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ABSTRACT
One of the major goals for functional genomics is to comprehensively delineate
the network of regulatory modules that controls the level, timing and tissue-specific
expression of genes. Such regulatory modules consist of cis-regulatory modules, which
are the DNA sequences involved in regulation, and the trans-acting factors, mostly
proteins, that act at those sites.
Many cis-regulatory modules (CRM) are clusters of distinctive motifs that, when
bound by sequence-specific transcription factors, cause an increase or decrease in the
amount of transcription from a target promoter. These modules can be identified
experimentally by gene transfer or mutagenesis experiments, and in this thesis I modify
and adapt two functional assays for finding CRMs. Work in this thesis shows that this
process can be facilitated by bioinformatic approaches based on analysis of multispecies
alignments.
We use a discriminatory function, called the regulatory potential (RP) score, to
find patterns in aligned sequences that are more similar to those observed in known
regulatory elements. Using transcriptome analysis from rescued G1E cells (a murine
Gata1- cell line) and induced murine erythroleukemia cells, we identify genes whose
expression changes dramatically during erythroid maturation and might have GATA-1
and its binding site involved in their regulations. We couple RP score with another filter,
conservation of predicted binding sites for the transcription factor GATA-1, to refine the
prediction because most known erythroid CRMs have binding sites for this essential
erythroid transcription factor and its binding specificity has been studied thoroughly.
These candidate CRMs were tested in reporter gene assays in transiently transfected
K562 cells and marked-murine erythroleukemia cells (MEL_RL5) by site-directed
integration. Selected CRMs are also tested by site-directed mutagenesis of GATA-1 and
by chromatin immunoprecipitation to measure in vivo GATA-1 occupancy. These tested
DNA elements served as an initial set in which to evaluate the power of bioinformatic
predictions based on RP scores plus conserved GATA-1 binding sites. The validated
elements can be examined for features in common and the results can be fed back into the
efforts to improve the prediction procedures and reiterative runs of bioinformatic
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analyses are expected to refine the prediction of erythroid cis-regulatory modules with
greater utility and effectiveness.
After targeted stable integration in MEL_RL5 cells, the orientation of the
integrants was determined by genomic blot-hybridization in previous studies. To develop
a higher throughput approach for functional analysis of preCRMs, we mapped the
location of the RL5 locus of MEL cells. This also allows future studies on the effects of
integrated CRMs on flanking loci.
The β-globin gene complex has served as a paradigm for studying regulated
switch in gene expression during development. Although extensively studied, the precise
role in regulation has not been established for more than a few of the known regulatory
modules and proteins acting at these sites are less well defined. Reverse-genetic
approaches using antisense strategies have been used to test the function of candidate
proteins at a selected subset of these sites. We have been working on constructing cell
lines inducibly expressing interfering molecules that can be the beginnings of effective
approaches to elucidating complex networks of interactions and pathways in globin gene
regulation. Such inducible interfering systems into which erythroid cis-regulatory
modules can be tested should lead to a more accurate delineation of these DNA
sequences.
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Chapter 1

Introduction to Identifying and Testing Erythroid
Regulatory Modules

2
1.1 Comprehensive delineation of gene regulation is a major goal for current research
One of the major goals for current genomic research involves the identification
and characterization of the regulatory network that controls the level, timing and tissuespecific expression of genes (Collins et al. 2003). This task requires discriminating cisregulatory modules (CRMs) from the rest of genome and deciphering the interplay
among transcription factors that act at the CRMs. Such knowledge is essential for a
comprehensive

understanding

of

the molecular

mechanism

of

regulation

in

developmental biology and how aberrations in development lead to human disorders.
Molecular mechanisms of gene regulation involve changes in chromatin structure
that are catalyzed by enzymes serving as co-repressors or co-activators that catalyze
deacetylation or acetylation of histones (Naar et al. 2001). Chromatin remodeling
complexes also catalyze critical alterations in nucleosome structure that facilitate
transcription. Other activators and co-activators target and regulate the formation of
transcription initiation complex. The targeting of these regulatory processes relies on
transcriptional regulators binding to particular DNA elements, the cis-regulatory
sequences, at the correct time during development.
In virtually all eukaryotic genes studied, the major cis-regulatory sequences are
clusters of distinctive binding sites for sequence-specific transcription factors (Fig.1-1).
The basal promoter for RNA polymerase II does not have strict sequence requirements.
However, the better-characterized enhancers, upstream activating sequences and silencers
are clusters of specific binding sites. As a paradigm of cis-regulatory elements for
erythroid-specific genes, the β-globin gene complex (HBB complex) is regulated by a
distal regulatory sequence called the locus control region (LCR), which itself is
composed of several discrete segments marked as DNase I hypersensitive sites (Li et al.
2002a). The core of these sites and proximal regulatory elements for individual gene are
clusters of binding sites for transcription factors (Fig.1-2 and reviewed in 1.5).
In this thesis, the term cis-regulatory module refers to a segment of DNA that is
needed for regulation of expression of a gene. A CRM can be experimentally determined
by showing that it alters the level of expression of a reporter gene (in gain of function
assays) or by mutagenesis resulting in an altered level of expression (loss of function).
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Examples of CRMs are promoters, enhancers, silencers, and insulators. All CRMs
characterized to date consist of multiple cis-regulatory elements, such as binding sites
for proteins, and most are marked by DNase I hypersensitive sites in chromatin. A cisregulatory element is experimentally defined by specific protein binding, preferably in
vivo but much work comes from studies of proteins and DNA in solution. As discussed
below, a cluster of binding sites (e.g. from chromatin immunoprecipitation) or presence
of a DNase I hypersensitive site or a signal in aligned genomic sequences can lead to a
prediction that a region is a CRM, but that prediction is only validated after an
appropriate gene transfer or mutagenesis experiment. A predicted CRM is called a
preCRM. A CRM with the associated regulatory proteins is a regulatory module.
1.2 Experimental identification of cis-regulatory modules
CRMs can be discovered by empirical approaches. They are associated with
regions of hypersensitivity to DNase I digestion, thus making HS-mapping a direct
approach to identifying candidate CRMs (Gross and Garrard 1988). For example, the
CRMs of β-LCR were initially characterized by erythroid-specific nucleasehypersensitive sites within native chromatin (Tuan et al. 1985). Many of these cisregulatory modules also correspond to localized regions with increased restriction
endonuclease accessibility, the extent of which can be mapped in detail using multiple
restriction endonucleases (Boyes and Felsenfeld 1996; Gottgens et al. 2001). The major
limitations of these approaches relying on conventional Southern transfer that are timeconsuming and lack sequence specificity. Recently, methods for genome-wide recovery
of DNase hypersensitive sites based on creation of libraries of these sequences have been
developed (Crawford et al. 2004; Sabo et al. 2004b) and improved by concatemerizing
tags (Sabo et al. 2004a) or massively parallel signature sequencing (MPSS) (Brenner et
al. 2000; Crawford et al. 2006) for comprehensive and high-throughput discovery of
candidate regulatory elements. Alternatively, quantitative chromatin profiling using realtime PCR has been used to accurately delineate the continuous distribution of DNase I
hypersensitive regions across the extended genomic loci (Dorschner et al. 2004) and has
been applied in the Encyclopedia of DNA elements (ENCODE) project (2004).
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Enhanced in vivo footprinting by ligation-mediated PCR, when taken together
with characterized cis-elements and in vitro DNA binding studies using electrophoretic
mobility shift assay, can provide useful information on protein-DNA interactions
(Mueller and Wold 1989). Alternatively, chromatin immunoprecipitation (ChIP) allows
for the purification of in vivo protein-DNA complexes. Although this procedure does not
have the resolution to precisely map cis-regulatory elements, the co-purified DNA can
still be used as an indicator for further identification of cis-regulatory modules. A highthroughput technology ChIP-on-chip has been developed and applied for localizing
transcription factor binding sites genome-wide in yeast (Ren et al. 2000; Iyer et al. 2001).
However, its application in mammalian systems has been limited to a locus of interest
(Horak et al. 2002), smaller chromosomes (Cawley et al. 2004) or promoter regions (Kim
et al. 2005b) due to the large size and complexity of these genomes. Recently, several
comprehensive studies coupling ChIP with SACO (serial analysis of chromatin
occupancy) (Impey et al. 2004), STAGE (sequence tag analysis of genome enrichment)
(Kim et al. 2005a) or PET (paired-end ditag) sequencing strategy (Wei et al. 2006) have
been applied on a metazoan-genome level for localization of CREB, E2F4 or p53,
respectively. Improvements in microarray technologies are expected to make ChIP-chip
or related techniques readily applicable genome-wide for many proteins.
1.3 Using bioinformatic approaches to facilitate the discovery of cis-regulatory modules.
The

availability

of

whole

genome

(Human_Sequencing_And_Analysis_Consortium
(Mouse_Sequencing_And_Analysis_Consortium
(Rat_Sequencing_And_Analysis_Consortium

sequences
2001),
2002),
2004),

of

human
mouse
rat
chicken

(Chicken_Sequencing_And_Analysis_Consortium 2004) and other model organisms
have ushered in the genomic era in life sciences. Comparative approaches are a first-line
method for attempting to decipher functional regions from these complex genomes
(Collins et al. 2003).
Sequence comparisons between human and mouse indicates that only a small
fraction (~5%) of the human genome has been under purifying selection since the human-
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rodent divergence (Mouse_Sequencing_And_Analysis_Consortium 2002). Since only
~1.5% of the genome codes for proteins, at least 3.5% of genome is under selection for
other functions. A notable portion of non-coding but functional DNA sequences belongs
to the regulatory modules that include promoters, enhancers, silencers and
insulators/boundary elements.
Highly effective genome-wide bioinformatic approaches have long been sought in
the process of characterizing cis-regulations owing to the arduous laboratory procedures
required to identify them (Wasserman and Sandelin 2004). However, this effort will
require far more complex approaches than those used in the prediction of the proteincoding portion of genes.
1.3.1 Methods based on matches to transcription factor binding sites
Methods that seek over-represented motifs in co-expressed genes have limited but
improving success (Tompa et al. 2005). Consensus binding sites have been deduced for
many transcription factors and are stored as positional weight matrices in databases such
as TRANSFAC (Wingender et al. 2001) and JASPAR (Sandelin et al. 2004a).
Relying on prior knowledge of transcription factor sequence specificity and the
observation that high local density of motifs are indicative of regulatory modules,
clustering of candidate transcription factor binding sites has been widely used in
Drosophila studies to predict cis-regulatory modules that direct gene expression in a
temporal-spatial pattern in the embryo. These modules are usually several hundred
nucleotides in length and contain multiple binding sites for the same or different
transcription factors. The enrichment of these motifs in a modules, compared to rest of
the non-coding, non-functional DNA in the genome, has provided a basis for
computational predictions for cis-regulatory modules (Rajewsky et al. 2002). For
instance, searching the Drosophila genome for regions containing clusters of
transcription factor binding sites revealed target regulatory DNAs and target genes
(Markstein et al. 2002; Rebeiz et al. 2002). Also, position weight matrices (PWMs) were
constructed from aligned binding sites for maternal activators and gap genes and one
genomic region containing a cluster of these predicted binding sites was shown to act as
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an enhancer (Berman et al. 2002).
Also, algorithms have been developed to identify the most redundant motifs as
potential transcription factor binding site in a given regulatory region (Papatsenko et al.
2002; Rajewsky et al. 2002). Applying similar approaches genome-wide in Ciona
species, but also using conservation of sequences as a filter, Johnson et al. (Johnson et al.
2005) discovered a common regulatory module in muscle genes without prior knowledge
of motifs. Matches to the position weight matrices in single DNA sequences far exceed
the sites verified to be occupied by transcription factors (Grass et al. 2003). However, the
number of predicted binding sites can be reduced substantially with increased specificity
by

requiring

the

matches

to

be

conserved

in

multiple

species

(Rat_Sequencing_And_Analysis_Consortium 2004). A recent report comparing two
Drosophila sequences showed that known regulatory regions are only slightly more
conserved than the rest of the non-coding genome and binding sites remain clustered for
modules while not necessarily residing in conserved blocks (Emberly et al. 2003). Thus
novel methods that go beyond measuring sequence identity must be used to predict
CRMs. An approach measuring preservation of a sequence feature such as binding-site
clustering in Drosophila melanogaster and Drosophila pseudoobscura almost perfectly
separate positive preCRMs and negative preCRMs (Berman et al. 2004). Also, a novel
local alignment algorithm taking into account transcription factor binding-site clustering,
affinity, and conservation has identified known enhancers and revealed multiple new
tissue-specific enhancers (Hallikas et al. 2006).
1.3.2 Constrained noncoding sequences can be reliable guides for predicting cisregulatory modules
Aforementioned methods have limited use due to incomplete knowledge of
transcription factor binding sites and their arrangement in the CRMs. Alternatively, DNA
that appears to be under evolutionary constraint is frequently a good candidate for a
functional regions (Hardison 2003). The functional DNA sequences that are conserved
from the last common ancestor should be preserved in contemporary genome sequences
and exhibit less changes (Jukes and Kimura 1984; Pennacchio and Rubin 2001; Hardison

7
2003; Miller et al. 2004). Highly constrained non-coding DNA sequences have been
commonly used as reliable guides for predicting potential gene regulatory elements
(Hardison 2000) and the systematic comparison of genomic sequences at different
phylogenetic distances have become a powerful tool to annotate genomic sequences and
identify the cis-regulatory network of gene loci.
1.3.2.1 Aligning DNA sequences
Aligning DNA sequences is the initial and essential process in comparative
genomics by mapping of one sequence onto the other sequence at the nucleotide level
(Hardison 2003).
Two distinctly different approaches to developing alignment algorithms have
been described. One approach generates local alignments, in which all locations of
similarity between regions of sequences are returned, but dissimilar regions are not
aligned. As an example for local alignment tool, BLASTZ identifies short near-exact
matches, followed by a gap-free extension step and then an extension with gaps by a
dynamic programming procedure (Schwartz et al. 2003). Multiple-sequence local
alignment incorporating algorithms like TBA (threaded blockset aligner) (Blanchette et
al. 2004) has also been developed for multispecies comparisons (Ovcharenko et al.
2005a). The other approach generates global alignments, in which all the positions in the
two sequences are finally aligned. (Wasserman and Sandelin 2004). In the case of
LAGAN (Brudno et al. 2003), short local alignments between two sequences are
generated to establish the related seeds which are chained into a rough global map, and a
final global map is computed using the Needleman-Wunsch algorithm (Needleman and
Wunsch 1970). The choice to use global alignments assumes that important functional
sequences are not subject to genomic rearrangements (Brudno et al. 2003). In theory,
local and global alignments should have distinct advantages and disadvantages, but in
practice most pipelines for aligning large sequences (such as whole mammalian
genomes) use a combination of steps that combine features of both approaches (Frazer et
al. 2003). Pre-computed alignments of genomic sequences are available through servers
like VISTA (Mayor et al. 2000), the conservation tracks at the UCSC Genome Browser
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(Kent et al. 2002), and GALAXY (Giardine et al. 2005).
1.3.2.2 Human-mouse genomic sequence comparison
The pairwise comparison of genomics sequences between human and mouse
revealed candidate functional elements (Hardison et al. 1997b). Highly conserved motifs
were identified within the HS2 core of locus control region, and one of these, an invariant
E-box was shown to play an important role in enhancement (Lam and Bresnick 1996;
Elnitski et al. 1997). Testing the human-mouse conserved non-coding sequence in the
first intron from the Bruton’s tyrosine kinase (BTK) locus revealed lineage-specific
down-regulation of reporter gene expression (Oeltjen et al. 1997). The power of humanmouse genomic sequence comparisons was also underscored by the discovery of a
conserved non-coding sequence (CNS-1), located between interleukin 4 (IL-4) and 13
(IL-13) on a 450kb segment. Using a stringent criterion for conservation, this element
identified was demonstrated in transgenic mice to regulate expression of genes that are
specific to TH2 cells, including IL-4, IL-13 and interleukin-5 (IL-5) located 120 kb away
(Loots et al. 2000).
A fraction of the conservation of non-coding sequences observed between these
two

species

may

be

caused

by

the

different

rates

of

evolution

(Mouse_Sequencing_And_Analysis_Consortium 2002; Hardison 2003; Boffelli et al.
2004). To overcome this limitation, a conservation score can be calculated for an
alignment window for the probability that the level of observed conservation will occur
by chance, after the local divergence of ancestral repeats are taken into consideration
(Mouse_Sequencing_And_Analysis_Consortium 2002).
1.3.2.3 Multi-species comparison provides more resolving power
Human-mouse pairwise comparison always faces the limitation that some
individual conserved elements may not be reliably detected (Thomas et al. 2003; Boffelli
et al. 2004). Increasing the number of species used in comparative genomics is a more
efficient way to provide more resolving power and to help the prediction of truly
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functional regulatory elements (Thomas et al. 2003; Boffelli et al. 2004; Margulies et al.
2006). Methods for scoring multiple sequence alignments to find constrained elements
have been developed (Stojanovic et al. 1999; Margulies et al. 2003; Cooper et al. 2005;
Siepel et al. 2005).
Comparative sequence analysis of human, mouse, and chicken SCL loci identified
previously known regulatory elements and novel enhancers (Gottgens et al. 2000). An
systematic analysis of over 12 megabases (Mb) sequence from 12 species orthologous to
a human segment deduced mammalian phylogenies and identified multi-species
conserved sequences (MCSs) under purifying selection (Thomas et al. 2003). The power
to detect them appeared to depend mainly on the total divergence of the subset of species
(Thomas et al. 2003). Conserved regions of the single-minded 2 (SIM2) gene interval
among human, horse, cow, pig, dog, cat and mouse are frequently functional (Frazer et al.
2004).. Additionally, sequences conserved in a limited number of mammals are equallikely to be functional (Frazer et al. 2004). An extensive comparison among human,
mouse, rat, dog and chicken has identified ultraconserved elements (100% identity with
no insertions or deletions between othologous regions) overlapping known genes that
associated with RNA processing and non-exonic elements located in “gene deserts”, and
some of which were associated with regulation of transcription (Bejerano et al. 2004).
Also, the comprehensive analysis of human, mouse, rat and dog genomes has created an
initial systematic record of common regulatory motifs in promoters and 3’ untranslated
regions (3’UTR) (Xie et al. 2005).
1.3.2.4 Highly conserved noncoding sequences are frequently functional
Inclusion of distantly related vertebrate sequences in the comparison facilitates
the identification of strong evolutionarily constrained regions. For example, adding
information from fish and frog to human-mouse comparison decreased the number of
conserved sequences initially derived from human-mouse comparison of the DACH
locus, and 7 out of 9 regions experimentally tested in transgenic mice were shown to
reproducibly drive reporter gene expression recapitulating DACH endogenous expression
pattern (Nobrega et al. 2003).
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Human and Fugu last shared a common ancestor around 450 million years ago
(Kumar and Hedges 1998). Given the compact genome in fish and the extreme
phylogenetic distance, only the most constrained cis-regulatory modules essential for
vertebrates can be identified (Brenner et al. 1993). The experimentally identified cisacting regulatory modules for genes playing critical roles in development, such as Wnt-1
(Rowitch et al. 1998), Pax6 (Kammandel et al. 1999), Pax9 (Santagati et al. 2003), Dlx
homeobox genes (Ghanem et al. 2003), HoxD cluster (Spitz et al. 2003), Sonic hedgehog
(Shh) (Lettice et al. 2003) and Otx2 (Kimura-Yoshida et al. 2004), all show high degree
of sequence conservation between human and fish.
Whole-genome comparisons between human and fish or chicken has revealed that
many highly constrained noncoding (Sandelin et al. 2004b; Woolfe et al. 2005) regions
harbor in gene deserts (Nobrega et al. 2003; Ovcharenko et al. 2005b). The number of
these preCRMs varies depending on the stringency of the selection methods but a
consistent observation is that many tend to cluster in gene deserts surrounding key
developmental regulators (de la Calle-Mustienes et al. 2005).
The importance of highly constrained noncoding elements is underscored by
several functional analyses. Whole-genome comparison between human and Fugu
identified nearly 1400 highly conserved (over 90% identical across more than 500 bps)
non-coding elements (CNEs). 23 out of 25 CNEs associated with four unrelated genes
encoding developmental transcription factors had completely conserved positions and
orders in clusters and showed significant enhancer activity in one or more tissues
(Woolfe et al. 2005). Also, a detailed functional survey of highly conserved (Xenopus
tropicalis vs. human and Fugu vs. human) non-coding regions (HCNRs) identified from
vertebrate Iroquois (Irx) cluster demonstrated the presence of enhancer activity within
them (de la Calle-Mustienes et al. 2005).
1.3.2.5 Intra-species comparison to identify primate-specific functional elements
Comparisons among members of different mammalian orders will not detect
recent changes in DNA sequences that function in a primate lineage-specific manner
(Boffelli et al. 2004; Miller et al. 2004). Thus, comparison among primate sequences has
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been proposed to discover primate-specific functional elements. A novel strategy called
“phylogenetic shadowing” (Boffelli et al. 2003) has been developed to identify key
sequence difference under positive selection. By comparing human genome and those of
nonhuman primates, phylogenetic shadowing finds both functional elements shared with
evolutionarily distant mammals and those specific to primates as well (Boffelli et al.
2003).
1.3.3 Regulatory potential, a function to discriminate the pattern of aligned columns
Using aforementioned approaches can discriminate between stringently conserved
sequences and likely-neutral DNA, but they are less effective for analyzing more diverse
reference sets of CRMs (Hughes et al. 2005; King et al. 2005). Unlike algorithms that
only quantify levels of conservation to estimate the likelihood that aligned DNA
sequences are under negative selection, a novel method aimed to discriminate aligning
patterns was developed.
This discriminatory function, called regulatory potential (RP), also uses aligned
genomic sequence to predict CRMs. In addition to conservation, it also captures context
and pattern information (Elnitski et al. 2003; Kolbe et al. 2004; Taylor et al. 2006). The
statistical models used to compute RP scores are derived from a positive training set of
alignments of known CRMs and a negative training set of alignments of ancestral repeats.
A high RP score for an aligned block of sequences means that the patterns of alignment
columns in it are more similar to the patterns observed in aligned CRMs than those seen
in aligned ancestral repeats.
The originally developed 2-way RP uses human-mouse alignment from 93 known
regulatory regions (as positive training set) and 200 ancestral repeats (as a neutral set)
and 5 symbols (MAT for matches of As and Ts; MGC for Matches of Gs and Cs; V for
transversions; T for transitions and G for gaps) to represent all the situations for a singlecolumn alignment. The statistical model (5-symbol 5th order Markov model) estimates
the probability of each symbol at the sixth position when the frequency of occurrence of
five preceding contiguous positions is considered (Elnitski et al. 2003). The transition
probability derived from two training sets are recorded to develop a score matrix by
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taking log-odds ratio of the probability from a regulatory region to the probability from a
neutral region (Elnitski et al. 2003). To measure how much more likely an alignment to
be analyzed is regulatory, the log-odds ratios for each symbol over the entire length of the
alignment are summed and normalized for the length of the alignment (Elnitski et al.
2003, see also Fig. C-1 in Appendix C). This method exhibits powerful discrimination
between the reference sets and can be applied to any alignment and genome-wide
(Elnitski et al. 2003).
Subsequently, whole-genome 3-way regulatory potential score for human, mouse
and rat alignments is developed. Symbols with rare occurrence are pre-collapsed and
symbols with similar frequency profiles in the training set are grouped by hierarchical
clustering. After collapsing by hierarchical agglomeration according to a figure of merit
that targets discrimination between RP scores of segments in the collection of regulatory
elements and ancestral repeats, symbols of sizes from 10 to 5 are focused on for detailed
investigation by cross-validation. Finally the 10-symbol alphabet and order 2 are the ones
used for the 3-way RP scores (Kolbe et al. 2004, Fig. C-1). Adding rat genome
contributes to the resolving power of RP score, in spite of the close phylogenetic
similarity between rat and mouse (Kolbe et al. 2004). The ability of 3-way RP to
discriminate genomic intervals has been evaluated in the HBB gene complex with 23
known CRMs and shows a better performance when compared to other algorithms (King
et al. 2005).
Improved modeling has been developed to accommodate increasing number of
species being compared by integrating knowledge about phylogenetic relationships and
using variable-symbol and variable-order Markov model. Based on human, chimpanzee,
mouse, rat and dog five-way alignments (see also Fig. C-1), this strategy has proven
effective in discriminating cis-regulatory elements, aberrantly methylated CpG islands,
and DNase I hypersensitive sites (Taylor et al. 2006).
1.4 Erythroid cell cultures serve as testing systems in which the power of bioinformatic
tools are evaluated
These new bioinformatics approaches to identifying candidate regulatory modules
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will be effective only if sets of the predictions are tested experimentally. Erythroidspecific gene regulation remains an ideal test system for the predicted regulatory
elements, given the available somatic cell culture systems that show inducible erythroid
maturation or response to particular transcription factors. Furthermore, efficient methods
for targeted integration into defined genomic locations are being used to study the effects
of regulatory sequences after integration into chromosomes.
Virus-transformed murine erythroleukemia cell system is an extensively studied
erythroid model (Marks and Rifkind 1978) that was originally derived from susceptible
mouse spleens infected with the Friend virus complex (Friend et al. 1966). The target cell
for virus infection appears to be an erythroid cell precursor, perhaps the erythropoietinresponsive cell (Axelrad and Steeves 1964; Mirand et al. 1968; Marks and Rifkind 1978).
Considerable evidence suggests that the effect of Friend virus transformation is to make
erythropoietin-dependent erythroid precursor cells to proliferate without erythropoietin
(Marks and Rifkind 1978; Ruscetti 1999). MEL cells have a low level (~0.5%) of
spontaneous differentiation (Marks and Rifkind 1978) and upon induction by inducer
agents such as DMSO (dimethylsulfoxide) or HMBA (N,N’-hexamethylene-bisacetamide) (Tanaka et al. 1975; Reuben et al. 1976), they can undergo a differentiation
process that have certain characteristics similar to those observed in the normal
erythropoietin-regulated erythropoiesis (Friend et al. 1971; Singer et al. 1974). The
mechanism of induced differentiation is not well elucidated and may involve multiple
steps (Marks and Rifkind 1978; Chen et al. 1982; Murate et al. 1984). Extensive studies
have shown that many events that occur normally during the later stages of erythropoiesis
occur during induction of MEL cells, including the production of increased amount of
hemoglobin and other cell markers.
G1E (for GATA-1- erythroid) cells was established from in vitro-differentiated
GATA-1- murine embryonic stem cells by stably expressing bcl-2 (Weiss et al. 1997).
G1E cells can proliferate continuously in culture as immature erythroblasts and undergo
terminal differentiation upon restoration of GATA-1 activity via retrovirus-mediated
cDNA (Weiss et al. 1997) or an estrogen-responsive form of GATA-1 (Gregory et al.
1999). This powerful model for erythroid development has been applied in many diverse
studies, including function of GATA-1 domains (Weiss et al. 1997), roles of GATA-1
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cell survival (Gregory et al. 1999), gene regulation (Grass et al. 2003; Martowicz et al.
2005), chromatin-modifying activity (Kiekhaefer et al. 2002; Letting et al. 2003), and the
interaction of GATA-1 with other co-regulators (Letting et al. 2004; Pal et al. 2004).
Novel GATA-1 regulated genes were identified during G1E erythroid maturation using
subtractive analysis (Shirihai et al. 2000) and microarray transcriptome analysis (Rylski
et al. 2003; Welch et al. 2004). A large number of genes were found to be regulated to the
restoration of GATA-1 (Welch et al. 2004).
1.5 β-globin gene complex, a model for a better understanding of gene regulation and
identification of erythroid cis-regulatory modules
Hemoglobin gene regulation is of special interest. The intensely studied β-like
globin gene complex has served as an excellent model system for understanding the
molecular mechanism of high-level, tissue-specific, and developmentally controlled gene
expression (Levings and Bungert 2002; Stamatoyannopoulos 2005)
The complex of human β-like globin genes (HBBC) reside at 11p15.5, surrounded
by a larger cluster of olfactory receptor genes (ORGs) (Bulger et al. 1999; Bulger et al.
2000). It contains a cluster of developmentally regulated genes arranged in the order of
5’-ε-Gγ-Aγ-δ-β-3’, encoding the embryonic epsilon-globin (HBE1), the fetal G-gammaand A-gamma-globins (HBG2 and HBG1), and adult delta- and beta-globin (HBD and
HBB), respectively (Fig. 1-2).
1.5.1 Locus control region and its function
Expression of the globin genes is limited to erythroid cells and is regulated by the
proximal regulatory elements and greatly influenced by a far-upstream enhancer called
locus control region (LCR) (Hardison et al. 1997a; Stamatoyannopoulos 2005).
LCR was first experimentally identified as a set of major DNase I-hypersensitive
sites (Fig. 1-2) in the human β-like globin gene domain (Tuan et al. 1985) and
functionally defined in transgenic assays as DNA sequences needed to direct full level
and tissue-specific expression of a coupled transgene, independent of the site of
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integration in the host genome and at moderately constant levels per gene copy (Grosveld
et al. 1987). The LCR in the human β-like-globin locus covers a region of 20-30 kb 5’ to
HBE1 and contains at least five major DNase I hypersensitive sites (HSs) and they
remain sensitive to DNase I at all developmental stages.
HS1 is located ~6 kb 5’ to the ε-globin gene (Tuan and London 1984). It may be
dispensable for LCR function (Kulozik et al. 1991) but the deletion of HS1 is subject to
position effect in transgenic mice (Milot et al. 1996). HS2 is the most highly conserved
region in the β-globin LCR (Hardison et al. 1997a). DNA fragments containing HS2 will
confer position-independent, high level expression on globin genes in transgenic mice
(Ryan et al. 1989; Talbot et al. 1989), however, deletion of this HS2 from native location
only leads to a mild reduction in β-globin expression (Fiering et al. 1995). The effect of
HS3 is prominent on the human γ-globin gene in embryonic and fetal stages of transgenic
mice (Fraser et al. 1993). Recent data suggests HS3, in combination with the β-globin
promoter, is crucial for the maintenance of the active chromatin hub (ACH, the spatial
interaction of cis-regulatory elements for active β-globin genes) at the definitive stage
(Patrinos et al. 2004). HS4 has a strong positive effect on expression of the human βglobin gene in transgenic mice (Pruzina et al. 1991), but has no enhancer function by
itself (Tuan et al. 1987). HS5 has been implicated in insulation from position effects (Li
and Stamatoyannopoulos 1994; Li et al. 2002b). The cores of these elements contain
distinctive motif binding sites (Fig. 1-2).
Previous studies show that the LCR is necessary for gene expression and renders
the capability to open a closed chromatin domain at ectopic sites in transgenic assays
(Grosveld et al. 1987; Milot et al. 1996). The deletions of LCR in the Dutch (γδβ0)
thalassaemia and Hispanic δβ-thalassaemia also support this role (Kioussis et al. 1983;
Driscoll et al. 1989; Forrester et al. 1990). However, a series of manipulation to remove
HSs individually or in combination in the endogenous loci (Fiering et al. 1995; Hug et al.
1996) raises the debate of whether the LCR is really required for an open chromatin
structure and gene switching.
The model for LCR action remains to be elucidated. One model suggests that the
activation of the globin genes by LCR is initiated by generation of a holocomplex by HSs
in the LCR, followed by the establishment of chromatin domains permissive for
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transcription by chromatin remodeling complexes (Levings and Bungert 2002). These
complexes are then transferred to promoters of individual globin genes (Hardison et al.
1997a; Bulger and Groudine 1999; Levings and Bungert 2002). Recent studies have
shown that the LCR in its endogenous locus enhances globin gene expression by
increasing the rate of transcription, probably by enhancing transition from transcription
initiation to elongation, rather than by increasing the probability of establishing
transcription per se (Schubeler et al. 2001; Sawado et al. 2003). Two distinct models
(looping versus linking) (Hardison et al. 1997a; Bulger and Groudine 1999) may account
for the long-distance communication between LCR and the proximal regulatory elements.
The recent discovery of HS2 being in close physical proximity to an actively transcribed
HBB gene (Carter et al. 2002), and the identification of an active chromatin hub (ACH)
formed by 5’ and 3’ HSs flanking the globin locus during erythroid differentiation
(Palstra et al. 2003; Patrinos et al. 2004) argue for the importance of three-dimensional
organization of a gene locus for its regulation. It’s postulated that this three dimensional
interactions are organized by highly compartmentalized transcription factories
(Chakalova et al. 2005).
1.5.2 Other regulatory modules for globin gene expression
Regulatory elements other than those resident in β-LCR also contain clusters of
motifs for nuclear proteins (Fig. 1-2). Functional analysis of regulatory modules
influencing β-globin gene expression revealed proximal promoter sites (TATA, CCAAT,
CACC, DRE and GATA-1) (Myers et al. 1986; Perkins et al. 1989; Stuve and Myers
1990) essential for promoter activity and distal negative regulatory element which
modulates the function of the promoter (Macleod and Plumb 1991). Downstream
enhancers were also characterized (Antoniou et al. 1988; Wall et al. 1988). Nuclear
factors and regulatory elements close to promoter (McDonagh et al. 1991; Lloyd et al.
1994) and 3’ enhancer regions (Purucker et al. 1990) involved in γ-globin gene regulation
were also identified. Similarly, active motifs within ε-globin gene promoter that confers
silencing (YY1, GATA) (Peters et al. 1993) and activation (GATA, CACC and CCAAT)
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(Yu et al. 1991; Gong and Dean 1993; Motamed et al. 1993) were experimentally
delineated.
1.5.3 Proteins that act at erythroid cis-regulatory modules
Many nuclear proteins have been implicated in the regulation of globin gene
expression (Orkin 1995; Blobel and Weiss 2001; Levings and Bungert 2002) but only a
very few are clearly established as key regulators at a specific sites. Several wellcharacterized transcription factors include:
1.5.3.1 GATA-1
GATA-1, a zinc finger transcription factor, is required for survival and maturation
of primitive and definitive erythroid precursor cells (Fujiwara et al. 1996). GATA-1 null
mice die between E10.5 and E11.5 due to anemia, however, globin genes are
transcriptionally active in the absence of GATA-1 (Fujiwara et al. 1996).
GATA-1 binds the consensus (T/A)GATA(A/G) motif found in the promoters
and/or enhancers of virtually all erythroid and megakaryocytic specific genes studied
(Evans and Felsenfeld 1989; Tsai et al. 1994; Weiss and Orkin 1995; Cantor and Orkin
2002). The carboxyl terminal zinc finger is responsible for DNA binding, whereas the
amino finger stabilizes protein-DNA interaction (Martin and Orkin 1990) .
Transcriptional regulation involves critical protein-protein interactions in addition
to DNA binding (Perry and Soreq 2002). Functional interactions involving GATA-1 selfassociation (Crossley et al. 1995), synergy of GATA-1, EKLF and SP1 (Merika and
Orkin 1995), and holocomplex containing GATA-1, TAL1, E2A, Ldb-1 and LMO2
(Wadman et al. 1997) further emphasize the importance of multi-protein interactions in
proximal element and LCR function.
1.5.3.2 EKLF and EKLF-related proteins
EKLF (erythroid Krüppel-like factor) is required for high-level expression of the
adult β-globin gene (Nuez et al. 1995; Perkins et al. 1995). This zinc finger DNA binding
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protein binds a CACC consensus element in the adult β-globin promoter (Miller and
Bieker 1993) and regulates expression via its proline-rich transactivation domain (Bieker
and Southwood 1995). EKLF may exert its function by recruiting chromatin-remodeling
complex (Armstrong et al. 1998). The CACCC sites in HS2 and HS3 are probably bound
by EKLF (Wijgerde et al. 1996; Lee et al. 2000). The CACCC motif in γ-globin gene is
also bound by members of the Krüppel-like zinc factors (Asano et al. 1999; Asano et al.
2000; Bieker 2001). The FKFL factors 1 and 2 (Asano et al. 1999; Asano et al. 2000) are
the same as KLF11 and KLF13, identified independently as regulatory proteins for
CACCC-containing erythroid promoters. The full set of proteins binding to these critical
cis-regulatory elements is not known, nor is it clear that the major players are all
erythroid specific. Recent studies also show that EKLF is required for the formation of
active chromatin hub (ACH) (Drissen et al. 2004).
1.5.3.3 Basic helix-loop-helix proteins
The E-box, one of the most conserved sequences in HS2, is bound by the
ubiquitously expressed USF (Bresnick and Felsenfeld 1993) and by TAL1 (Elnitski et al.
1997) in vitro. TAL1, first discovered in a chromosomal translocation in T-cell acute
lymphoblastic leukemia (ALL) (Begley et al. 1989), functions very early in
hematopoietic development (Shivdasani et al. 1995; Porcher et al. 1996). It encodes a
basic helix-loop-helix (bHLH) transcription factor (Hershfield et al. 1984; Begley et al.
1991) in association with E12/E47, products of the E2A gene (Hsu et al. 1994b;
Shivdasani et al. 1995) and binds to a particular E-box DNA element, CAGATG. These
sequences are also found in cis-acting regulatory elements of erythroid-specific genes in
conjunction with GATA-binding motifs (Cantor and Orkin 2002).
1.5.3.4 NF-E2
Motifs similar to binding sites for AP-1 (now called MAREs for Maf Response
Elements) in HS2 are crucial for β-globin gene expression and bound by tissue-specific
transcription factor NF-E2 (Moi and Kan 1990; Ney et al. 1990; Talbot and Grosveld
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1991; Forsberg et al. 2000). NF-E2 is a basic-leucine zipper heterodimeric transcription
factor that consists of a tissue-restricted p45 and a widely expressed 18kDa subunit
(MafK) of the Maf protein family (Andrews et al. 1993a; Andrews et al. 1993b). The
recruitment of NF-E2 to the LCR and active globin promoters correlates with the increase
in β-major globin transcription during erythroid maturation (Sawado et al. 2001). The
exchange of MafK-interacting protein from Bach1 to NF-E2 p45 during terminal
erythroid differentiation is an essential step in the switch from the silent to the active state
(Brand et al. 2004).
1.5.3.5 Post-translational modification and chromatin remodeling
Post-translational modification and chromatin remodeling are also associated with
activated transcription. GATA-1, NF-E2 and EKLF can recruit CBP/p300 and be
acetylated (Cheng et al. 1997; Blobel et al. 1998; Zhang and Bieker 1998). Recent
experiment also shows that EKLF requires the presence of a SWI/SNF-related chromatin
remodeling complex for its tissue-specific regulation, indicating that it may affect
transcription by altering chromatin configuration (Armstrong et al. 1998).
1.5.3.6 Protein complexes formed at different developmental stages
Different proteins can act at different stages of differentiation or maturation.
Recently studies showed that different protein complexes occupy LCR MAREs in
uninduced and induced MEL cells. In the uninduced state, the complexes include small
Maf homodimers, as well as MafG/MafK heterodimers or small Maf/bach1 heterodimers;
upon induction, the predominant complex is NF-E2 (Sawado et al. 2001). A further layer
of complexity is added by proteins that have either positive or negative effects on
expression. TAL1 can potentially regulate transcription in either a positive or negative
fashion, depending upon the cellular environment (Hsu et al. 1994c). Recent studies
showed that a co-repressor complex including mSin3A and the histone deacetylase
HDAC was associated with TAL1 to exert a negative effect in uninduced MEL cells
(Huang and Brandt 2000). In the induced state, TAL1 binds to P/CAF and p300, which

20
are transcriptional co-activators and histone acetyl transferases (Huang et al. 2000). Thus
TAL1 can serve as a molecular switch in erythroid cells.
1.5.4 Using reverse-genetic approaches to test the function of candidate proteins
interacting with cis-regulatory modules
Methods have been developed for targeted inhibition or modulation of gene
products that play critical roles in regulation. These approaches include, but are not
limited to antisense nucleic acid, decoy oligonucleotide and RNAi.
1.5.4.1 Antisense nucleic acid technology
The commonly used antisense agents are antisense oligo-deoxynucleotides
(ODNs) or polynucleotides, ribozymes, and DNAzymes (Scherer and Rossi 2003).
Generally, antisense nucleic acids inhibit the gene expression by base pairing of a
complementary oligo- or polynucleotide to a target mRNA, leading to either induced
degradation of the mRNA or blockage of the target from binding to other
macromolecules (Scherer and Rossi 2003).
Antisense oligonucleotides are usually short and modified in the backbone chains
that trigger different mechanisms of inhibition (Scherer and Rossi 2003). The frequently
used antisense polynucleotide technology is best exemplified by the vector-borne
antisense sequence to the RNA component of the targeted genes, usually under the
control of an inducibly-regulated promoter (Feng et al. 1995; Yamaoka et al. 2000).
Ribozymes are RNA molecules that act as enzymes. They can bind mRNA via an
antisense mechanism via various motifs (Fig. 1-3.A) and specifically break/form covalent
bond (Scherer and Rossi 2003). DNAzymes (Scherer and Rossi 2003) are a related
category of catalytic DNA molecules that also direct specific cleavage via unique motifs
(Fig. 1-3A).
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1.5.4.2 Decoy oligonucleotides
Double-stranded oligo-deoxynucleotides, referred to as decoy ODNs, have
provided an alternative strategy for transcriptional regulation. Decoy ODNs contain
consensus binding sequences of specific transcription factors so they can attenuate the
authentic cis-trans interaction by sequestering the trans-factors required for gene
expression (Fig. 1-3.B) (Mann and Dzau 2000; Tomita et al. 2003).
The application of Decoy ODNs, like the usage of antisense ODNs, will lead to
nonspecific effects (Morishita et al. 1998; Nicholas 2001). For instance, ODNs
containing CpG motif produce side effects that may stimulate the immune system
(Khaled et al. 1996). Thus, carefully controlled experiments must be performed to
overcome these issues (Morishita et al. 1998).
1.5.4.3 RNAi
Double-stranded RNA-mediated interference, since its successful demonstration
for specific genetic interference in Caenorhaditis elegans (Fire et al. 1998), has now
become an powerful interfering strategy to silence gene expression in multiple organisms.
RNA interference happens in two sequential phases (Sontheimer 2005). It is
triggered in the initiation phase by double-stranded RNAs, resulting in 21-23-nt short
interfering RNAs (siRNAs) via the ribonuclease-III enzyme Dicer (Bernstein et al. 2001).
In the effector phase, the siRNA is unwound (Nykanen et al. 2001; Martinez et al. 2002),
probably by an ATP-dependent RNA-unwindase enzyme (Haley and Zamore 2004), and
assembles into RNA-induced silencing complex (RISC). This activated effector complex
can recognize the target mRNA by base-pairing, and cleaves the mRNA strand using its
endoribonuclease activity (Liu et al. 2004; Martinez and Tuschl 2004; Schwarz et al.
2004; Song et al. 2004).
The strand selection into RISC assembly is determined by the sequence and
structure and the relative thermal stability of base pairing at the two ends of the siRNA
duplex (Khvorova et al. 2003; Schwarz et al. 2003; Sontheimer 2005; Tomari and
Zamore 2005). The extensive studies and analyses on designed siRNAs have revealed
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some common features (e.g., GC content, stability at the terminus, and base identities at
certain positions) from effective siRNAs and provided empirical guidelines for siRNA
design (Gong and Ferrell 2004; Mittal 2004).
The routinely adopted RNAi strategies include, but are not limited to,
exogenously delivered, chemically synthesized short double-stranded RNA (Caplen et al.
2001; Elbashir et al. 2001a; Elbashir et al. 2001b), long dsRNAs that are pretreated with
recombinant Dicer or RNase III (Calegari et al. 2002; Kawasaki et al. 2003), and
plasmid- or retroviral/lentiviral vector-based expression of short hairpin RNAs (shRNAs)
(Fig. 1-3). The shRNA is usually transcribed in the nucleus by RNA polymerase III
(Brummelkamp et al. 2002; Sui et al. 2002) and the transcript can fold back on itself to
form a stem-loop structure. After being transported into the cytoplasm, the hairpin is
processed by endogenous nucleases to release the functional siRNA (Kim 2005).
Modification of pol III promoters in these shRNA expression cassettes by adding
inducibly-regulated units allows for stable, inducible and reversible production of
shRNAs (Fig. 1-4) (Barrett et al. 2004; Gupta et al. 2004). Recently, RNA polymerase IItranscribed systems have also been developed (Xia et al. 2002; Shinagawa and Ishii
2003) and the usage of a lentiviral system having shRNA transcribed by pol II in a
microRNA context has showed great promise to control the timing and tissue-specific
expression of shRNAs (Stegmeier et al. 2005).
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Figure. 1-1. cis-regulatory modules involved in transcriptional regulation.
cis-regulatory modules (CRMs) consist of distinctive motifs that can be recognized and
bound by sequence-specific transcription factors. This complex can recruit the
transcriptional co-activator, which in turn, binds the histone acetyltransferase and
Mediator that regulates the transcription via the interaction with general transcription
factors and RNA polymerase II.
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Figure. 1-2. Human β -globin gene complex (HBBC)
The middle panel is a map of the human β-globin gene cluster, surrounded by olfactory
receptor (OR) genes, containing developmentally expressed genes and the DNase HSs in

β-LCR and more distal regions as arrows (Adapted from Patrinos, et al., Genes Dev
2004). Schematic representations of protein-binding motifs in HSs of β-LCR and globin
gene loci were shown on top and bottom panels. Similar protein binding sites have the
same fill. The figure is not drawn to scale (Adapted from Hardison, Disorders of
Hemoglobin 2001).
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Figure. 1-3. Approaches for targeted interference for gene function.
(A) Antisense nucleic acid derivatives for sequence-specific knockdown of mRNA
(Adapted from Scherer et al., Nat Biotechnol 2003). Normal expression and translation of
a gene (blue filled arrow) lead to the production of proteins. These processes can be
inhibited by ① antisense oligonucleotides leading to RNase H-mediated cleavage of
RNA/DNA hybrids, ② Inducible production of antisense polynucleotides against target
gene that result in inhibition of translation or double stranded RNA-mediated
interference, ③ ribozymes and ④ DNAzymes (depicted by D) bind via antisense
mechanism and cut at specific sites (arrows).
(B) Using decoy oligonucleotide to block the function of transcription factors. The cells
are flooded with synthetic, transcription factor-specific consensus sequences. Subsequent
competition for binding of the transcription factor inhibits the regulation of endogenous
gene.
(C) Various RNAi strategies (Adapted from Kim Mol Cells 2005) by ① Long dsRNAs
inducing RNAi. ② siRNAs prepared by incubating dsRNAs with Dicer/RNase III. ③
Chemically synthesized siRNA duplex. ④ Plasmid-derived short hairpin RNAs driven by
either pol III or pol II. ⑤ Viral vector-based expression of short hairpin RNAs.

26

27
Figure. 1-4. Inducible regulation of RNAi in mammalian cells.
(A) In tetracycline-regulated system, H1 promoter is modified to contain tetracycline
operator 2 sequences that can be bound by Tet repressor (TR) in the absence of
tetracycline, resulting in the inhibition of production of shRNA. Addition of tetracycline
can release the repression.
(B) In ecdysone-regulated system, distal regulatory elements in the original U6 promoter
is replace by GAL4-binding sites (4×GAL4). The remaining basic promoter cannot drive
expression of shRNA. Addition of ecdysone analog (blue-filled sphere) leads to the
formation of VgEcR (purple sphere) and RXR (yellow sphere) hetero-activator that bind
to the EGRE element, resulting in the production of modified GAL4 proteins (GAL4Oct-2Q). The subsequent binding of this protein (red sphere) to the 4×GAL4 specifically
activates shRNA expression (Adapted from Mittal et al., PNAS 2004).
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1.6 Statement of Thesis
The availability of whole genome sequences and alignments between sequences
of related species opens up the possibility of genome-wide identification for potential cisregulatory modules (CRMs). Recent work has developed a function alignment-based
score, called regulatory potential, for distinguishing regulatory regions from sequences
that align but are likely not functional. This method has proven effective in
discrimination of diverse reference sets of known CRMs and neutral DNAs, but its power
to predict novel CRMs has not been tested experimentally.
Chapter 2 of this thesis provides these experimental tests. We combined
regulatory potential with conservation of matches to erythroid transcription factor
GATA-1 binding sites to predict CRMs for mouse genes regulated during erythropoiesis.
Cohorts of co-regulated genes were identified from transcriptome analysis of genes in
induced MEL cells and in rescued Gata-1-deficient cells (G1E). The preCRMs within
genomic sequences encompassing the chosen genes were isolated and placed in plasmids
with reporter genes such as luciferase and green fluorescent proteins (EGFP). Effects on
expression were tested in transiently transfected K562 cells and stably transfected
MEL_RL5 cells. The results of this study show good predictive power (both positive and
negative) for RP scores and for GATA-1 binding sites in the context of high RP.
Chapter 3 provides new information on the site-directed stable integration assay.
These experiments were pursued to find a less time-consuming but reliable approach to
testing preCRMs in a chromosomal context. We show that the preCRM-altered
expression of a reporter gene at the RL5 locus of murine erythroleukemia cells is the
same regardless of the orientation of the integrants. Also, the position of the RL5 locus
was mapped, which allows for an easier analysis of orientation. The comparison of
reporter gene expression between orientations and also between pools and colonies shows
that orientation effect is minimal, and that sets of preCRMs can be reliably tested as pools
of stably transfected, targeted cells. This approach allows for a higher throughput in the
validation studies. Although not a driving issue when the mapping was done, knowing
where RL5 is now allows us to examine the effects of preCRMs on flanking loci.
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Chapter 4 describes work undertaken to develop reagents and systems to study the
proteins that bind to the CRMs. The aim is to develop regulated systems for interfering
with or over-expressing transcription factors in an inducible manner. We use an
ecdysone-responsive system in cultured MEL cells to produce interfering molecules from
random locus or tagged site RL5. Phenotypes are observed at permissive locus RL5 to
affect lacZ, and continuation of this work should allow a quantitative assessment of the
roles of particular proteins regulating erythroid genes. We also perform preliminary
studies using short interfering RNA. The power of this strategy is demonstrated by the
reduction in expression from the EGFP reporter gene through either exogenously
delivered synthetic double-stranded RNA or plasmid-derived short hairpin RNA. The
possibility of extending this approach to interfere with erythroid regulatory proteins in a
stable and inducible manner is discussed.
Chapter 5 presents conclusions and discusses implications of this work.
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Chapter 2

Experimental Validation of Predicted Mammalian
Erythroid Cis-Regulatory Modules

Statement of collaboration
Chapter 2 contains most of the data used in a manuscript that was submitted for
Genome Research. Hao Wang, Ying Zhang, Yong Cheng, Yuepin Zhou, David C. King,
James Taylor, Francesca Chiaromonte, Jyotsna Kasturi, Hanna Petrykowska, Brian Gibb,
Webb Miller, Louis C. Dore, John Welch, Mitchell J. Weiss, Ross C. Hardison (2006)
Hao Wang, the author of thesis, performed ~80% of the work on prediction and
functional analysis. Ying Zhang contributed towards most of the analysis at Gata2 locus.
Yong Cheng and Louis Dore contributed to assays of GATA-1 occupancy. Yuepin Zhou
contributed to the analysis of preCRMs in combination. David King, James Taylor and
Francesca Chiaromonte contributed to the computation of RP scores. Hanna Petrykowska
contributed to the transcriptome analysis of induced MEL cells. John Welch and Mitchell
Weiss provided the transcriptome data for rescued G1E-ER4 cells. David King, Jyotsna
Kasturi and Brian Gibb contributed to the analysis of microarray data. Webb Miller
helped with suggestions and critical comments throughout the experimental work.
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2.1 Abstract
Multiple alignments of genome sequences are helpful guides to functional
analysis, but predicting cis-regulatory modules (CRMs) accurately from such alignments
remains an elusive goal. We predict CRMs for mammalian genes expressed in red blood
cells by combining two properties gleaned from aligned, noncoding genome sequences: a
positive regulatory potential (RP) score, which detects similarity to patterns in alignments
distinctive for regulatory regions, and conservation of a binding site motif for the
essential erythroid transcription factor GATA-1. Within eight target loci, we tested 75
noncoding segments by reporter gene assays in transiently transfected human K562 cells
and/or after site-directed integration into murine erythroleukemia cells. Segments with a
high positive RP score and a conserved exact match to the binding site consensus are
validated at a high rate (50-100%), whereas segments with lower RP scores or
nonconsensus binding motifs tend to be inactive. Active DNA segments were shown to
be occupied by GATA-1 protein by chromatin immunoprecipitation, whereas sites
predicted to be inactive were not occupied. Another seven segments with high regulatory
potential flanking the transcription start sites of the genes were uniformly validated as
promoters. We verify six previously known erythroid CRMs and identify 33 novel ones.
Thus, high RP in combination with another feature of a CRM, such as a conserved
transcription factor binding site or a transcription start site, is a good predictor of
functional CRMs. Genome-wide predictions based on RP and a large set of well-defined
transcription factor binding sites are available through servers at http://www.bx.psu.edu/.
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2.2 Introduction
Comprehensive discovery of functional DNA sequences in genomes requires both
computational and experimental approaches (Collins et al. 2003). A particularly difficult
challenge is identifying the cis-acting sequences, called cis-regulatory modules (CRMs),
that are responsible for determining the amount, timing and tissue-specificity of gene
expression. Unlike the situation for protein-coding genes, systematic rules for encoding
CRMs in genomic DNA are not yet elucidated (Wasserman and Sandelin 2004), although
a variety of predictive methods are being explored. Methods that seek over-represented
motifs in co-expressed genes have limited but improving success (Tompa et al. 2005);
however, most of these methods are not applicable to large genomic intervals. Consensus
binding sites have been deduced for many transcription factors and are stored as
positional weight matrices in databases such as TRANSFAC (Wingender et al. 2001) and
JASPAR (Sandelin et al. 2004a). Matches to the positional weight matrices in single
DNA sequences far exceed the sites verified to be occupied by transcription factors
(Grass et al. 2003). However, the number of predicted binding sites can be reduced
substantially with increased specificity by requiring the matches to be conserved in
multiple species (Berman et al. 2004; Rat_Sequencing_And_Analysis_Consortium
2004).
DNA segments that appear to be under evolutionary constraint are good
candidates for functional elements. This predictive method relies on the assumption that
sequences carrying out similar functions in two related species are constrained to
maintain a level of sequence similarity in excess of that seen for nonfunctional, or
neutral, DNA (Pennacchio and Rubin 2001; Miller et al. 2004). Indeed, most DNA
sequences known to be functional, such as exons and CRMs, align among human, mouse
and

rat

genomes

(Mouse_Sequencing_And_Analysis_Consortium

2002;

Rat_Sequencing_And_Analysis_Consortium 2004), but many CRMs fail to align
between human and chicken (Chicken_Sequencing_And_Analysis_Consortium 2004).
Statistical methods that score multiple sequence alignments to find highly constrained
elements are being developed (Margulies et al. 2003; Cooper et al. 2005; Siepel et al.
2005). These discriminate very well between stringently constrained sequences and
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likely-neutral DNA, but they are less effective for analyzing more diverse reference sets
of CRMs (Hughes et al. 2005; King et al. 2005). Many studies demonstrate that
constrained noncoding sequences can be used as guides to discovering functional binding
sites and CRMs (Gumucio et al. 1996; Elnitski et al. 1997; Loots et al. 2000; Cliften et al.
2003; Kellis et al. 2003; Frazer et al. 2004), and furthermore, function is strongly
associated with evolutionary conservation in noncoding regulatory regions of Ciona
(Johnson et al. 2005).
Another approach using aligned genomic sequences to predict CRMs is the
computation of regulatory potential (RP), which captures context and pattern information
in addition to conservation (Elnitski et al. 2003; Kolbe et al. 2004; Taylor et al. 2006).
The statistical models used to compute RP scores are derived from a positive training set
of alignments of known CRMs and a negative training set of alignments of ancestral
repeats (a model for likely neutral DNA). A high RP score for an aligned block of
sequences means that the patterns of alignment columns in it are more similar to the
patterns observed in aligned CRMs than those seen in aligned ancestral repeats. The RP
scores perform better than constraint scores against a reference set of known regulatory
elements from the HBB gene complex (King et al. 2005), and we have selected these as
part of our strategy to predict CRMs.
The fraction of a mammalian genome whose conservation or RP score exceeds a
predictive threshold (determined by equivalent sensitivity and specificity against a
reference set) is larger than the lower-bound estimate of fraction under purifying
selection since the primate-rodent divergence (about 7% versus about 5%)
(Mouse_Sequencing_And_Analysis_Consortium 2002; Chiaromonte et al. 2003; King et
al. 2005). Thus, using RP or conservation alone for prediction should capture many
CRMs, but either should also return many false positives. It is prudent to use an
additional filter for predictions of CRMs (Berman et al. 2002; Berman et al. 2004).
We use conserved binding site motifs for the transcription factor GATA-1 as the
additional filter, because most known erythroid CRMs have this binding site (Weiss and
Orkin 1995), the binding specificity has been studied extensively (Ko and Engel 1993;
Merika and Orkin 1993), and this protein is required for late erythroid maturation (Pevny
et al. 1991). The mouse G1E (for GATA-1- erythroid) cell line, derived from Gata1
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knock-out embryonic stem cells, is blocked at the level of an immature committed
erythroblast (Weiss et al. 1997) and undergoes terminal erythroid maturation when
GATA-1 function is restored. Using this model system, we identified GATA-1-regulated
erythroid genes by transcriptome analysis (Welch et al. 2004). In addition, we used
similar approaches to identify patterns of altered gene expression in murine
erythroleukemia cells induced to mature in vitro. We combined these studies to identify
candidate genes that are likely to have GATA-1 and its binding site involved in
regulation and applied our bioinformatics tools to predict CRMs. Many of the predicted
CRMs had significant effects on the expression of reporter genes in transfected cells,
showing the power of bioinformatic predictions based on RP scores plus conserved
transcription factor binding sites.
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2.3 Materials and Methods
2.3.1 Cell lines
K562 cells and murine erythroleukemia (MEL) cells were grown in supplemented
DMEM, which is Dulbecco’s modified Eagle Medium (DMEM) containing 10% bovine
calf serum, 100 IU/mL penicillin, 100µg/mL streptomycin, and 0.25µg/mL amphotericin
B. MEL cells marked by LoxP sites at RL5 locus (MEL_RL5) (Bouhassira et al. 1997)
were grown were grown in supplemented DMEM with the addition of 1mg/ml
hygromcin. Stably transfected cells were selected in supplemented DMEM with the
addition of 12µM gancyclovir.
2.3.2 Microarray analysis of gene expression during induction of MEL cells and G1E
cells after restoration of GATA-1 activity.
RNA expression level of 6575 mouse genes in MEL cells induced with 4 mM
N,N’-hexamethylene-bis-acetamide (HMBA) for up to six days was measured using a set
of 70-mer oligonucleotides for genes purchased form Qiagen/Operon and spotted onto
glass slides in The Pennsylvania State University DNA Microarray Facility. Total RNA
was isolated daily and reverse-transcribed. The cDNA from the induced samples was
modified with the Cy5 dye, and the cDNA from the control (untreated) cells was
modified with the Cy3 dye. The labeled cDNA from induced and uninduced cells at each
time point was combined and hybridized to a microarray. RNA expression level of about
6000 known murine genes and 6000 ESTs after activation of GATA-1 in G1E cells was
analyzed using Affymetrix GeneChip platform as described (Welch et al. 2004).
The induced MEL cell expression profiles are deposited in the Gene Expression
Omnibus ((Edgar et al. 2002)

and http://www.ncbi.nlm.nih.gov/geo/) as Dataset

GSE2217. The data from the G1E-ER4 cells has been published (Welch et al. 2004) and
is also available from the Gene Expression Omnibus.
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2.3.3 RT-PCR
MEL_RL5 cells (Bouhassira et al. 1997) were induced by 4mM HMBA for up to
5 days. Total RNA were isolated daily with TRIzol (GIBCO/BRL) (Chomczynski and
Sacchi 1987) and reverse transcribed into single-strand cDNA by Moloney Murine
Leukemia Virus reverse transcriptase (Promega) (Roth et al. 1985) with random
hexamers (Promega). Gene specific primers were used in PCR (Appendix Table A-1).
2.3.4 Northern blot hybridization
Total RNA from MEL_RL5 during induction with HMBA was isolated daily with
TRIzol (GIBCO/BRL) and resuspended in forrmamide. 20 µg of RNA samples were run
on a formaldehyde gel (6%) and then transferred to nylon membrane as described
(Ausubel 1989). The probe was a PCR product from the coding regions of Hbb-b1 gene.
Ready-To-Go DNA labeling beads (GE Healthcare) were used for labeling according to
the manufacturer's recommendations. Hybridization of the membrane with the probe was
performed using ULTRAhyb hybridization solution (Ambion) in a rotate chamber at 42
°C. The membrane was rinsed with wash solution (0.1 SSC, 0.1% SDS) at 42 °C and
exposed to phosphoimager and scanned using Typhoon scanner (GE Healthcare).
2.3.5 Computational methods
Regulatory Potential (Taylor et al. 2006), motif-scoring methods, and some
miscellaneous scripts are in python code. TBA (Blanchette et al. 2004) is a suite of C
programs from http://www.bx.psu.edu/miller_lab/.. All programs ran on a dual x86_64
intel processor on GNU/Linux.
2.3.6 Conserved GATA1 motifs
The motif-scorer scans aligned sequences with either the position specific scoring
matrix (PSSM, threshold=0.85) for GATA-1 binding sites or pattern matching routines
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(searching for WGATAR), ignoring gap characters from the alignment rows in MAF
format. The PSSM was generated by merging the PSSMs for GATA-1 binding sites in
JASPAR (Sandelin et al. 2004a) and TRANSFAC (Wingender et al. 2001). Thus the
merged PSSM is generated from data on functional sequences observed by gene-transfer
experiments, protein binding studies in solution and SELEX. Sequence alignments with
motif matches above the threshold in both mouse and at least one other non-rodent
(human, chimp or dog) comprised the conserved GATA1 binding site predictions.
Three different types of matches to the GATA-1 binding site were employed. The
first and most stringent is an exact match to the consensus motif, WGATAR, in mouse
and in the aligned positions in the sequence from at least one nonrodent species
(conserved consensus GATA-1 binding site, or ccGATA1BS). The second is a conserved
nonconsensus site (cncGATA1BS), which matches the merged PSSM for GATA-1
binding sites in mouse and at least one non-rodent sequence in the multiple alignment,
but is not an exact match to WGATAR. The third is a nonconserved consensus site
(nccGATA1BS), which has an exact match to WGATAR in mouse but not in an aligned
nonrodent sequence.
2.3.7 Prediction of erythroid cis-regulatory modules and negative controls
Predicted cis-regulatory modules (preCRMs) in the intervals containing the target
mouse genes have the following properties. They (1) align among mouse, rat, human,
chimp and dog, (2) do not contain exons, (3) have a 5-way mouse-rat-human-chimp-dog
RP score (Taylor et al. 2006) greater than 0, and (4) contain at least one match to the
consensus GATA-1 binding site, WGATAR, in mouse and in the aligned positions in the
sequence from a nonrodent species. For the preCRMs with a ccGATA1BS, all those in
the eight target loci with a mean RP score above 0.05 and most of those with scores
between 0 and 0.05 were tested. The other categories were sampled through the target
loci.
In the initial phase of this study, noncoding, aligned DNA segments were
predicted to be cis-regulatory modules (preCRMs) if their RP score based on mousehuman alignments (Elnitski et al. 2003; Schwartz et al. 2003) was high and they were in
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proximity to a predicted binding site for GATA-1 conserved among mouse, rat and
human (Schwartz et al. 2003). The threshold for RP score was determined by its ability to
distinguish a set of known regulatory regions from other aligned DNA in the human HBB
gene complex (Hardison et al. 2003a). During the time in which we performed our
experimental tests, both the RP score methodology and the analysis of conservation of
factor binding sites have greatly improved. First, the data being utilized by the algorithms
has improved, including a substantially improved mouse genome sequence (from the
mm3 assembly to the mm7 assembly (Mouse_Sequencing_And_Analysis_Consortium
2002),

more

genome

sequences

for

comparison

(Rat_Sequencing_And_Analysis_Consortium

2004;

Chimpanzee_Sequencing_and_Analysis_Consortium

2005;

Dog_Sequencing_and_Analysis_Consortium 2005), and greater sensitivity in multiple
alignment (Blanchette et al. 2004). In addition, the methods for computing RP scores
have improved, with more effective techniques for encoding of multiple alignment data,
incorporation of phylogenetic information, and the use of variable order Markov models
(Kolbe et al. 2004; Taylor et al. 2006). Likewise, the methods for determining conserved
matches to transcription factor binding sites have been modified to improve specificity
(by merging information in weight matrices) and sensitivity (by requiring conservation in
some but not all comparison species; see section above).
To exploit these bioinformatics improvements, the preCRMs chosen on the basis
of the mouse-human RP score and earlier assessments of conservation of GATA-1
binding sites were re-evaluated for both properties. The mouse DNA sequence in the
chosen eight loci was aligned with the orthologous sequences from rat, human,
chimpanzee and dog using TBA (Blanchette et al. 2004), and RP scores were recomputed
using the phylogeny-based 5-species implementation of Taylor et al. (2006). A
modification to this method was implemented to address a missing data problem. Some
of the genome assemblies are incomplete, and thus the alignments include some gaps
corresponding to missing sequence (rather than real gaps in the alignment). Gaps likely to
result from absence of sequence were replaced with a wildcard symbol. RP scores were
then computed using the same models as the other 5-way scores, but each column with a
wildcard was assigned to the same reduced alphabet symbol as the nearest non-wildcard
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column based on distance between ancestral reconstructions (Taylor et al. 2006). The
previously predicted CRMs were mapped onto the new 5-way RP scores to obtain the
mean RP score used in this report. The type of predicted GATA-1 binding site was also
determined using procedure described in the previous section.
2.3.8 Transient transfection and expression
The luciferase expression plasmid MCSγluc contains the human Aγ-globin gene
promoter (from -260 to +35) fused to the firefly luciferase coding region of pGL3Basic
(Promega), plus a set of multiple cloning sites (MCS) (Elnitski et al. 2001). This plasmid
was modified so that the MCS contains cleavage sites for the restriction endonucleases
MluI and NotI. Predicted CRMs and neutrals were amplified from MEL_RL5 genomic
DNA. The PCR amplification primers contained an MluI site (on one of the primers) or a
NotI site (on the other primer), so that the amplified products have these cleavage sites on
the ends to facilitate insertion into the MCS to make each test expression plasmid. Primer
sequences for preCRMs and negative controls are in Appendix Table A2-A6.
Reaction

Number of Cycles

Thermal Settings

1

94°C-3 min

35

94°C-30s, Ta-30s, 72°C-30s~1.5min
Ta depends on GC contents of each primer,
usually 58°C-65°C
Extension time depends on the size of pCRMs,
usually within 1.5 min

1

72°C-5 min, 7°C hold

The cationic lipid reagent Tfx50 (Promega) was used to transiently transfect K562
cells as described in Elnitski et al (Elnitski and Hardison 1999). Briefly, 0.8 µg of
plasmid containing firefly luciferase reporter and 0.008 µg of cotransfection control
plasmid expressing Renilla luciferase were transfected in triplicate into 4x105 cells at a
2:1 ratio (charge to mass) of Tfx50 to DNA. For a triplicate determination, a plasmid is
prepared in three independent minipreps, each of which is transfected into the K562 cells.
The entire triplicate experiment was done at least twice for each test plasmid.
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Two days after the transfection, cell extracts were isolated following the
manufacturer’s protocol (Promega), and 20 µl of the extract was assayed in 100 µl of
luciferase Assay Reagent II (Promega), in which both the firefly and Renilla luciferase
activities are measured in series. For each of the triplicate samples, the firefly luciferase
activity of the test plasmid (divided by the Renilla luciferase activity of the cotransfection
control) was divided by the firefly luciferase activity from the parental MCSγluc (divided
by the Renilla luciferase activity of the cotransfection control) to obtain a fold change.
The fold change is reported as its log (base 2).
2.3.9 Transformation of competent cells
The One Shot® TOP10 chemically competent E. coli (Invitrogen) has the
genotype: [F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 araD139
Δ(araleu)7697 galU galK rpsL (StrR) endA1 nupG].
Transformations were performed following manufacturer’s protocol.
2.3.10 Screening for positive clones
Universal primers were designed for parental MCSγluc and L1-MCS2βEGFP-1L
respectively (Table A-9). PCR reaction mixture was aliquotted into strip-tubes and single
colonies were transferred directly into each tube by sterile toothpicks. 5-8 colonies from
each vector+insert plate were usually sufficient. Parental vectors were included as
negative control. PCR was performed using following protocol.
Reaction

Number of Cycles

Thermal Settings

1

94°C-3 min

35

94°C-30s, 63°C -30s, 72°C-30s~1.5min

1

7°C hold

2.3.11 Plasmids for recombinase-mediated cassette exchange and expression
The EGFP expression plasmid L1-MCS2βEGFP-1L (Molete et al. 2001), into
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which all the preCRMs were inserted (Fig. 2-3B), was modified from L1-βEGFP-1L
(Bouhassira et al. 1997), which contained the human β-globin gene promoter from -374
to +44, fused to the EGFP coding region (Clontech). The modification added cleavage
sites for restriction endonucleases MluI and NotI to the original MCS. Thus PCRamplified DNA (described in the section on transient transfection) could be cloned into
L1-MCS2βEGFP-1L as well as MCSγluc. The Cre expression plasmid pBS185 (CMVCRE) was obtained from Clontech.
2.3.12 Large-scale preparation of plasmid
Cells harboring a plasmid were centrifuged and the pellet was resuspended
(50mM glucose, 10mM EDTA, 25mM Tris-HCl pH 8.0, 4mg/ml lysozyme), lysed (0.2M
NaOH, 1% SDS), and neutralized (7.5 M NH4OAc). After centrifugation, the supernatant
was cleared by filtering it through whatman#1 filter paper or cheesecloth. The nucleic
acid was precipitated by adding 0.6 volume of isopropanol and centrifugation (12100g)
and resuspended in 9ml TE (pH 8.0). 10.12g CsCl was added to each preparation and the
mixture was transferred to Quick-Seal centrifuge tube (Beckman). 10mg/ml Ethidium
bromide was added to the top. The tubes were balanced, sealed by a heat sealer, and
centrifuged at 50000 rpm for a minimum of 36 hours in a Ti 70.1 rotor. The lower band
of supercolied plasmid DNA was colleted using syringe as described (Sambrook 1989).
The EtBr was extracted by isoamyl alcohol and plasmid DNA was precipitated by 0.1
volume of 3M NaOAc (pH 5.2) and 2 volumes of Ethanol.
2.3.13 Recombinase-mediated cassette exchange (RMCE) and measurement of EGFP
expression
PreCRMs were inserted into the plasmid L1-MCS2βEGFP-1L (Molete et al.
2001), which expresses EGFP (the gene encoding enhanced green fluorescent protein,
Clontech) from the human β-globin gene (HBB) promoter (segment from -374 to +44
relative to the transcription start site). This plasmid is a modification of L1-βEGFP-1L
(Feng et al. 1999; Molete et al. 2001) to add cleavage sites for restriction endonucleases
MluI and NotI to the original MCS. Thus PCR-amplified DNA (described in the section
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on transient transfection) could be cloned into L1-MCS2βEGFP-1L as well as MCSγluc.
The Cre expression plasmid pBS185 (CMV-CRE) was obtained from Clontech.
The RL5 locus of MEL_RL5 cells carries a HyTK expression cassette flanked by
LoxP sites (Feng et al. 1999; Molete et al. 2001). The HyTK cassette confers resistance to
hygromycin and sensitivity to gancyclovir, and the LoxP sites are the sites at which CRE
catalyzes recombination (Fig. 2-3B). Expression cassettes containing the parental HBB
promoter-EGFP construct with or without a preCRM or preNeutral were integrated at
RL5 by site-specific recombination directed by CRE recombinase. DNA (200 µg of the
test plasmid plus 50 µg of the CRE expression plasmid) was introduced into the
MEL_RL5 cells by electroporation at 450 V and 500 µF (Bouhassira et al. 1997).. using
200 µg of the test plasmid, 50 µg of the CRE expression plasmid, and at 450 V and 500
µF. Site-directed recombination replaces the HyTK cassette in the recipient MEL_RL5
cells, so that cells with the targeted replacement are selected in 10 µM gancyclovir (Fig.
2-3B). Three pools of stably transfected cells carrying each expression cassette were
isolated, and the median EGFP fluorescence was monitored by flow cytometry (10,000
measurements per sample) for several days to ascertain that the level was stable (Molete
et al. 2001). The pools were then induced for erythroid maturation by incubating cultures
of cells at a density of 2x105 /ml in DMEM containing 4 mM N,N’-hexamethylene-bisacetamide (HMBA) at 37ºC for 6 days. The level of green fluorescence from EGFP was
measured daily by flow cytometry. Each measurement on each pool of cells containing a
preCRM (or preNeutral) was divided by the fluorescence measurement from cells
carrying the parental cassette (MCS2βEGFP, which is also integrated independently for
each experiment) to obtain a fold change. The log2 of the fold change is the expression
value analyzed in this work. Expressing the results as a fold change over the parental
construct controls for the inducibility conferred by promoter for the HBB gene in the
construct, so that an added preCRM must affect initial expression or inducibility beyond
that of the HBB promoter to show an effect.
2.3.14 Colony isolation
Individual colonies from stable transfection were obtained by soft-agar plating as
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following:
Cells were washed once with PBS and resuspended at 1.8×106 cells/ml in a total
of 5 ml rich medium (DMEM, 20% BCS, 2% PSF). Plate 0.8, 0.4 and 0.2 ml in petridishes. 4% Difco Bactoagar solution was prepared and autoclaved well in advance and
microwaved when ready to use. When agar was in solution, place bottle in 55°C water
bath for at least 10-15 minutes before using.
13.5 ml of rich medium was transferred to a 50 ml conical tube, followed by
adding 18µl of 10mM GAN and placing in 37°C for at least 10 min. 1.5 ml of the agar
(4%) was added to the conical tube and mixed. 5.5 ml of agar/medium mixture was
pipetted into each plate and thoroughly mixed. The plates were placed at room
temperature for 10 min and then put in the refrigerator for 10 min so that the agar
solidified. The plates were transfered into CO2 incubator and visible colonies should be
ready to be picked after ~12 days.
Alternative, cell could be obtained by AutoClone (a high-throughput method to
efficiently collect hundreds of colonies) using Beckman-Coulter on the Elite flow
cytometer. One cell per well was colleted in 96-well plates, with 100 µl of regular
medium.
2.3.15 Site-directed mutagenesis
Mutagenesis used the QuickChange® Site-Directed Mutagenesis Kit, following
manufacturer’s protocol (Stratagene). The mutagenic primers were designed as
following:
Primer ID

Sequence

QC1_Alas2preCRM1_F

5' -CCAGACTCTAATGGTGAAAAGCTCTAGGGGCTTTAT- 3'

QC1_Alas2preCRM1_R

5' -ATAAAGCCCCTAGAGCTTTTCACCATTAGAGTCTGG- 3'

QC2_Alas2preCRM1_F

5' -TAAGCTCTAGGGGCTTTTTCTATGGTCTGCAGGCTC- 3'

QC2_Alas2preCRM1_R

5' -GAGCCTGCAGACCATAGAAAAAGCCCCTAGAGCTTA- 3'

The supercoiled doubled stranded plasmid Alas2preCRM1γluc was used to
amplify the mutated, nicked plasmid by pfuturbo DNA polymerase. The PCR product
was treated with Dpn I (McClelland and Nelson 1992) and then transformed into XL1-
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Blue supercompetent cells.
Reaction

Number of Cycles

Thermal Settings

1

95°C-3 min

18

95°C-30s, 55°C -30s, 72°C-5min

1

7°C hold

2.3.16 Statistics for validation thresholds for enhancer activities
Validation of enhancer activity in either assay is based on comparison with the
expression values from the set of predicted neutral fragments. Expression from a set of 17
preNeutrals (Table 2-1) was measured in transiently transfected K562, with triplicate
determinations and at least two experiments for almost all. This yielded a population of
38 measurements. Expression after stable, site-directed integration into MEL_RL5 cells,
before and after induction, was measured for a set of 11 preNeutrals (a subset of those
tested in transient transfections; Table 2-1). This produced a population of at least 30
measurements for each day of the induction series. The populations of measurements (all
as log2 fold change relative to the parental expression cassettes or plasmids) for the sets
of preNeutrals are the comparison distributions for the expression from each preCRM in
each assay.
A Wilcoxon-Mann-Whitney rank order test was applied for the set of expression
measurements for each preCRM and preNeutral, comparing to the population of values
from all preNeutrals for that assay. For the transient transfection assay, no preNeutral had
a p-value less than 0.0001, so we consider a preCRM to be validated if its p-value in this
test is <=0.0001. For the site-directed integration assay, no preNeutral had a p-value less
than 0.007 at any day of induction, so we consider the activity from a preCRM to be
significant if its p-value in this test is <=0.007. For the latter assay, we further require that
a significant activity be observed for at least three consecutive days during the induction
series to insure that a consistent effect is observed. The differences in p-value thresholds
are influenced by the differences in numbers of measurements for both the preCRMs and
the preNeutrals in the two assays, as well as differences in the dynamic range of values
obtained.
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2.3.17 Absence of strong orientation effects and comparison of pools versus sets of
isolated clones in recombinase mediated cassette exchange
The expression cassettes can be integrated at RL5 in either of two orientations
(Bouhassira et al. 1997; Feng et al. 1999). We isolated sets of clones in each orientation
for several preCRMs and measured their levels of expression, and no difference was
detected based on orientation (See Chapter 3). The minimal orientation effect previously
observed for other regulatory elements at this locus (Feng et al. 2001) is not a major
factor in the validation assays here. The site-directed integration is highly efficient, with
about 90% of the isolated clones showing integration of single cassettes at RL5. This high
efficiency of targeting combined with the absence of a detectable orientation effect led us
to examine whether we could reliably assay the effects of the preCRMs as pools of stably
transfected, targeted cells. Expression and induction results obtained from such pools
were compared with those obtained from sets of clones isolated after each transfection.
No difference was observed (see Chapter 3), and consequently the full set of preCRMs
was tested as pools of stably transfected, targeted cells. This approach allows for a higher
throughput in the validation studies.
2.3.18 Promoter assays
Candidate promoters were predicted by locating segments with high RP upstream
of annotated transcription start sites (TSSs) and then amplified by extending the segments
into TSSs. The limit of this extension depended on the positions of appropriate primers to
avoid amplifying GC rich regions downstream of TSSs. These predicted promoters
(preProms) were tested by inserting each in the pGL3basic vector (Promega), which lacks
a promoter, and transiently transfecting the plasmid into K562 cells together with Renilla
control. Each experiment was conducted in triplicate, with each of the three transfections
using an independently prepared plasmid; each construct was tested in at least two
experiments. Two DNA segments that were predicted previously as potential enhancers
were also tested; these were expected to be neutral in this assay. Measurement of the
activity in the promoter assay followed the same protocol as described above for
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predicted enhancers. The effects of predicted promoters or neutrals were computed as
log2 of the fold change relative to parental plasmid pGL3basic (both activities were
corrected by the activity of the Renilla luciferase co-transfection control). The activities
for each predicted promoter was significantly higher than the activities of the predicted
neutrals (p<0.01 by a two-tailed Student's t-test).
2.3.19 Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed as described (Welch et al.
2004). GATA-1 (N6) and ER (Ab-10) antibodies used for ChIP were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA) and Neomarkers (Fremont, CA),
respectively.
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2.4 Results
2.4.1 Cohorts of co-expressed genes from microarray expression analyses
Two somatic cell models of late erythroid maturation were used to find groups of
genes whose expression levels increase or decrease during this process. Murine
erythroleukemia (MEL) cells have properties of proerythroblasts, and are induced to
mature into erythroblasts upon treatment with N,N’-hexamethylene-bis-acetamide
(HMBA) (Reuben et al. 1976). Induced MEL cells produce large amounts of hemoglobin
and other proteins characteristic of maturing erythroblasts (Marks and Rifkind 1978). The
levels of RNA produced from ~6000 mouse genes were measured during treatment with
HMBA for six days, using high-density microarray technology. The matrix of expression
levels was analyzed by hierarchical clustering using the program CLUSTER (Eisen et al.
1998). The expression of several genes increased in a cohort with Hbb-b1, which encodes
beta-globin. Genes in this group include some known markers of late erythroid
differentiation, such as Alas2 encoding an erythroid specific aminolevulinic acid synthase
(May et al. 1995), and other genes previously known to increase during this process, such
as those encoding some histone variants (Brown et al. 1985; Cheng and Skoultchi 1989).
Some other genes in the cohort were not described previously to have association with
erythroid maturation, such as Vav2, Btg2, and Hipk2. The Gata2 gene was downregulated during maturation, as expected (Grass et al. 2003).
A second cell culture model of late erythroid maturation is the G1E (for Gata1erythroid) cell line (Weiss et al. 1997), which is blocked at the proerythroblast stage. The
subline G1E-ER4 stably expresses an estrogen-activated from of GATA-1. Treatment
with estrogen or tamoxifen restores GATA-1 function, thus inducing terminal erythroid
maturation synchronously in all cells. From the results of a previous microarray analysis
of gene expression after the restoration of GATA-1 in G1E-ER4 cells (Welch et al. 2004)
we identified cohorts of up- and down-regulated genes. Many of these show similar
patterns of expression in induced MEL cells.
Based on results from both cell lines, the change in RNA level from chosen genes
were first analyzed by reverse transcriptase-polymerase chain reaction (RT-PCR) in
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induced MEL_RL5 cells. The up-regulatory cohort includes Alas2, Btg2, Vav2, Hist1h1c,
Hist1h2bc, Hipk2, and Hebp1. Ass1, Gata2 and Hemt1 were chosen to represent the
down-regulated genes. Previous studies (Welch et al. 2004) also showed that Zfpm1 was
an immediate target of GATA-1 in G1E cells, and thus this gene was also included for
predicted cis-regulatory modules. The patterns of gene expression for most genes were
confirmed in a MEL cell line using reverse transcriptase - polymerase chain reaction
(RT-PCR) analysis of RNA (Fig. 2-1). The exceptions, Zfpm1 and Hebp1, are upregulated in G1E-ER4 cells (Welch et al. 2004) but not in MEL cells. The further detailed
studies will focus on 8 genes, which include Alas2, Btg2, Gata2, Hebp1, Hipk2,
Hist1h1c, Vav2, and Zfpm1. At each target locus, we analyzed the gene of interest plus
additional intergenic DNA extending to the flanking genes. A total of 1,012,000 bp (1
Mb) were included in the eight target loci.
2.4.2 Selection of conserved noncoding regions to test as predicted CRMs
Mouse genomic DNA sequences whose alignment with four other mammals meet
the following two criteria were predicted to be CRMs: (1) the RP score is greater than 0
and (2) the alignment contains a predicted match to a binding site for GATA-1. Only
noncoding DNA sequences were used.
The RP scores were determined using the phylogeny-based method (Taylor et al.
2006) on TBA alignments (Blanchette et al. 2004) of the mouse DNA sequences with the
orthologous sequences from rat, human, chimpanzee and dog. Most loci have multiple
genomic segments with positive RP scores (Fig. 2-2), which indicate patterns in the
alignments similar to those that are distinctive for a training set of known regulatory
regions. Individual loci differ in the distribution of RP scores, with a few loci, such as
Zfpm1, enriched for positive scores and others, such as Hipk2, with primarily negative
scores (Fig. 2-2). (Custom tracks for interactive viewing of the RP scores and predicted
binding
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segments have negative RP scores, as expected from the genome-wide distributions
(King et al. 2005; Taylor et al. 2006). The RP scores are high at the 5’ end of each gene,
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and for some loci, such as Hist1h1c, the RP signal at the predicted promoter is the only
notable peak (Fig. 2-2). However, most loci show additional strong peaks within introns
or in flanking regions; these are candidates for enhancers or other distal CRMs.
Matches to the binding site for GATA-1 fall into three categories. Of all the exact
matches to the consensus motif WGATAR (W=A or T, R=A or G) in the mouse
sequence (Fig. 2-2), only a few also align with exact matches to the consensus in at least
one non-rodent species (human, chimp or dog). Sequences in this first class, identified by
the most stringent method, are called conserved consensus GATA-1 binding sites
(ccGATA1BSs). All other matches to the binding site consensus are placed in the class of
nonconserved consensus GATA-1 binding sites (nccGATA1BSs). The WGATAR motif
was identified as a functional site in several erythroid regulatory elements and a site that
is bound specifically by GATA-1 protein by footprint assays (Plumb et al. 1989). Other
experiments investigating the affinity of GATA-1 for DNA sequences in solution showed
a broader specificity (Ko and Engel 1993; Merika and Orkin 1993). Thus, we also
examined a third class containing conserved nonconsensus GATA-1 binding sites
(cncGATA1BSs). These were identified as matches in the mouse sequence to a position
specific scoring matrix (PSSM) for the GATA-1 binding site (which includes results from
experiments in solution and in cells, see Methods) that align with a match to the PSSM in
at least one non-rodent species. The ccGATA1BSs were removed from that set, leaving
cncGATA1BSs, which represent conserved sites that match the more general weight
matrix description of a binding site but do not match exactly the consensus. The
WGATAR motif occurs very frequently in mouse DNA, but the predicted binding sites in
the first class (ccGATA1BSs) are not abundant, and those in the third class
(cncGATA1BSs) are moderately frequent (Fig. 2-2).
Genome-wide preCRMs generated by a similar method are provided at
http://www.bx.psu.edu/~ross/dataset/DatasetHome.html. The file can be uploaded to
genome browsers (Kent et al. 2002) to identify erythroid preCRMs anywhere in the
mouse genome, or to databases (Giardine et al. 2003; Elnitski et al. 2005; Giardine et al.
2005) and other resources for further analysis.
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2.4.3 Transient expression assay for gene regulatory effects of preCRMs
The RP scores and different classes of predicted GATA-1 binding sites were
combined to identify distinctive groups of predicted cis-regulatory modules (preCRMs)
for experimental tests. Within the eight target loci, we tested in enhancer assays 44
noncoding DNA segments with a positive RP score and at least 1 ccGATA1BS
(preCRMcc set), 19 with a positive RP score and at least one cncGATA1BS (preCRMcnc
set), 6 with positive RP and an nccGATA1BS, and 6 with negative RP but a
ccGATA1BS. Another 17 DNA segments with negative RP and no ccGATA1BS served
as predicted neutral fragments in the assays (preNeutral). The chromosomal coordinates
and other properties of the tested DNA segments are listed in Table 2-1.
The first assay tests for altered expression of a luciferase reporter after transient
transfection of human K562 leukemia cells (Fig. 2-3A). After introduction into the cells,
the reporter gene on an unintegrated plasmid is expressed for about two days, at which
time the cells are harvested. The recipient K562 cells have erythroid features and are
readily transfectable (Benz et al. 1980). The luciferase reporter gene is driven by the
promoter from the HBG1 gene, which is expressed in K562 cells.
Activity measurements from predicted neutral fragments (preNeutral) rarely
exceed log2 of 0.7 (corresponding to a 1.6-fold increase, Fig. 2-3A), confirming as
expected that they have little if any biological effect. Very few activity measurements for
the preCRMcnc constructs exceed those in the neutral distribution. In contrast, many
preCRMcc constructs show a substantially increased activity (Fig. 2-3A). Using the
Wilcoxon-Mann-Whitney test to compare the activity measurements for a preCRMs with
those for the set of preNeutrals, a p-value threshold of <=0.0001 was set for validation of
activity for a preCRMs (see Methods).
Some preCRMs consistently reduced the luciferase activity, but the preNeutrals
caused reductions of similar or greater magnitude (Fig. 2-3A). Thus, tests of individual
fragments in this assay do not reveal negative regulatory fragments with p-values
comparable to those observed for enhancement (Table 2-1).
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2.4.4 Assay for effects of preCRMs after site-directed integration into MEL cells
One of the limitations of the transient expression assay is that the reporter
plasmids are not integrated into chromosomes and do not assemble into a chromatin
structure fully equivalent to that of a chromosome (Reeves et al. 1985). Thus, regulatory
effects requiring a normal chromatin structure can be missed. We also tested the
preCRMs in a reporter gene cassette after stable integration into a marked locus in MEL
cells, using recombinase-mediated cassette exchange (Bouhassira et al. 1997). Targeting
the expression cassettes to the same chromosomal location, using the Cre-LoxP system
(Fig. 2-3B), avoids large variations from position effects observed after random
integration into mammalian cell lines (Bouhassira et al. 1997). We chose the RL5 locus of
MEL cells (cell line MEL_RL5) because previous studies with components of the locus
control region of the HBB gene complex showed that signals from enhancers were readily
detected here and, in contrast to the RL4 and RL6 loci, orientation effects were minimal
(Bouhassira et al. 1997; Molete et al. 2001). Additional studies in conjunction with these
analyses showed that the RL5 locus is on mouse chromosome 4, between the Tal1 and
Map17 genes (for detail, see Chapter 3). Very similar effects were observed between
pools of stably transfected cells and a large set of isolated clones carrying the same
expression cassette (see Chapter 3). Thus, most tests were done on triplicate pools.
At all stages of induction, the distribution of GFP fluorescence measurements for
expression cassettes containing a preCRMcc is broader and shifted upwards with respect
to the distribution for cassettes with a predicted neutral segment (Fig. 2-3B), indicating
that some of the preCRMcc constructs are functional. In contrast, the signals for the
preCRMcnc set are more similar to those for the preNeutrals, indicating much less of an
effect. As with the transient transfections, we use Wilcoxon-Mann-Whitney tests for
validating preCRMs as functional by comparison with the preNeutrals (p<=0.007; see
Methods). The site-directed integration assay extends our ability to validate enhancers by
identifying segments that function after integration into a chromosome.
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2.4.5 Validated preCRMs with strong effects
Several preCRMs had strong effects in both assays. One of these, Alas2R1, is a
novel predicted CRM in the first intron of the Alas2 gene. This gene encodes 5-δaminolevulinate synthase 2, which is the erythroid form of the rate-limiting enzyme in
heme biosynthesis. Compared with the expression from the parental plasmid, Alas2R1
caused a five-fold increase in expression in transfected K562 cells in two separate
experiments (Fig. 2-4A). This increase is highly significant when compared to the
expression levels of constructs carrying predicted neutral fragments. In addition, the
Alas2R1 preCRM caused an increase in expression from the cassette containing the HBB
promoter and the EGFP gene when integrated at locus RL5 of MEL cells, prior to
induction (day 0, Fig. 2-4A). The level of expression after induction also increased
significantly (days 1-6, Fig. 2-4A). Thus this preCRMs was validated both by the
transient transfection of K562 cells and after site-directed integration in MEL cells.
In order to test the role of GATA-1 in this validated preCRM, the two matches to
GATA-1 binding sites were mutated and expression plasmids with the altered preCRMs
were transfected into K562 cells. Luciferase expression by the mutated expression
plasmids decreased to the level of the parental plasmid (Fig. 2-4B), demonstrating an
important role for these presumptive GATA-1 binding sites and supporting a role for
GATA-1 in enhancement by this preCRM.
Our approach predicted two other preCRMs in the Alas2 locus (second track from
top in Fig. 2-2.A). The preCRMs in the 5’ flanking region (Alas2pr) and in intron 8
(Alas2R3) have been shown previously to function as the promoter and an enhancer,
respectively (Surinya et al. 1997; Taketani et al. 1998). We confirm that Alas2R3 is an
enhancer in both of our assays (Fig. 2-4A) and confirm the promoter activity in results
shown below.
The gene Zfpm1 encodes a multiple zinc finger protein, FOG1, that cooperates
with GATA-1 at some regulatory sites (Tsang et al. 1998; Crispino et al. 1999; Fox et al.
1999; Chang et al. 2002), and this locus is an immediate target of GATA-1 when it is
restored in G1-E cells (Welch et al. 2004). Our bioinformatic approach predicted many
preCRMs in Zfpm1 (Fig. 2-2), and five of them (R13, R14, R2, R10, and R12) were
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validated in both assays (Fig. 2-5A). Others were validated only after site-directed
integration (e.g. R19 and R7) or only by transient transfection (R24, R1, R18, R21 and
R6) (Fig. 2-6B,C). Validation by one assay but not the other could reflect the mechanism
of the regulation conferred by the preCRMs; for example, those validated only after sitedirected integration might act primarily through effects on chromatin structure. The
different sets of transcription factors present in the recipient cells (K562 and MEL_RL5
cells) could also contribute to the differences, as well as the different promoters in the
expression plasmids (Fig. 2-3). The general conclusion is that the results from the two
types of assays are frequently independent, and thus it is important to perform both.
Predicted CRMs in three other up-regulated loci, Vav2, Btg2 and Hebp1, were
also validated with strong effects. Vav2R3 were validated in both assays, and Vav2R5
enhanced well above the threshold after transient transfection of K562 cells but had no
effect in the stably transfected MEL cells (Fig. 2-6). Btg2R3 had a modest effect in
transient transfections but a strong effect after site-directed integration, and Hebp1R2
showed an effect only in the latter assay (Fig. 2-6).
We chose Gata2 as an example of a gene whose expression is down-regulated in
response to restoration of GATA-1 function in G1E-ER4 cells (Welch et al. 2004). The
product of this gene, GATA-2, is a transcription factor related to GATA-1, but it acts in
multipotential hematopoietic progenitors and controls early proliferative stages of
hematopoiesis whereas GATA-1 controls later maturation (Tsai et al. 1994; Ling et al.
2004). GATA-1 can repress Gata2 during normal erythropoiesis(Weiss et al. 1994; Grass
et al. 2003). Our approach predicts several CRMs in the Gata2 locus (Fig. 2-2), including
three in a hypersensitive site (HS) about 3 kb upstream from the erythroid promoter,
which was shown in previous studies to be the site of displacement of GATA-2 and CBP
by GATA-1 (Grass et al. 2003; Martowicz et al. 2005). Two of the preCRMs within this
hypersensitive site, Gata2R7 and Gata2R8, were validated (Fig. 2-7A). In addition, we
found new elements, including Gata2R1 (about 70kb upstream) and Gata2R5 (in the
fourth intron), which were strongly validated in both assays. Interestingly, cis-elements in
the context of the Gata2 gene that may repress expression can serve as activating
sequences in our assays. Our assays are primarily designed to test for evidence of
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function, and thus the ability to obtain results from elements that are normally negative is
a benefit.
The activity of the preCRM Gata2R3 illustrated a context effect, requiring the
presence of an activating sequence to show its role in repression in these assays. Previous
studies have shown that Gata2R3 plays a negative role in regulation of Gata2 (Grass et
al. 2003; Martowicz et al. 2005), but this preCRM alone had no significant effect in
transient transfection assays (Fig. 2-7B). However, when it was present in the same
fragment as Gata2R8, Gata2R3 counteracted the enhancement by Gata2R8.
All the individual preCRMs discussed so far contain at least a ccGATA1BS, as is
the case for most of the validated CRMs. However, four of the preCRMs for which the
consensus GATA-1 binding site is present only in mouse or rodents (i.e. is not conserved
in other mammals) were validated with a strong effect in one or both assays (Fig. 2-8).
For Btg2R9, Vav2R7, and Vav2R10, no consensus GATA-1 binding site motif is found in
the homologous sequences of mammals, and thus these could be examples of preCRMs
in which the GATA-1 acts in a lineage-specific manner (Valverde-Garduno et al. 2004).
In the case of Hipk2R16, a sequence nearby the mouse GATA-1 binding site motif is a
conserved consensus site in several non-mouse species, including rat, rabbit, human,
chimp and dog (Fig. 2-8, left panel). This is a situation suggestive of turnover of the
binding site in the mouse lineage, as has been documented in Drosophila (Ludwig et al.
2000) and mammals (Dermitzakis and Clark 2002).
2.4.6 Positive correlation of activity with RP and conserved consensus GATA-1 binding
motif
A total of 30 preCRMs were validated in the enhancer assays of single preCRMs
(Table 2-2). Both the activities in the transfection assays and the magnitude of the RP
signals vary for the validated preCRMs (Figs. 4-8), which raises the question of whether
RP scores have a positive correlation with activity. This was tested by examining the
correlation between mean of RP scores and negative log 10 of the p-value for all the
preCRMs (except the predicted promoters) in either transient or stable assay.
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The segments with a negative mean RP score have low activity (Fig. 2-9); these
include DNA segments, such as Hipk2R26, Hipk1R37 and Hipk2R8, with a high
phastCons scores, i.e. they showed a strong signal for selective constraint. One segment
with a negative mean RP, Hebp1R1 was validated after site-directed integration in MEL
cells. In contrast, many of the segments with high RP showed strong activity, with a
tendency for a higher activity at higher RP scores. Although this is not uniformly true,
with some segments of high RP showing no activity in these assays, the overall
correlation is positive but not large (R2=0.29).
The enhancer activities from the tested fragments also show a positive correlation
with the number of conserved consensus motifs (Fig. 2-9B). The R2 value (0.18) is less
than that obtained for the correlation with RP, but it still indicates that 18% of the
variation in activity is explained by the variation in the number of ccGATA1BSs. Thus,
while both RP and the number of conserved consensus GATA-1 motifs are positively
associated with the measured activities in enhancer assays, other factors must also be
contributing. In contrast, activity has very little correlation with the number of
nonconserved matches to GATA-1 binding sites (R2 = 0.01, data not shown).
2.4.7 Site occupancy by GATA-1
A sampling of each category of preCRMs was chosen for the analysis of GATA-1
occupancy in G1E-ER4 cell, both before and after the GATA-1 activity was restored, by
chromatin immunoprecipitation. Ten of twelve preCRMccs tested showed significant
levels of GATA-1 protein bound (Fig. 2-10), and nine of those nine have significant
activity in the enhancer assays (including Gata2R3, which is active in combination with
Gata2R8). Likewise, two preCRMccs that fail to be validated in enhancer assays,
Hipk2R28 and Zfpm1R9, also show no significant binding by GATA-1. Thus site
occupancy by GATA-1 is strongly and positively associated with enhancer activity.
An exception to this association is Zfpm1R4. This preCRMcc is significantly
bound by GATA-1, as previously reported by Welch et al. (Welch et al. 2004), but it is
not active in either enhancer assay. The site occupancy indicates that it is involved in
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some aspect of regulation, perhaps one displayed in the G1E-ER4 cells but not mimicked
in the cell lines used for transfection (K562 and MEL).
Conservation of the consensus GATA-1 binding motif, WGATAR, is a strong
predictor of site occupancy. Interestingly, a DNA fragment that contains a GATA-1
binding site motif but has a negative RP score, Hebp1R1, is not occupied by GATA-1
(Fig. 2-10). Thus, both conservation of the consensus motif and positive RP are strongly
correlated with amount of binding by GATA-1.
The preCRMccs Hipk2R28 and Zfpm1R9 appear to be false positives of our
prediction pipeline. It is possible that they have a function for which we have not tested,
but that function does not involve GATA-1 binding in G1E-ER4 cells.
2.4.8 Validated predictions of promoters
For some loci, the major RP signal is found close to the transcription start site
(Fig. 2-2), which suggests that this could be the predominant location of regulatory
elements. We tested seven of the nine predicted promoters in transiently transfected K562
cells. The isolated DNA fragments were added to a promoterless plasmid (pGL3basic),
and the amount of luciferase activity after transfection was corrected by the Renilla cotransfection control and shown as the fold change relative to the activity of parental
pGL3basic. All of the tested fragments showed significant promoter activity, whereas
two preCRMs chosen as potential enhancers (Gata1R4 and Gata2R10) showed no
activity when tested in promoter assays (Fig. 2-11). The activities cover a very wide
range, and the activity is positively correlated with the RP score (R2=0.10).
2.4.9 Association of high RP segments with function
The DNA aligned in the five species for the eight loci was segmented by RP score
by identifying continuous runs of at least 100 columns whose RP score was within a
defined bin (such as greater than 0.2, between 0.15 and 0.2, etc.). Most of these segments
are in the bins with negative RP, as expected from the genome-wide distribution of RP
scores (King et al. 2005; Taylor et al. 2006) (Fig. 2-12A).
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We have shown a positive association between activity of an individual preCRM
and its RP score (Fig. 2-9). When the activities of preCRMs in combination (Fig. 2-7B)
and occupancy by GATA-1 in chromatin are also considered, a larger fraction of
preCRMs is implicated in function. With this broader set of validation approaches, a very
high fraction of segments with high RP are shown to be functional (Fig. 2-12B). Positive
RP segments upstream of a transcription start site are predicted to be promoters, and all
of the seven tested are active. High RP segments (RP >= 0.05) with a ccGATA1BS that
are not close to start sites are predicted to be distal regulators, and 50% to 100% of these
are validated (Fig. 2-12B). Only a small fraction of conserved (aligned) DNA segments
fall into these high RP bins (Fig. 2-12A), and thus the bioinformatic predictions select a
small subset of noncoding conserved DNA that has a high likelihood of functioning in
gene regulation.
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2.5 Discussion
We evaluated the effectiveness of using RP score in combination with other
features of transcriptional regulatory elements to predict cis-regulatory modules for genes
regulated in erythroid differentiation. After examining 1Mb of DNA in eight target loci,
almost 100 DNA segments, covering a range of RP scores and varying in the presence or
absence of predicted GATA-1 binding sites, were tested for enhancer or promoter
activity. DNA segments with a high RP score (e.g. at least 0.05) and a conserved match
to the consensus GATA-1 binding site were validated as enhancers at a high rate (50100%). Segments with high RP and immediately upstream from a transcription start site
were all active as promoters. The strength of the effects correlated positively both with
RP score and with number of ccGATA1BSs. Thus in a genome-wide application, RP
above 0.05 and strict conservation of the GATA-1 binding site consensus should provide
good specificity. However, some segments with RP scores between 0 and 0.05 are also
validated, and thus greater sensitivity in studies of individual loci can be achieved by
lowering the threshold for RP. Most conserved (aligned) DNA segments have a negative
RP score, and we rarely find these to be active in gene regulation.
Our experimental approaches may actually underestimate the number of
preCRMs that play a role in regulation. Most of our current assays test only one preCRM
at a time, requiring that an individual preCRM be sufficient to cause a phenotype in order
to be validated. However, it is common for groups of CRMs to work together, as has
been observed for the locus control region of the HBB complex (Bungert et al. 1995;
Hardison et al. 1997a). Initial results reported here show that at least one of the preCRMs
that is not validated in individual assays can act in concert with another CRM to
modulate its effects. In addition, some preCRMs may be specific for a subset of erythroid
promoters, and may not be active on the globin gene promoters employed in this study.
The cell lines used in our study do not mimic all aspects of developmental regulation, and
assays in whole animals will be required for full exploration of potential activities.
Positive and negative regulations are often exerted by the same CRMs, with
changes in the trans-factors accomplishing the switch. This is the case for Gata2R3
(Grass et al. 2003; Martowicz et al. 2005). The inactivity of Gata2R3 alone in gene
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expression assays may result from complications of protein competition. This segment of
DNA is located about 2.8 kb upstream of an alternate, tissue-specific promoter in an
erythroid DNase hypersensitive site, and it has been shown to enhance expression in G1E
cells (Grass et al. 2003; Martowicz et al. 2005). It is bound initially by GATA-2 but then
replaced by GATA-1 at progressive stages of erythroid maturation, leading to an
inhibition of expression of Gata2 (Grass et al. 2003; Martowicz et al. 2005). The
repression by GATA-1 is facilitated by ZFPM1 (Pal et al. 2004) through the recruitment
of MeCP1 histone deacetylase complex (Rodriguez et al. 2005). Both GATA-1 and
GATA-2 are present in the two cell lines used in our transfection studies, and it is
possible that the effects of these competing proteins off-set each other to prevent an
obvious effect on expression. The results of transfection assays in K562 cells showed a
larger amount of variation within and between experiments than was observed for most
other preCRMs, consistent with a stochastic competition.
The 39 preCRMs validated in this study confirm 6 previously known erythroid
CRMs and add 33 new ones. Thus this study increases substantially the set of confirmed
erythroid CRMs, and they increase our knowledge about the regulation of individual
genes. For example, the strong regulatory module located about 70kb upstream of the
Gata2 gene adds a distal regulator to the set of CRMs for this intensively studied gene.
Studies in transgenic mice show that Gata2 has additional distal enhancers active in
urogenital tissues, and comparative genomics approaches were part of the strategy for
mapping them (Khandekar et al. 2004). Our data also reveal a novel CRM, Gata2R5, in
intron 4 of Gata2. New CRMs are distributed throughout the Zfpm1 gene, and a cluster of
them in intron 3 is highly active. This suggests that the cluster may be particularly
important for regulation.
Our study demonstrates that recently developed methods for predicting CRMs
from aligned genomic DNA sequences have good power, but improvements are still
needed. The predictions based on RP scores and conserved transcription factor binding
sites can focus an investigator’s attention on a very small subset of the genomic DNA
encompassing the regulated genes. This subset is highly enriched for DNA that functions
in gene regulation, as shown by the good validation rate compared to almost no validated
regulatory elements in aligned, noncoding DNA with low RP score and no predicted
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GATA-1 binding sites. Thus, experimentalists studying gene regulation should greatly
benefit from applying these bioinformatic predictions as part of their experimental
design. However, some strongly predicted regions show no effects in the assays used in
this study. Further work with a wider range of assays is needed to determine whether
these are actually false positives, or whether their function is not revealed by cell
transfections.
The CRMs for genes whose products regulate early development tend to be very
stringently constrained, with noncoding sequence conservation observed between
mammals and fish (Aparicio et al. 1995; Plessy et al. 2005; Woolfe et al. 2005). Many of
these stringently conserved regions have been shown to function as developmental
enhancers (Nobrega et al. 2003), with validation rates as high as 90% (Woolfe et al.
2005). However, most mammalian CRMs are not as highly constrained as these
enhancers of developmental regulatory genes; in fact a majority of known human CRMs
fail

to

align

even

with

the

chicken

genome

using

current

methods

(Chicken_Sequencing_And_Analysis_Consortium 2004). None of the eight loci
investigated in our study show substantial noncoding sequence matches between mouse
and fish, and thus we restricted our analysis to alignments of mammalian genome
sequences. Because these alignments over a smaller phylogenetic span can include both
functional

and

likely

neutral

DNA

sequences

(Mouse_Sequencing_And_Analysis_Consortium 2002; Hardison et al. 2003b), we
filtered the regions with positive RP scores to retain those with a conserved consensus
GATA-1 binding site. Other recent studies have employed alignments along with an
additional filter with good success. Donaldson et al. exploited detailed knowledge of
critical binding site motifs and their spacing, along with human-rodent conservation and
positive regulatory potential, to predict and validate novel enhancers for genes involved
in mammalian hematopoiesis (Donaldson et al. 2005). Johnson et al. used a combination
of clusters of predicted motifs and evolutionary conservation successfully to identify
muscle CRMs in a genome-wide scan of Ciona (Johnson et al. 2005). Thus, the approach
of combining RP scores with another feature of CRMs, such as conserved motifs or
clusters of motifs, should be broadly applicable to studies of gene regulation in complex
genomes.
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Another feature that can be successfully employed is proximity to transcription
start sites for promoter prediction. Large-scale tests of promoters predicted based on their
proximity to annotated transcription start sites have a validation rate of about 70%
(Cooper et al. 2006). All the promoters predicted for the genes in our study had a positive
RP, and all those tested were validated. This in itself does not show that RP provides
additional information beyond proximity to a transcription start site, because we were
able to test the predicted promoters in a cell line in which they were likely to be active,
which is not the case for the larger-scale studies. However, an analysis of the large-scale
results does show a positive correlation between RP and promoter strength (Taylor et al.
2006).
During the course of this study, the methods for computing RP scores have
changed considerably. The initial implementation was limited to 2-species comparisons,
and used a knowledge-based but simplistic procedure for encoding pairwise alignment
data and generating predictions (Elnitski et al. 2003). Thanks to numerous computational
advances, RP scores can now accommodate multiple sequence alignments, and use
phylogenetic information and performance-based model selection for encoding and
prediction (Taylor et al. 2006). These advances were expected to improve prediction
accuracy. The preCRMs tested in this study confirm this expectation. The phylogenybased, 5-way mammalian RP scores are systematically higher than the scores from the
initial implementation for the set of validated preCRMs. In addition, three of the tested
preCRMs that had positive RP scores in the initial implementation have negative scores
by the current method. Of these, none were active in the enhancer assays. Thus, we have
evidence that the improved methodology can reduce false positive predictions, i.e.
increase specificity. In addition, requiring conservation of a stringent match to a GATA-1
binding site motif improves accuracy over use of conserved matches to GATA-1 binding
site weight matrices. Further improvements may also result from incorporating the newly
validated CRMs in the training sets used to compute RP scores. Another obvious
limitation of our current prediction approach is that lineage-specific regulatory elements
are invisible to techniques utilizing rodent-primate comparisons (Hughes et al. 2005;
King et al. 2005). However, this limitation also could be overcome; lineage-specific
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CRMs may be identified utilizing a set of more closely related species, with techniques
such as phylogenetic shadowing (Boffelli et al. 2003).
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Table 2-1. Predicted cis-regulatory modules for eight erythroid-regulated mouse loci and
summary of validation results
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log2
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d

cnce
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preCRMcc

Alas2R1

chrX

145308426

145308627

202

0.0882

2

2

3

2.281

4.418

2.286

2.298

1

1

1

Alas2R3

chrX

145323340

145323681

342

0.0149

2

2

3

1.762

6.214

1.887

2.430

1

1

1

Btg2R3

chr1

133962961

133963110

150

0.0277

1

1

3

0.770

3.696

1.057

2.298

0

1

1

Btg2R8

chr1

133995861

133996010

150

0.0022

1

1

1

0.479

2.156

0.514

2.146

0

0

0

Gata2R1

chr6

88191918

88192487

570

0.1575

3

3

7

2.552

6.214

2.087

2.298

1

1

1

Gata2R3

chr6

88265641

88266180

540

0.2351

4

4

11

-0.271

0.604

0.283

1.920

0

0

1

Gata2R5

chr6

88278002

88278546

545

0.113

1

1

3

3.681

5.628

1.353

2.298

1

1

1

Gata2R6

chr6

88294065

88294599

535

0.0727

6

1

14

0.800

4.958

0.716

2.298

1

0

1

Gata2R7

chr6

88266876

88267105

230

0.1501

2

2

3

1.010

6.266

0.543

2.073

1

0

1

Gata2R8

chr6

88264716

88265115

400

0.3211

2

2

4

1.805

13.883

0.878

3.900

1

1

1

Gata2R9

chr6

88206945

88207375

431

0.1722

1

1

3

0.368

1.731

-0.150

2.298

0

0

0

Hebp1R2

chr6

135179977
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274

0.0125

2

1

2

0.255

1.401

1.144

2.298

0

1

1

Hebp1R3

chr6

135155869
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561

0.0222

2

1

1

0.421

2.625

0

1

1

Hipk2R23

chr6

38692323

38692468

146

0.0349

1

1

2

0.819

3.696

0.358

1.014

0

0

0

Hipk2R27

chr6

38777789

38778013

225

0.0136

1

1

2

0.911

3.775

1.106

2.298

0

0

0

Hipk2R28

chr6

38780961

38781290

330

0.0096

1

1

3

-0.078

0.066

0.066

2.222

0

0

0

Hipk2R39

chr6

38805565

38805829

265

0.0499

1

1

3

0.586

2.796

0.393

1.288

0

0

0

Hipk2R4

chr6

38684957

38685363

407

0.0085

1

1

8

0.208

0.959

0.151

0.817

0

0

0

Hipk2R40

chr6

38805416

38805574

159

0.0672

2

2

2

-1.091

2.813

Vav2R3

chr2

27351279
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236

0.0722

2

2

2

2.239

6.214

0.567

2.298

1

0

1

Vav2R4

chr2
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230

0.0279

1

1

1

-0.160

0.104

0.408

2.072

0

0

0

Vav2R5

chr2
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27419451

300

0.0486

1

1

3

1.490
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0.550

2.073

1

0

1

Vav2R6

chr2

27444912

27445121

210

0.004

1

1

3

0.215

0.894

-0.138

2.298

0

0

0

Zfpm1R1

chr8

120924759

120925002

244

0.2017

3

3

7

1.330

10.657

-0.323

2.298

1

0

1

Zfpm1R10

chr8

120961476

120961740

265

0.08

2

2

4

0.973

4.226

0.807

2.298

1

1

1

Zfpm1R11

chr8

120968106

120968375

270

0.0686

3

3

7

0.223

0.943

0.539

2.298

0

0

0

Zfpm1R12

chr8

120971676

120971965

290

0.1042

1

1

4

0.562

6.587

1.099

2.298

1

1

1

Zfpm1R13

chr8

120955268

120955667

400

0.1043

3

2

7

2.606

6.214

1.910

2.298

1

1

1

Zfpm1R14

chr8

120964728

120965207

480

0.1466

4

4

6

1.427

11.036

0.802

2.298

1

1

1

Zfpm1R15

chr8

120971044

120971293

250

0.0729

2

2

4

-0.045

0.233

0.202

1.790

0

0

0

Zfpm1R16

chr8

120897755

120898159

405

0.0825

3

3

6

0.086

0.515

0.297

1.723

0

0

0

Zfpm1R18

chr8

120943115

120943414

300

0.1244

2

2

6

1.043

11.337

0.309

1.119

1

0

1

Zfpm1R19

chr8

120963794

120963997

204

0.159

2

2

4

0.230

2.568

2.105

2.298

0

1

1

Zfpm1R2

chr8

120926368

120927012

645

0.184

6

4

9

0.853

9.438

1.107

2.298

1

1

1

Zfpm1R21

chr8

120938631

120939055

425

0.1615

4

3

11

0.910

10.742

0.345

1.859

1

0

1

Zfpm1R24

chr8

120956943

120957198

256

0.1539

1

1

2

1.891

6.214

1.059

2.298

1

0

1

Zfpm1R28

chr8

120941975

120942250

276

0.1339

2

1

1

0.239

1.137

0.219

3.558

0

0

0

Zfpm1R3

chr8

120928856

120929400

545

0.109

2

2

4

0.091

0.523

0.053

1.657

0

0

0

Zfpm1R4

chr8

120948659

120949308

650

0.1029

3

3

11

-0.609

1.377

0.699

2.298

0

0

1

Zfpm1R5

chr8

120925908

120926342

435

0.1552

2

2

4

0.173

2.384

-0.137

1.287

0

0

0

Zfpm1R6

chr8

120932953

120933377

425

0.1316

5

5

10

0.674

6.599

0.048

1.174

1

0

1

Zfpm1R7

chr8

120938256

120938611

356

0.1112

1

1

5

0.165

1.703

0.687

2.298

0

1

1

Zfpm1R8

chr8

120951305
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177
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2

1

4

-0.475

0.959

0.403

2.221

0

0

0

Zfpm1R9

chr8

120958066

120958375

310

0.1681

3

2

4

0.034

0.318

0.208

1.119

0

0

0

Btg2R6

chr1

133961439

133961588

150

0.0318

2

0

1

0.296

1.092

0.148

0.913

0

0

0

Btg2R7

chr1

133988492

133988641

150

0.037

0

0

2

0.704

3.351

0.370

2.000

0

0

0

Gata2R10

chr6

88271395

88271877

483

0.1027

1

0

1

-1.048

2.712

preCRMcnc

0

0

0

0

65
Gata2R4

chr6

88269150

88269804

655

0.2078

0

0

1

0.728

3.527

Hipk2R1

chr6

38640045

38640463

419

0.0262

2

0

8

0.546

2.201

0

0

Hipk2R14

chr6

38633380

38633609

230

0.0191

0

0

2

0.567

2.628

0

0

Hipk2R15

chr6

38776919
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245

0.0319

0

0

5

0.264

1.028

0

Hipk2R29

chr6

38784573

38784847

275

0.0964

0

0

3

0.089

0.496

1.216

2.298

0

0

0

Hipk2R31

chr6

38806328

38806773

446

0.1758

1

0

2

0.109

0.683

-0.273

2.298

0

0

0

Hipk2R32

chr6

38827986

38828210

225

0.0354

0

0

2

-0.053

0.092

0.035

0.901

0

0

0

Hipk2R34

chr6

38798555

38798884

330

0.0109

0

0

2

0.403

2.093

0.418

1.466

0

0

0

Hipk2R38

chr6

38803067

38803361

295

0.0234

0

0

2

0.233

1.137

Hist1h1cR1

chr13

23094958
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109

0.0159

0

0

2

0.759

4.011

0.173

1.287

1

0

1

Vav2R2

chr2

27307637

27307790

154

0.077

0

0

1

-0.004

0.340

0.113

1.014

0

0

0

Vav2R8

chr2

27403856

27404778
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0.0612

2

0

5

0.145

0.794

0.373
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0

0

0
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chr2
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27303345
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0.0014

1

0

1

0.765

3.426
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0.1116

0

0

3

-0.108

0.147

-0.052

2.073

0

0

0
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0.0603

0

0

1
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1.652

-0.173

2.146

0

0

0
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120944375

120944559
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0.0931

0

0

1

0.381

3.844

0.481

3.764

0

0

0
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0.1544
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0

1
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chr6
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0.0213

1

0

1

1.208
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2.072

1
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chr2
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155

0.0762

1

0

0

1.349
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27396765

27397355
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0.0618

2

0

2
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0.679

10.071

1

1

1

Zfpm1R27

chr8

120972551
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170

0.0051

2

0

1

0.900
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0.287

2.072

0

0

0

Zfpm1R29

chr8

120949651

120949805

155

0.0732

1

0

0

0.694

3.351
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-0.0259

1

1

1

0.687
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135134539
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175

-0.0266

2

1

2

0.347

1.730

0.790

2.298

0

1

1

Hipk2R20

chr6

38639534

38639683

150

-0.0566

1

1

1

0.371

1.799

0.391

1.287

0

0

0

Hipk2R26

chr6

38756819

38757146

328

-0.0451

1

1

3

0.778

3.388

0.221

1.119

0

0

0

Hipk2R37

chr6

38622471

38622633

163

-0.00071

1

1

2

0.708

3.351

0.490

2.072

0

0

0

Hipk2R8

chr6

38701644

38702193

550

-0.0214

3

1

2

0.520

2.450

0

0

Alas2NC1

chrX

145324523

145324865

343

-0.0993

2

0

1

-0.028

0.178

0

0

Alas2NC2

chrX

145605347

145605503

157

0

0

1

-0.045

0.111

0

Gata2NC1

chr6

88279002

88279226

225

-0.0701

0

0

0

0.334

0.923

Gata2NC2

chr6

88397406

88397688

283

-0.0484

0

0

0

-0.605

1.115

0

Hipk2NC1

chr6

38763115

38763649

535

-0.0486

1

0

1

-0.443

0.554

0

Hipk2NC3

chr6

38597524

38597902

379

-0.0802

2

0

2

-1.322

3.541

0.144

1.557

0

0

0

Hipk2NC4

chr6

38688404

38688688

285

-0.0268

0

0

0

0.174

0.700

-0.003

1.686

0

0

0

Hipk2R19

chr6

38629936

38630226

291

-0.038

0

0

2

0.537

2.530

0.100

1.965

0

0

0

Hipk2R25

chr6

38696161

38696310

150

-0.0511

1

0

1

-0.785

3.179

0.586

1.965

0

0

0

Hipk2R30

chr6

38787078

38787227

150

-0.0474

2

0

3

-0.140

0.010

0.103

0.748

0

0

0

Hipk2R33

chr6

38573191

38573370

180

-0.0216

0

0

1

-0.532

1.495

0.411

1.965

0

0

0

Vav2NC1

chr2

27371836

27372075

240

-0.0515

1

0

1

-0.297

0.510

0.014

1.375

0

0

0

Vav2NC2

chr2

27159535

27159725

191

-0.0618

0

0

1

0.247

1.191

Zfpm1NC1

chr8

121017544

121017760

217

0

0

0

0.719

3.407

0.129

1.959

0

0

0

Zfpm1NC2

chr8

120875397

120875547

151

-0.0018

0

0

0

0.400

1.910

0

0

0

Zfpm1NC3

chr8

120888049

120888316

268

-0.0057

0

0

1

0.328

1.329

0

0

0

Zfpm1NC4

chr8

120750970

120751233

264

-0.0912

0

0

0

-0.190

0.075

0

0

0

Alas2pr

chrX

145305944

145306120

177

0.0473

1

1

3

3.011

1

1

Btg2pr

chr1

133968910

133969425

516

0.1099

0

0

1

7.684

1

1

Gata2pr

chr6

88273303

88273775

473

0.2219

1

0

1

5.521

1

1

Hebp1pr

chr6

135182443

135182701

259

0.2269

0

0

0

4.479

1

1

Hist1h1cpr

chr13

23103887

23104609

723

0.1061

1

0

2

3.404

1

1

Vav2pr

chr2

27434138

27435115

978

0.1245

2

0

0

3.217

1

1

Zfpm1pr

chr8

120923645

120924145

501

0.1571

1

0

0

6.210

1

1

preNeutral

preProm

0.306

2.298

0

0

0

0

0

0

0

1

1

1

0

0.061

0.841

0

0

0

0
0

0
0
0

0

-0.117

2.142
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a

Class of tested fragments are preCRMcc (predicted CRMs containing a conserved match to the

GATA-1 binding site consensus), preCRMcnc (predicted CRMs containing a conserved match to
a nonconsensus GATA-1 binding site), preCRM_Gm (predicted CRMs containing a match to the
GATA-1 biding site consensus only in mouse), preCRMnRPccG (fragment containing a
conserved match to the GATA-1 binding site consensus but having a negative mean RP score),
preNeutral (fragment predicted to be neutral in the assay, negative RP and no ccGATA1BS),
preProm (predicted promoter).
b
c

Number of matches to WGATAR in mouse

d
e
f

Chromosomal coordinates are for the mouse mm7 assembly.
Number of ccGATA1BSs

Number of cncGATA1BSs

The largest activity measurement for the seven days of the induction series is shown for the site-

directed integration assay.
g

Enhancement after transient transfection, 1 indicates that it passed the threshold for activity

(p<=0.0001 in Wilcoxon-Mann-Whitney test, or –log10p-val>=4) and 0 indicates that it did not.
h

Enhancement and/or increased inductility after stable transformation; 1 means it passed the

threshold (p<=0.0065 or –log10p-val>=2.2, in Wilcoxon-Mann-Whitney test for 3 consecutive
days) and 0 indicates it did not.
i

Includes data from ChIP for occupancy by GATA-1 plus result of enhancer assays of preCRMs

in combination in addition to transient and integration assays for single preCRMs.
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Table 2-2. Validation rates for categories of DNA fragments

Category

Tested

Validated in transfection

Validated in transfection

%

with single or combined

assay, single preCRM

Validated

preCRMs or ChIP

preCRMcc

44

24

26a

59

preCRMcnc

19

1

1

5

NegativeRP, ccGATA1BS

6

1

1

17

PositiveRP, nccGATA1BS

6

4

4

67

preNeutrals

17

0

0

0

prePromoters

7

7

7

100

Total

99

37

39

39

a

Includes Gata1R3, Zfpm1R4
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Fig. 2-1. RNA levels of candidate genes targeted for testing preCRMs during
erythroid differentiation.
Genes whose transcript levels were observed to increase in microarray expression assays
of MEL cells (Hbb-b1, Alas2, Btg2, Vav2, Hist1h1c and Hipk2) and/or G1E-ER4 cells
(Hebp1) were examined to confirm the increases in stable RNA. RNA isolated from
MEL_RL5 cells induced with HMBA for up to 5 days was analyzed by using RT-PCR.
Increased RNA was confirmed for all genes except Hebp1. Transcripts from Gata2 were
decreased in microarray assays in both cell lines, and this is also confirmed by RT-PCR.
Assays for RNA from Zfpm1 are included because it is an immediate target of GATA-1
in G1E-ER4 cells. The RT-PCR results for the constitutively expressed Gapdh show that
comparable amounts of RNA reverse transcripts were present as templates. RNA level
for Hbb-b1 was tested by both RNA-blot (which showed a more dynamic range of
change in signals) and RT-PCR as a positive control. The ethidium-bromide-stained
DNA products are shown as negative images (dark bands). The number of cycles used to
amplify the reverse transcripts is 25 cycles for Alas2, Hbb-b1 and Zfpm1, 32 cycles for
Hipk2 and 30 cycles for Btg2, Gata2, Hist1h1c and Vav2. Other genes tested showing
dramatic changes include Ass1, Hemt1, and Hist1h2bc.
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Fig. 2-2. Maps of target loci with preCRMs and genomic features.
The tracks in each graph show chromosomal coordinates (mm7 assembly), positions and
abbreviated names of preCRMs, positions of both ccGATA1BSs (matches to conserved
consensus GATA-1 binding sites) and cncGATA1BSs (matches to position specific
weight matrix of GATA-1 binding sites), a graph of the RP score based on 5-species
TBA alignments, and the gene exon-intron structure.
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Fig. 2-3. Distribution of measurements for transient transfection and site-directed
stable transfection.
(A). Partitioning DNA segments into classes of preCRMs or preNeutrals, based on RP
score and predicted GATA-1 binding sites.
(B). Transient transfection assay. Maps of the expression vectors on the left show the
parental MCSγluc plasmid with a firefly luciferase reporter gene (green arrow) expressed
from the human Aγ-globin gene promoter (HBGpr) and a multiple cloning site (MCS) for
inserting the preCRMs (pCRM). A co-transfection control plasmid has the Renilla
luciferase gene expressed from the promoter for a viral gene encoding thymidine kinase
(TKpr). The distributions of luciferase activity measurements for three categories of
tested DNA (preCRMcc, preCRMcnc and preNeutral) in transfected K562 cells are
shown on the right. The counts (vertical axis) are the number of times that an activity
measurement falls into the designated ranges (horizontal axis). The firefly luciferase
activity for each test plasmid was divided by the activity of the co-transfection control
(Renilla luciferase), and the fold change was determined by dividing by the activity of the
parental plasmid (MCS-HBGpr-luciferase) for each experiment (itself corrected by the
Renilla luciferase co-transfection control). The log (base 2) of the fold change was used
in subsequent analysis. Each experiment consisted of three replicate transfections, where
each transfection used an independently isolated DNA preparation. Each plasmid was
tested in at least two experiments. Activities of the preCRMcc constructs have many
values outside the distribution of preNeutral activities, while preCRMcnc constructs
show few values outside the preNeutral distribution.
(C). Site-directed stable integration assay. The donor plasmid has an EGFP gene
encoding enhanced green fluorescent protein expressed from the human HBB promoter,
preceded by an MCS into which preCRMs are inserted for test constructs. The expression
cassette is flanked by inverted LoxP sites. After introduction into MEL_RL5 cells, which
have a selectable marker (HyTK) flanked by LoxP sites, the expression cassette from the
donor plasmid can replace the HyTK marker by recombination at the LoxP sites directed
by Cre recombinase. The graphs show the distribution of EGFP fluorescence in pools of
cells carrying expression constructs from the three major groups of tested DNAs. Three
pools are obtained for each donor plasmid and induced by HMBA for 6 days. The median
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green fluorescence (determined by FACS analysis of 10,000 cells) for each pool of
transfected cells containing reporter cassettes on each day of induction was divided by
the median green fluorescence of cells transfected with the parental MCS-HBBpr-EGFP
construct and induced in the same experiment; this ratio is the fold change. The graphs
show the distribution of the log (base 2) fold change values for all measurements of cells
carrying expression cassettes for the three major groups. The distributions are depicted as
box-plots, in which the box encompasses the values from the 25th to 75th percentiles and
the median is shown as a line across the box. The whiskers extend to the closer of two
values: either the limit of the values in the distribution or 1.5 times the interquartile
distance (the difference between the 75th and 25th percentiles). Values beyond 1.5 times
the interquartile distance are plotted as circles. At all stages of induction, the distribution
of GFP fluorescence measurements for preCRMcc’s is wider and shifted to higher values
than the measurements from the preNeutrals, while preCRMcnc’s show less effect.
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Fig. 2-4. Features, activity and mutagenesis of validated preCRMs in Alas2 locus.
(A) Features and activities of preCRMs in Alas2. The graph on the left of each panel
shows important features of each preCRM. The top line gives the chromosomal position
and size. The line labeled “mouse” shows positions in mouse that match the consensus
GATA-1 binding site (black rectangles) and positions of matches to the weight matrix for
GATA-1 binding site that are not matches to the consensus (grey rectangles). The line
labeled “non-rod” shows positions in mouse that align to a sequence in a nonrodent
species (either human, chimpanzee or dog) that matches the consensus GATA-1 binding
site (black rectangles) or matches the weight matrix for GATA-1 binding site but not the
consensus (grey rectangles). The bottom two tracks plot the regulatory potential scores
(RP) and phastCons scores (PhastCons) across the genomic interval. The two graphs on
the right summarize the activities of the preCRMs in transfections relative to the
preNeutrals. The graph labeled “Ttfx” plots the values of the transient transfection
experiments in K562 cells as dark filled circles; the triplicate values for each experiment
are connected by vertical lines. These can be compared to the light grey box-plot for the
distribution of values for the preNeutrals in the same assay. The values plotted are the log
(base 2) of the fold-change relative to the activity of the parental construct in each
experiment (“Log Fold Change”), as described in the legend to Fig. 2. If the set of all
measurements for a preCRM is significantly different from the distribution of activity
measurements for preNeutrals by the Wilcoxon-Mann-Whitney test (p<=0.0001), then
the bar along the top of the graph is black; otherwise the bar is grey. Similar conventions
are used in the display (right-most graph in the each panel) of the results for the induction
time course of pools of cells after site-directed integration of the test expression cassette
in MEL_RL5 cells. The seven columns show the results for the test constructs as dark
filled circles, with the values from the three pools connected by a vertical black line;
these can be compared to the results from the preNeutrals in the grey box-plots. The
values are the log (base 2) fold changes relative to the activities of cells carrying the
parental expression cassettes in each experiment. Each column shows the results for a day
before or during induction by HMBA (“Stbl Days HMBA”). If the p-value (WilcoxonMann-Whitney test) for a difference of the test results compared to the preNeutrals is less
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than 0.007, the bar at the top of the column is black. A preCRMs is validated in sitedirected stable transfection if it shows a significant effect for at least 3 consecutive days.
(B) Mutagenesis and tests of GATA motifs in Alas2R1. The alignment of a subregion
(chrX: 145,308,491-145,308,540) of mouse Alas2R1 with dog (canFam2) and human
(hg17) shows many columns with identical bases (grey background) and two conserved
consensus GATA-1 binding sites (outlined in red). Alas2R1 was mutated in individual
(BSmut1 and BSmut2) and both (BSmut1+2) GATA-1 binding sites, with the block
substitutions shown beneath the alignment. The activity levels of expression plasmids
carrying the wild-type and mutated Alas2R1 preCRM are shown in the bottom panel,
using the same conventions as in (A), except that the numerical p-values for a difference
of the test construct from the preNeutrals is given at the top of each column.
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Fig. 2-5. Features and activities of validated preCRMs in the Zfpm1 locus.
The conventions for displaying features and activities are the same as in Fig. 4A.
(A) PreCRMs from Zfpm1 that are validated in both assays.
(B) PreCRMs from Zfpm1 that show enhanced the expression of reporter gene only after
site-directed stable integration in MEL cells.
(C) PreCRMs from Zfpm1 that enhance expression in transiently transfected K562 cells
but not after site-directed stable integration in MEL cells.
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Fig. 2-6. Features and activities of validated preCRMs in the Vav2, Btg2 and Hebp1
loci.
The conventions for displaying features and activities are the same as in Fig. 4A.
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Fig. 2-7. Features and activities of validated preCRMs in the Gata2 locus.
The conventions for displaying features and activities are the same as in Fig. 4A.
(A) Features and activities for test constructs containing single preCRMs.
(B) Features and activities of a DNA fragment containing both Gata2R8 and Gata2R3.
The three graphs on the right compare the activity in transient transfections of K562 cells
for the reporter gene plasmids carrying the individual preCRMs (R8 and R3) and the
combination (R3+8). While the expression of a reporter gene construct with Gata2R8 is
significantly enhanced (denoted by the black bar at the top of the panel), this activity is
lost in the combined R8+R3 (grey bar at the top of the panel), using the Wilcoxon-MannWhitney test to determine if the activities differ from those of the predicted neutral
fragments.
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Fig. 2-8. Features and activities of validated preCRMs containing consensus GATA1 motif only in mouse.
The conventions for displaying features and activities are the same as in Fig. 4A, except
that only transient transfection results are shown.
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Fig. 2-9. Correlation of enhancer activity with genomic features of preCRMs.
(A) Correlation of enhancer activity with RP score. The horizontal axis is the mean RP
score for each preCRM, and the vertical axis is the negative log10 p-value for the
difference of the fold-change of the preCRM from that seen for the preNeutrals
(Wilcoxon-Mann-Whitney test). The more significant activity from either the transient
transfection or the site-directed stable integration assay was chosen used for each
preCRM. For stable transfection data, the smallest p-value during induction was used.
(B) Correlation of enhancer activity with the number of ccGATA-1BSs in each
preCRMs. The values on the vertical axis are the same as in panel (A), and the horizontal
axis gives the number of matches to conserved consensus GATA-1 binding sites in each
preCRM.
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Fig. 2-10. Relative GATA-1 occupancy at a subset of preCRMs.
Using antibodies directed against the estrogen-receptor moiety of the GATA-1-ER fusion
protein (E) and the N-terminus of GATA-1 (G), chromatin fragments were
immunoprecipitated from untreated G1E-ER4 cells (uninduced) and G1E-ER4 cells
treated with estradiol for 24 hours (induced). Normal mouse (m) and rat (r) IgG controls
were performed in parallel. Real-time polymerase chain reactions of each amplicon were
performed in duplicate and quantified using SYBR green dye. Signals were referenced to
a dilution series of the relevant input sample. Amplicons from the β-major globin
promoter (Hbb-b1 prom) and an upstream region of the Fog-1 promoter (Zfpm1UP) are
shown as positive and negative controls.
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Fig. 2-11. Promoter activity of high RP DNA segments close to transcription start
sites.
Seven predicted promoters were inserted into the promoterless pGL3basic vector and
tested at least twice (each in triplicate) in transiently transfected K562 cells. The activity
measurements (corrected by the activity of the Renilla luciferase co-transfection control)
were divided by the activity of the parental pGL3basic to obtain a fold change. The mean
(plus and minus the standard deviation) of the triplicate determinations of the log (base 2)
of the fold change is plotted for each experiment. The activities of the seven predicted
promoters are all significantly different from those of the parental pGL3basic (p<0.01 by
a two-tailed Student's t-test), whereas two DNA segments distal to the transcription start
site (Gata2R4 and Gata2R10) show no significant effect.
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Fig. 2-12. Distribution of segments by RP score and validation rates
(A). The distribution of DNA segments in the eight target loci after segmentation by RP
score. The RP scores for each mouse nucleotide included in the multispecies alignment
were used to find runs of at least 100 nucleotides with a mean RP scores within a
designated range (bin in the histogram). The number of segments in each bin of RP score
is plotted.
(B). Validation rates of tested fragments in each RP bin. The black bars show the
validation rate for DNA fragments containing at least one ccGATA1BS in each RP bin;
the number of fragments tested in the enhancer assays is given as the first number under
each bin. The grey bars show the validation rate for DNA fragments in proximity to a
transcription start site in each RP bin; the number of fragments tested in promoter assays
is given as the second number under each bin.
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Chapter 3

Characterization of the RL5 Locus in Murine
Erythroleukemia Cells
Statement of collaboration
Hao Wang, the author of the thesis, performed most of the work. Ying Zhang
contributed toward determining orientations for Gata2R5 integrants.
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3.1 Abstract
Stable transfections by random integration are subject to position effects, which
makes the study of transgene more complicated. Site-directed integration of DNA
fragments can reduce the variability caused by position effects because all the integrants
are integrated at the same position. Recombinase mediated cassette exchange (RMCE),
using a Cre-LoxP system, can introduce one copy of the test construct into a designated
locus of the chromosome of murine erythroleukemia (MEL) cells. RMCE results in two
possible orientations of the test cassette that can be distinguished by Southern blot
analysis. We have been using RMCE at random locus 5 (RL5) of MEL cells to test
predicted cis-regulatory modules (preCRMs) whose regulatory function affects higherorder chromatin structure that might be missed in transient transfection. Previous studies
showed that the expression of transgenes driven by components of locus control region
(LCR) of human β-globin gene complex (HBBC) at other random loci (in particular RL4)
was strongly influenced by orientation. However, at the RL5 site, the orientation effects
were more modest. To accelerate the process of identification of colonies with correct
integrants and their orientations, we have mapped RL5 locus in MEL cells. We then show
that similar enhancer effects are seen in either orientation for many predicted CRMs. This
allowed the development of a faster procedure in which the effects of preCRMs are tested
as pools of stably transfected, targeted cells instead of colonies. The dissection of
chromosomal environment of the integration site is also conducive to a better
understanding and explanation of the effects observed at this particular locus, and allows
future studies of the effects on neighboring genes of integration of various cis-regulatory
regions.
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3.2 Introduction
Transient transfection is a rapid, classic assay for discovery of an enhancer
function. However, one of its limitations is that the reporter plasmids are not integrated
into the chromosomes (Reeves et al. 1985). Thus regulatory effects requiring a normal
chromatin structure can be missed.
Stable transfection usually results in integration of multiple copies of the
transgene at one or a few random chromosomal location (Bishop 1996), thus influenced
by position effect. The expressions of the transgene are altered by the different
integration sites in the genome (Bestor 2000). The inability to control the site of
integration and copy number of transgene making the study of cis-regulatory modules
more complicated (Jackson et al. 1996; Alami et al. 2000). An efficient strategy to
overcome this problem is to target the expression cassettes to the same chromosomal
location, thus avoiding large variations from position effects. Recombinase-mediated
cassette exchange (RMCE), developed to target integration of a single copy of the test
construct to specified chromosomal locations with high frequency (Bouhassira et al.
1997; Feng et al. 1999), uses a Cre-LoxP system. The CRE-targeted site is a 34-bp
sequence (LoxP) consisting of two inverted 13-bp repeats separated by an 8 bp spacer
region at which the recombination take place (Hoess et al. 1986). RMCE with inverted
LoxP site (L1 and 1L) allows efficient integration of single-copy transgenes without
selectable markers into previously tagged sites in mammalian cells (e.g. RL5 of MEL
cells), leading to highly reproducible expression (Feng et al. 1999; Molete et al. 2001). In
this system, exchanged products in both possible orientations are obtained (Feng et al.
1999; Molete et al. 2001).
In addition to applying transient transfections, we have also tested the effect of
predicted cis-regulatory modules (preCRMs) in an EGFP reporter gene cassette after
stable integration into a marked locus in MEL cells, using RMCE (Bouhassira et al.
1997). We chose the RL5 locus of MEL cells (cell line MEL_RL5) because previous
studies with components of the locus control region (LCR) of the human β-globin gene
complex (HBBC) showed that signals from enhancers were readily detected here and, in
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contrast to the RL4 and RL6 loci, orientation effects were minimal (Bouhassira et al.
1997; Molete et al. 2001).
The expression of a transgene is influenced by its orientation with respect to
flanking chromatin (Feng et al. 2001). At RL5, the orientations have a modest affect on
the integrated reporter cassette, with the level of expression in one orientation tending to
be higher than that in the other orientation (Feng et al. 2001). However, no significant
difference is observed when expression of the construct is driven by enhancers other than
LCR (Feng et al. 2001).
Routinely, Southern blot hybridization has been applied to distinguish the two
orientations (Feng et al. 1999; Molete et al. 2001). The result is informative, but the
process is far more laborious and time-consuming than desired for high-throughput
assays. We began to characterize the RL5 locus of MEL cells, with aims to obtain the
information of its flanking DNA sequences, and to facilitate any related assays requiring
the identification of orientations of the integrants.
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3.3 Materials and Methods
3.3.1 Cell lines
The murine erythroleukemia (MEL) cells marked by LoxP sites at RL5 locus
(MEL_RL5) (Bouhassira et al. 1997) was grown in supplemented DMEM (described in
Chapter 2) with the addition of 1mg/ml hygromcin. Stably transfected cells were selected
in supplemented DMEM with the addition of 12 µM gancyclovir.
3.3.2 Recombinase-mediated cassette exchange (RMCE)
As described in Chapter 2, the plasmids containing the EGFP reporter gene into
which all the preCRMs were inserted for RMCE were prepared by CsCl
ultracentrifugation. The plasmids were transfected, together with Cre recombinase
expression vector, into MEL_RL5 cells by electroporation. Gancyclovir-resistant colonies
were obtained by soft-agar plating or AutoClone, a high throughput method to efficiently
collect hundreds of colonies using Beckman-Coulter on the Elite flow cytometer. One
cell per well was colleted in 96-well plates, with 100 µl of a 1:1 mixture of regular
medium and conditioned medium from MEL cells.
3.3.3 Characterization of the RL5 locus
The genomic sequence flanking the RL5 insertion was recovered using thermal
asymmetric interlaced (TAIL) PCR. The arbitrary degenerate primers were designed as
described in Liu et al (Liu et al. 1995) and specific primers were designed from the
coding region of the EGFP reporter. Specific primer (SP) 1, 2 and 3 in combination with
either arbitrary degenerate (AD) primer were used in primary, secondary and tertiary
reactions, respectively.
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Sequence of AD and SP primers
Arbitrary degenerate primers
AD1

5’-NTCGA(G/C)T(A/T)T(G/C)G(A/T)GTT-3’

64 fold degeneracy

AD2

5’-NGTCGA(G/C)(A/T)GANA(A/T)GAA-3’

128 fold degeneracy

AD3

5’-(A/T)GTGNAC(A/T)ANCANAGA-3’

256 fold degeneracy

Specific primers
SP1

5’-CAGAAGAACGGCATCAAGGTGAACTTC-3’

SP2

5’-TTCAAGATCCGCCACAACATCGAG-3’

SP3

5’-GGCATGGACGAGCTGTACAAGTAA-3’
TAIL-PCR protocol

Reaction

Number of Cycles

Thermal Settings

1

93°C-1 min, 95°C-5 min

5

94°C-30s, 65°C-1min, 72°C-2.5min

1

94°C-30s, 25°C- ramping to 72°C in 3 min, 72°C-2.5 min

15

94°C-30s, 68°C-1min, 72°C -2.5 min

Primary

94°C-30s, 68°C-1min, 72°C -2.5 min
94°C-30s, 44°C-1 min, 72°C-2.5 min
1

72°C-5 min, 4°C hold

20

94°C-30s, 68°C-1 min, 72°C -2.5 min

Secondary

94°C-30s, 68°C-1 min, 72°C -2.5 min
94°C-30s, 44°C-1 min, 72°C -2.5 min
1

72°C-5 min, 4°C hold

30

94°C-30s, 68°C-1 min, 72°C -2.5 min

Tertiary

94°C-30s, 68°C-1 min, 72°C -2.5 min
94°C-30s, 44°C-1 min, 72°C -2.5 min
1

72°C-5 min, 4°C hold

3.3.4 Determination of orientation of colonies.
The orientation of the integrated expression cassettes was analyzed by Southern
blot hybridization or PCR using the combination of following primers and protocol:
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Primer ID

Sequence

EGFP_A_F

5’- GGCATGGACGAGCTGTACAAGTAA-3’

EGFP_B_F

5’-GGACACGCTGAACTTGTGGCCGTTTAC-3’

Chr4_RL5_R

5’-GGACAGGGGATAGTGCATCTGTTTCTTACTAACCTG-3’

Reaction

Number of Cycles

Thermal Settings

1

94°C-3 min

35

94°C-30s, 63°C -30s, 72°C-30s~1.5min

1

7°C hold

3.3.5 Comparison of EGFP expression in two orientations
After the orientation of selected single colonies was determined by either
Southern blot or PCR based on the sequences flanking RL5, the level of EGFP expression
during induction by HMBA was measured by flow cytometry as described in Chapter 2.
For a particular preCRM-derived expression cassette targeted to RL5, the mean and
standard deviation were calculated from the median GFP fluorescence of colonies with
same orientations. For each day during induction period, a two-tailed Student’s t-test was
applied to analyze the difference using p<0.01 as the threshold. We further required that a
significant difference be observed for at least three consecutive days during the induction
series.
3.3.6 Preparation of genomic DNA
To obtain sufficient amount of DNA for Southern blot hybridization, up to 3 × 107
cells were pelleted and resuspended in 200 µl PBS. 200 µl 2 ×Bradley’s solution (20 mM
Tris, pH 7.5; 4 mM EDTA; 20 mM NaCl; 1% SDS) with Proteinase K (final
concentration 2mg/ml) was added and incubated overnight at 55°C. The mixture was
overlayed with 800 µl cold 75 mM NaOAc in EtOH and followed by 3 cycles of 20-min
incubation plus gentle mixing. Spin the mixture at 10000rpm for 5 min and remove the
supernatant. Add 500 µl 70% EtOH to loosen pellet. Centrifuge and repeat wash. The
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pellet was dried and brought into 30~40 µl TE (with 0.1 µg/µl RNase A) by incubation at
55°C.
Alternatively, for quick PCR genotyping, cells were lysed in a lysis buffer (0.3%
Tween 20, 0.3% NP-40, and 120 µg/ml Proteinase K in 1×TE buffer) at 55°C for 1 h,
followed by inactivation at 80°C for 10 min as describe in Ichikawa et al.
Genomic DNA for TAIL-PCR was prepared using Puregene genomic DNA
purification kit, following manufacturer’s protocol (Gentra).
3.3.7 Southern blot hybridization
20 µg of genomic DNA samples were separated on 1.2% agarose gel (without
EtBr). DNA fragments were depurinated (0.25M HCl), denatured (0.4M NaOH) and
neutralized (0.5M Tris pH7.0) and transferred to nylon membrane with 0.4M NaOH for
more than 4 hrs as described (Sambrook 1989). The probe was a digestion product from
L1-MCS2βGFP-1L containing the coding region of EGFP gene. Prime-It® II Random
Primer Labeling kit (Stratagene) or Ready-To-Go DNA labeling beads (GE Healthcare)
were used for labeling according to the manufacturer's recommendations. After
prehybridization (0.5M NaPO4, 7% SDS, 1.5mM EDTA, 1% BSA, 100 µg/ml salmon
sperm) overnight, the membrane was hybridized with the probe (0.5M NaPO4, 7% SDS,
1.5mM EDTA) in a rotate chamber at 68°C overnight. The membrane was rinsed with
wash solution (0.04M NaPO4, 2mM EDTA, 5% SDS) at 65°C and exposed to
phosphoimager and scanned using Typhoon scanner (GE Healthcare).
3.3.8 Comparison of EGFP expression in pools and colonies
EGFP expressions for 3 pools and multiple colonies from stably transfected,
tagged cells containing selected preCRM-derived expression cassette were measured,
both before and after HMBA induction. Mean and standard deviation were calculated
from median of GFP fluorescence for pools and all the colonies (regardless of their
orientations). For each day during induction period, a two-tailed Student’s t-test was
applied to analyze the difference using p<0.01 as the threshold. We further required that a
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significant difference be observed for at least three consecutive days during the induction
series.
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3.4 Result
3.4.1 Characterization of the RL5 locus using TAIL-PCR
The permissive RL5 locus (for random locus 5) was originally created by random
integration of a plasmid L1-HyTK-1L that conferred both positive and negative selection
(Bouhassira et al. 1997). Recombinase mediated cassette exchange (RMCE) results in
integrants in both orientations. The exact site of integration has not been determined,
making Southern blot hybridization the only solution to distinguish the orientations. To
facilitate the study of preCRMs and to better understand the chromosomal environment
surrounding RL5, especially the nearby regulatory elements that may affect our
interpretation and validation of the preCRMs, we decided to obtain information of DNA
sequences flanking RL5.
The genomic sequence flanking the RL5 insertion was recovered using thermal
asymmetric interlaced (TAIL) PCR (Mazars et al. 1991), an efficient strategy for getting
unknown genomic DNA sequences adjacent to known sequences. This method uses a set
of nested sequence-specific primers together with a 16-bp degenerate primer in three
sequential thermal cycling reactions. Each super-cycle in the PCR reaction contains two
high-stringency cycling and the alternation of a low-stringency cycling to allow the
binding of degenerate primer and the amplification of gene-specific flanking regions (Liu
et al. 1995).
Nested PCR primers were designed close to 3’ end of EGFP reporter gene (Fig.
3-1B). Genomic DNA was obtained from clones whose orientations (both A and B) were
proven by Southern blot hybridization. The arbitrary degenerate primers (AD1/2/3) were
used in combination with nested primers (SP1/2/3) in three TAIL-PCR reactions (see
Methods). In theory, the specific product generated by SP primer at one end and AD
primer at the other end were not detectable at the primary reaction but should appear in
the secondary reaction. The non-specific products generated by both SP primers were
abundant in the primary TAIL-PCR reaction but should be diluted in the subsequent PCR
reactions (Fig. 3-1C). Applying AD3 and three specific primers, a ~800-bp product and
later a ~600-bp fragment (corresponding to the distance between SP2 and SP3 primers)
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were observed from secondary and tertiary PCR reactions, respectively, when genomic
DNA from a clone of the A-orientation was used as the PCR template (Fig. 3-1D). The
products from the B-orientation template did not exhibit expected shift in the size and
thus were not considered further.
3.4.2 Mapping RL5 flanking sequence to mouse genome
The sequence of tertiary product was obtained by routine sequencing method and
subsequently mapped to mouse genomic sequence (mm7, August 2005 assembly) using
Blat (Kent 2002). This fragment contains sequences from mouse genomic DNA,
unknown region probably corresponding to the plasmid used to integrate the HyTK
cassette, and the expected EGFP reporter gene. Thus RL5 locus was mapped on mouse
Chromosome 4 at approximately position 114,460,888 (mm7). This region is between the
Tal1 and Map17 genes (Fig. 3-2).
3.4.3 Confirmation of the integration site of RL5
To further confirm the integration site of RL5, we designed an uniform primer
flanking RL5 locus, a primer close to the 3’ end of EGFP reporter gene (sequence
matches the sense strand and is different from specific primers) for A orientation
detection, and a primer close to the 5’ end of the EGFP coding region (sequence matches
the antisense strand) for B orientation confirmation. If the RL5 locus was mapped
correctly, subsequent PCR assays should reveal ~0.44 kb fragment for all clones with A
orientation, and a fragment that is at least 0.72 kb for B orientation integrants, depending
on the size of the preCRMs inserted in the expression cassette (Fig. 3-2). Genomic DNA
was obtained from colonies containing either parental (MCS) or preCRM-derived
expression vectors and subjected to Southern blot hybridization. PCR reactions were
performed simultaneously and the results from both assays were compared (Fig. 3-3).
The results from these two assays were consistent. PCR analysis was more sensitive since
it could identify orientations using trace amount of genomic template that could be
missed in Southern blot hybridization if insufficient genomic DNA was used (e.g.
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MCS2#7). On the other hand, Southern blot identified the rare occurrence of non-targeted
integration of preCRMs (e.g. Zfpm1pCRM16#7), revealing a more comprehensive
description of integration events. The PCR products were extracted and sequencing
results showed that correct products were obtained (data not shown).
3.4.4 EGFP expression in both orientations
The test cassettes were integrated in either of two orientations, in which a minimal
orientation effect was reported (Feng et al. 1999; Molete et al. 2001). We applied a
routine high throughput approach AutoClone to efficiently select hundreds of single
colonies in 96-well plates. This approach used Beckman-Coulter on the Elite flow
cytometer. Soft-agar plating was also applied to collect colonies from transfected cells.
The orientation of selected single colonies was determined by either Southern blot or
PCR based on the sequences flanking RL5, and the level of EGFP expression was
measured and compared. No significant difference on GFP expression level was observed
between the A and B orientations (Fig. 3-4).
3.4.5 EGFP expression in pools and colonies
The minimal orientation effect previously observed for other regulatory elements
at this locus (Feng et al. 1999; Molete et al. 2001) is not a major factor in the validation
assays here. The site-directed integration is highly efficient, with about 90% of the
isolated clones showing integration of single cassettes at RL5. This high efficiency of
targeting combined with the absence of a detectable orientation effect led us to examine
whether we could reliably assay the effects of the preCRMs as pools of stably
transfected, targeted cells. Expression and induction results obtained from such pools
were compared with those obtained from sets of clones isolated after each transfection.
No difference was observed (Fig. 3-5), and consequently the full set of preCRMs was
tested as pools of stably transfected, targeted cells. This approach allows for a higher
throughput in the validation studies.
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3.5 Discussion
Recombinase mediated cassette exchange is a technology designed for sitespecific chromosomal integration. cis-regulatory modules can be compared more
rigorously at the same locus of insertion (Bouhassira et al. 1997; Feng et al. 1999; Feng et
al. 2001; Molete et al. 2001). Three murine erythroleukemia cell-derived lines possessing
distinctive target loci were created (RL4, RL5 and RL6) and FISH assays indicated that
none of integration sites were close to the potentially repressive environment of the
centromere (Feng et al. 2001). The levels of expression of transgenes were influenced by
the sites of integration, with RL5 showing the strongest expression and RL6 allowing the
weakest (Feng et al. 2001). Also, the expression of tested cassette was dependent on their
orientations. Methylation-associated silencing was observed in RL4 and RL6 for one
orientation and expression was stable in the other (Feng et al. 2001). Expression in RL5
was stable in both orientations, with the expression in orientation B being higher than that
in orientation A when enhancers from β-LCR was tested (Feng et al. 2001; Molete et al.
2001).
We have taken advantage of RMCE system as a complementary assay for testing
the predicted erythroid cis-regulatory modules (CRMs) because DNA sequences
requiring higher order chromatin structure can be revealed after being stably integrated
into mouse chromosome. Expressions of reporter gene driven by a human β-globin gene
promoter and enhanced from the preCRMs are normalized by the expression of parental
construct (MCS) and compared with the reference constructs (predicted neutrals). MEL
cells tagged at permissive site RL5 locus is chosen because the silencing feature in one
orientation of other loci (RL4 or 6) will obscure our analysis and prevent the validation
for bona-fide enhancers. The concern of RL5 being subject to a weak orientation effect
has restrained us to compare the change in preCRM-altered expression of EGFP within
the same orientation, which can only be determined by Southern blot hybridization when
prior knowledge of flanking sequences are lacking.
We started to characterize the RL5 locus with the initiative to find a more
convenient and efficient solution to determine the orientation of the integrants. The
subsequent success in mapping this locus eventually allowed us to conduct a thorough
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investigation of the expressions in terms of orientations. The minimal orientation effect
describe before was not observed in our assay because the expression of reporter gene in
representative clones for both orientations derived from the same-construct were almost
identical. This result is also consistent with the previous finding that expression from
certain enhancer, such as the CMV IE, did not achieve significant difference between two
orientations at RL5 (Feng et al. 2001).
The nature of the sequences in the flanking chromatin responsible for the
orientation dependence for some enhancers but not for others is unknown. It was
proposed that these determinants for transgene expression are sequences located within a
few hundred bases of the sites of integration. They can combine the regulatory sequences
of the expression cassette to cause either stable or silencing position effects (Feng et al.
2001). An alternative model that also explains orientation effects is that transcription
reading through the locus alters the effect of the cis-regulatory modules (Feng et al.
2005). The RL4 locus has been mapped recently (Feng et al. 2005), which has driven an
extensive investigation of the expression pattern of the inserted cassettes in terms of
orientations and possible interference from flanking sequences. It was proposed that the
orientation effect at RL4 resulted from the presence of a strong erythroid enhancer (miniLCR) and its ability to activate a cryptic promoter in the flanking region of RL4. The
transcription from flanking sequences caused transcriptional interference (Feng et al.
2005). This inference can also be extended to RL5 locus because orientation–dependent
expressions were described before (Feng et al. 2001; Molete et al. 2001). However, the
transcription interference may not be a major factor at this locus when an enhancer is
present. Also, the weak orientation effects may be ascribed to specific regulatory
sequences (LCR-derived) integrated at RL5 because other enhancers did not show this
difference (Feng et al. 2001) and further confirmed by our detailed investigation of
multiple preCRMs inserted at RL5. Thus, RL5 is a good system in which predicted cisregulatory modules can to tested in a higher-throughput manner because the expression of
reporter gene is very similar in pools. Our analysis has resulted in the conclusion that the
preCRM-derived pools are valid substitution for colony assays because no significant
difference in EGFP production in terms of orientation has been observed.
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RL5 locus resides in the region between Tal1 and Map17 genes. A number of
regulatory elements for Tal1 gene have been identified by DNase I hypersensitive sites
(Leroy-Viard et al. 1994; Gottgens et al. 1997). One of these cis-acting modules (+19),
functioning as a 3’ hematopoietic and endothelial enhancer and containing three essential
motifs for GATA-2, Fli-1 and Elf-1 binding in vivo (Sanchez et al. 1999; Gottgens et al.
2002), is located ~8.5kb upstream of RL5. Another neural-specific enhancer (+23) resides
~5.5kb upstream of RL5 (Gottgens et al. 2000). The effect of integrants at RL5 on
transcription of flanking genes and sequences remains an open question and can be
answered by semi-quantitative RT-PCR. Our preliminary data revealed that when the
reporter gene driven by CRMs were integrated at RL5 in either orientation, the expression
of Tal1 showed no obvious changes. The expression of Map17 was almost undetectable
in MEL cells, and it exhibited no difference when the expression cassettes were
integrated in A-orientations (the transcription is the same as that of Map17), but increased
significantly when they were tagged as B-orientations. The original HyTK cassette at
RL5, when integrated as B orientation, also boosted the expression of Map17 gene (see
supplementary figure C-1).
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Table 3-1. EGFP production in colonies from stably transfected, targeted cells for A/B
orientations
Construct
Gata2R5_A
Gata2R5_B
Hebp1R1_A
Hebp1R1_B
Hebp1R2_A
Hebp1R2_B
Hipk2R28_A
Hipk2R28_B
Hist1h1cR1_A
Hist1h1cR1_B
Vav2R2_A
Vav2R2_B
Vav2R4_A
Vav2R4_B
Zfpm1R19_A
Zfpm1R19_B

Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev

0
6.89
1.41
8.46
1.41
6.27
0.0
5.65
0.79
6.32
0.72
4.80
0.53
5.33
2.10
6.29
1.98
4.31
0.59
4.18
0.71
4.19
0.52
4.56
0.64
4.21
0.16
3.63
0.81
20.1
4.08
20.1
2.76

1
7.77
1.34
9.64
1.58
7.52
2.64
7.82
1.19
8.66
0.58
8.27
1.30
5.33
2.10
6.29
1.98
5.89
0.62
6.31
0.66
4.74
1.09
5.40
1.02
6.09
1.34
6.89
1.85
20.1
4.08
20.1
2.76

Days of HMBA Induction
2
3
4
9.60
16.3
25.2
1.21
2.10
2.97
11.4
17.2
24.5
1.59
2.93
4.42
9.0
13.6
21.6
2.01
2.44
3.28
10.7
15.5
20.9
1.75
2.37
3.79
13.5
20.6
30.5
1.60
2.73
3.30
12.0
17.7
27.7
1.93
3.20
4.71
8.06
11.1
13.9
4.41
5.14
6.12
9.50
11.4
13.7
3.53
2.67
2.61
6.17
7.44
10.5
0.38
0.89
0.97
7.04
8.10
10.3
1.25
1.58
2.58
5.68
7.53
11.0
1.92
2.20
2.73
6.07
7.49
11.0
1.16
1.16
1.31
6.33
7.26
10.9
1.17
0.89
0.1
7.35
9.0
12.6
2.06
2.90
3.34
30.0
34.5
38.5
5.93
5.62
5.47
30.3
36.0
40.1
7.42
3.89
0.07

5
34.5
4.48
32.7
6.06
29.7
4.05
28.9
3.71
40.8
2.42
35.9
5.12
16.9
6.62
15.9
2.85
15.4
1.53
14.2
2.99
15.6
2.94
14.4
1.75
15.3
0.47
16.6
3.87
41.6
6.12
46.9
1.88

6
43.0
5.59
40.2
7.45
41.2
5.60
38.0
4.18
48.4
1.04
44.3
5.11
20.6
7.30
19.1
3.31
19.9
1.68
20.4
4.19
20.9
3.08
18.2
2.11
18.4
1.88
20.0
3.95
47.1
5.28
51.1
2.95
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Table 3-2. EGFP production in pools and colonies from stably transfected, targeted cells
Construct
MCS_c
MCS_p
Alas2R1_c
Alas2R1_p
Gata2R5_c
Gata2R5_p
Zfpm1R19_c
Zfpm1R19_p

Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev
Mean
stdev

0
5.99
1.70
6.55
1.56
13.4
1.71
11.8
0.0
7.67
1.57
9.73
0.0
15.0
4.36
12.0
0.0

1
5.99
1.70
6.55
1.56
19.1
1.79
17.2
0.83
8,70
1.71
11.3
0.21
18.6
4.35
15.3
0.25

Days of HMBA Induction
2
3
4
8.88
11.2
13.3
3.23
3.35
3.67
9.91
12.3
14.4
3.01
3.01
3.50
31.3
40.3
44.0
6.8
6.26
9.29
26.6
33.9
38.0
0.61
0.65
0.49
10.5
16.8
24.9
1.64
2.48
3.61
11.9
16.7
19.6
0.50
0.2
0.3
27.9
32.6
36.8
6.60
6.30
6.06
22.4
28.4
30.3
0.40
0.85
1.54

5
14.1
3.37
15.3
3.00
52.3
7.70
51.1
1.10
33.6
5.16
26.4
0.15
40.4
6.93
35.3
0.96

6
17.6
4.85
19.0
4.77
60.8
8.24
56.9
1.47
41.6
6.44
31.7
0.53
46.6
6.15
41.9
0.61
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Fig. 3-1. Using TAIL-PCR to identify RL5 flanking sequence. (A) The configuration
of RL5 shown by Southern blot hybridization. (B) Three nested PCR primers (sequence
shown in each box) were designed close to the 3’ end of EGFP gene. Specific primer 1
(SP1) and 2 (SP2) were overlapped by three nucleotides, and prime 3 (SP3) is
approximately 200 nucleotides downstream of SP2. Loci bound by arbitrary primers
(ADs) might be dispersed through the mouse genome, and some of them might be close
to RL5 (A orientation shown). (C) Process of TAIL-PCR. During the primary PCR
reaction, the theoretical amplification rate for specific and non-specific products should
be 22n (AD+SP), 23n (SP+SP), and 2n (AD+AD). The products amplified by SP primers
on both ends would not appear in the secondary and tertiary PCR reactions. (D) Using the
A-orientation template and arbitrary degenerate primer 3, an expected shift in the size of
the fragments was observed between the products derived from secondary and tertiary
PCR reactions.
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Fig. 3-2. Mapping RL5 to mouse chromosome. The RL5 locus was mapped to
chromosome 4, between Tal1 and Map17 genes. The coordinates shown were derived
from mm7 (August 2005 assembly). The site-directed integration resulted in two possible
orientations. When an A-orientation specific primer (EGFP_A_F) or B-orientation
specific primer (EGFP_B_F) was used in combination with an universal primer
(Chr4_RL5_R), they should produce a ~0.44kb fragment for all A-orientation clones or
products at least 0.72kb long for B-orientation clones,
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Fig. 3-3. The determination of orientations of integrants by Southern blot
hybridization and PCR. The orientations of representative integrants from colonies
were analyzed by both assays and the results were compared. The single-copy integrants
derived from the parental construct (MCS2βGFP) generate ~4.2kb bands for Aorientation, and ~5.2kb bands for B-orientation, when analyzed by southern blot
hybridization using EGFP coding region as the probe. The corresponding orientations
verified by PCR were shown on right side, represented by PCR products with distinctive
sizes.
A: A-orientation; B: B-orientation; ND: Not determined
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Fig. 3-4. EGFP production in A and B orientations. Clones were obtained from stably
transfected MEL_RL5 cells containing selected preCRMs. The median GFP fluorescence
was measured by flow cytometry for each orientation-proven clone. The measurements
were plotted as the mean and standard deviation for different numbers of particular
preCRM-derived clones with either A (red trend line) or B (blue trend line) orientation.
The distribution of EGFP expression for each orientation overlapped, before and after
HMBA induction for up to six days, indicating that no significant difference in
expression of EGFP was observed between the two orientations.
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Fig. 3-5. Comparison of EGFP production between pools and colonies. Three pools
and different number of colonies were derived from transfected MEL_RL5 cells
containing representative preCRMs. The measurements for EGFP were plotted as mean
plus standard deviation for both pools (red trend line) and colonies (blue trend line),
before and after HMBA induction for up to six days. The distribution of EGFP
expression in pools overlap with that in colonies, indicating little difference in expression
of EGFP was observed between pools and colonies derived from cells containing the
same preCRM.
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Chapter 4

Using Antisense Strategy to Interfere With Erythroid
Transcription Factors in Cultured Cells
Statement of collaboration
Hao Wang, the author of thesis, performed most of the analysis described in this
chapter. Susan Magargee contributed to the construction of cell line G12 stably
expressing VgEcR/RXR and plasmid of pIND/Hygro/asTAL1. Hanna Petrykowska
contributed to the Northern blot analysis of endogenous Tal1 expression after
interference. Ya Zhang contributed to the construction of cell lines that have
HS2mut8701 driving EGFP expression at RL5
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4.1 Abstract
The human β-like globin gene complex (HBBC) is a paradigm for studying a
tissue-specific switch in gene expression during development. The level of expression of
these genes is primarily determined by a distal regulatory region, the locus control region
(LCR). Though extensively studied, a comprehensive set of regulatory DNA sequences
and proteins that interact with them has not been elucidated. Transcription factors
implicated in regulation may act at distinctive loci during different stages of
differentiation, or serve as molecular switches by binding to corepressors or coactivators,
thus making the interpretation of functions more complicated. Previous work in our lab
studying the function of a basic helix-loop-helix protein TAL1 has suggested that it may
play a regulatory role via its binding to a conserved E-box in hypersensitive site 2 (HS2)
of the LCR. However, TAL1 can regulate gene expression in either a positive or negative
manner, depending upon the cellular context. Previous approaches manipulating the
levels of TAL1 are subject to clonal variation, arguing for a better-regulated experimental
system for modulating the amount and activity of TAL1. This concern also extends to
other proposed regulatory proteins, especially those with complex and potentially
opposite roles in different types of cells or stages of differentiation. We have adopted an
ecdysone-responsive system in an attempt to construct cell lines that can be induced to
produce interfering molecules against proteins targeted for suppression or modulation.
Pilot experiments have also been conducted using an RNAi strategy for cultured
mammalian cells.
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4.2 Introduction
The genes encoding the heterotetrameric hemoglobins are separated in two loci.
The β-like globin gene complex (HBBC) is on chromosome 11p15.5 (Deisseroth et al.
1978) and the α-globin gene complex (HBAC) is close to the terminus of chromosome
16p (Deisseroth et al. 1977). Understanding the mechanisms governing gene expression
in these clusters is important for several reasons. First, clinical applications for strategies
based on knowledge of gene regulation provide potential therapy for inherited disorders
of hemoglobin, such as sickle cells disease and β- and α-thalassaemia (Atweh and
Schechter 2001; Sadelain et al. 2004). Second, the globin gene complexes provide an
excellent model of regulated switches in expression during development and hence
advances in understanding the molecular mechanism will provide key insights into these
issues of broad interest in biology.
The human β-globin gene complex contains five developmentally regulated genes
in the same transcriptional orientation (Fritsch et al. 1980). Expression is influenced by
elements close to the genes, such as the promoters and enhancers within a few hundred
base pairs of the genes, and in part by the distal locus control region (LCR) (Hardison et
al. 1997a). DNA sequences determining temporal and spatial specific expression are
largely found close to the genes (Chada et al. 1985; TomHon et al. 1997), whereas the
LCR confers high level of expression of linked globin genes in a position-independent
manner (Grosveld et al. 1987), probably through a looping mechanism (Carter et al.
2002; Palstra et al. 2003; Patrinos et al. 2004).
HS2 is the most highly conserved region in the β-globin LCR (Hardison et al.
1997a). DNA fragments containing HS2 will confer position-independent, high level
expression on globin genes in transgenic mice (Ryan et al. 1989; Talbot et al. 1989;
Fraser et al. 1993), however, deletion of this HS2 from native location only leads to a
mild reduction in β-globin expression (Fiering et al. 1995).
Although it is widely accepted that many cis-regulatory DNA sequences are in the
globin gene complexes, all of the regulatory elements have not been identified, even for
the most powerful enhancer HS2. A good correlation have been found between highly
conserved sequences and functional elements (Hardison and Miller 1993; Hardison et al.
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1997a; Hardison et al. 1997b; Hardison 2000). Studies of sequence conservation
throughout the HBBC have also pointed to many highly constrained sequences that had
not been tested for function (Stojanovic et al. 1999).
Several proteins have been implicated in function at HS2, for example, NF-E2,
Nrf1/LCRF1, Bach proteins and several small Maf proteins are among the candidates for
proteins regulating globin gene expression through the maf-response elements (MAREs)
in HS2 of the β-globin LCR. The in vivo direct interaction between NFE2 and HS2 was
verified recently (Forsberg et al. 2000). Different proteins may be acting at different
stages of differentiation or maturation. The MAREs are occupied by MafK (p18) and a
nonerythroid partner prior to activation upon induction of murine erythroleukemia (MEL)
cells, but this is replaced by NF-E2 p45 upon induction (Sawado et al. 2001), a process
associated with movement of the mouse Hbb complex (Hbbc) from heterochromatin to
euchromatin and activation of expression (Francastel et al. 2001). Recent analysis
showed that the exchange of MafK dimerization partner from Bach1 to NF-E2 during
terminal erythroid differentiation is a critical step in the switch from the silent to the
active state (Brand et al. 2004).
Several nuclear proteins were found to bind in vitro to E boxes, the most
conserved elements in HS2, and TAL1 was in one complex (Elnitski et al. 1997). TAL1
is required for hematopoiesis and angiopoiesis (Shivdasani et al. 1995; Visvader et al.
1998) and has been implicated in erythroid maturation (Aplan et al. 1992; Condorelli et
al. 1995). TAL1 can form heterodimers with widely expressed (class A) E proteins such
as E47 and bind specifically to CAGATG motifs (Hsu et al. 1994a). However, it can
regulate gene expression in either a positive or negative manner, depending upon the
context (Hsu et al. 1994c). Recent studies show that TAL1 can served as a molecular
switch in erythroid cells, by binding to the corepressor mSin3A and the histone
deacetylase HDAC to exert a negative effect in uninduced MEL cells (Huang and Brandt
2000), and binding to transcriptional coactivators and histone acetyltransferases P/CAF
and P300 upon chemical induction of MEL cells or further maturation of normal cells
(Huang et al. 2000).
TAL1 could be acting at the E boxes in HS2 at particular stages of differentiation,
regulated both by its state of modification and the proteins to which it is bound. The
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complexity of these results argues for a need for additional experiments combining
regulated interference and overexpression of TAL1 with analysis of expression of
constructs with wild type and E-box mutated HS2. This need is particularly keen for
studies of families of transcription factors with complex and potentially opposite roles in
different types of cells or stages of differentiation. Thus we have invested considerable
effort in attempting to generate cell lines that can be induced to synthesize interfering
molecules using antisense approaches.
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4.3 Material and Methods
4.3.1 Cell lines
K562 cells, murine erythroleukemia (MEL) cells marked by LoxP sites at RL5,
and stably tranfected MEL_RL5 cells were grown as described in Chapter 2.
HEK293 cells were grown in Dulbecco’s modified Eagle Medium (DMEM)
supplemented with 10% bovine calf serum, 100 IU/mL penicillin, 100µg/mL
streptomycin, and 0.25µg/mL amphotericin B. HEK293 cells were split at a 1:10 ratio
when the cell monolayer is more than 50% confluency by trypsinizing cells in TrypsinEDTA (0.5 M EDTA and 0.05% Trypsin) solution.
To establish an ecdysone-responsive murine erythroleukemia cell line, the
MEL_RL5::pTRHS432_HBBbpr_EGFP was stably transfected with BstEI linearized
pVgRXR (Invitrogen) and selected for colonies that were Zeocin resistant by soft-agar
plating. The subsequent MEL_RL5::pTRHS432_HBBpr_EGFP-VgRXR was transiently
transfected with pIND_Hygro_lacZ (Invitrogen). The clone with the greatest inducibility
upon ponasterone induction (G12) was chosen for further study.
4.3.2 Plasmid cloning for expression assays
To construct HS2 mutant at 8701 E-box in EGFP expression cassette flanked by
inverted LoxP sites, the human HS2 core (HindIII-XbaI) was released from pBluescriptII
KS- hHS2(H-X)m8701 by digestion with MscI and SacI and inserted into pBluescript
KS- at SmaI and SacI sites. The resulting plasmid was digested with KpnI and NotI and
inserted into L1-MCS2βGFP-1L at KpnI and NotI sites.
pIND/Hygro/asTAL1 was constructed by digesting pCSCL-AS (Aplan et al. 1992)
with ApaI. The TAL1 cDNA in the antisense orientation was inserted into pIND/Hygro
(Invitrogen) at ApaI site.
pIND/Hygro/p426 was constructed by digesting pGS5-p426 (a gift from Dr.
James Bieker) with BamHI and EcoRV and inserted the p426 fragment into pIND/Hygro
at BamHI and EcoRV sites.
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The inducible lacZ reporter gene and antisense/dominant negative form of cDNA
of proteins targeted for interference were expressed from RL5 of MEL cells by digesting
pIND/Hygro/lacZ (Invitrogen), pIND/Hygro/asTAL1 or pIND/Hygro/p426 with BglII and
NgoMIV and inserted the released fragments into L1-MCS3-1L. This plasmid was
modified from L1-MCS2βGFP-1L (Molete et al. 2001) by removing the EGFP reporter
gene and having MCS2 replaced by annealed custom oligonucleotides containing BglII
and NgoMIV sites.
4.3.3 Stable transfection
Procedures relating to stable transfection were described in detail in chapter 2,
which include large-scale preparation of plasmid, recombinase-mediated cassette
exchange (RMCE) in MEL_RL5 cells, colony isolation by soft-agar plating,
determination of orientations of integrants by southern blot hybridization, and measuring
EGFP expression by flow cytometry.
4.3.4 Assessing the effect of interfering molecules
The production of interfering molecules was analyzed by RT-PCR using TRIzolprepared total RNA and reversely transcribed cDNA. Specific primers were designed
targeting vector-derived interfering molecules. The change in the level of expression of
endogenous genes were measured by RT-PCR using gene specific primers and Northern
blot hybridization using a PCR product from the coding regions of Tal1 gene as the
probe.
Targets

Primer ID

Sequence

asTAL1 expression

Ecd_F
IND_3UTR_R3
Ecd_F
Ecd_Rex
musTAL1_F
musTAL1_R
EKLG_F2
EKLF_R1
betaM4
Beta2R

5’-CTCTGAATACTTTCAACAAGTTAC-3’
5’-TTCCAGGGTCAAGGAAGGCACG-3’
5’-CTCTGAATACTTTCAACAAGTTAC-3’
5’-TAGAAGGCACAGTCGAGGCTG-3’
5’-TCACTAGGCAGTGGGTTCTT-3’
5’-AACTTGGCCAGGAAATTGAT-3’
5’-CTTCCGGAGAGGACGATGAGA-3’
5’-TCCAGTGTGCTTCCGGTAGTG-3’
5’-CACCTTTGCCAGCCTCAGTG-3’
5’-GGTTTAGTGGTACTTGTGAGCC-3’

p426-EGFP expression
Endogenous TAL1
Endogenous EKLF
Endogenous Hbb-b1
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4.3.5 Measurement of protein concentration
The concentration of proteins was measured using MicroBCA Protein Assay
Reagent Kit (Pierce) following manufacturer’s recommendations. Briefly, a fresh set of
protein standards was prepared by diluting the stocking BSA standard (2mg/ml). BCA
working reagent (WR) was prepared by mixing MA (sodium carbonate, sodium
bicarbonate and sodium tartrate in 0.2 N NaOH), MB (4% bicinchoninic acid) and MC
(4% cupric sulfate, pentahydrate) reagents at a 25:24:1 ratio. 1 ml of the WR was mixed
to 1 ml of each standard or test sample, and use 1 ml of the diluent for the blank tubes.
The mixture was incubated at 60 °C for 60 minutes and the absorbance was measured at
562 nm and the average 562 nm reading for the blanks was subtracted from the 562 nm
reading for the each standard and test samples. The standard curve was used to determine
the protein concentration.
4.3.6 Assay for detecting β-Galactosidase
Fresh DTT was added to 0.5mM to appropriate volume of Galacto-Light Lysis
buffer (Applied Biosystems). Cells were PBS-rinsed, pelleted and resuspended in 100 µl
buffer. Galacton substrate was 1:100 diluted with reaction buffer diluent to make reaction
buffer. 2 to 20 µl of cell extracts was aliquotted to luminometer sample tubes and 200 µl
of reaction buffer was added. The mixture was incubated for 60 minutes. 300 µl of Light
Emission accelerator was injected in the tubes and tubes were placed to a luminometer.
Measurements were time dependent.
4.3.7 Transient transfection and expression
Plasmids expressing Firefly luciferase driven by the Hbb-b1 promoter, either
induced with ponasterone A or not, were transiently transfected into different clones
expressing no, low or high amounts of mEKLF-426 by cationic lipid reagent Tfx50
(Promega) as described in Elnitski et al (Elnitski and Hardison 1999).
The siRNA (Ambion) targeting Clontech vector-derived EGFP was transfected
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into MEL_RL5::HS2_HBBpr_EGFP using Lipofectamine 2000 (Invitrogen) following
manufacturer’s recommendation. Cells were plated at 8×104 cells/well in 400 µl of
regular medium without antibiotics. Different amounts of siGFP (0, 20 nM, 40 nM and
80 nM) were diluted in 50 µl of plain medium and mixed with Lipofectamine for 5
minutes at room temperature. The complexes were added to each well. The expression of
EGFP was analyzed by flow cytometry after 24 hours and 48 hours, respectively.
The pSUPER-derived plasmid were transfected into HEK293 cells using
TransIT-293 transfection reagent (Mirus Bio). The cells were plated 24 hours prior to
transfection to obtain ~50-70% confluence the following day. 3 µl of transfection reagent
was mixed with 100 µl of plain medium for 20 minutes. The mixture was added to 1 µg
of DNA and incubated for 15-30 minutes. The mixture was added dropwise to the cells.
The effect of siGFP on EGFP expression was measured by fluorescence microscope after
24 hours and by flow cytometry after 48 hours.
4.3.8 Construction of plasmid expressing siRNA and screening for positive clones
The parental pSUPER.basic (OligoEngine) was linearized by digestion with BglII
and HindIII. Pairs of custom oligonucleotides targeting EGFP or six erythroid
transcription factors were designed following recently established criteria (Jackson et al.
2003; Khvorova et al. 2003; Gong and Ferrell 2004; Mittal 2004; Reynolds et al. 2004)
and manufacturer’s recommendation, in which the sequence of the forward
oligonucleotide included the unique 19-nt sequence derived from the mRNA transcript of
the gene targeted for suppression (Table A-10). The forward and reversed primers were
annealed and cloned into the vector between the BglII and HindIII downstream of H1
promoter’s TATA box.
The pSUPER vector containing a selectable marker was constructed by inserting a
PCR-amplified region of Neomycin resistant gene from pEGFP-N3 (Clontech).
Universal primers were designed for parental pSUPER.basic (Table A-9). PCR
reaction was performed to select positive clones using following protocol.
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Reaction

Number of Cycles

Thermal Settings

1

94°C-3 min

35

94°C-30s, 63°C -30s, 72°C-30s~1.5min

1

7°C hold
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4.4 Result
4.4.1 Negative role of E box in HS2
HS2 contains three E boxes (CANNTG) (Fig. 4-1A), two of which are highly
conserved. The one originally called E box 8701 (referring to its beginning position in
GenBank file HUMHBB) has sustained no sequence changes in eutherian mammals,
placing it among the most highly conserved noncoding sequences in HBBC in mammals.
Site-directed mutagenesis and transient transfection in human bipotential K562 cells
showed that they were needed for full enhancement of expression from an HBE promoter
by HS2 but not for hemin induction (Elnitski et al. 1997). Transient transfection
experiments were also conducted in murine erythroleukemia cells to examine the role of
the E boxes after removing a previously undescribed negative elements at the 5’ end of
the commonly used core of HS2 (Elnitski et al. 2001). Mutations of individual E boxes in
HS2 tested in MEL cells caused an increase in expression. Thus the E boxes have
negative effects in this more committed environment.
The negative effect of the E boxes was also observed after being stably integrated
into the chromosome of murine erythroleukemia cells. A single copy of the test and
control constructs was integrated into random locus 5 (RL5) of MEL cells (Bouhassira et
al. 1997; Feng et al. 1999) so that they were subject to identical position effects. The
enhanced expression of EGFP reporter gene were compared between the wild-type Bal I
to Xba I fragment of HS2 (Elnitski et al. 2001) and the one in which the E box at 8701 in
HS2 was mutated. The effect on expression of EGFP driven by the human HBB
promoter was measured (Fig. 4-1C). Southern blot hybridization of genomic DNA was
used to verify integration of a single copy of the cassette at the desired site and to
determine the orientation of the integrant (Fig. 4-1B). The construct with the mutated E
box at 8701 expressed at a higher level than did the wild type in both orientations.
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4.4.2 Complex role of TAL1 binding HS2 and initial strategy for an inducibly regulated
system
Previous study showed a TAL-1-containing complex binds to E boxes in HS2 in
vitro (Elnitski 97) and in a form capable of binding to HS2 E boxes in MEL cells (in
which E boxes have a negative effect), but not K562 cells (in which E boxes have a
positive effect) (Elnitski et al. 1997). However, published overexpression and antisense
experiments showed that increasing TAL1 in MEL cells boosted Hbb expression and
antisense interference decreased expression (Aplan et al. 1992), arguing for a positive
effect of TAL1 on Hbb expression. These data suggested a complex role for either the
HS2 E boxes or TAL1. If TAL1 were exclusively a positive regulator of Hbb expression
in MEL cells, and the HS2 E boxes had exclusively negative effects, then TAL1 is not the
protein acting at the E boxes. The published effects of mutating HS2 E boxes (Elnitski et
al. 1997) and antisense TAL1 expression (Green et al. 1991) in K562 cells are also
opposite. Recently studies showed that TAL1 could act as a molecular switch, binding to
mSin3A before induction and P/CAF after induction (Huang 2000a, Huang 2000b). Thus
TAL1 could be acting at the E boxes in HS2 at particular stages of differentiation,
regulated both by its state of modification and the proteins to which it is bound.
The complexity of these results argues for the need for additional experiments
combining regulated interference and overexpression of TAL1 with analysis of
expression of constructs with wild type and E-box mutated HS2. The study manipulating
the levels of TAL1 in MEL cells (Aplan et al. 1992) did not measure the amount of TAL1
remaining in the cells after the treatment an it was subject to clonal variation in the
amount of overexpression or interference. Thus better-regulated experimental systems are
required for modulating the amount and activity of TAL1, and other proposed regulatory
proteins, in erythroid cells in culture. This need is particularly keen for studies of families
of transcription factors with complex and potentially opposite roles in different types of
cells or stages of differentiation. Thus we have invested considerable effort in attempting
to generate cell lines that can be induced to produce interfering molecules.
We made use of the previously constructed MEL cell line expressing EGFP from
a HBB promoter and enhanced from pTRHS432 after stable integration in the A
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orientation at a permissive locus RL5 (Fig. 4-2). An ecdysone-regulated system was
introduced into the chosen clone. This system requires two proteins encoded on the
plasmid pVgRXR. The VgEcR protein is derived from Drosophila and modified to
contain the VP16 transactivation domain and the DNA binding domain is further
modified to recognize one half-site from the glucocorticoid response element. The RXR
protein recognizes one half-site from the natural ecdysone response element. These two
proteins do not interact in the absence of ecdysone or its analogs, such as ponasterone A.
In the presence of ponasterone A, the VgEcR and RXR proteins form a heterodimer that
binds to a hybrid response element called E/GRE. It is a half site from the glucocorticoid
response element and half site of the ecdysone response element. Thus VgRXR protein
should be specific for these response elements, which will be present upstream of the
construct that we wish to express.
MEL_RL5 cells carrying pTRHS432_HBBpr_EGFP were transfected with
linearized pVgRXR (which confers resistance to Zeocin). Zeocin resistant clones were
screened for the presence of active VgRXR protein by transiently transfecting them with
the plasmid pIND_Hygro_lacZ. This plasmid has the lacZ gene driven by a multimer of
the E/GRE sites. Clone (G12) with the greatest inducibility was chosen for further study.
However, only 2 of 24 clones were inducible after stable integration of pIND_Hygro_lacZ.
4.4.3 Construction of cell line expressing antisense molecules targeting Tal1
We proceeded with the stable transfection aimed at producing interfering TAL1 in
a ponasterone-inducible manner. Interference with key transcription factors should result
in a change in the amount of EGFP produced. Using the vector pIND-Hygro, which had
the same backbone as the pIND_Hygro_lacZ described before, we made the plasmid
pIND_Hygro_asTAL1 by inserting the antisense TAL1 (asTal1) DNA fragment so that it
was transcribed from a weak heat shock promoter and enhanced by multimer of E/GREs.
Line G12 of MEL_RL5::pTRHS432_HBBpr_EGFP-VgRXR was stably transfected with
linearized pIND_Hygro_asTal1 and selected for resistance to hygromycin, which is
conferred by the plasmid. Drug-resistant clones of the new cell lines were assayed for
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expression of the asTal1 by reverse transcription-polymerase chain reaction (RT-PCR).
Of the 24 clones analyzed, 10 expressed asTal1. Many were constitutive expressors.
Clones 14-17 expressed asTal1 in an inducible manner, producing substantially more
asTal1 RNA in the presence of ponasterone A than in its absence (Fig. 4-3A).
The inducible asTal1 clones were examined for effects on expression from the βglobin promoter in two contexts. First, the EGFP production from these clones were
measured and compared with noninducible and parental (G12) clones in the absence and
presence of ponasterone A. The fluorescence did not show a clear decline in the inducible
clones (14 and 15) with ponasterone treatment (data not shown). The effect on expression
from endogenous Hbb-b1 promoter was also tested for asTal1 clones by examining the
inducible lines for the decrease in induction of hemoglobin production when treated with
HMBA. The fold-induction was reduced by ponasterone A treatment in inducible clone
14 in all three experiments and in inducible clone 15 in two of three assays (data not
shown). The effect of asTal1 was not strong or consistent, perhaps because insufficient
amount was made.
The amount of asTal1 being made is less than the amount of the endogenous
mouse Tal1 in MEL cells. Specific primers for mouse Tal1 were designed. The RT-PCR
product for endogenous Tal1 always appears at an earlier cycle than the product for the
induced asTAL1 (Fig. 4-3B).
Although asTal1 was produced with a modest level, the amount of endogenous
Tal1 mRNA was decreased. RNA blot-hybridization showed that the level of Tal1 was
reduced as much as 5-fold in the two inducible clones with ponasterone A induction (Fig.
4-3C). Thus the inducible interference system has potential as an effective approach,
since even with the low expression of asTal1 obtained, we see an effect on Tal1 mRNA
levels.
4.4.4 Targeting EKLF for interference
We also targeted EKLF for interference because it acts more directly, at the
promoter of HBB. EKLF is a positive regulator of expression at the beta-globin gene
promoters of humans and mice, acting at a conserved CACC box. We obtained a mutant
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form of the human EKLF (mEKLF-426) that has the DNA binding domain intact but
lacked the first 286 amino acids corresponding to the trans-activation domain (Bieker and
Southwood 1995). The protein produced from this construct had a FLAG tag at is Nterminus. The binding of mEKLF_p426 at CACC box in β-globin gene promoter should
prevent the binding and action of wild type EKLF, leading to reduced production of
EGFP or hemoglobin.
We constructed pIND_Hygro_mEKLF_p426 plasmid and stably tranfected into
MEL_RL5::pTRHS432_HBBpr_EGFP-vgRXR cells. 14 of 32 hygromycin-resistant
clones grown in the absence or presence of ponasterone A were shown to express
mEKLF_426 by RT-PCR, but none of these showed strongly inducible expression (Fig.
4-3D). Different clones expressing no, low or high amounts of mEKLF-426 mRNA were
used to test the effect of the mutant EKLF protein on endogenous Hbb-b1 gene.
Expression of the endogenous Hbb-b1 was not affected (Fig. 4-3D).
LCR-enhanced expression at the endogenous locus may be resistant to the effects
of the mutant EKLF, so the effect on transiently expressed plasmids was assayed.
Different clones expressing no, low or high amounts of mEKLF-426 were transfected
with plasmids expressing luciferase driven by the Hbb-b1 promoter, either induced with
ponasterone A or not. Clone 8 producing the most abundant amount mEKLF showed a
reduced expression of the Hbb-b1-driven luciferase (Fig. 4-3E).
4.4.5 Improved strategy for inducible interference
Our preliminary studies developing ecdysone-regulated interference system
targeting TAL and EKLF pointed to position effects overriding the ecdysone regulation
and relatively low expression as limiting features of this initial approach. A new strategy
utilizing RMCE to place interfering construct into locus RL5 of MEL cells should allow a
quantitative assessment of the role of particular proteins. The E/GRE-linked interfering
cassettes from the pIND plasmid is excised and religated between inverted LoxP sites L1
and 1L in the same vector used in previous RMCE studies.
We first stably transfected MEL_RL5 cells with the plasmid pVgRXR, which
encoded the ponasterone-inducible heterodimeric activator. MEL_RL5-VgRXR clone 21
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was chosen for further study. The inducible cassettes flanked by inverted LoxP sites
could then be integrated into the RL5 locus by RMCE. This integration would replace the
original HyTK cassette and render the cells gancyclovir resistant (Fig. 4-4).
To test the efficiency of this approach, the E/GRE-linked lacZ inducible construct
flanked by LoxP sites (L1-5E/GRE HSprlacZ-1L) was integrated at RL5 by RMCE. Nine
gancyclovir resistant clones were isolated and Southern blot hybridization using a lacZ
probe showed that all of the clones were carrying an IndlacZ at RL5 (data not shown).
Three of nine clones were strongly inducible by ponasterone A to produce βgalactosidase, as much as 155-fold after subtraction of the endogenous beta-galactosidase
activity. Two other clones had substantially more activity than the endogenous levels, but
they are constitutive expressing. Other clones had almost no increase in activity over the
background (Fig. 4-5).
4.4.6 Using siRNA to target EGFP in MEL cells
An alternative antisense approach, double-stranded RNA-mediated interference,
has been developed as a powerful gene-silencing technique. Initially pioneered and used
effectively in plants (Waterhouse et al. 1998), worms (Fire et al. 1998), and flies
(Hammond et al. 2000), this strategy has now been applied extensively to interfere with
specific gene expression in mammalian cells by delivering small interfering RNAs that
are 21-25 nucleotides long (Caplen et al. 2001; Elbashir et al. 2001a; Elbashir et al.
2001b).
In order to test the efficacy of siRNA in erythroid cells, we used chemically
synthesized 21-nt siRNA duplexes with symmetric 2-nt 3’ overhangs targeting EGFP
reporter gene from BD Clontech vectors. We also obtained siRNA having no significant
homology to known gene sequences from human, mouse and rat as negative control.
These siRNA duplexes were transfected using cationic lipid into murine erythroleukemia
cells expressing EGFP driven by HBB promoter and enhanced by HS2 at random locus 5
(MEL_RL5::HS2_HBBpr_EGFP). At fixed amount of transfection reagent in these
experiments, 20 nM siGFP duplexes were observed to achieve best performance (Fig. 46A). Increasing the siRNA concentration (to 80 nM) lowered the specific silencing effect,

131
probably through affected transfection efficiency (Elbashir et al. 2001a). The transfection
reagent might have an effect of cellular toxicity because increasing the amount of
cationic lipids reduced the viability of cells.
The success of siRNA described by Elbashir et al. (Elbashir et al. 2001a) can be
extrapolated to erythroid cells, thus it is promising to establish model cell lines that
interfere with production of a number of erythroid transcription factors, such as TAL-1,
EKLF and NF-E2. However, the siRNA duplexes in these experiments can only be
delivered exogenously and affect certain cell types. The transient nature will prevent the
analysis of interfered proteins that requires prolonged time of action. These limitations
can be overcome by stable transfection systems, in which short hairpin RNAs (shRNAs)
can be expressed in the nucleus from DNA templates, either RNA Pol III-driven or Pol II
driven (Brummelkamp et al. 2002; Sui et al. 2002; Xia et al. 2002).
4.4.7 Using vector-expressed shRNA to silence EGFP expression
We adopted pSUPER system from OligoEngine. This system is a mammalian
expression vector developed on the discovery of Brummelkamp et al. (Brummelkamp et
al. 2002) that directs intracellular expression of siRNA-like transcripts. The vector uses
the polymerase-III H1-RNA gene promoter. The small RNA transcribed from it has a
well defined transcription start site and lacks a polyA tail that stops at the second uridine
of the termination signal (which contains 5 thymidines in a row) (Brummelkamp et al.
2002). To silence a specific gene, the pSUPER vector is used together with a pair of
custom oligonucleotides. After annealing, these oligonucleotides are cloned into the
vector at the BglII and HindIII sites. The forward oligonucleotide includes an unique 19nt sequence corresponding to the mRNA transcript of the gene targeted for suppression in
both sense and antisense orientation, separated by a 9-nt spacer sequence. The resulting
transcript is predicted to fold back to form a stem-loop structure, and the subsequent
cleavage will form a functional siRNA.
A pair of custom oligonucleotides containing 19-nucleotide specific sequence
targeting EGFP was designed (Fig. 4-6B). The siGFPpSUPER plasmid was transiently
transfected into MEL_RL5::HS2βGFP cells using cationic lipid and the expression of
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GFP was assayed by flow cytomery and RT-PCR (data not shown) after 48 hours.
However, little effect was observed (Fig. 4-6C). This is probably due to the low
transfection efficiency of plasmid into MEL cells. We transfected Firefly luciferase
reporter gene driven by HBG promoter and enhanced by Zfpm1pCRM13, a validated
enhancer, into MEL cells and K562 cells. In both assays, we used same amount of
plasmid (0.8µg) and same volume of Lipofetamine (4µl). Protein levels were analyzed to
normalize luciferase activity after two days, and the rough estimation of the transfection
efficiency in MEL cells is only 1/20 of that in K562 cells (Fig. 4-6C). This low
transfection efficiency was observed before (Elnitski and Hardison 1999). Significant
difference of gene expression is hard to be detected at this level of transfection efficiency.
To evaluate the efficacy of siGFPpSUPER plasmid, we chose an alternative cell
line. HEK293 cells were originally derived from human primary embryonal kidney
transformed by adenovirus type 5. It is an adherent cell and easily transfectable. EGFP
expression vector pEGFP-N3 was co-transfected with siGFPpSUPER or pSUPER as a
negative control into HEK293 cells. After 24 hours, the EGFP expression was analyzed
using fluorescence microscope. The production of the EGFP was specifically reduced by
the vector producing cognate siGFP, but not when parental vector was used (Fig. 4-6D).
The effect of siGFP-expressing plasmid was also assayed by flow cytometry after 48
hours, in which the reduction in EGFP is almost complete (Fig. 4-6D).
In order to achieve stable expression of siRNA, a selectable marker was added to
the siGFPpSUPER vector. Nerneomycin resistant gene from pEGFP-N3 (Clontech) was
PCR-amplified and ligated into pSUPER at different loci. Positioning the selectable
marker upstream of H1 promoter in the same transcriptional orientation of the shRNA, or
downstream of H1 promoter in the reverse transcriptional orientation, would affect the
transcription of shRNA (data not shown). We then placed the selectable marker upstream
of H1 promoter and in the opposite transcription direction to shRNA. The production of
EGFP was reduced, as shown by flow cytometry from the shifted peaks for EGFP
production 48 hours after transfection (Fig. 4-7A). But the inhibition was not as complete
as siGFPpSUPER plasmid, indicating there was still transcriptional interference for the
shRNA expression.
Custom oligonucleotides targeting six erythroid genes (Eklf, Gata1, Gata2, Nf-e2,
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Tal1 and Zfpm1) were designed following empirically established criteria for generation
of effective siRNA. In principle, these rules should apply to plasmid-encoded shRNAs.
On the basis of recently established design criteria (Jackson et al. 2003; Khvorova et al.
2003; Gong and Ferrell 2004; Mittal 2004; Reynolds et al. 2004), an effective siRNA has
high stability at the 5’ terminus of the sense strand, lower stability at the 5’ antisense
terminus and at the cleavage site. In addition, the sequence-specific preferences at the
following positions on the sense strand are important: the presence of and A at position
19, and A at position 3, a U at position 10. These custom oligonucleotides targeting
erythroid transcription factors were annealed and inserted into pSUPER vectors (for
target position and sequence, see supplementary figure C-3).
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4.5 Discussion
In the initial strategy, we used the modified ecdysone-responsive system in an
attempt to modulate levels of active proteins in MEL cells, targeting TAL1 and EKLF.
MEL_RL5 cells stably transfected with E/GRE-regulated constructs showed widely
variable expression from clone to clone, ranging from silencing to constitutive
expression. This was seen even in clones in which we confirmed the presence of
sufficient VgRXR to stimulate expression of unintegrated constructs in a ponasteroneinducible manner. The lack of expression and induction for the majority of the clones was
unexpected. Since the selectable marker is only a four kilobases away from the regulated
promoter, we had anticipated that the process of selection would provide clones with the
plasmid integrated into reasonably permissive sites. Sites with strong negative position
effects were not expected, since these should not express the selectable marker. However,
our results indicate that the negative position effects can be exerted very close to actively
selected genes, accounting for the 20 out of 24 transformants that do no express lacZ in
this experiment. At other positions of integration, positive cis elements appeared to be
dominant over the E/GREs, since we saw some constitutive, high-level expressing clones
as well.
We examined expression of EGFP reporter genes driven by the HBB promoter at
the RL5 locus, Hbb at the endogenous locus on mouse chromosome 7, and transient
expression of Hbb-promoter-constructs as nonintegrated templates. Only mild or none
phenotypes were observed. The random locus 5 and endogenous locus on chromosome 7
were not affected by asTal1 RNA in the initial strategy, as little change was observed in
the measurements of EGFP produced and decreased induction of hemoglobin production.
This argued that either TAL1 was not implicated in the action of HS2 of the Hbb
promoter, or that the asTal1 was having no effect at all, perhaps because insufficient
amounts were being made.
The test for targeted interference of EKLF using an inducible dominant-negative
form of EKLF would only be effective if mEKLF_426 was made in amounts comparable
to or exceeding those of the wild type. A reduced expression of the Hbb-b1pr-luc plasmid
was observed in clone of MEL_RL5::pTRHS432_HBBpr_EGFP-VgRXR transfected with
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pIND_mEKLF_426 that showed the greatest production of mEKLF. Thus we tentatively
interpreted this result as indicating effective competition of the mEKLF with the wild
type. If so, then this was showing some dominant negative effect, and this part of our
design was successful. The mutant EKLF retains all the zinc fingers, one of which has
been implicated both in DNA binding and in recruitment of a chromatin remodeling
complex called RC1 (Armstrong et al. 1998; Kadam et al. 2000). Thus it is formally
possible, albeit unlikely, that this mutant EKLF could serve as an activator rather than an
interfering protein. Other work argues that the activation domain maps outside the DNAbinding domain (Chen and Bieker 1996; Zhang et al. 2001).
The limitation in the initial approach should be overcome by integrating the
inducible constructs, i.e. linked to the E/GRE, into a permissive site in the MEL cells that
is not subject to silencing. From previous studies (Feng et al. 1999; Molete et al. 2001),
RL5 was known to be a permissive site as it stayed active for at least six months in
culture. Hence it should not be subject to the negative position effect we saw in many of
our clones. However, the cassettes integrated at RL5 were not totally immune to
silencing, as shown by the non-expressing clones, and in two cases the expression is
constitutive (Fig. 4-5). Thus controlling for position effects by targeting constructs to the
same locus was a major improvement but it did not remove all the variables for
expression of the interfering constructs in the MEL cell clones.
The continuation of extending this approach to erythroid proteins, e.g.
E/GRE_asTal1 should allow a quantitative assessment of the roles of erythroid
transcription factors of interest. It is possible that the level of expression still will be
lower than desired, i.e. significantly less that the wild type RNA and protein with which
we wish to interfere. In this case, we can add a strong enhancer to the inducible cassette,
e.g. HS2 from the LCR, which enhances 5-fold at RL5, or even an LCR construct with
HS2, HS3 and HS4, which can boost expression 25-fold at RL5 (Molete et al. 2001).
Alternatively, RL5 may be too permissive, i.e. too much of the interfering construct may
be made in the uninduced state. In this case, we can target integration into a different
random locus, RL6, which is much less permissive than RL5. We saw about 10-fold less
expression at RL6 than at RL5, regardless of the construct. Hence the inducibility of an
E/GRE-linked construct may be higher at RL6.
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Small interfering RNA has shown its potential in silencing targeted reporter gene,
either through the form of exogenously delivered double-stranded RNA molecule (in
MEL_RL5::HS2_HBBpr_EGFP cells) or via a plasmid-based expression (in HEK293
cells). The possibility of using this strategy in stably transfected MEL cells are also under
investigation by adding selectable marker to the original siRNA expression cassette. The
position of selectable gene is critical so its transcription won’t interfere with that of the
shRNA. Alternatively, the short hairpin RNA expression unit can be flanked by LoxP
sites and integrated into MEL_RL5 cells without having a selectable marker
Plasmid-based expression of shRNAs can achieve efficient suppression of target
genes. However, the constitutive suppression derived from the nature of Pol III promoter
limits its usage for analyzing genes that are essential for cell survival. This problem can
be circumvented by generating inducible regulation of RNAi in mammalian cells using a
tetracycline-response (Barrett et al. 2004) or ecdysone-responsive transcriptional
elements (Gupta et al. 2004). The ecdysone-inducible system involves expression of a
chimeric transacrivator GAL4-Oct-2Q (Q->A), which binds a modified distal enhancer
containing four tandem GAL4-binidng sites (4×GAL4) upon the induction of ecdysone
analogs, leading the expression of shRNA.
The H1 promoter used in our plasmid is an unusually compact promoter
consisting of the octamer, Staf, proximal sequence element (PSE) and TATA motif
(Myslinski et al. 2001). The plasmid in which the distal activator (octamer and Staf)
being replaced by E/GRE enhancer was constructed (Fig. 4-7B). If transcription
activators binding E/GRE can enhance the Pol III-driven expression as they do for Pol II,
this strategy should allow for ecdysone-inducible expression of shRNA.
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Fig. 4-1. Negative effect of E box mutants after integration into RL5 in MEL cells.
(A) A map of the human β-globin gene complex, showing the developmentally regulated

β-like genes and five hypersensitive sites as arrows within the LCR. A diagram of
notable sites within the HindIII-XbaI core of HS2, represented by a simultaneous
alignment of DNA sequences of HS2 from human, chimpanzee, mouse, rat and dog.
Columns of identical nucleotides from all species are shaded in light green. Boxes are
drawn and labeled around candidate or known transcription factor binding sites (B)
Southern blot hybridization representative clones, showing single copy integrants of the
expected size for most clones. (C) Map of the cassettes after Cre-mediated integration
into the inverted LoxP sites that mark RL5. The E box at 8701 of HS2 was mutated in
Emut_HS2. The level of expression of the EGFP gene was shown on the right, as the
mean and standard deviation of several clones in the same orientation.
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Fig. 4-2. Strategy to control interference of candidate regulatory proteins. An EGFP
reporter transcribed from an HBB promoter, and enhanced by part of the LCR, was
integrated at RL5. Genes encoding the ecdysone-inducible regulatory heterodimer
VgRXR were introduced, and inducible clones were selected. The coding regions of
transcription factor cDNAs, or dominant negative forms of them were placed under
control of E/GRE, which were the sites at which VgRXR activates transcription from a
minimal promoter. Inducible clones were identified by screening using RT-PCR.
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Fig. 4-3. Targeting TAL1 and EKLF for interference. (A) Expression analysis of
levels of asTal1 RNA in clones of MEL_RL5::pTR HS432_HBBpr_EGFP-VgRXRpINDasTAL1, assayed after RT by 35 cycles of PCR. The expected product of 749 bp
was shown. (B) Comparison of levels of asTal1 and endogenous wild type Tal1 mRNA,
by RT-PCR. Fewer PCR cycles were needed to see the wild-type mouse Tal1 mRNA
product than to see the asTal1 product, hence the latter was less abundant. (C) RNA blot
of MEL cells lines hybridized with a probe for mouse Tal1 mRNA and the photo of
ethidium-bromide stained RNA showing equivalent loading of RNA in the lanes. Clone
G12 was the parent, clone 5 was the non-inducible, 10 was the non-expressing, and 14
and 15 showed ponasterone-inducible production of asTal1. (D) RT-PCRs on VgRXRMEL clones transfected with mEKLF_426. Mutant EKLF mRNA in various clones, along
with positive and negative controls and two specific controls (pIND-asTal1 or RT from
clone5 expressing asTal1, which amplify a different size product). Hbb-b1 mRNA in the
mEKLF #7, 8, and 109, assayed by RT-PCR. FL and BL were RTs from fetal liver and
blood as positive controls, and the pIND plasmid DNAs (p_mEKLF and p_asTal1) were
negative controls, as was the 0 or no template lane. (E) Transient expression of
transfected Hbb-b1pr-luc plasmids in clones of MEL_RL5::pTRHS432-HBBprEGFP_VgRXR_pIND-mEKLF-426
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Fig. 4-4. Strategy to target inducible interfering alleles for candidate regulatory
proteins in the permissive locus RL5. E/GRE-linked interfering constructs were flanked
by inverted LoxP sites. MEL_RL5 cells were transfected with pVgRXR. Most of the
stably transformed clones produced active VgRXR, as tested by transiently transfecting
the cells with pINDlacZ. The interfering constructs were integrated into the RL5 by
RMCE. This integration replaced the HyTK cassette and confered resistance to
gancyclovir, thus providing a selectable marker.
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Fig. 4-5. Isolation and induction of clones of MEL_RL5::IndlacZ. The graph showed
the levels of expression without (white fill) and with (black fill) ponasterone A in clones
of MEL_RL5 with IndlacZ integrated at RL5 (bGal_cl#n) or the parental clone#21. A
previously isolated inducible lacZ clone, Gzt, was included as a positive control. The fold
induction of β-galactosidase after subtraction of the background (determined by
clone#21) was given over the bars for the inducible clones. This was done in two separate
experiments as indicated.
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Fig. 4-6. Effect of siRNA targeting EGFP in cultured mammalian cells. (A)
Exogenously delivered siRNA specifically against EGFP reduced the production of
EGFP in MEL_RL5 cells producing EGFP from a HBB promoter and enhanced by HS2,
while scrambled siRNA (negative control) did not affect the expression. The transfection
reagent Lipofectamine might be toxic to cultured cells. (B) The strategy for pSUPERbased expression of short hairpin siRNA. A pair of custom oligonucleotides was annealed
and inserted into the vector via BglII and HindIII sites immediately downstream the H1
promoter. The oligonucleotide contained 19-nt specific sequence targeting EGFP, in both
sense and antisense orientations, and separated by a spacer. The transcript was predicted
to form a hairpin structure. Cleavage of the transcript released the functional siRNA. (C)
The pSUPER-derived plasmid expressing siRNA against EGFP did not have an effect in
MEL_RL5::HS2_HBBpr_EGFP cells, probably due to the low transfection efficiency in
MEL cells. Using the same amount of Lipofectamine and transfection plasmid expressing
Firefly luciferase, a dramatic decrease (about 20 folds) in expression of reporter gene
(represented by log base-2 of protein level-normalized relative light unit in 10 seconds)
was observed in MEL cells when compare to that in K562 cells. (D) pEGFP-N3
expressing EGFP was cotransfected with either pSUPER (negative control) or
siGFPpSUPER (test) into HEK 293 cells. A prominent effect in interference of EGFP
production was observed by fluorescence microscope 24 hours after transfection. The
production of EGFP was almost silenced by introduction of siGFPpSUPER after 48
hours.
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Fig. 4.7 Addition of selectable markers for stable expression and a possible strategy
to achieve inducible regulation of shRNA. (A) Selectable marker was placed upstream
of H1 promoter and in the opposite transcriptional orientation of shRNA. Plasmid
expressing shRNA targeting GFP can achieve almost complete inhibition. Adding
Neomycin resistance gene can still reduced the production of GFP but to a less extent.
(B) Boxes are drawn around distinctive elements upstream of the transcription start site
within the H1 promoter. In mammalian cell lines expressing ecdysone-inducible Vg and
RXR hetero-activator, plasmid having pSUPER backbone but the distal elements
(octamer and staf) replaced by 5×E/GRE will be transfected (either transiently or stably).
If transcription activators binding E/GRE can enhance the Pol III-driven expression as
they do for Pol II, this strategy should allow for ecdysone-inducible expression of
shRNA.
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Chapter 5

Conclusions
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All the projects described here serve for the same purpose: to better characterize
the erythroid regulatory modules that involve multiple cis-regulatory elements and
interacting trans-factors. We use a recently developed discriminatory function called
regulatory potential (RP), in combination with binding site motifs for GATA-1, to predict
cis-regulatory modules (CRMs) for mammalian genes whose expression change during
late erythroid maturation and test them in transfection assays in two erythroid cell lines.
The validated CRMs expand our knowledge about regulation of individual genes. We
also work on interfering with the production of erythroid transcription factors.
The RP-score, was initially developed using a Markov model to compute the
probability of matching a pattern characteristic of regulatory regions (Elnitski et al.
2003). Alignments are evaluated as short strings of symbols. The frequency of finding
each string was determined in the training sets. This method and the subsequent
improvements by including multi-species information (Kolbe et al. 2004; Taylor et al.
2006) have exhibited powerful discrimination on a reference set of known regulatory
regions from the HBB gene complex (Hardison et al. 2003a; King et al. 2005).
To evaluate the power of RP to predict novel cis-regulatory modules for
mammalian genes, in Chapter 2, we coupled RP with different classes of predicted
GATA-1 binding sites to identify distinctive sets of predicted cis-regulatory modules
(preCRMs) for experimental tests. 99 DNA segments (17 of them served as predicted
neutral DNA) from eight target loci, covering a range of RP scores and varying in the
presence or absence of predicted GATA-1 binding sites, were tested for enhancer or
promoter activity. DNA segments with a high RP score (e.g. at least 0.05) and a
conserved match to the consensus GATA-1 binding site were validated as enhancers at a
high rate (50-100%). All segments with high RP and are immediately upstream from a
transcription start site were active as promoters. The strength of the effects was positively
correlated with RP score and the number of conserved consensus GATA-1 binding site.
In a genome-wide application, RP above 0.05 and strict conservation of the GATA-1
binding site consensus should provide good specificity. Greater sensitivity in studies of
individual loci can be achieved with lower scores. Most conserved (aligned) DNA has a
negative RP score, and we rarely find these to be active in gene regulation. The
predictions based on RP scores and conserved protein binding sites can focus an
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investigator’s attention on a small subset of the genomic DNA that is highly enriched for
DNA that functions in gene regulation. Thus, experimentalists studying gene regulation
should benefit from applying these bioinformatic predictions as part of their experimental
design. However, some strongly predicted regions show no effects in the assays used in
this study. Further work with a wider range of assays is needed to determine whether
these are actually false positives, or whether their function is not revealed by cell
transfections.
Recombinase mediated cassette exchange (RMCE) has been applied for sitedirected integration of the preCRM-containing expression vectors since a transient
expression assay cannot reveal enhancers or regulatory elements that affect higher order
chromatin structure or chromosome position effects (Ellis et al. 1996). RL5 showed the
strongest expression level of transgene and weakest position effect (Bouhassira et al.
1997; Feng et al. 1999; Feng et al. 2001; Molete et al. 2001), thus being chosen in which
the effect of cis-regulatory modules can be compared rigorously at the same locus of
insertion. The expressions of EGFP reporter gene were measured with and without the
candidate regulatory region.
The property of RL5 raises the concern of whether analysis of preCRMs as
colonies are required since expression in orientation B is higher than that in orientation A
when enhancers from β-LCR was tested (Feng et al. 2001; Molete et al. 2001). Using
Southern-blot hybridization to determine the orientations of integrants is labor-intensive.
In Chapter 3, to overcome this limitation, we adopted thermal asymmetric interlaced PCR
(TAIL-PCR) to obtain flanking sequences of RL5 and mapped this locus to chromosome
4 between Tal1 and Map17. This success has driven an extensive investigation of
expression from multiple preCRMs in terms of orientations and later the comparison of
expression as pools versus colonies in relatively short time. Our analysis showed that the
weak orientation effect described for specific regulatory sequences (especially LCRderived) at RL5 might not be a major factor is our assay and no difference was observed
in the expression between pools and colonies. Consequently the full set of preCRMs was
tested as pools of stably transfected, targeted cells, thus allowing for a higher throughput
in the validation studies.
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To better characterize the cis-regulatory modules and the interacting proteins, we
aim to develop regulated systems for interfering with or over-expressing transcription
factors in an inducible manner. In Chapter 4, we used an ecdysone-responsive system in
cultured MEL cells to produce interfering molecules. Our studies to date have examined
antisense versions of Tal1 because of previous literature reports on its efficacy (Aplan et
al. 1992; Condorelli et al. 1995) and a mutant, tagged EKLF lacking the activation
domain, which we expected would interfere with wild type EKLF. The preliminary
studies from the initial strategy indicated that position effects were dominant in the
ecdysone-inducible system and the expressions of interfering molecules were low. This
problem should be overcome by integrating the inducible constructs, i.e. linked to the
E/GRE, into a permissive site in the MEL cells that is not subject to silencing. This was
confirmed by inducible E/GRE-linked lacZ construct integrated at RL5. The continuation
of extending this approach to erythroid proteins, e.g. E/GRE_asTAL1 should allow for a
quantitative assessment of the roles of erythroid transcription factors of interest.
Double-stranded RNA-mediated interference has proven to be a powerful reverse
genetic tool to silence gene expression in multiple organisms. Its recent success in
mammalian cells has opened up the possibility to apply this revolutionary strategy to
knock down the expression of erythroid transcription factors in cultured erythroid cells.
Small interfering RNA has shown its potential in silencing targeted reporter gene, either
through the form of exogenously delivered double-stranded RNA molecule (in
MEL_RL5::HS2_HBBpr_EGFP cells) or via a plasmid-based expression (in HEK293
cells). The possibility of using this method in stably transfected MEL cells and inducible
regulation of RNA interference are also under investigation by adding selectable markers
and ecdysone-responsive element to the original siRNA expression cassette.
Results of the analyses from these projects form the basis for an effort to define
erythroid regulatory modules. By curating a distinct set of erythroid cis-regulatory
modules validated in our test and combining more that have been reported in literatures,
the alignments can be analyzed for features of the sequences that best correlate with
demonstrable activity versus no phenotype. Such features can then be incorporated into
the programs that seek to re-train regulatory potential scores. Reiterative runs of analysis
of sequences and experimental tests should lead to more effective predictions of erythroid
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regulatory sequences. Further analysis should lead to the better formulation and tests of
erythroid regulatory modules. Developing inducibly regulated interference systems for
erythroid regulatory proteins avails to provide a robust testing platform for predicted
regulatory modules, since preCRMs with distinctive motifs can be tested within an
environment where the availability of candidate regulatory proteins is systematically
interfered with. The resultant difference in phenotype can lead to a more accurate
delineation of preCRMs and increase our knowledge of the molecular mechanism of the
interplay between regulatory sequences and interacting proteins.
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Table A-1: Primers for RT-PCR analysis of mRNA for genes regulated by GATA-1
(Hbb-b1 and Gapdh were included as positive and negative controls, respectively)
Gene

Primer

Sequence

aminolevulinic acid synthase 2,
erythroid (Alas2)

Alas2_F

5'-GACCACACCTACCGTGTGTTCAAG-3'

Alas2_R

5'-CTTGTGCATAATTCCATCACGCTC-3'

Argininosuccinate synthetase 1
(Ass1)

Ass1_F

5'-GTTCATTGAGGATGTGAGCAAGGA-3'

Ass1_R

5'-GTTGTGCCATCTTTGATGTTGGTC-3'

B-cell translocation gene 2,
anti-proliferative (Btg2)

Btg2_F

5'-GCAGCATGAGAACAGTAGAGTGCC-3'

Btg2_R

5'-ATACAGCTACTTCCTCAGCCACCG-3'

glyceraldehyde-3-phosphate
dehydrogenase (Gapdh)

Gapdh_F

5'-GATGACCTTGCCCACAGCCTTGGC-3'

Gapdh_R

5'-GCCGGTGCTGAGTATGTCGTGGAGT-3'

GATA binding protein 2
(Gata2)

Gata2_F

5'-CGCCTGGTTCCCAAGACACAGTAG-3'

Gata2_R

5'-AGCCCCTGGGTAAACAGACAGAGG-3'

Hist1h1c_F

5'-AGCAAGGGCATCCTGGTGCAAACC-3'

Hist1h1c_R

5'-TGCAGTCCAATACGAACTAGCGCC-3'

hemoglobin, beta adult
major chain (Hbb-b1)

Hbb-b1_F

5'-CTGATGCTGAGAAGGCTGCTGTCT-3'

Hbb-b1_R

5'-AATCACGATCATATTGCCCAGGAG-3'

heme binding protein 1
(Hebp1)

Hebp1_F

5'-TCAGTTTTTAGTGGCAGAGGAAATGC-3'

Hebp1_R

5'-CAATGAAGATGGCTCCCTACAGAAGA-3'

homeodomain interacting
protein kinase 2 (Hipk2)

Hipk2_F

5'-GCAGCAAGTGCTCTTAACCATTGG-3'

Hipk2_R

5'-GCCTGGGTCTTATCCATGCTGACC-3'

Hist1h2bc_F

5'-GGAAATCCGAAGATGCCTGAGCCT-3'

Hist1h2bc_R

5'-ACAGCATCCAGCACTGTTGAGTGG-3'

Srm_F

5'-GGTTCTGGATGGCGTCATCCAGTG-3'

Srm_R

5'-ACTGCTGCACTGGCTCCCGGAAGT-3'

Tbc1d1_F

5'-TCCGAGTTCGACGATACCTTCGCC-3'

Tbc1d1_R

5'-CGAGCACTCTCGGCAGATGAATCC-3'

Vav2_F

5'-GGACTTTAAGCTCCCCGTCAATCT-3'

Vav2_R

5'-AGGAGACCGAGGCCAAGTACTACC-3'

Zfpm1_F

5'-AAAGACTGCGGGATCTGGTACCCT-3'

Zfpm1_R

5'-GCGTGTCTGTGTGCACCTTGAGAT-3'

histone 1, H1c (Hist1h1c)

histone1, H2bc (Hist1h2bc)
spermidine synthase (Srm)
TBC1 domain family, member1
(Tbc1d1)
Vav2 oncogene (Vav2)
Zinc finger protein, multitype 1
(Zfpm1)

Size
669
552
546
396
462
639
326
544
268
452
608
510
624
304
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Table A-2: Sequence of primers for amplifying preCRMs (preCRMcc: positive RP,
conserved consensus GATA-1)
Gene
Alas2
Btg2

Gata2

Hebp1

Hipk2

Vav2

Zfpm1

Primer ID
pCRM1_F1
pCRM1_R1
pCRM3_F1
pCRM3_R1
pCRM3_F1
pCRM3_R1
pCRM8_F1
pCRM8_R1
pCRM1_F1
pCRM1_R1
pCRM3_F1
pCRM3_R1
pCRM5_F1
pCRM5_R1
pCRM6_F1
pCRM6_R1
pCRM7_F1
pCRM7_R1
pCRM8_F1
pCRM8_R1
pCRM9_F1
pCRM9_R1
pCRM2_F1
pCRM2_R1
pCRM3_F1
pCRM3_R1
pCRM4_F2
pCRM4_R2
pCRM23_F1
pCRM23_R1
pCRM27_F1
pCRM27_R1
pCRM28_F1
pCRM28_R1
pCRM39_F1
pCRM39_R1
pCRM40_F1
pCRM40_R1
pCRM3_F1
pCRM3_R1
pCRM4_F1
pCRM4_R1
pCRM5_F1
pCRM5_R1
pCRM6_F1
pCRM6_R1
pCRM1_F1
pCRM1_R1
pCRM2_F1
pCRM2_R1
pCRM3_F1
pCRM3_R1
pCRM4_F1
pCRM4_R1
pCRM5_F1
pCRM5_R1

Sequence
5'-GCACGCGTAGATGCTTAGACGTGATTCCAGGA-3'
5'-ATGCGGCCGCTCCAGTGCCTACCTCATATCTGGA-3'
5'-GCACGCGTAACGTTTTTCTAAAAGGCTCCTGACCCGGA-3'
5'-ATGCGGCCGCCTGCAAAGAAGCAATATTCAGTCCCCA-3'
5'-GCACGCGTGTCCCTCCCCAGAGAGTCTG-3'
5'-ATGCGGCCGCGCCAATGCCAGACCCACAGAAG-3'
5'-GCACGCGTCCAGAGGAGGTGATGTAACCCA-3'
5'-ATGCGGCCGCAATTATGGCAAACTGTAAAGCCCTG-3'
5'-CGACGCGTCTGACATCTCTTCTGTCCTTTCCC-3'
5'-TAGCGGCCGCCTGAGCCCCTGATCCCTGCTAGGT-3'
5'-CGACGCGTACGTGAACTTTCTCGAGGCACACT-3'
5'-TAGCGGCCGCGCTGAAGGGAAGCTAGGTCCTTGG-3'
5'-CGACGCGTGCCCATGGTCTAGCAGCCCACCCT-3'
5'-TAGCGGCCGCCCTGCACCGCCCTCACACTGCTGG-3'
5'-CGACGCGTCTTATCTCTCAGTCTATCAGCTCT-3'
5'-TAGCGGCCGCTCTCAGAAAGGAATCTGGGAAGAG-3'
5'-CGACGCGTACCCAATAGGAAGGGGGCCTGGGA-3'
5'-TAGCGGCCGCAGTATGTGTACCCTGCAGGCTCCC-3'
5'-CGACGCGTAACGCGAAGCCGCCAGGTGG-3'
5'-TAGCGGCCGCGTGACTGTGGAGTTTGAGACA-3'
5’-CGACGCGTTCTCGTCCTCCTCCTCCTTCTTAT-3’
5’-TAGCGGCCGCCTGGAGGCTGCACGGCTT-3’
5'-GCACGCGTGCCCACGGTGTTAGTGCCTCA-3'
5'-ATGCGGCCGCTACACACGATTCCAGTCCAACCTT-3'
5’-GCACGCGTGCTCATTTTACCAACTCACTCT-3’
5’-ATGCGGCCGCTGAAAGATAACATGCCATGCA-3’
5’-GCACGCGTCTCAGCAGTGGCTCAGAACT-3’
5’-ATGCGGCCGCGAGCTGAGCACGTCTGGGAA-3’
5'-GCACGCGTAGACTGCAGTGTGTAAGGGACC-3'
5'-ATGCGGCCGCTTACTCAGAAACAATGTGGGAAATGGCA-3'
5'-GCACGCGTCAGTTTCACACTAAAAAAGAGCGAGTCC-3'
5'-ATGCGGCCGCCATGACACACTGGCTGGTCT-3'
5'-GCACGCGTAAGTGATGTTCCATCGCTCACCA-3'
5'-ATGCGGCCGCGTTCCCATCCTTGCTCACCCT-3'
5’-GCACGCGTTGTGCCAGATTTTTTCAGTTATTTCGT-3’
5’-ATGCGGCCGCACAGAGATAAAACTATTAATGAGATCCCTGT-3’
5’- GCACGCGTTATCTCTGTTAGGAGAGGCTGA-3’
5’- ATGCGGCCGCAGTCCATAGGTTATTTACAGCCTTG-3’
5'-GCACGCGTTTGTCCCTGAATATGTAGCAGTGTGGG-3'
5'-ATGCGGCCGCTGATCAGAAGAGTTTCCTGTCCGCAA-3'
5'-GCACGCGTGGGCATTATCCAGGGTATTTTGG-3'
5'-ATGCGGCCGCAAATGGGAAAACGAATTAATGTCTTGC-3'
5'-GCACGCGTAAAGGAAGATAGAATGTCTACACACCACTC-3'
5'-ATGCGGCCGCGCAATGTTCTAGCTTTCCCCACC-3'
5'-GCACGCGTCACACCATTTACCCTGCTACAA-3'
5'-ATGCGGCCGCCAGAAGCTGCCATTGAGCTCCA-3'
5'-CGACGCGTCGAGAGCCGGAAGGAGAGTGTCTG-3'
5-TAGCGGCCGCTTCTGCCTCTAGATACAAAGCCTG-3'
5'-CGACGCGTTCTGCTCAAGGCCATGCGTGAGGC-3'
5'-TAGCGGCCGCTCAACTTCTTGCCAATTAAGTATG-3'
5'-CGACGCGTCTCCGAGATGCTTCAACTCAAGGG-3'
5'-TAGCGGCCGCGATTCCTGAAGGTGTGGCTACCC-3'
5'-CGACGCGTAGAGCAGGTGCCGTGCTCAG-3'
5'-TAGCGGCCGCACCCAGTGCCCACCCAGTGC-3'
5'-CGACGCGTTCGCCTGTGCGCCTCTGCTG-3'
5'-TAGCGGCCGCTGGTGACAATCAACGTTCGCATCT-3'
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pCRM6_F1
pCRM6_R1
pCRM7_F1
pCRM7_R1
pCRM8_F1
pCRM8_R1
pCRM9_F1
pCRM9_R1
pCRM10_F1
pCRM10_R1
pCRM11_F1
pCRM11_R1
pCRM12_F1
pCRM12_R1
pCRM13_F1
pCRM13_R1
pCRM14_F1
pCRM14_R1
pCRM15_F1
pCRM15_R1
pCRM16_F1
pCRM16_R1
pCRM18_F1
pCRM18_R1
pCRM19_F1
pCRM19_R1
pCRM21_F1
pCRM21_R1
pCRM24_F1
pCRM24_R1
pCRM28_F1
pCRM28_R1

5'-CGACGCGTGGACAGTCCATGGGCACCAG-3'
5'-TAGCGGCCGCCCCCTTCTCTCCACCCTCCT-3'
5'-CGACGCGTCAGTGGGTTTGGGAAGTGCTCAGA-3'
5-TAGCGGCCGCCAGGATATCAAGGGGGCTGGTTGT-3'
5'-CGACGCGTTTGTAGCCTGTCTTGCCCCCTGTGA-3'
5'-TAGCGGCCGCCAGCAGCCACTTATCAACCCCA-3'
5'-CGACGCGTTACCTCTCTATCTCTGTGCG-3'
5'-TAGCGGCCGCGAGGACACGGGGGCTTGGTG-3'
5'-CGACGCGTTTTCTTTCCTTTACTGTGAC-3'
5'-TAGCGGCCGCCCCAGCTCAAATGGGCCAGG-3'
5'-CGACGCGTGCTCAGCCTGGGAAGGCAGG-3'
5'-TAGCGGCCGCGACAATAAACGAAGTATCGCAAAGG-3'
5'-CGACGCGTGGGTGCGGTATGGTGTTCCA-3'
5'-TAGCGGCCGCCACTACTCTAATGAATATTAATGAGCGG-3'
5'-CGACGCGTCTGGGAGAACGGATCAGTGGTAGAGC-3'
5'-TAGCGGCCGCCCACGCCAGGCCCCATGATAAC-3'
5'-CGACGCGTTCAGCCCTTTACCAGGACAGTGTC-3'
5'-TAGCGGCCGCCACAGGGACACCTGGCCAGC-3'
5'-CGACGCGTACGGCTTTATGAGCAGCAAGATTTGGG-3'
5'-TAGCGGCCGCCATCTGTCCCACTCGCTGCCCCT-3'
5'-CGACGCGTCGCTACCCTCCTTGTCATCTTGGAC-3'
5'-TAGCGGCCGCGTCTGCAGCCCCTCTCAGCT-3'
5'-CGACGCGTGGAAAGCACTGGGCATCAGCC-3'
5'-TAGCGGCCGCGGCATCCACAGGCCACCATG-3'
5'-CGACGCGTTGGGAGAGGGACCACAGCC-3'
5'-TAGCGGCCGCCTATGGGGAAGGAGGCAGTCGG-3'
5'-GCACGCGTCCTCCCCCAGAAGCGCAG-3'
5'-ATGCGGCCGCTCTGTGAGCTCCCTCAGTATCTTCCCT-3'
5'-GCACGCGTCTCTCAGTAGACACTGTAGGCAGTG-3'
5'-ATGCGGCCGCTGCCTGGCTGATGTCGG-3'
5'-GCACGCGTCCTTAGACTGTTTGGCCATAGTCCCCA-3'
5'-ATGCGGCCGCGCCCCCCACCTTGCTTATAGAGT-3'
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Table A-3: Sequence of primers for amplifying preCRMs (preCRMcnc)
Gene
Btg2
Gata2

Hipk2

Hist1h1c
Vav2

Zfpm1

preCRM
pCRM6_F1
pCRM6_R1
pCRM7_F1
pCRM7_R1
pCRM4_F1
pCRM4_R1
pCRM10_F1
pCRM10_R1
pCRM1_F1
pCRM1_R1
pCRM14_F1
pCRM14_R1
pCRM15_F1
pCRM15_R1
pCRM29_F1
pCRM29_R1
pCRM31_F1
pCRM31_R1
pCRM32_F1
pCRM32_R1
pCRM34_F1
pCRM34_R1
pCRM38_F1
pCRM38_R1
pCRM1_F1
pCRM1_R1
pCRM2_F1
pCRM2_R1
pCRM8_F1
pCRM8_R1
pCRM9_F1
pCRM9_R1
pCRM20_F1
pCRM20_R1
pCRM25_F1
pCRM25_R1
pCRM26_F1
pCRM26_R1

Sequence
5'-GCACGCGTTCTAAGAGGCTGCCAGGCCTTGAG-3'
5'-ATGCGGCCGCCAGGGTGGCAAGTGGCAGGG-3'
5'-GCACGCGTTTGCGTTGTTTCCTGGGC-3'
5'-ATGCGGCCGCAGTCGTTTAGATTACTCCTGTGTAAGGA-3'
5'-CGACGCGTTCCCAAAAACCCGATCGCACGATC-3'
5'-TAGCGGCCGCTTTCAAAAACAAACGAATTTCTTT-3'
5’-GCACGCGTGCTAGGCTGTTGCGGGTCT-3’
5’-ATGCGGCCGCGATAACCCCATTTTGGACAACGGT-3’
5’-GCACGCGTTGAAGTCAGTGGAGATAGAGGA-3’
5’-ATGCGGCCGCCAATCCCATTCTGAGCTGGT-3’
5’-GCACGCGTTGGGTCACCCCCAGTCAGACAATA-3’
5’-ATGCGGCCGCtTGGTGGTTACCAAGTTGCTGAGGT-3’
5’-GCACGCGACTATTTAAACACAGAAGAGATGG-3’
5’-ATGCGGCCGCAGTTATTTGACTAGAGTAGCCATC-3’
5'-GCACGCGTTCTGGCTCCTGTGTGGCT-3'
5'-ATGCGGCCGCGCCACACACCCTAATCCAATACAG-3'
5'-GCACGCGTGTTGCCATGAACCGCGGA-3'
5'-ATGCGGCCGCTGGAAAAGGGAGCAGAGAGGA-3'
5'-GCACGCGTGCCCGAGTCTCATTGTTTGATTG-3'
5'-ATGCGGCCGCAATTATGAACAGCGTGTTTACCAAC-3'
5'-GCACGCGTATGGTCAAAATAAAGTTTCACTTGATTATACC-3'
5'-ATGCGGCCGCTTTGACAACTGATCCAAAACACTTAC-3'
5’-GCACGCGTGAGTAGGCATTTTCTCAGTATGTGTTAAATCT-3’
5’-ATGCGGCCGCGCTGCTATGGAAGAGACAGTCTCT-3’
5'-GCACGCGTTATGGACCTTCCCCTGACCTAGTG-3
5'-ATGCGGCCGCCAAACGCTCGTTCCAAGTTCTCTC-3'
5'-GCACGCGTCTGGTTCAATCTTGTTTGTTCCTCC-3'
5'-ATGCGGCCGCCGGAGAACACAGTCCTTAACTTTCTC-3'
5’-GCACGCGTTCCTGTGCCTTTTGCAGAGAGG-3’
5’-ATGCGGCCGCGTGCTCCACTCTGAGACCCT-3’
5’-GCACGCGTAGAGGCAGGCAGTTCCCAGA-3’
5’-ATGCGGCCGCACTATCAAAGTGAGGCTTGGAGGT-3’
5'-GCACGCGTACAGCCATTGTGTCTCCCAG-3'
5'-ATGCGGCCGCCTGGGGCTGACAGACCCT-3'
5'-GCACGCGTCTGGCATCCCTTGACCTATTACACGCT-3'
5'-ATGCGGCCGCCAGCCCCTCCCTGGTCTCT-3'
5'-GCACGCGTCTTCACGGGCCTAGGTGT-3'
5'-ATGCGGCCGCTCTGATGCTGTTAATTTAGTTCCAGAAC-3'

Table A-4: Sequence of primers for amplifying preCRMs (PosRPnccGATA1mus)
Gene
Btg2
Hipk2
Vav2
Zfpm1

Primer ID
pCRM9_F1
pCRM9_R1
pCRM16_F1
pCRM16_R1
pCRM7_F1
pCRM7_R1
pCRM10_F1
pCRM10_R1
pCRM27_F1
pCRM27_R1
pCRM29_F1
pCRM29_R1

Sequence
5’-GCACGCGTCTCCGTACACCTCCCCCGC-3’
5’-ATGCGGCCGCGATGGGAGATAACGCCTGGGAAG-3’
5’-GCACGCGTGGGTTAGCCAAACACGACATAAAA-3’
5’-ATGCGGCCGCGCTTCTGTTTCCCTTCTAAACTGG-3’
5’-GCACGCGTAAGTGCCCTTCATTCTGAAGCAGA-3’
5’-ATGCGGCCGCCTCTTGCCCCTCCTGCCCT-3’
5’-GCACGCGTTTATCTGATCACATCAGAATCCCAAG-3’
5’-ATGCGGCCGCGAATGGAGTGACACAGCAGCT-3’
5'-GCACGCGTGCTAGGACTCCAGGGCT-3'
5'-ATGCGGCCGCTATACAGAGCCAACAAGATAAGGC-3'
5'-GCACGCGTCCAGGTAACCAGGCTGACTA-3'
5'-ATGCGGCCGCTCTCGAGATTATCTCAGAACACATTGCT-3'
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Table A-5: Sequence of primers for amplifying preCRMs (NegRPw/ccGATA1)
Gene
Btg2
Hebp1

Hipk2

Primer ID
pCRM5_F1
pCRM5_R1
pCRM1_F1
pCRM1_R1
pCRM8_F1
pCRM8_R1
pCRM20_F1
pCRM20_R1
pCRM26_F1
pCRM26_R1
pCRM37_F1
pCRM37_R1

Sequence
5'-GCACGCGTTTTGAGAAGTGGGCAGAGCC-3'
5'-ATGCGGCCGCCTCTTTGAAAGGGACTGGCCTTGG-3
5'-GCACGCGTCACGGCCCTCTCGCTTTGTTGTAC-3'
5'-ATGCGGCCGCGATGGGCCCTCATTCTATCACCAT-3'
5’-GCACGCGTTCCTACCCCATTCTTATCTCGAGC-3’
5’-ATGCGGCCGCTGGTTGTAGCCCAAATGGTCATG-3’
5'-GCACGCGTCTCTGCCCCCACCTCATTC-3'
5'-ATGCGGCCGCACTTTCTGAAGGCACACTACACTACC-3'
5'-GCACGCGTCTTGAGCTTTGCTGAGTTCAATG-3'
5'-ATGCGGCCGCGTGTTGGTTGTCATACTCACCT-3'
5’-GCACGCGTATGCTATTTTTTACTGTACTTGATAAATATCATGACAGCT-3’
5’-ATGCGGCCGCGTCTGTTTCTTCATAGAAAACAGAAGTTCCT-3’

Table A-6: Sequence of primers for amplifying preCRMs (preNeutral: negative RP, no
consensus GATA-1, low phastCons)
Gene
Alas2
Gata2

Hipk2

Vav2

Zfpm1

Primer ID
NC1_F1
NC1_R1
NC2_F1
NC2_R1
NC1_F1
NC1_R1
NC2_F1
NC2_R1
NC1_F1
NC1_R1
NC3_F1
NC3_R1
NC4_F1
NC4_R1
pCRM19_F1
pCRM19_R1
pCRM25_F1
pCRM25_R1
pCRM30_F1
pCRM30_R1
pCRM33_F1
pCRM33_R1
NC1_F1
NC1_R1
NC2_F1
NC2_R1
NC1_F1
NC1_R1
NC2_F1
NC2_R1
NC3_F1
NC3_R1
NC4_F1
NC4_R1

Sequence
5'-GCACGCGTTGTGAGCCTGGTAAATCCAGGTGTGAG-3'
5'-ATGCGGCCGCCTGTGTTCTTTAAGTATGCAACCAGTCTCAG-3'
5'-GCACGCGTTGTGCCATGACTCTTTCCTAGTGAGACTCT-3'
5'-ATGCGGCCGCGAGGCTCCATAGCAAATAGAGTCCAGT-3’
5'-GCACGCGTCTCTAGGCCGGCAGGAATGG-3'
5'-ATGCGGCCGCTGAGGAAGTTGGAGCCCAGG-3’
5'-GCACGCGTCACAGTGCTATGGCTGCTGC-3'
5'-ATGCGGCCGCCCAAGTGTTCCTGTCTGTAAGATGGG-3'
5'-GCACGCGTTTGCCATTTGGCTTAAGTGACAGC-3'
5'-ATGCGGCCGCGCAGAGCTTCCCATGTTGGTG-3'
5'-GCACGCGTTTTGCTGAATGCCCATGACTTTAT-3'
5'-ATGCGGCCGCTATGAAGAGCCCATGTTTTCCAGT-3'
5'-GCACGCGTACAGGGCACTGTGGGAAGGG-3'
5'-ATGCGGCCGCATCTCTATATTTGGCCTGGTGACATATC-3'
5'-GCACGCGTAGCGGCCAGGCCCCCACTT-3'
5'-ATGCGGCCGCATAGCCTGGCGGGCCAGGGCAA-3'
5'-GCACGCGTAAACAAATAGAAGCTGTTGTCCAC-3'
5'-ATGCGGCCGCAAAGGTAGAGGTGGGGAAACA-3'
5'-GCACGCGTAGATAGATAAGAACAATTAGCTGTGGGTC-3'
5'-ATGCGGCCGCACACATCCAGGACCAAACAGA-3'
5'-GCACGCGTCAAACAAGCAGATACCATCAGCATCAGG-3'
5'-ATGCGGCCGCATGGTGTTCCAGAGAATTGTCTGGGC-3'
5'-GCACGCGTGCCAGTCTGGGACAGGTC-3'
5'-ATGCGGCCGCGCATAGCATCACTATCAGGGCTGTGAG-3'
5'-GCACGCGTGGCTGTTCTGTGCCAGACCTAC-3'
5'-ATGCGGCCGCGATTAGGTGGAAGAAACTGCCAAGGG-3'
5'-GCACGCGTGGGCGGCATAGTTCAGTCGCATTA-3'
5'-ATGCGGCCGCAGGGGCTGCCTGTCTTCCTC-3'
5'-GCACGCGTCAGACTGGAGCAAGTGTGCCTG-3’
5'-ATGCGGCCGCGGGCGTTGCCTCTCTAGAGT-3'
5'-GCACGCGTTATGAGTCCCCATGTGTGTTCA -3’
5'-ATGCGGCCGCTGTAAAGGGTCTTTGCTGTGTC -3'
5'-GCACGCGTGAGCTCCAAGTAAGGCTTGCAC-3'
5'-ATGCGGCCGCAAGTTCCTCCTAGCCCTGGAG -3’
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Table A-7: Sequence of primers for amplifying preProm (positive RP, close to
transcription start site)
Gene
Alas2
Btg2
Gata2
Hebp1
Hist1h1c
Vav2
Zfpm1

Primer ID
pr_F1
pr_R1
pr_F1
pr_R1
pr (G)_F1
Pr (G)_R1
pr_F1
pr_R1
pr_F1
pr_R1
pr_F1
pr_R2
pr_F1
pr_R1

Sequence
5’-GCACGCGTGAGGAAGAAAACAGAAAGAGAAGGCA-3’
5’-GCAGATCTGTGGGCTGGGCTGGGAAG-3’
5’-GCACGCGTGGTGGAATTATTATGGAAGCAAAAAGAATAC-3’
5’-ATGCGGCCGCCTTTCCCCGGGCTGCGC-3’
5’-GCACGCGTATCCCTGATAGAAGGACAGAGAGTTTG-3’
5’-GCAGATCTGCCGACTCCTGCACAGACGTGAA-3’
5’-ATTAGATCTATCGAGCGTACACTCACTGGCAGT-3’
5’-ACACGCGTAATCATCTGTGAGATGCAGTGAGGT-3’
5’-GCACGCGTGGGAACCAGGAGCTTTAAAAATATAGCCCA-3’
5’-GCAGATCTAGAGTAGCGCGGGCCCG-3’
5’-GCACGCGTGGTGCAGGGGACAGATCTGTCATCC-3’
5’-GCAAGCTTCCCCTCTGGGCGCCGCATTCT-3’
5'-GCACGCGTGTGTAGCTGAGGAGCAGGGTCACTG-3'
5'-ATGCGGCCGCGCGCTCCCCGCAGGCT-3'

Table A-8: Primier pairs used for analysis of ChIP DNA
Region ID
Alas2R1
Btg2R3
Gata2R3
Gata2R4
Gata2R5
Hebp1R1
Hipk2R24
Hipk2R28
Hipk2NC1
Hist1h1cR1
Vav2R3
Zfpm1R1
Zfpm1R4
Zfpm1R9
Zfpm1R14
Zfpm1R19
Zfpm1R24
Zfpm1NC1
β-major pro
Zfpm1-Upstrm

Primers (Forward, Reverse)
TGGGCTCATCCTAGGGAGTAG, TGACTGCCTGGCCATGAAG
ATGCCAGACCCACAGAAGTG, GCAAGGTGCTGGTAGCTGTAG
GTAAATGCTGCATTCGATGG, AGGGCTGGGAATTGTTTCC
GCGGCCCTTTATCCTGTGTG, GCGTCGGCCTCGTTCTTATTG
GGATCTCCTGCCGGAGTTTC, CAGCAAGAGGCAGGACTGAG
GGCCCTCTCGCTTTGTTGTAC, TTATCTGAGGTGCTCAAAGGG
TGCTGGATTCTTCCCTCCTAC, GTGGCTGGCTAGTTAATTCCC
GATGTCAACCTTAGCAGGTCG, GTGATGTTCCATCGCTCACC
GGCAGAAACTGAACGCAGTTG, CAGTTCTGGAGCCGCAGATG
TCATCAACTCCTGACTTTGGG, CAAACGCTCGTTCCAAGTTC
GCCCAAGCAGCAAACTCTC, CGGCAGATAGGTGAGTTTCCG
TGCAAGTCCCATCCTGATAAGA, GCACGCCAGATAAGATCACAATT
GCGATAACGGGCACTAGAGC, AAGCGAGCGGAGCCG
TGGACGCAGCCGATAAGATC, TGATAGCATCTCGCCTCATC
GGAAGACAAAGGCCCAGTTAC, CCTTAATGGGCGCGATCATC
ATCAGCAACCAGCCCTCTCTG, CCGCACCCTAATCAGAGTTC
TGGACAGACAACAGGACATCC, CTGGCCACAGACAGCAAGTC
CTAGGCGTCCTCGGTGTTTG, ACCACCCGGATGCCCATAAAC
GACAAACATTATTCAGAGGGAGTACCC, AGGTGCACCATGATGTCTGTTTCTGG
GGCAGATGTTCACTGTGGCA, GGGAGGAGCCAGAGGTCAG
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Table A-9: Primers for plasmid cloning
Plasmid

Primer ID

Sequence

MCS2βGFP
derived
MCSγluc
derived

M13-40
MCSβGFP_R
pGL3_F
pGL3_R
pSUPER_M13(-20)
pSUPER_F1
pSUPER_R1
pEGFP-N3_F1_BamHI
pEGFP-N3_R1_XbaI
E/GRE_F-PstI
E/GRE_R-EcoRI
pSUPER_H1_F1_EcoRI
pSUPER_H1_R1_BglII

5’-CGCCAGGGTTTTCCCAGTCACGACG-3’
5’-GGACTTCAAACCCTCAGCCCTCCCT-3’
5’-GCAAAATAGGCTGTCCCCAGTGCAAGTGCA-3’
5’-AGCGGTTCCATCTTCCAGCGGAT-3’
5’-GTAAAACGACGGCCAGTGAG-3’
5’-CATGTCGCTATGTGTTCTGGGAAA-3’
5’-GTTGTGTGGAATTGTGAGCGGATA-3’
5’-ATTGGATCCAATGTGCGCGGAACCCCTATTTGT-3’
5’-ACGTCTAGAGTCTGACGCTCAGTGGAACGA-3’
5’-CATCTGCAGCGGCCGCATATTAAGTGCAT-3’
5’-GCTGAATTCTACTGAGCTTTCAGCAAGAGAACA-3’
5’-CATGAATTCTCACCATAAACGTGAAATGT-3’
5'- CTTAGATCTGTGGTCTCATACAGAAC-3'

pSUPER
derived
For Neo in
pEGFP-N3
For E/GRE in
pIND/H/lacZ
For H1pr in
pSUPER

Table A-10: Sequence of custom oligonucleotides for shRNA expression
Primer ID
siGFP_S
siGFP_AS
siEKLF_S
siEKLF_AS
siGATA1_S
siGATA1_AS
siGATA2_S
siGATA2_AS
siNFE2_S
siNFE2_AS
siTAL1_S
siTAL1_AS
siZFPM1_S
siZFPM1_AS

Sequence
5’-GATCCCCGCAAGCTGACCCTGAAGTTTTCAAGAGAAACTTCAGGGTCAGCTTGCTTTTTA-3’
5’-AGCTTAAAAAGCAAGCTGACCCTGAAGTTTCTCTTGAAAACTTCAGGGTCAGCTTGCGGG-3’
5’-GATCCCCCGAACTTTGGCACCTAAGATTCAAGAGATCTTAGGTGCCAAAGTTCGTTTTTA-3’
5’-AGCTTAAAAACGAACTTTGGCACCTAAGATCTCTTGAATCTTAGGTGCCAAAGTTCGGGG-3’
5’-GATCCCCGCGAATGATTGTCAGCAAATTCAAGAGATTTGCTGACAATCATTCGCTTTTTA-3’
5’-AGCTTAAAAAGCGAATGATTGTCAGCAAATCTCTTGAATTTGCTGACAATCATTCGCGGG-3’
5’-GATCCCCGGACAGACATGGACATCAATTCAAGAGATTGATGTCCATGTCTGTCCTTTTTA-3’
5’-AGCTTAAAAAGGACAGACATGGACATCAATCTCTTGAATTGATGTCCATGTCTGTCCGGG-3’
5’-GATCCCCTGCCGGTAGATGACTTTAATTCAAGAGATTAAAGTCATCTACCGGCATTTTTA-3’
5’-AGCTTAAAAATGCCGGTAGATGACTTTAATCTCTTGAATTAAAGTCATCTACCGGCAGGG-3’
5’-GATCCCCCCATGTTCACCAACAACAATTCAAGAGATTGTTGTTGGTGAACATGGTTTTTA-3’
5’-AGCTTAAAAACCATGTTCACCAACAACAATCTCTTGAATTGTTGTTGGTGAACATGGGGG-3’
5’-GATCCCCCTACCGCAGTCATCAACAATTCAAGAGATTGTTGATGACTGCGGTAGTTTTTA-3’
5’-AGCTTAAAAACTACCGCAGTCATCAACAATCTCTTGAATTGTTGATGACTGCGGTAGGGG-3’
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APPENDIX B
PLASMIDS

183

MCSγLuc
~5.1 kb

Plasmid Name: MCSγLuc
Plasmid Size = 5.1 kb
Constructed by: Hao Wang
Comments/Reference: The MCSγluc was modified from γluc (Elnitski et al.
2001) that contained the human Aγ-globin gene promoter, from -260 to +35,
fused to the firefly luciferase coding region at SmaI and HindIII sites of
pGL3.Basic (Promega). The original NotI is knocked out. A pair of custom
oligonucleotides containin restriction sites KpnI-MluI-XhoI-NotI was annealed and
replaced the remining multiple cloning sites containing KpnI-SacI-MluI-NheI.
Primers (pGL3_F/R, also see Table A-9) were designed for rapid PCR screening
of colonies with preCRM being inserted.

184

Alas2pCRMsγLuc

Plasmid Name: Alas2pCRM X γLuc
Plasmid Size = 5.1kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Alas2 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector MCSγLuc treated by same enzymes.
X=1, 2, 3, NC1, NC2.

185

Btg2pCRMsγLuc

Plasmid Name: Btg2pCRM X γLuc
Plasmid Size = 5.1kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Btg2 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector MCSγLuc treated by same enzymes.
X=3, 5, 6, 7, 8, 9.

186

Gata2pCRMsγLuc

Plasmid Name: Gata2pCRM X γLuc
Plasmid Size = 5.1kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Gata2 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector MCSγLuc treated by same enzymes.
X=1, 3, 4, 5, 6, 7, 8, 9, 10, NC1, NC2.

187

Hebp1pCRMsγLuc

Plasmid Name: Hebp1pCRM X γLuc
Plasmid Size = 5.1kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Hebp1 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector MCSγLuc treated by same enzymes.
X=1, 2, 3.

188

Hipk2pCRMsγLuc

Plasmid Name: Hipk2pCRM X γLuc
Plasmid Size = 5.1kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Hipk2 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector MCSγLuc treated by same enzymes.
X=1, 3, 4, 8, 14, 15, 16, 19, 20, 21, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,
37, 38, 39, 40, NC1, NC3, NC4.

189

Hist1h1cpCRM1γLuc

Plasmid Name: Hist1h1cpCRM1γLuc
Plasmid Size = 5.2kb
Constructed by: Hao Wang
Comments/Reference: preCRM1 from Hist1h1c loci were PCR amplified using
specific primers (see Table A-3), digested with restriction enzymes MluI and NotI,
and then inserted into the vector MCSγLuc treated by same enzymes.

190

Vav2pCRMsγLuc

Plasmid Name: Vav2pCRM X γLuc
Plasmid Size = 5.1kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Vav2 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector MCSγLuc treated by same enzymes.
X=2, 3, 4, 5, 6, 7, 8, 9, 10, NC1, NC2.

191

Zfpm1pCRMsγLuc

Plasmid Name: Zfpm1pCRM X γLuc
Plasmid Size = 5.1kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Zfpm1 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector MCSγLuc treated by same enzymes.
X=1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 18, 19, 20, 24, 25, 26, 27, 28,
29, NC1, NC2, NC3, NC4.

192

L1-MCS2βGFP-1L
~4.4 kb

Plasmid Name: L1-MCS2βGFP-1L
Plasmid Size = 4.4 kb
Constructed by: Joseph Mosala Molete
Comments/Reference: XhoI and PstI wre knocked out from plasmid L1MCSβGFP-1L. The resulting plasmid was cut with KpnI and NsiI to insert a multicloning site with the restriction sites indicated.
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L1-Alas2pCRMsβGFP-1L

Plasmid Name: L1-Alas2pCRM X βGFP-1L
Plasmid Size = 4.4kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Alas2 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector L1-MCS2βGFP-1L treated by same
enzymes.
X=1, 3.

194

L1-Btg2pCRMsβGFP-1L

Plasmid Name: L1-Btg2pCRM X βGFP-1L
Plasmid Size = 4.4kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Btg2 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector L1-MCS2βGFP-1L treated by same
enzymes.
X=3, 5, 6, 7, 8, 9.

195

L1-Gata2pCRMsβGFP-1L

Plasmid Name: L1-Gata2pCRM X βGFP-1L
Plasmid Size = 4.4kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Gata2 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector L1-MCS2βGFP-1L treated by same
enzymes.
X=1, 3, 4, 5, 6, 7, 8, 9, 10, NC1.

196

L1-Hebp1pCRMsβGFP-1L

Plasmid Name: L1-Hebp1pCRM X βGFP-1L
Plasmid Size = 4.4kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Hebp1 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector L1-MCS2βGFP-1L treated by same
enzymes.
X=1, 2, 3.

197

L1-Hipk2pCRMsβGFP-1L

Plasmid Name: L1-Hipk2pCRM X βGFP-1L
Plasmid Size = 4.4kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Hipk2 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector L1-MCS2βGFP-1L treated by same
enzymes.
X=1, 3, 4, 8, 14, 15, 16, 19, 20, 21, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,
37, 38, 39, 40, NC3, NC4.

198

L1-Hist1h1cpCRM1βGFP-1L

Plasmid Name: L1-Hist1h1cpCRM1βGFP-1L
Plasmid Size = 4.5kb
Constructed by: Hao Wang
Comments/Reference: preCRMs from Hist1h1c loci were PCR amplified using
specific primers (see Table A-3), digested with restriction enzymes MluI and NotI,
and then inserted into the vector L1-MCS2βGFP-1L treated by same enzymes.

199

L1-Vav2pCRMsβGFP-1L

Plasmid Name: L1-Vav2pCRM X βGFP-1L
Plasmid Size = 4.4kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Vav2 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector L1-MCS2βGFP-1L treated by same
enzymes.
X=2, 3, 4, 5, 6, 7, 8, 9, 10, NC1.

200

L1-Zfpm1pCRMsβGFP-1L

Plasmid Name: L1-Zfpm1pCRM X βGFP-1L
Plasmid Size = 4.4kb+size(preCRM), also see Table 2-1
Constructed by: Hao Wang
Comments/Reference: preCRMs from Zfpm1 loci were PCR amplified using
specific primers (see Table A2-6), digested with restriction enzymes MluI and
NotI, and then inserted into the vector L1-MCS2βGFP-1L treated by same
enzymes.
X=1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 18, 19, 20, 24, 25, 26, 27, 28,
29, NC1, NC4.

201

Plasmid Name: pGL3-Basic
Plasmid Size = 4.8 kb
Constructed by: Promega
Comments/Reference: Primers (pGL3_F/pGL3_R) were designed for rapid
PCR screening for colonies with predicted promoters being inserted (also see
Table A-9).

202

preProm-pGL3

Plasmid Name: preProm-pGL3
Plasmid Size = 4.8kb+size(preProm)
Constructed by: Hao Wang
Comments/Reference: predicted promoters (preProm) were PCR amplified
using specific primers (see Table A-7), digested with restriction enzymes MluI
and BglII, and then inserted into the vector pGL3.basic treated by same
enzymes.
preProms include Alals2pr, Btg2pr, Gata2pr(ubiquitous), Hebp1pr, Hist1h1cpr,
Zfpm1pr and Gata2pCRM4 and 10.

203

Vav2pr-pGL3

Plasmid Name: Vav2pr-pGL3
Plasmid Size = 5.8kb
Constructed by: Hao Wang
Comments/Reference: the predicted promoter from Vav2 loci was PCR
amplified using specific primers (see Table A-7), digested with restriction
enzymes BglII and HindIII, and then inserted into the vector pGL3.basic treated
by same enzymes.
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Plasmid Name: L1-hHS2m8701 MCSβGFP -1L
Plasmid Size: 4.7 kb
Constructed by: Ya Zhang/Hao Wang
Comments/References: Human HS2 (HindIII-XbaI) containing mutant E-box at
8701 was digested from pBSIIKS hHS2(H-X)m8701 by MscI and SacI. The
fragment was inserted into SacI and SmaI-digested pBSKS. The resulting
plasmid pBSKS hHS2 (MscI-XbaI) m8701 was digested with KpnI and NotI and
the released fragment was inserted into L1-MCS2βGFP-1L treated with same
enzymes.

205

Plasmid Name: pVgRXR
Plasmid size: 8.8 kb
Constructed by: Invitrogen
Comments/Reference:
SV40pr: SV40 early promoter
EM7pr: EM7 promoter
Zeocin: zeocin resistance gene
SV40 pA: SV40 late polyadenylation seuence
CMVpr: CMV promoter
VgECR: VgECR fusion protein containing modified VP16 and EcR
TK pA: Thymidine kinase polyadenylation sequence
PRSV: RSV 5' lone terminal repeat
RXR: RXR ORF
BGF pA: BGH polyadenylation sequence

206

Plasmid Name: pIND/Hygro/lacZ
Plasmid size: 8.2 kb
Constructed by: Invitrogen
Comments/Reference: lacZ ORF 564-3636

207

Plasmid Name: pIND/Hygro/asTAL1
Plasmid size: 5.5 kb
Constructed by: Susan Margargee
Comments/References: The TAL1 cDNA in the antisense orientation was
released from pCSCL-AS (Aplan PD et al., 1992) by digestion with ApaI and
inserted into pIND/Hygro that was also treated with ApaI.

208

Plasmid Name: pIND/Hygro/p426
Plasmid size: 5.5kb
Modified by: Susan Margargee/Hao Wang
Comments/References: Plasmid pSG5-p426 was digested with BamHI and
EcoRV and the subsequent released p426 fragment was inserted into
pIND/Hygro between BamHI and EcoRV of multiple-cloning site.

209

Plasmid Name: L1-MCS3-1L
Plasmid size: 2.7kb
Constructed by: Hao Wang
Comments/References: L1-MCS2βGFP-1L
ligated to annealed oligonucleotide to form
NgoMIV).
C AGATCT GA GCCGGC
CATGG TCTAGA CT CGGCCG

was cut with KpnI and EagI and
2 new restriction sites (BglII and
ATC
TAGCCGG
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Plasmid Name: L1-E/GRE_HSpr_lac Z-1L
Plasmid size: 6.7kb
Constructed by: Hao Wang
Comments/References: L1-MCS3-1L was cut with BglII and NgoMIV and
ligated to ~4kb digestion fragment from pIND/Hygro/lacZ cut with BglII and
NgoMIV.
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Plasmid Name: L1-E/GRE_HSpr_asTAL1-1L
Plasmid size: 3.3 kb
Constructed by: Hao Wang
Comments/References: L1-MCS3-1L was cut with BglII and NgoMIV and
ligated to digested asTAL1 fragment from pIND/Hygro/asTAL1 cut with BglII and
NgoMIV.
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Plasmid Name: L1-E/GRE_HSpr_p426-1L
Plasmid size: 3.1 kb
Constructed by: Hao Wang
Comments/References: L1-MCS3-1L was cut with BglII and NgoMIV and
ligated to digestion p426 fragment from pIND/Hygro/p426 cut with BglII and
NgoMIV.
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Plasmid Name: pSUPER.basic
Plasmid Size = 3.18 kb
Constructed by: OligoEngine
Comments/Reference: Primers [pSUPER_M13(-20)/pSUPER_F/pSUPER_R]
were designed for rapid PCR screening for colonies with custom oligos or
selectable marker being inserted at different mutiple cloining sites (also see
Table A-9).
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siGFPpSUPER

Plasmid Name: siGFPpSUPER
Plasmid Size = 3.18 kb
Constructed by: Hao Wang
Comments/Reference: A pair of custom oligonucleotides containing 19 bp
unique to coding region of EGFP (also see Table A-10) was annealed and
inserted into pSUPER.basic at BglII and HindIIII loci. The original BglII was
knocked out after cloning.
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siGFPpSUPER-NeoR

Plasmid Name: siGFPpSUPER-NeoR
Plasmid Size = ~4.9 kb
Constructed by: Hao Wang
Comments/Reference: Neomycin resistant gene driven by SV40 promoter was
PCR amplified from pEGFP-N3 plasmid using primers containing BamHI and
XbaI sites. The siGFPpSUPER plasmid prepared from dam minus strain DM1
and digested with same enzymes.
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APPENDIX C
SUPPLEMENTARY FIGURES
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Fig. C-1. Regulatory potential implementation. (A) 2-way RP; (B) 3-way RP; (C) 5way RP.
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Fig. C-2. Effects of integrants at RL5 on the expressions of flanking genes.
RL5 was mapped to chromosome 4 between Tal1 and Map17 genes. “+19” and “+23”
represented two previously characterized enhancers for Tal1. RT-PCR was performed
using total RNA from MEL, MEL_RL5, and MEL having EGFP expression cassettes
driven by HBB promoter and two known enhancers (Fog1R19 and HS2, respectively)
integrated at RL5 in either orientation as templates. The orientations of integrants were
determined by PCR (see Chapter 3) and labeled. The expression of Map17 gene is
undetectable in MEL cells. The integration of expression cassettes (including the HyTK
cassette) in the B orientation will increase the expression of Map17. Tal1 expression does
not change much in terms of the orientation of the integrants.
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Fig. C-3. Position of primers designed for RT-PCR
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Fig. C-4. Sequences of siRNAs designed for pSUPER vector and their mapping to
corresponding genes
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