption studies.

ES cells

EB d6 cells

DAPI α-V5 (Gata1-3A) α-HA (rpL13-3A) merge

Figure 3. Imaging GATA1-AA at different stages of ES cell differentiation. Immunofluorescence pictures of 

GATA1-AA (red) and rpL13-AA (green) in ES cells and embryoid body (EB) cells at day 6 of differentiation. 

GATA1-AA is not yet expressed in ES cells (upper row) or EB cells at day 3.25 of differentiation (not shown), 

but it is in subsets of cells at day 6 (lower row.

Discussion

A comprehensive description of primary target genes after knock down of target 
TFs has been challenging due to an inability to dissect secondary from primary 
targets. By substantially reducing the time before gene expression analysis can 
be performed, AA may outperform traditional methods and substantially lower 
the amount of secondary targets. Moreover, we present a method to make use of 
AA in differentiated cells, making it possible to focus on developmentally relevant 
cells. A good measure to judge the rate of secondary effects is given by the overlap 
between genes showing a differential regulation after AA and genes that show 
binding of the transcription factor near their genomic locus as determined by ChIP-
Seq. This overlap is typically 30% at best (e.g. [26; 27]) when using conventional 
knock down techniques (e.g. RNAi), and is expected to increase after AA. Cells 
generated in this work can be used to investigate and compare the techniques.
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Figure 4. AA in differentiated EB cells. The C-termini of TAL1 and GATA1 were fused to an AA tag by gene 

targeting in mouse ES cells(supplementary figure 1) and rpL13-AA was transfected as a transgene.. Ldb1-

AA was expressed in Ldb1-/- ES cells together with rpL13-AA. ES cells were differentiated for 3.25 days (6 

days for Gata1) and resulting EBs were disrupted. Cells were fixed and stained four hours after liposomes 

were added. When empty liposomes were added AA fused proteins did not relocalize to the cytoplasm 

(panel A, C and E). When rapalog is loaded into the lipid bilayer of liposomes, the proteins do change 

localization (panel B, D and F). Pictures on panels A-D were taken on 40x magnitude using a confocal laser 

scanning microscope (Zeiss LSM 510 Meta), pictures on panels E and F were taken using a CCD camera 

coupled to a widefield microscope (Olympus IX70).

To allow entrance of rapalog into differentiated cells, the cells were incubated with 
rapalog-loaded cationic liposomes. We described earlier that rapalog was unable 
to enter differentiated cells, although uptake of the rapalog was possible in ES cells, 
HEK293T and HeLa (data not published) cells. The reason for this difference is not 
clear, although the most logical underlying explanation would be changes in the 
(composition of the) cellular membrane. It is not likely this is caused by expression 
of transmembrane proteins that are able to clear the cytoplasm of rapalog, since 
AA can be induced when rapalog is loaded by the use of the cationic liposomes. 

Plasmids generated for this work have successfully been used to target AA tags to 
different proteins. These plasmids can be used to generate targeting plasmids to 
tag any protein of interest with the AA tag using recombineering [23]. A mouse 
ES cell line harboring an AA tag at the C-terminus of rpL13 already has been 
generated and used to generate chimaeric mice. The selectable cassette has been 
removed from this cell line by transient expression of Cre recombinase, making 
selection with G418 possible in these ES cells for additional gene targeting. It is also 
possible to generate AA mice using these cells, an exciting possibility that enables 
working with primary cells and tissues. Whether AA can be used in live animals will 
depend on the ability of rapalog to enter cells in vivo. In this and previous work 
we used cationic liposomes to target rapalog to differentiated cells in vitro. This is 
an avenue worth exploring in vivo as well, as liposomes have already been used to 
allow rapamycin to enter specific tissues both in vitro [28; 29] and in vivo [29; 30]. 

We conclude that AA may provide an important new way to investigate gene 
function, particularly for transcription factors. Transcription factors influence cell 
fate by tuning gene expression programs, and often exert their function in small 
developmental windows. AA provides a chance to disrupt specific factors within 
the functionally relevant time window during development, while leaving the 
factor untouched at other stages of development. 
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Supplementary table and figures for chapter 4
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Supplementary figure 1. Knock in strategy on the Myb, Gata1, Tal1 and Cbf-β locus. Indicated are only 

the targeted genomic loci, with distances in between restriction sites in kbp under the line. Exons are 

boxed, light gray indicates non-coding (parts of ) exons. Southern blots that confirm correct integrations 

are shown. PCR-positive clones are numbered, negative clones are indicated with – and wildtype DNA 

with WT.

Supplementary Table 1. Primers used for recombineering, gap repair and Southern Blot analysis described. 

For Cbf-β the neomycin resistance gene was swapped for a puromycin resistance gene using recombinee-

ring (as described in [31]). To this end, first a counter-selectable cassette (cs) was brought in, and after that 

a puromycin selectable marker. The primers used for this are given as well.

 Forward primer Forward primer Sequence 5’>3’ Reverse primer Sequence 5’>3’
 Gata2 AA tagging GTCTCTCTTTTGGCCACCCCCACCCG GTTCTGCCAAACCACCCTTGATG

  TCCAGCATGGTGACTGCCATGG GCGC CCATGTCTGTCCAGTGGGAGGCTT

  CAGCACCAAGGGCCC GC GGATCCCCTCGAGGGACC

 Gata2 gap repair CCAGGGCCGGCGGATTCACGGGATA CCTAGAGTCTGTCTCTCATCAAGGA

  GGGGTGGGGGACAGCGCGCGTCTC GGTTTCTCATGGCCACTGTGTGGAC

  GATTTAAATCACCGGTGACCCGGGTC ATTTAAATCGCCGGCGACTTAAGTC

 Gata2 5’ probe GTAGAACCTGTAGTTTAAACCC AAAGACAGTGGTCACCCTGC

 Gata2 3’ probe TGGACTCTTGGAGTTTAGGTC ACTCCTGCACAGACGTGAAG

 Myb AA tagging GTCCGGCTCGGAAATACGTGAACGC AAGTCAACTTTTAAGTGTTCTGAAA

  GTTCTCAGCTCGAACTCTGGTCATG  ACCATAATGCTTTTCTGGAAATGTC   

 Myb gap repair GCCAGCACCAAGGGCCCGGAAATT  GGATCCCCTCGAGGGACCGTATCCCT

  CTATTTTACAATGTGAAGATGTAATA TGCACAAATACTGATTGATTCTCACAA

  AGACAGCGAGATGAATCATTTAAAT CTCAAATCCAAACTCATTTAAATCGCC

  CACCGGTGACCCGGGTC GGCGACTTAAGTC

 Myb 5’ probe CAGAGAGACTTGACAGTTGTC GAATCCAGAGTAAGAATTCTCC

 Myb 3’ probe CCATTGGTCTGCAACAGAACC CTTCATATGTTCGAGGGTATCC

 Gata1 AA tagging GTCCTGCACCTACCACCAGCAGCACC AAAAAGGGGGGGTCTCCTCTGCCA

  AGCGTGATCGCCCCACTCAGTTCT GC CAAGGTCAAGGCTATTCTGTGTACCT

  CAGCACCAAGGGCCC GGATCCCCTCGAGGGACC

 Gata1 gap repair TTATTGATTGTGAAAAGTCAGCTTGGT GTGGTGGCGCACACCTTTAAACCCAG

  TTATATAAGAAGATCCTATCAGA ATTTA CACTCAGGAGGCAGAGGCAGGCGC

  AATCACCGGTGACCCGGGTC ATTTAAATCGCCGGCGACTTAAGTC

 Gata1 5’ probe TTGGGGGACATGGTAAAATGC CAAGGCCAGTGAGGACTCC

 Gata1 3’ probe GACATGATTGAGGAAGAGGGA ATTCTCCTCTACACACAGTAAC

 Tal1 AA tagging GCAGCCTCCATCCTGCCCTGCTGCCT CCAGGGGCCTAAAGGCCCCTGCCT

  GCCGCTGATGGGGCTGGCCCCCGG G GCTGGCCCTGGGCAGCCCCAGACGCA

  CCAGCACCAAGGGCCC GGATCCCCTCGAGGGACC

 Tal1 gap repair CCTTTAAGTCCCTCGCGGCACCGC GATTATAAAATATTTTCCATTGAGTTA

  CCCCACTGGCAGGGCCG CCCCCC TGTAGATGCTAATTTCTCAAGATCGC

  GCGCACCGGTGACCCGGGTCTTA CGGCGACTTAAGTCTTACCAATGCT

  ATTAATAAGATGATCTTCTTGAGA TAATCAGTGAGG

  TCG

 Tal1 5’ probe CTGTGTATTGAGAATACCAAGG TGAGCAGGACTAGGTGCGG

 Tal1 3’ probe CCAAGAAAGGTGGTAAGGAAC CTTTTCTTCCCTTGTGGAGTC 

Disturbance of Transcription Factor Dynamics in Mammalian Cells: Knock-in, Knock-down, Knock-out or Anchor-Away 89



90 Disturbance of Transcription Factor Dynamics in Mammalian Cells: Knock-in, Knock-down, Knock-out or Anchor-Away

 Cbf-β A A tagging ACCCTAGTCCTGGTTCTAACTTAG CCAACTAGAAGCAGTGTGTGTAGA

  GTGGCGGTGATGATCTCAAACTTC GATGGGGCACATAAGCTGTGCTCCAC 

  GT GCCAGCACCAAGGGCCC GGATCCCCTCGAGGGACC

 Cbf-β gap repair CATGTTGATACCAGACCCATAAAG GAGGATCAAGAGTTCAAGGTCATTC

  TACTAAGAATATACAGTCAAAGATA TTGGCGAGTTCAAGGCCATCCTGG

  A ATTTAAATCACCGGTGACCCGG GATTTAAATCGCCGGCGACTTAAGTC

  GTC

 Cbf-β cs insert TAGGTCTGAAGAGGAGTTTACGTC CTAGAAGGCACAGTCGAGGCTGAT

  CAGCCAAGCTAGTTTGGCGCGCC CAGCGAGCTCTAGAGAATTGATCCC

  TTT GAAGTGCATACCAATCAGGAC C GTTCCTTCTTCACTGTCCCTTATTC

  CCGC

 Cbf-β puro swap TAGGTCTGAAGAGGAGTTTACGTC CTAGAAGGCACAGTCGAGGCTGAT

  CAGCCAAGCTAGTTTGGCGCGCC CAGCGAGCTCTAGAGAATTGATCC

  TTT CACACATTCCACATCCACC CC TCAGGCACCGGGCTTGCG

 Cbf-β 5’ probe GACCCCTTGTTTTAATGCTAGC TTTGCTTGGACCATACAGTCTC

 Cbf-β 3’ probe TACTTCCAGCTAGCAGTGGC CAGTGCCTATACATTTCCCCC 
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Abstract

MYB is an essential factor that controls proliferation/differentiation of 
hematopoietic stem/progenitor cells. It is known that an attenuator element 
within the first intron of Myb plays a role in controlling the expression of the 
Myb gene through regulation of transcriptional elongation. We have recently 
shown that the transition from initiation to elongation takes place around a 
conserved CTCF binding site and that the -81kb enhancer of the Myb gene 
may be involved as it was shown to interact with this region by 3C assays. 
Moreover, single nucleotide polymorphisms falling in the human equivalent 
of the murine -81kb enhancer affect MYB expression. Here I present the deve-
lopment of two mouse models, a conditional Myb -81kb enhancer knock-out 
and an inactivation of CTCF binding sequences within the first intron of Myb. 
The mouse models obtained allow further investigation of Myb expression 
within the relevant primary cells.

Introduction

Differentiation from the hematopoietic stem cell (HSC) to mature blood cell 
types occurs through a complex series of proliferation and differentiation steps. 
Progenitor expansion, proliferation arrest and terminal differentiation are balanced 
and tightly controlled in order to successfully populate the hematopoietic system. 
One of the players that has an important role in controlling the proliferation of 
stem and progenitor cells is the MYB transcription factor (TF), encoded by the Myb 
proto-oncogene [1-5]. Ablation of Myb is embryonic lethal around E15 due to a 
lack of terminal erythropoiesis [1], Myb also plays an essential role in the control 
of differentiation of lymphoid cells [6; 7] and the balance between proliferation 
and differentiation in adult HSCs [2]. Expression of Myb is tightly regulated and 
follows a pattern where it is highly expressed in immature progenitor blood cells, 
but decreases dramatically during terminal maturation of blood cells [8; 9]. MYB 
remains in leukemic cells, indicating Myb is important for rapidly proliferating cells 
[4]. And constitutive enforced Myb expression prevents differentiation and favours 
progenitor cell proliferation, further suggesting a role for MYB in proliferation to 
differentiation transition [10]. 



Figure 1. Model of the dynamic transcriptional regulation of Myb in differentiating erythroid cells. The 

Myb Active Chromatin Hub (ACH, grey sphere) is a structured nuclear compartment containing clustered 

cis-regulatory elements enriched for activating transcription factor complexes containing transcription 

elongation factors (orange and pink ovals) and CTCF (blue diamonds). The ACH provides a local high 

concentration of RNA pol II, transcription and elongation factors around the Myb gene, allowing for 

high-level expression in erythroid progenitors. During differentiation, intergenic transcription factor 

occupancy decreases (small ovals) at the cis-regulatory elements, leading to a destabilization of the ACH 

and a dramatic decrease of Myb transcription, allowing cells to terminally differentiate. Taken from [12].

Taken together, the data suggest that the integration of the transgene into the 
intergenic region disrupted Myb expression. The position where the transgene 
integrated, i.e. 4kb downstream of the -81kb enhancer, together with the size of 
the integration (>44kb) and the fact that several strong LDB1-complex binding 
places are present within the transgene are supportive of the idea that this 
enhancer plays critical role for proper Myb expression in erythropoiesis. This notion 
is further strengthened by the fact that single nucleotide polymorphisms falling in 
the human equivalent of the -81kb enhancer affect MYB expression in humans. 
To clarify the role of this enhancer and further investigate long-range genomic 
interactions within the Myb genomic locus, we deleted the -81kb enhancer and 
altered a double CTCF motif in the first intron of the Myb gene (figure 2A) in the 
mouse. The phenotypic analysis of the resulting animals is currently ongoing.
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Materials and Methods

Cell culture

The conditions of mouse ES cell culture have been described in chapter 3. The 
specifics for gene targeting are described in chapter 4.

Recombineering, generating targeting vectors

Recombineering was performed as described in [17]. Recombineering plasmids 
were a kind gift of Francis Stewart (Dresden). A vector containing the mutated CTCF 
site was obtained using routine cloning techniques. A list of the recombineering 
primers used is provided in table 1.

Table 1. Recombineering primers used for generation of targeting vectors.

 Primer Sequence 5’ to 3’
 F Gap repair -81  GTGCCTAATGCAGTCAGTAAACACCATCCTAAGGTAACTGAG
  TACAGGTATTTAAATCACCGGTGACCCGGGTC
 R Gap repair -81  CAATGAATTAACTCATTAAAGATCTAATAGAGTGAGAAGAGCT
  GAAGTGGATTTAAATCGCCGGCGACTTAAGTC
 F 3’ loxp -81  GCGGTACTCGCTGGAGTGTGCTGAAGCTATTGGAGAGCATG
  GAGTTCTATAACTTCGTATAGCATACATTATACGAAGTTATTAGGTCT
  GAAGAGGAGTTTAC
 R 3’ loxp -81   CTCTAAGCCAGCCCATCCACTGTTGTTCTCTGGCATAACTGGAGT
   AAATTATAACTTCGTATAATGTATGCTATACGAAGTTATATTAAGGGTT
  CCGCAAGCTC
 F 5’ frt-neo-frt-loxp -81  GCCCTGGCCAGCTAGGGATGCACACCAAGACTCCACTTCTGGGCA
  CTTTTGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCTAGGTCT
  GAAGAGGAGTTTAC
 R 5’ frt-neo-frt-loxp -81  AGTTTTTGCTAAAAAAATGGAGAGAATACAAAGTGTAAAAAGAA
  CTAAATATAACTTCGTATAATGTATGCTATACGAAGTTATGTCGA
  CGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCATTAAGGGTT
  CCGCAAGCTC
 F Gap repair CTCF  TACTGAGCACCCTCCAAAGGCCGGATCATGAGCTCTCGAAT
  CCTCTGAAATTTAAATCACCGGTGACCCGGGTC
 R Gap repair CTCF CCCACCTGCTCCGGGATGCCTGGATCCCCGCGCGCCCTAGCCGAG
  GCCGATTTAAATCGCCGGCGACTTAAGTC
 F intermediate TGGAAAGTACCTTAAACATAGAATCCCCTCCCTAGTGTGTAAGATGG
  GATGAAGTGCATACCAATCAGGACCCGC
 R intermediate TTCCAAGCAAATTTTCCTCTGGTCAAAACTTAATCTAAAAACAAG  
  CATCAGTTCCTTCTTCACTGTCCCTTATTC
 F PmeI insert TGGAAAGTACCTTAAACATAGAATCCCCTCCCTAGTGTGTAAGATGG
  GATATACGTTTAAACTGGGGGTTTG
 R PmeI insert TTCCAAGCAAATTTTCCTCTGGTCAAAACTTAATCTAAAAACAAG
  CATCACCCTCAGTCTATCAGTTTAAAC



 F loxp-Neo-loxp GCCAAAGTCTTGGGGTGAAATGTGGCGTGTGACTCTTGCAGATCT
  TGAAAATAACTTCGTATAGCATACATTATACGAAGTTATTAGGTC
  TGAAGAGGAGTTTAC
 R loxp-Neo-loxp  CTTGTCAAAGCTGACAGAATCCTGGACTCGCCCAGCTCCCTCTCA
  CAGCCATAACTTCGTATAATGTATGCTATACGAAGTTATATTAAGGGT
  TCCGCAAGCTC

Southern blotting

Southern blot procedures are described in chapter 4. Primers used to make 
Southern blot probes are provided in table 2.

Table 2. Primers used to make Southern blot probes.

 Primer Sequence 5’ to 3’
 F -81 5’ probe GCAAAAACTTCCCCAAGTGAG
 R -81 5’ probe CATAGCACACTGCAGGCAGCAG
 F -81 3’ probe TTCTGCGAGGGAAGGCTACT
 R -81 3’ probe GAGTTCTCTGTTGCTGTGGG
 F CTCF 5’ probe TGGACATGCAGGAGCCAGC
 R CTCF 5’ probe GAACCTCTTCTTTAAGAGTCCT
 F Neo GCTATTCGGCTATGACTGGG
 R Neo GAAGGCGATAGAAGGCGATG

Results

Targeting of Myb regulatory sequences and generation of a mouse model

We identified several strong candidate regulatory sequences within the Myb-Hbs1l 
genomic locus before [12]. The enhancer at 81kbp upstream of the Myb gene 
(-81kb enhancer) was specifically identified as a strong candidate, binding KLF1 
and having differential dynamics upon differentiation of erythroid progenitor. The 
enhancer interacts with a region occupied by CTCF within the first intron of the 
Myb gene in erythroid progenitor cells [12]. Interestingly, the first intron of the Myb 
gene was known to harbor a transcriptional attenuator element [13; 14] regulating 
RNA pol II at the level of transcription elongation. We recently showed that the 
transition between transcription initiation to elongation occurs in the vicinity of 
a conserved CTCF site in the first intron of Myb. The structural proteins CTCF and 
Cohesin have been identified as important factors in 3D genomic interactions 
[18], and CTCF may be able to interfere with transcription and regulate RNA pol II 
pausing [19]. To further investigate the role of these two Myb regulatory elements, 
the -81kb enhancer and the CTCF site, we targeted both elements by homologous 
recombination in mouse ES cells. The Myb genomic locus, binding by LDB1 and 
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CTCF and structure (ChIP-seq and 3C-seq profiles) in erythroid progenitors and 
control cells are shown in figure 2A. A schematic overview of the locus before and 
after targeting is also provided in figure 2A.
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Figure 2. Long-range genomic interactions in the mouse Myb-Hbs1l locus on chromosome 10 and alleles 

constructed to investigate control of Myb gene expression. 

A) ChIP-seq profiles for LDB1 and CTCF (MEL cells) are shown together with the 3C-seq signals obtained 

using the Myb promoter as viewpoint in fetal liver (FL) and fetal brain (FB, control). HindIII restriction 

fragments where TF binding and 3C-seq signal in fetal liver coincide are shaded grey. Position of the Myb 

and Hbs1l genes, HindIII restriction sites and intergenic enhancers are indicated at the top of the track. 



Underneath the tracks, two separate strategies for targeting a mutation to the CTCF site in the first intron 

of Myb and a conditional knock-out of the -81 enhancer of Myb are shown. In dark green on the left are 

two tentative CTCF binding sites that are mutated to PmeI sites in the targeted allele. On the right the 

red box depicts the -81 enhancer 384bp sequence that is found underneath the peak in the ChIP-seq 

track. Distance between restriction sites in kbps is given in the numbers above the lines. The black arrow 

in the genomic loci indicates the place of the primer used in the screen for homologous recombination. 

Small flat black lines show the location of probes used in Southern Blot analysis. Other arrows depict 

primer pairs to identify germ line transmission in mice. Position of LoxP and frt sites are shown. Neo = 

G418 selectable marker, Dta = diphtheria toxin A.

B) Southern Blot analysis of homologous recombined clones of both targetings. On top is the -81 

enhancer conditional knock-out and below the CTCF mutant analysis. WT = wildtype allele, mut = 

mutant allele, random = clone with random integration.

C) PCRs to genotype both constructs, -81 enhancer on top shows PCR identification of germ line 

transmission, neo removal after Flp expression and knock out of the enhancer after subsequent Cre 

expression. Below is the PCR analysis of the CTCF mutant: after targeting the CTCF binding sites are 

replaced with a PmeI restriction sites. When a PCR over the CTCF binding site/PmeI recognition site is 

performed, followed by PmeI digest, only a targeted allele can be digested, not the WT allele. WT = wild 

type allele, tar = targeted allele, con = conditional allele (after Flp expression), KO = Knock out allele (after 

Flp and Cre).

The -81kb enhancer was placed between loxp sites, next to a G418-resistance 
marker between frt sites. The resistance marker can be removed by expression of Flp 
recombinase and the -81kb enhancer itself by expression of Cre recombinase. We 
defined the -81kb enhancer of Myb as the 347bp sequence covered by the Ldb1 ChIP-
seq peak (see figure 2A), with the genomic coordinates ch10:21241829:21242175 
(genome assembly GRCm38). Targeting of the ES cells was performed and confirmed 
by PCR and Southern blot (figure 2B). Two independent lines of ES cells were injected 
into blastocysts and one gave germline transmission. F1 mice were bred with mice 
that express Flp recombinase ubiquitously to remove the resistance marker. G418-
resistance marker removal was monitored by PCR (figure 2C), these mice were 
crossed to mice harboring a Cre recombinase under the control of the interferon 
inducible Mx1 promoter or a ubiquitous promoter. Removal of the -81kb enhancer 
can also be monitored by PCR (figure 2C). 

The double CTCF site within the first intron of Myb was also targeted in ES cells. 
The two potential CTCF DNA binding motifs were substituted for PmeI restriction 
sites, flanked at the 5’ side by a G418 resistance marker in between loxp sequences. 
The G418 resistance marker is located at the 5’ side of the genomic coordinates 
chr10:21158074:21158433 (genome assembly GRCm38), the two putative CTCF 
binding sites that are mutated are within these genomic coordinates. Targeting was 
confirmed by PCR and Southern blotting (figure 2B). An additional confirmation 
of proper targeting was performed using a PCR spanning the (former) CTCF site, 
followed by PmeI digest. The wild type genomic sequence cannot be cut by PmeI 
and yields a 370bp band, while the targeted sequence is cut twice and falls apart in 
three bands of 188, 124 and 58bp (see figure 2C, 188 and 124bp bands are visible).
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Discussion

Enhancer knock-outs

Conditionally knocking out enhancers is a definitive way to determine the effect 
of a given enhancer on the transcription of a gene. Relatively few examples in the 
literature exist of how the knock out of a gene-specific enhancer, without disturbing 
the gene itself, can lead to a phenotype in mice [20-23]. However, one has to be 
careful extrapolating results obtained in cells or cell lines to whole organisms. 
Regardless of the strength of the evidence obtained with other experiments, it has 
been shown in some instances that knocking out an enhancer in vivo only has minor 
effects on gene expression. One of the most striking examples is the +19 enhancer 
of the Scl/Tal gene, which gives clear early hematopoietic LacZ staining in embryos 
when coupled to a SV40-LacZ construct [24], but the +19kb Scl enhancer knock out 
did not yield a striking phenotype [25]. The Myb enhancer knock out described here is 
ready to be tested in cells directly harvested from adult mice or mouse embryos and 
should give a definite view on the function of the Myb -81kb enhancer and the CTCF 
binding site within the first intron of Myb. The choice of these elements was driven by 
observations that small genomic variations at the -81kb enhancer in humans (SNPs) 
lead to altered MYB expression in humans, suggesting that this enhancer plays a 
key role in Myb regulation. The intronic CTCF site was chosen based on early reports 
showing that MYB first intron harbors a transcriptional attenuator element, which is 
affected in human leukemia [13; 14], and based on our recent data [12] which showed 
that RNA pol II transcription elongation is switched on at the intronic CTCF site.

Model of Myb expression in erythroid progenitors

The model of Myb expression that was suggested in previous work (figure 1, [12]) 
can be improved with the data obtained with this mouse model. The first question 
addressed will be whether a phenotype is present within the erythroid compartment 
of mice without the -81kb enhancer or without a CTCF binding site within the first 
intron of Myb. Mice that lack Myb seem to exhibit problems in the hematopoietic 
stem cell compartment, as only few blood cells with primitive appearance can be 
found at E14 throughout the embryo [1]. It will be interesting to see whether these 
new mouse models produce hematopoietic stem cells. The main questions on the 
molecular side will concern maintenance of Myb transcription in erythroid progenitor 
cells. Will stem/progenitor cells of the hematopoietic compartment still be able to 
express high levels of Myb? If not, are all hematopoietic lineages expressing Myb 
affected by the enhancer deletion or will it affect the erythroid lineage only? What 
is the influence on the identity of cells and what happens if the -81kb enhancer is 
specifically deleted in erythroid progenitor cells? When Myb transcripts are no longer 
present or transcription is clearly inhibited after deletion of the -81kb enhancer, it will 
be interesting to see whether transcription is hampered during transcription initiation 
or elongation. The last questions will concern the 3D confirmation of the Myb-Hbs1l 
locus. Will the ACH still form when the -81kb enhancer or the CTCF binding sites are 
absent? Lastly, these mouse models could also be used to address whether loop 



formation within the Myb locus is a cause or consequence of transcription of the Myb 
gene. It has been shown recently by an elegant study of the Blobel and collegues that 
transcription of the β-globin gene could be induced by tethering LDB1 with a zinc 
finger to an enhancer site where normally the LDB1-complex binds [26]. Their results 
suggest that loop formation causes gene transcription for this particular gene.
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A key goal of cell biological research is to determine protein function and one of 
the most straightforward ways to do this is by depleting the target protein from a 
cell and determine its phenotype. The development of embryonic stem cells (ES) 
and genome editing technologies made it possible to obtain ES cells that lack 
a functional gene of a specific protein, some quarter of a century ago [1]. This 
development made it possible to obtain mouse models lacking a specific protein. 
Such mice are called knock out mice and have been an invaluable source of 
information for cell biologists. The process of gene targeting has been optimized 
continuously, but particularly the introduction of recombineering technology [2] 
has made it possible to obtain targeting constructs much quicker. Nevertheless 
targeting genes is still considered to be laborious. 

The development of RNAi mediated knock down techniques provided a much 
less laborious way to investigate protein depletion [3; 4]. Transfection or viral 
transduction of esiRNA or shRNA suffices to knock down the level of RNA and 
hence the protein of a target gene. Libraries that contain sh/esiRNA of all genes 
were constructed to allow testing of the knock down of a specific gene fast, or set 
up high-throughput screenings of gene knock downs. Although RNAi mediated 
knock down provides an easy way to study protein disruption, the extent of 
the knock down differs per target and is often not complete. Moreover, both 
the knock out and knock down strategy rely on the cell’s proteases to clear the 
protein, and hence the half-life of a protein is the key determinant of how fast 
the depletion occurs. The half-life of proteins differs widely, but in practice this 
means that gene expression analysis usually cannot be performed within 48 hours 
after initial knock down/out. Within this time the primary targets of a gene will be 
differentially regulated, but their targets (so-called secondary targets) will also be 
affected. This leads to a list with differentially regulated genes that has a substantial 
portion of genes that are there due to secondary effects, which may be as high as 
70% (unpublished results, [5; 6]). In order to get a better view on the true primary 
targets of a target gene, a faster way to perform knock down/out is needed.

Anchor-Away as a new method to disrupt protein function

Chapter 3 and 4 describe the development of Anchor-Away, a new technique to 
disrupt protein function in mammalian cells. AA was developed in yeast [7] and 
provides a way to displace target nuclear proteins to the cytoplasm, where they 
are unable to perform their nuclear function. Target proteins of this study are 
transcription factors involved in hematopoietic development in general and 
erythropoiesis in particular. AA works through ternary complex formation between 
rapalog and two rapalog binding domains, one fused to the target nuclear factor 
(TF here) and the other one fused to the ribosomal protein L13 (rpL13). RpL13 is 
incorporated into maturing ribosomes and thus the TF is tethered to ribosomal 
subunits in the nucleus after addition of the rapalog. There is constant flow of 
maturing ribosomes from nucleoli to the cytoplasm through the nucleus [8], taking 
the TF to the cytoplasm. The system works in HEK293T within 45 minutes and in 
mouse ES cells within four hours by adding the rapalog to culture medium. In 
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differentiated ES cells AA also works within four hours, but the rapalog needs to 
be targeted to the cells by cationic liposomes (chapter 3) to allow rapalog to enter 
the cells. 

Clarifying the reason rapalog is not able to enter differentiated cells, while it can 
enter ES cells has not been pursued in this work. It is a surprising observation, 
however. It is likely that the obstruction lies in entrance of rapalog into the cells since 
I was able to restore AA activity by targeting the rapalog to the differentiated cells 
using liposomes. This notion is further supported by AA experiments conducted 
for separate TFs (LDB1, GATA1, MYB); no AA activity was observed in differentiated 
cells unless the rapalog was targeted to the cells by liposomes for any of these 
targets. Experiments on the uptake of rapamycin in cells have been performed, 
and suggest this happens through passive transport (diffusion) [9]. Together these 
results suggest that there is a difference in the plasma membrane probably in 
the lipid composition rather than in the absence or presence transmembrane 
transporters within the membrane. This suggests that the composition of the 
cellular membrane changes in the course of differentiation, stopping rapalog to 
diffuse through the membrane. Indeed, some studies on lipid composition of the 
plasma membrane of human ES cells and differentiated cells have been published 
and a difference in lipid composition was reported [10; 11].

Chapter 4 describes work done to test AA for different targets by performing 
knock in of the AA tag to different TFs. An ES cell line with the AA tag targeted to 
rpL13 was also obtained for the purpose of generating a rpL13-AA mouse. Lastly, a 
basic vector that can be used to generate targeting vectors for C-terminal tagging 
of target factors has been produced. Generation of targeting constructs can be 
fast and straightforward by recombineering [12], a technique I introduced in our 
laboratory and this is an asset for anyone considering gene targeting. The resources 
developed during these studies shorten the time needed to obtain a homozygous 
target-AA ES cell and/or mouse model. Similar to a regular knock out, one round 
of targeting of the gene of interest will be necessary (two if a homozygous ES cell 
is needed). Another aim is to compare AA and RNAi mediated protein depletion.

Anchor-Away compared to 
other methods to study protein function

AA is a fast way to disturb protein function, faster than can be achieved by RNAi 
knock down or traditional knock out. Because of its speed AA may allow dissection 
of primary and secondary effects of the knock out for the first time. This will be 
especially interesting in the case of TFs, since they are able to quickly influence 
gene expression programs in small developmental windows. When interested in 
the effects of one or few nuclear factors on gene expression programs a rapid 
way to remove the factor is desirable, hence AA may be the best choice for such 
studies. AA may also be an interesting choice to obtain a conditional model to 
disrupt target protein function in primary cells, as these cells tend to be sensitive 
to viral transduction and transfection.

Disturbance of Transcription Factor Dynamics in Mammalian Cells: Knock-in, Knock-down, Knock-out or Anchor-Away



AA is not a technique amenable to high-throughput screening. As a first test for 
gene disruption or for high-throughput screenings, RNAi mediated knock down 
will be the method of choice. However, if more knowledge of a specific factor 
or few factors is required AA will be a good alternative. The amount of manual 
labor in the laboratory is comparable to what is needed to obtain a (conditional) 
knock out. This makes AA also a good alternative if primary cells are obtained from 
mice to perform knock down ex vivo. In this way, cells that cannot be obtained 
from a conditional knock out mouse model, e.g. when primary cells are too 
delicate for viral transduction and an appropriate Cre deleter mouse is absent, can 
potentially be investigated as well. However, conditional knock out mouse models 
can be favorable when knock out within organs in vivo is the objective as at this 
moment it is unclear whether rapalog delivery in live animals can be achieved. 
Liposome delivery to specific cells in mouse models has been reported and may 
be an avenue worth exploring in future [13; 14]. Tables 1 gives an overview of the 
different aspects of AA and knock down/out.

Table 1. Comparison of AA with RNAi knock down and knock out

  Anchor-Away RNAi knock down (conditional) knock out
Influences Protein RNA DNA

Prerequisite Targeting of target gene siRNA/shRNA construct Targeting of target

  in (ES) cells that are that must be transfected gene in (ES) cells

  expressing rpL13-AA /transduced in relevant cells

Amount of  To be determined for every To be determined for every 100%

protein depleted cell, results generated until  esiRNA/shRNA used, varies

  now indicate close to 100% from almost nothing to 

   almost complete

Time to depletion ≤4 hours ≥48 hours ≥48 hours

Compatibility to  Only for cells that can be  Only cells that are amenable  Yes, as mice can be

primary cells targeted by rapalog.  to electroporation or viral  crossed with inducible 

  Liposome delivery is in  transduction Cre knock-ins 

  theory possible with all cells   (like ERt2-Cre)

  (but needs testing for every 

  specific cell)

Amenability to  No Yes No

high-throughput 

Key advantages Specificity, fast knock-out  Easy to set up, fast answer,  Specificity, large amounts

  enables in-depth analysis of  high-throughput screenings of definitive knock-out  

  the phenotype, possibility  are possible cells can be acquired 

  to perform experiments in   (no need to induce)

  short-lived cell populations 

  (e.g. hemangioblast) 

Key disadvantages Laborious Possible off-target effects,  Laborious, secondary

   secondary effects, system  effects

   may not reach enough 

   knock down for phenotype 

Adviced when ‘Deep’ knowledge of a  High-throughput screens,  (Conditional) Knock out 

  protein depletion or  confirmation of few genes of genes in live mice

  depletion in sensitive  is required

  primary cells
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Further development of AA

AA as described here can be used to disrupt protein function of nuclear factors. 
However with relatively small adjustments AA could be used to disrupt cytoplas-
mic factors as well, the anchor would have to be a protein that is transported in 
a big flow to the nucleus from the cytoplasm. An example of such proteins could 
be individual members of the RNA polymerase II complex. Another avenue to be 
explored is the development of 3A (Advanced Anchor-Away), where the protein 
disrupt during AA can be restored through addition of 4-hydroxytamoxifen (4-
OHT) to cells. In order to achieve 3A the target wild-type or mutant protein of AA 
is fused to ERT2, a triple mutated estrogen receptor. ERT2 does not bind estrogen at 
physiological levels, however it does bind 4-OHT. Proteins fused to ERT2 are restric-
ted to the cytoplasm because ERT2 interacts with a heat shock protein complex, 
however upon ligand binding this interaction is lost and ERT2 with its fused protein 
relocates to the nucleus (see e.g. [15; 16]). The opportunity to attach a mutant 
factor to ERT2 could make this system especially interesting: during development 
at any time the wild-type target could be disrupted and a mutant form of the 
factor could be put in place. 3A could allow study of factors that are slightly altered 
instead of completely disrupted in relevant cells. Some effort has been undertaken 
to develop 3A (data not shown), but the full development of this system will take 
more work. 

Study of long-range chromatin interactions

Long-range chromatin interactions are interactions by distant sites on the 
chromatin. They take place to fold the genome into 3D topological domains, 
needed to compact the genome enough to fit into the nucleus of the cell, but 
also to regulate accessibility and activity of different regions of the genome. The 
proteins CTCF and Cohesin are indicated to play an important role in this process 
([17-19]; personal communication K.Wendt). Long-range chromatin interactions 
can also take place within topological domains, for instance to regulate gene 
transcription. This is also referred to as (chromatin) looping. Looping typically 
occurs through physical interactions of cis-regulatory elements (enhancers) with 
the gene body of a specific gene. It is mediated by TFs, although CTCF and Cohesin 
also play a role in these interactions [20-23]. There is evidence that the interactions 
of enhancers often take place with the first intron of genes, mediating transcription 
elongation rather than transcription initiation at the promoter [24-26]. These long-
range chromatin interactions are reviewed in chapter 2. 3C-Seq is a good way 
to determine long-range chromatin interactions from a specific viewpoint [24; 
27; 28] and gives a good indication of enhancer activity. However, to definitively 
determine the function of cis-regulatory elements in vivo a (conditional) knock 
out or mutation strategy in mouse ES cells has to be taken. Chapter 5 describes 
the development of an -81kb enhancer conditional knock out model for the Myb 
gene. The development of another mouse model where CTCF binding sites within 
the first intron of Myb are mutated is also described. 



Apart from studying chromatin interactions within the Myb-Hbs1l genomic locus 
and Myb expression in particular, the mouse models may also be used to study 
more general questions about long-range chromatin interactions. One of the 
long-standing questions in the field has been whether interaction is a cause or 
consequence of gene expression. A study where the TF LDB1 was tethered to an 
enhancer using zinc fingers to artificially induce β-globin expression in erythroid 
cells suggests looping causes gene expression [29]. These mouse models can be 
used to add to this knowledge by looking at loss of an interaction. Moreover, by 
mutating the CTCF sites, this model can also be used to study the influence of 
long-range chromatin interactions on transcription elongation of the Myb gene. 

Future work on long-range chromatin interactions

In chapter 1 I state that a combination of recombineering techniques and linear 
integration of bacterial artificial chromosomes (BACs) by transposases into the 
genome of fertilized oocytes [30] or ES cells followed tetraploid complementation 
[31] harbors a promise of elegant experiments that can be done in future. This 
is especially true for study of long-range chromatin interactions: the presented 
enhancer knock out strategy is chosen to investigate the function of the -81kb 
enhancer of Myb in animals. In this strategy we choose to delete a stretch of 
347bp, although we hypothesize that the core element vital for binding is the 
half E-box-GATA motif ((C)TGN

7-8
WGATAR ). The reason for this is that obtaining 

a mouse model is laborious: after successful targeting of the gene one has to go 
through an elaborate breeding scheme to obtain germ line transmitted animals, 
remove the selectable marker, cross in the right Cre and making sure all controls 
are also there (e.g. heterozygous animals or littermates without Cre). To maximize 
the chance that we are looking at complete knock out of enhancer function, we 
decided to delete the complete DNA sequence below the ChIP-seq peak of LDB1 
in fetal liver cells (chapter 5). 

Recombineering allows making (point) mutations to non-coding parts of genomic 
loci in BACs and fusion of the gene of interest with a reporter gene (e.g. fluorescent 
proteins). Transposons like PiggyBac have been shown to be able to integrate 
BACs linearly into a target genome efficiently. The combination with rapid ways 
to obtain mouse models of the genomic loci, tetraploid complementation of ES 
cells or mutation of the genome of fertilized oocytes, allows the possibility to test 
mouse models fast. In such a set-up one can investigate gene expression in relevant 
cells without the need to remove the selectable marker or breed homozygous 
animals. In this much shorter time line it becomes more attractive to look at the 
effects of subtle mutations on gene expression. New generation genome-editing 
techniques are interesting candidates in this respect as well: development of 
the zinc finger nuclease, TALE nuclease and CRISPR systems show that there is a 
potential to allow fast homozygous genome of ES cells or even fertilized oocytes. 
This is another avenue to be explored in the future.
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Summary

Mature lineages of cells are produced from stem/progenitor cells through 
multiple steps of differentiation and proliferation. This is an important concept in 
the development of multicellular organisms, but also in adult life. An example of 
such a process is hematopoiesis, blood or hematopoietic stem cells (HSCs) that 
reside in the bone marrow in adult life are continuously differentiated to generate 
mature blood cell lineages. Examples of these mature lineages are erythrocytes, 
megakaryocytes and lymphocytes. Transcription factors (TFs) are proteins that are 
able to influence gene expression programs by binding to genomic sequences and 
interacting with the transcription machinery, inhibiting or enhancing transcription 
on target genes. 

These so-called long-range chromatin interactions mediated by TFs are reviewed 
in chapter 2. Several experiments combined suggest that long-range chromatin 
interactions take place on a specific genomic locus: 
1. TF binding is confirmed by ChIP(-seq) on target enhancer sequence. 
2. Confirmation of enhancer activity in a luciferase assay.
3.  Gene expression analysis after knock-out or knock-down of the TF influences 

transcription of the specific gene where binding occurs.
4.  3C(-seq) analysis confirms a higher than expected physical vicinity of an 

enhancer sequence and the gene body (promoter or 1st intron of the gene 
mostly). 

Based on the experiments we and other laboratories have conducted, we suggest 
a model that enhancer interaction of at least a sub-class of enhancers with the 
target gene is specifically enhancing transcription elongation. 

A way to assess enhancer activity in a more definitive way is described for the 
Myb-Hbs1l genomic locus in chapter 5. A candidate enhancer, the mouse -81kb 
enhancer of the Myb gene, and a CTCF binding site predicted to function as an 
attenuator element within the 1st intron of the Myb gene are knocked out and 
mutated, respectively. Knocking out the -81kb enhancer of Myb is predicted to 
have an inhibiting effect on expression of the Myb gene in erythrocyte progenitors. 
This study will dig further into the effect of removal of regulatory sequences within 
the Myb-Hbs1l genomic region. We aim to disturb TF dynamics in relevant cells and 
strictly define functions of TF binding on the -81kb enhancer and CTCF binding to 
the first intron of Myb. Although knocking out enhancers is the most definitive way 
to determine enhancer function, obtaining mouse models of enhancer knock-outs 
is time consuming and expensive. Therefore it is important to try and improve the 
results obtained with the other experiments. Current available knock down or out 
techniques in mammalian cells take at least 48 hours to eliminate gene function, 
leading to many genes being differentially regulated by secondary effects.
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In chapter 3 we describe the Anchor-Away (AA) technique in mammalian cells, a 
novel way to disturb TF function. AA was earlier developed in yeast and aims to 
disrupt TF function on the protein rather than the DNA (knock out) or RNA (knock 
down) level. One rapalogue-binding domain is fused to the ribosomal protein 
L13 (rpL13), the anchor, and another rapalogue-binding domain is fused to the 
target TF. The domains are confirmed not to interfere with the normal TF and rpL13 
localization in regular medium. After addition of rapalogue to the medium, but not 
the solvent ethanol, the TF shifts localization from the nucleus to the cytoplasm 
within 45 minutes in HEK293T cells. The reason for this is that ternary complex 
formation between rpL13 and the TF has taken place. The rpL13 is incorporated 
into a maturing ribosome that is transported from the nucleus to the cytoplasm. 
The TF is captured by the anchor and dragged along with the ribosome to the 
cytoplasm. The TF is no longer capable of exerting its normal function in the 
cytoplasm, and so is functionally knocked out.

That AA also works in relevant cells is described in chapter 4. By either knocking 
in AA tags to TFs in the genome or re-expressing the specific TF in a knock-out 
background we obtained mouse ES cells that express only Ldb1-AA or Gata1-AA, 
along with the rpL13-AA. AA activity in these ES cells was confirmed by adding 
rapalogue to the medium. The targeted ES cells were differentiated toward 
hematopoietic lineages in culture and it was found that AA did not work after 
adding rapalogue to the medium. However, we were able to restore AA after 
rapalogue was delivered to the cells by liposomes. These cells are now ready 
to be tested and compared with the traditional ways of knocking-down or 
knocking-out genes.
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Samenvatting

Stam/voorlopercellen kunnen via verschillende stappen van differentiatie en 
proliferatie definitieve celtypes vormen. Dit is een belangrijk principe in de 
ontwikkeling van multicellulaire organismen, maar ook tijdens het volwassen 
leven van deze organismen. Een voorbeeld van zo’n proces in het volwassen 
leven is het hematopoëtisch systeem. De bloed- of hematopoëtische stamcellen 
(HSCs) bevinden zich in het beenmerg en moeten continue gedifferentieerd 
worden om nieuwe definitieve bloedcellen te blijven vormen. Voorbeelden van 
definitieve bloedcellen zijn erytrocyten (rode bloedlichaampjes), megakaryocyten 
(bloedplaatjes) en lymphocyten (witte bloedlichaampjes). Transcriptiefactoren 
(TFs) spelen een belangrijke rol tijdens de differentiatie/proliferatie stappen die 
nodig zijn om definitieve bloedcellen te maken van HSCs. TFs zijn eiwitten die snel 
genexpressie programma’s aan of uit kunnen zetten. Ze doen dit door aan hun 
herkenningssequenties op het DNA te binden en interacties aan te gaan met de 
transcriptie machinerie in de cel. Daardoor stimuleren of inhiberen TFs transcriptie 
van hun target genen. 

De herkenningssequenties van TFs kunnen duizenden baseparen weg liggen van 
waar de transcriptie machinerie gebonden is en genen transcribeert. Dit betekent 
dat delen van het genoom die relatief ver uit elkaar liggen contact moeten 
maken, zodat de TFs hun invloed kunnen uitoefenen. Deze interacties worden 
chromatine interacties over lange afstand genoemd en zij kunnen met behulp 
van TFs tot stand komen. Dit soort chromatine interacties over lange afstand zijn 
het onderwerp in hoofdstuk 2. Verschillende experimenten kunnen gezamenlijk 
een sterke aanwijzing vormen dat chromatine interacties over lange afstand plaats 
vinden binnen een specifiek genomisch locus:
1.  De binding van TFs wordt bevestigd door ChIP(-seq) op een specifieke enhancer.
2.  Bevestiging van enhancer activiteit in een luciferase test.
3.  Analyse van gen expressie na verwijdering van de specifieke TF die op 

de enhancer bindt, wijst uit dat transcriptie van het gen waar de TF bindt 
beïnvloed is.

4.  3C(-seq) analyse bevestigt dat de enhancer en een deel van het gen (meestal 
promotor of het eerste intron van het gen) vaker dicht bij elkaar in de buurt zijn 
dan verwacht kan worden op basis van de afstand.

Gebaseerd op deze experimenten die in ons laboratorium gedaan zijn en andere 
experimenten die in andere laboratoria werden gedaan, stellen wij een model 
voor. Dit model behelst dat op zijn minst een deel van de chromatine interacties 
over lange afstand tussen enhancers en het eerste intron van een gen specifiek 
transcriptie elongatie stimuleert tijdens het contact dat middels TFs tot stand komt.

Een manier om een meer definitief antwoord te krijgen op wat voor invloed 
enhancer activiteit op transcriptie heeft van het Myb gen in de Myb-Hbs1l 
genomisch locus is beschreven in hoofdstuk 5. Een mogelijke enhancer in de 
muis, de -81kb enhancer van het Myb gen, en een CTCF bindingsplaats waarvan 
voorspeld wordt dat deze als transcriptie-dempend element werkt in het eerste 
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intron van Myb zijn respectievelijk verwijderd en gemuteerd in embryonale 
stamcellen. Vervolgens werden muismodellen van deze embryonale stamcellen 
gemaakt. Wij voorspellen dat het verwijderen van de -81kb enhancer een 
negatieve invloed heeft op het transcriptie niveau van Myb in voorlopercellen 
van de erytrocyt. In ieder geval zal deze studie kennis van het verwijderen van 
regulerende sequenties in de Myb-Hbs1l locus verdiepen. Het doel is om door 
de verwijdering van de -81kb enhancer en de CTCF bindingsplaats de dynamiek 
van TFs in bloedcellen te verstoren en daardoor een striktere definitie van de 
functie van deze regulatoire sequentie te kunnen geven. Dit soort studies, waarbij 
de specifieke sequenties uit het genoom verwijderd worden, geven het meest 
definitieve antwoord. Maar muismodellen maken en bijhouden kost veel tijd 
en geld. Daarom is het belangrijk om andere experimenten te verbeteren. De 
huidige manieren om dit te doen, conditionele knock out (het verwijderen uit het 
genoom) of knock down (het mRNA van een specifiek gen verwijderen met RNAi 
technieken), hebben als nadeel dat analyse van gen expressie op zijn vroegst 48 
uur na het begin van de techniek plaats kan vinden. Dit heeft tot gevolg dat niet 
alleen de expressie niveaus van de target genen van een TF beïnvloed zijn, maar 
ook de expressie niveaus van andere genen die beïnvloed werden door de target 
genen in plaats van de specifieke TF. Dit heten secundaire effecten van de knock 
down of knock out.

In hoofdstuk 3 beschrijven we de Anchor-Away (AA) techniek in zoogdiercellen, 
een nieuwe manier of de functie van TFs te verstoren. AA werd eerder ontwikkeld 
voor gisten en heeft als doel de functie van TFs uit te schakelen op eiwit niveau, in 
plaats van op DNA (knock out) of RNA (knock down) niveau. Eén rapaloog-bindend 
domein wordt gefuseerd aan het ribosomale eiwit L13 (rpL13), dit fungeert als 
het anker. Een ander rapaloog-bindend domein wordt gefuseerd aan de TF die 
men verwijderen. De eerste stap was bevestigen dat deze domeinen geen invloed 
uitoefenen op de normale werking van de TF en rpL13 in zoogdiercellen (HEK293T). 
Daarna werd aan het medium rapaloog of ethanol (het solvent) toegevoegd. 
De lokalisatie van de TF veranderde niet onder invloed van ethanol, maar als 
rapaloog werd toegevoegd verschoof de TF van de nucleus naar het cytoplasma 
binnen 45 minuten. De reden hiervoor is dat er ternaire complex-formatie heeft 
plaats gevonden tussen het rapaloog en de twee domeinen, gefuseerd aan de 
TF en rpL13. Het ribosomale eiwit rpL13 werd ingebouwd in het ribosoom, dat 
getransporteerd wordt van de nucleoli naar het cytoplasma. De TF werd gevangen 
door het anker en met het ribosoom meegesleept naar het cytoplasma. Eenmaal in 
het cytoplasma kan het zijn normale functie, binden aan DNA, niet meer uitvoeren 
en is functioneel verwijderd. 

Hoofdstuk 4 beschrijft het werk dat gedaan is om AA niet in relevante cellen te 
laten werken. Om dit te doen moesten de rapaloog-bindende domeinen (AA 
tags) in het genoom van ES cellen gefuseerd worden aan de specieke TFs, in dit 
geval Gata1, dit wordt knock-in genoemd. Er waren al ES cellen die geen Ldb1 
expresseren, in die cellen kon Ldb1-AA transgeen tot expressie worden gebracht. 
In beide cellijnen werd rpL13-AA nog transgeen tot expressie gebracht. Activiteit 
van AA werd geconformeerd in ES cellen door rapaloog aan het medium toe te 



voegen. Functionaliteit van de TFs werd geconformeerd door de ES cellen naar 
voorlopercellen van erytrocyten te differentiëren in kweek. Voor beide TFs geldt 
dat dit niet lukt als het eiwit niet functioneel is. Vervolgens werd AA getest in deze 
voorlopercellen door rapaloog aan het medium toe te voegen, maar het bleek dat 
dit niet werkt. AA in deze cellen werkt wel wanneer rapaloog aangeboden wordt 
aan de cellen door middel van liposomen. Deze cellen zijn nu gereed om AA op 
te testen en te vergelijken met traditionele manieren van het verwijderen van TFs 
(knock down of knock out).
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