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1. Summary 

The focus of this work addresses functional studies of human and primate promoters, and the 

genome-wide localization and validation of human-specific transcription factor binding sites of 

the essential transcription factor GABPa. In this context, the development of an improved PCR 

protocol, including the careful adjustment of PCR additives to compose an efficient enhancer 

mix, was central to the amplification of large GC-rich promoter fragments used as source for 

the functional studies. Based on this, part of the work assessed the potential of promoter-

reporter constructs to drive transcription in human HEK cells, in order to capture regulatory 

regions corresponding to a large fraction of the human chromosome 21 genes. The results 

obtained in this study demonstrated the usefulness of transient transfection assays. The high 

correlations of reporter activities with endogenous expression levels of the corresponding 

genes, and with the presence of DNA sequence elements important for transcription initiation, 

indicate that transient reporter gene assays are capable of depicting endogenous transcription 

regulation for individual promoters in living cells. This finding was further underlined by the 

results obtained after either truncation and/or external stimulation of promoters, showing that 

especially distal promoter regions of reporter constructs are capable of integrating endogenous 

response signaling pathways into reporter activity. Thus, we applied this technology in a 

comparative genomics approach specially designed for identifying and testing human-specific 

transcription factor binding sites (TFBSs). To find TFBSs specific to human and hominids, a 

new approach was implemented combining leading tools in sequence analysis and comparative 

genomics. The established pipeline was applied to analyze ChIP-seq data capturing endogenous 

binding sites of the human transcription factor GABPa in HEK293 cells. Among the genes with 

human-specific binding sites, several functionally related groups were found, which can be 

linked without difficulties to human-specific traits. Functional testing showed consistent 

impacts of orthologous promoters of human, chimpanzee and rhesus macaque on the 

transcriptional outputs. Mutational analyses of candidate sites strongly supported these 

findings. In particular, the TMBIM6 (transmembrane BAX inhibitor motif containing 6) 

promoter, harboring several uncharacterized human-specific mutations and a hominid-specific 

GABPa binding site, represents an interesting candidate for follow-up studies, as TMBIM6 is 

involved in oxidative stress reduction and has been implicated in diabetes, atherosclerosis and 

in many of the aging-related neurodegenerative diseases, such as Alzheimer’s and Parkinson’s. 

This work presents the first successful implementation of a genome-wide approach to the 

identification of newly evolved cis-regulatory elements showing a specific function in human 

cells lines in comparison to our closest living relatives, the chimpanzees.  
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2. Zusammenfassung 

Der Fokus dieser Arbeit liegt in der funktionellen Charakterisierung von Menschen- und 

Primatenpromotoren, einschließlich der genomweiten Lokalisierung und Validierung von 

humanspezifischen Transkriptionsfaktor-Bindestellen (TFBS) des essentiellen Transkriptions-

faktors GABPa. In diesem Kontext war die Etablierung eines verbesserten PCR Protokolls, 

einschließlich der Entwicklung eines PCR enhancers, zur Amplifikation langer und GC-reicher 

Promotoren ein zentraler Bestandteil. Darauf aufbauend befasst sich ein Teil dieser Arbeit mit 

der Analyse eines Großteils der Promotoren des humanen Chromosoms 21 in Hinblick auf ihr 

Potential, Transkription in HEK293-Zellen anzutreiben, und regulatorische Regionen zu 

charakterisieren. Die beobachtete hohe Korrelation von Reportergenaktivität und endogener 

Expression, wie auch die Korrelation mit DNS-Sequenzelementen von wichtiger Funktion 

während der Transkriptionsinitiation, zeigen, daß transiente Reportergenassays dazu geeignet 

sind, endogene Generegulation an individuellen Promotoren wiederzuspiegeln. Diese Aussage 

wird unterstützt sowohl durch Versuche mit verkürzten Promotoren wie auch durch externe 

Stimulation der Reporterkonstrukte, mit dem Ergebnis, daß vor allem distale Promoterregionen 

in der Lage sind, endogen ablaufende Signalkaskaden in Reporteraktivität zu integrieren. In 

dieser Hinsicht wurde die Technik in einem Ansatz komparativer Genomanalyse angewandt, 

um human-spezifische TFBS funktionell zu testen. Zur Identifikation human- und hominiden-

spezifischer TFBS wurde ein neuer Ansatz implementiert, der führende Programme und 

Algorithmen aus den Bereichen der Sequenzanalyse und komparativen Genomanalyse vereint. 

Diese Implementation wurde auf ChIP-seq-Daten von endogenen Bindestellen des humanen 

Transkriptionsfaktors GABPa angewandt. Unter den Genen mit human-spezifischen 

Bindestellen finden sich einige funktionell verwandte Gruppen von Genen, die ohne 

Schwierigkeiten mit human-spezifischen Eigenschaften in Verbindung gebracht werden 

können. Die funktionelle Analyse von Kandidatenbindestellen zeigte in konsistenter Weise den 

unterschiedlichen Einfluß von orthologen Promotoren aus Mensch, Schimpanse und Rhesusaffe 

auf die Reporteraktivitäten. Mutationsanalysen mit ausgewählten Bindestellen bekräftigten 

diese Ergebnisse. Insbesondere repräsentiert der TMBIM6-Promoter (transmembrane BAX 

inhibitor motif containing 6), der neben mehreren uncharakterisierten human-spezifischen 

Mutationen eine hominiden-spezifische GABPa-Bindestelle enthält, einen interessanten 

Kandidaten für Folgestudien, denn TMBIM6 ist beteiligt an der Reduktion von oxidativem 

Stress und ebenso an Diabetes, Arthereosklerose und verschiedenen altersbedingten neuro-

degenerativen Erkrankungen, wie Alzheimer und Parkinson. Diese Arbeit stellt die erste 

erfolgreiche Implementation eines genomweiten Ansatzes zur Identifizierung von jüngst 

evolvierten cis-regulatorischen Elementen dar, die einen messbaren Einfluß in einer humanen 

Zelllinie haben, auch im Vergleich zu unseren nächsten Verwandten, den Schimpansen. 
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3. Introduction 

3.1. Transcriptional regulation 

Starting from a single cell, multi-cellular organisms develop into complex systems composed of 

various different cell types all equipped with the same set of genes. Yet each cell employs only 

a part of the genes at any given moment. During development and life, the proportion and 

composition of expressed genes changes considerably among cell types and in response to 

physiological and environmental conditions [1-5]. Eukaryotic genomes contain on the order of 

0.5–5x104 genes. To allow precise spacio-temporal gene expression, a particularly complex 

system of regulatory mechanisms is necessary. Today, a number of contributing mechanisms 

are known, including chromatin condensation, histone modification, DNA methylation, 

transcription initiation, transcription elongation, alternative splicing, mRNA stability, 

translational control, different forms of posttranslational modifications, intracellular trafficking, 

and protein degradation [6, 7]. 

In eukaryotic cells, two meters of DNA fit into the nucleus of about 5 µm in diameter. This can 

only be achieved by higher-order packaging of DNA. Such packed DNA is referred to as 

chromatin, and in the most compacted form, chromatin is visible in the form of the 

chromosomes. Prior to transcription, chromatin needs to de-condense so that proteins necessary 

for transcription gain access to the DNA. This step, even though tightly controlled, represents a 

general switch that turns genes on or off, rather than regulating the levels of gene activity [8]. 

Of all the mechanisms mentioned above, for most genes, transcription initiation was thought to 

be the principal determinant of gene expression levels [9-12]. Meanwhile, also the regulation of 

transcription elongation has turned out to be of central importance for a large fraction of genes 

[13, 14]. Hence, the principal determinants of gene expression levels are involved in two 

mechanisms, transcription initiation and elongation [15]. 

A key element to both regulatory mechanisms is the promoter, the region surrounding the 

transcriptional start site (TSS), where proteins make contact with specific DNA sequence 

elements to regulate transcription. These proteins are known as transcription factors, while their 

binding sequences are known as transcription factor binding sites (TFBSs). The term promoter 

describes a structural organization of several TFBSs that, when bound by transcription factors, 

synergistically regulate transcription. There are no clear definitions on promoter size and 

extension, as in different promoters, also TFBSs are distributed very differently [8]. In general, 

promoters are subdivided into core, proximal and distal promoter regions. This categorization is 

linked to the presence of different types of TFBSs as well as their relative densities. 
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In metazoans, the core promoter spans 50-100 bps surrounding the TSS [16] and harbors 

binding sites for proteins of general importance to transcription. The proximal promoter spans 

approximately 250 bps upstream to the TSS and harbors high densities of gene-specific binding 

sites [17], while distal promoters include gene-specific binding sites that reside further 

upstream.  

Maybe the only structures of mammalian promoters that allow a categorization of genes 

according to their promoter structures are CG-rich regions of 200 and more base pairs with an 

average CG content of >50%. Such regions are referred as CpG-islands (CGIs), occur in 

approximately 72% of all human promoters [18, 19] and allow the classification of genes into 

CGI and non-CGI associated genes [16]. CGI promoters contain several TSSs dispersed over 

50 to 100 nucleotides [16]. They are associated with both ubiquitously expressed 

'housekeeping' genes, and with genes showing complex expression patterns, particularly those 

expressed during embryonic development [13, 14, 20, 21]. On the other hand, non-CGI genes 

are highly tissue-specific; they have focused transcriptional start sites and seem to be inactive 

by default [16, 21]. 

Apart from a categorization of genes based on CGIs, regulated genes have been classified into 

primary and secondary response genes. Primary response genes can be quickly activated, while 

secondary response genes require new protein synthesis and chromatin remodeling at their 

promoters [22]. Interestingly, primary response genes are generally associated with CGIs [23], 

indicating that both types of characteristics capture similar sets of genes. Even though primary 

and secondary response genes are differently regulated, the initial steps of transcription 

initiation are thought to function in similar ways. 

In metazoans, transcription initiation is a complex mechanism involving different levels of 

regulation. The first level that was discovered involves formation of the preinitiation complex 

(PIC) composed of general transcription factors (GTFs) and the RNA synthesizing enzyme 

RNA polymerase II (RNAPII) [24, 25]. This large complex of interacting proteins is regarded 

as the general transcription machinery (GTM), transcribes all protein-coding genes, and 

assembles at the core promoter. Until recently, transcriptional control of most genes was 

thought to be achieved by regulating the recruitment of RNA polymerase II (RNAPII) to the 

promoters [8, 26, 27].  

The first hint for another type of regulation, despite the recruitment of RNAPII, came in 1986, 

when Gilmour and Lis found that RNAPII interacts with the promoter of Drosophila hsp70 

gene (heat shock protein 70), even though the gene had not been induced by heat shock [28]. 

One year later Wu and Wilson identified a protein that binds, upon heat shock, upstream of the 

transcriptional start site (TSS) of the hsp70 gene and induces transcription. They speculated 
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that: “Once induced, the direct binding of activator to the heat shock promoter poised for 

transcription by the presence of constitutively bound TATA factor and RNA polymerase II could 

be sufficient for activation of the transcriptional apparatus” [29]. Only recently, this picture has 

emerged as being representative, since most active genes show marks of stalled or poised 

RNAPII at the core promoter awaiting activation [13, 30]. Indeed, this mechanism of RNAPII 

stalling has been shown important for genes that are quickly induced upon endogenous or 

external signals [31]. Another recent finding was the connection of stalled RNAPII and CGIs in 

human fibroblasts, were RNAPII stalling near the TSS occurs in approximately 30% of active 

genes, of which 89% are associated with CGIs [32].  

Despite quick gene induction, RNAPII stalling is also seen in genes that can be quickly shut 

down and might be used for the dual purpose of repressing gene expression and preparing genes 

for rapid induction [33]. Since ~70% of mammalian promoters contain CpG islands, and CGI 

genes are pivotal in 'housekeeping' and development, RNAPII stalling represents the most 

common quick regulatory mechanism affecting at least one third of all genes, but probably 

many more corresponding to the large percentage of CGI genes.  

In addition, CGIs are subject to another mechanism involving addition of methyl groups to the 

5-position of cytosine. CGI methylation is thought to stabilize chromatin structure, and thereby 

inhibits accessibility of the transcription machinery to the promoters [34]. Furthermore, CGIs 

are preassociated with ubiquitous transcription factors like Sp1, and have been shown to cause 

instable nucleosome assembly in vitro, two factors beneficial to active chromatin [23]. Taking 

together, CGI-gene promoters are in general accessible to the PIC and other regulatory factors, 

while the vast majority of active CGI-genes also show RNAPII stalling, allowing for rapid gene 

induction. Therefore, at least for CGI genes representing more than 2/3 of all genes, the rate-

limiting step in transcription frequently occurs after RNAPII associates to the promoter and 

involves gene-specific transcription factors that tune basal transcription of the GTM [35]. The 

following introduction into transcription initiation and elongation focuses only on the most 

common factors involved, and is summarized as an overview figure on page 10. 
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3.1.1. Transcription initiation  

Prior to transcription initiation, chromatin remodeling complexes are necessary to relax DNA-

histone associations of critical regulatory regions including TSS and the promoter [36]. 

Transcription factors are capable of recruiting histone-modifying enzymes like histone-

acetylases and histone-methylases (see Figure 1A) [37, 38]. In this way, induction of a single 

DNA-binding transcription factor can induce several downstream genes.  

In 1969, Roeder and Rutter identified three distinct RNA polymerases: I, II and III [39]. One 

year later, they found that polymerase I was primarily involved in 18S and 28S ribosomal RNA 

transcription, while polymerase III transcribed 5S rRNA and tRNAs. Only polymerase II 

(RNAPII) is responsible for transcribing protein coding genes and some non-translated 

mRNAs, such as microRNAs [40, 41]. However, RNA polymerase II requires several accessory 

factors for the initiation of site-specific transcription.  

These essential factors are termed general transcription factors (GTFs). Usually, the term 

“transcription factor” refers to DNA-binding proteins recognizing specific DNA motifs. GTFs, 

however, are protein complexes composed of many proteins with different functions, including 

DNA binding, co-activation, phosphorylation, histone actyltransferase activity, ATPase 

activity, helicase activity, DNA repair, glycosylation, ubiquitination and proteins involved in 

recruitment of GTFs, elongation and termination [35]. There are six GTFs that interact with 

RNAPII, namely TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH. This huge complex of 

interacting proteins including RNAPII is referred to as the pre-initiation complex (PIC) and 

assembles at the core promoter (see Figure 1B)[35]. 

The PIC recognizes and binds to certain DNA sequence elements residing in the core promoter. 

The DNA motifs occurring most frequently include basic recognition element (BRE), TATA 

box, initiator element (INR) and downstream promoter element (DPE). However, 

bioinformatics analyses revealed that less than 22% of the human genes contain a TATA box, 

and among these TATA-containing promoters, 62% have an Inr, 24% include a DPE, and 12% 

hold a BRE. The same study also indicates that among the 78% TATA-deficient promoters, 

45% possess an Inr, 25% have a DPE, and 28% harbor a BRE [42]. There is increasing 

knowledge on the function of core promoter elements. The TATA box is recognized by TFIID, 

which contains the TATA box-binding protein (TBP) and triggers PIC formation (see Figure 

1B) [43]. The BRE is recognized by TFIIB and helps to orient the PIC [44]. The Inr element is 

capable of directing accurate transcription initiation, while TFIID has been implicated in Inr 

recognition [44] and is the primary GTF recognizing the DPE element [45]. However, this 

picture of transcription initiation, induced by PIC formation at core promoter elements, is likely 
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to change as many core promoters do not harbor any of the mentioned motifs [46]. It might be 

replaced by a picture that is to a lesser extent dominated by core promoter elements, while the 

control of transcription elongation is drifting into focus.  

 

3.1.2. Transcription elongation 

Following transcription initiation and PIC formation, TFIIH phosphorylates serine-5 of the C-

terminal domain (CTD) of RNAPII [35]. This phosphorylation induces the recruitment of the 5’ 

capping enzyme and the dissociation of RNAPII from the PIC (see Figure 1C) [35]. This step is 

often referred as promoter clearance, as the early elongation complex breaks contact with core-

promoter elements to initiate transcription [47]. 

For many genes, the early elongation complex synthesizes only short fragments of 

approximately 40 bps before it pauses downstream to the TSS [48]. Meanwhile, ‘pausing’ is 

referred to as stalling and represents, besides PIC formation, the second major mechanism of 

transcriptional control.  

Two factors have been found responsible for RNAPII stalling, including DRB-sensitive 

inducing factor (DSIF) and negative elongation factor (NELF) (see Figure 1E) [15, 20, 49]. The 

phosphorylation of DSIF, NELF and serin-2 of the CTD of RNAPII is crucial to productive 

elongation. A single complex called positive transcription elongation factor (P-TEFb) realizes 

these phosphorylations (see Figure 1F) [15, 20, 49]. Therefore, the recruitment of P-TEFb 

represents the limiting step in activation of stalled RNAPII [49]. Several specific activators 

recruit P-TEFb, but also general chromatin remodeling proteins like Brd4 [50]. Specific 

activators include DNA-binding proteins and co-activators that interact with DNA-binding 

proteins [49]. 
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3.1.3. Gene-specific transcription control 

Regulation of transcription rates is believed to be influenced largely by gene-specific 

transcription factors (from now on referred to as TFs) that interact directly or indirectly with the 

PIC [31, 35]. TFs are also known to recruit P-TEFb, yet to an extent that remains to be 

investigated (see Figure 1E) [49]. 

Direct interaction with the PIC has been described for several TFs [51], but the presence of TFs 

that do not bind to DNA has triggered the identification of different classes of TFs termed 

mediator complexes. Some of these protein complexes interact with restricted sets of TFs [52, 

53] while others interact with a variety of unrelated TFs [54, 55], implying a general 

mechanism for the transition of TF signals to the PIC [56, 57].  

The complexity of TF-mediated gene regulation is underlined by the fact that more than 3,000 

different TFs are encoded in the human genome, hence approximately 10% of all human genes 

are directly involved in gene regulation [58]. The key feature of DNA-binding TFs is their 

ability to bind to specific genomic regions ranging from 4-16 base pairs termed transcription 

factor binding sites (TFBSs). Deciphering this part of transcriptional regulation poses particular 

issues, since most TFs not only recognize one specific sequence, but many related sequences. 

Therefore, TFBSs are regarded as degenerate, as they can often tolerate one or more nucleotide 

substitutions without losing functionality [10, 59]. The distribution and density of TFBSs varies 

enormously between genes, but in general, they tend to cluster in the proximal promoter regions 

[17], and also in more distal regions forming enhancers, silencers or insulators.  

Promoters are key to transcriptional regulation as they integrate many cellular signals, delivered 

by TFs, into transcription levels. For example, during early development they integrate spacio-

temporal signals to produce highly dynamic patterns of transcription in specific regions of the 

embryo [1, 60-62]. Promoters of 'housekeeping' genes that are constitutively active can shut 

down e.g. in response to stress conditions, such as starvation or heat shock [63]. On the other 

hand, promoters that are “off” by default can be activated in response to hormonal, 

physiological or environmental signals [8]. 

Therefore, the array of active TFs within the nucleus in conjunction with their target sites 

(TFBSs) determines which genes are expressed at what level and under which circumstances. 

Furthermore, the function of TFBSs is always context-dependent to some extent. For example, 

sites are only functional if the binding TF is present and active, the chromatin is not condensed 

and the TFBS is not masked by another TF occupying an adjacent TFBS. In addition, many TFs 

interact with cofactors or other TFs that need to be present as well.  
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Due to the sequence degeneracy and strong context-dependence of transcriptional regulation, 

sequence inspection alone provides limited information about promoter function. 

Understanding the functional consequences of sequence differences among promoters generally 

requires biochemical and in vivo functional assays [8]. 
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Overview figure on transcription regulation at primary and secondary response genes. 
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3.2. Cis-regulatory mutations and evolution 

Differences in gene expression are a fundamental component of evolution. Such differences can 

arise from mutations in TFBSs that are referred to as cis-regulatory changes, affecting 

transcription initiation, transcription rates and transcript stability. On the other hand, such 

differences can arise from trans-regulatory changes that modify the activity of transcription 

factors interacting with cis-regulatory elements. It has been and still is under debate if cis- and 

trans-regulatory changes make qualitatively distinct contributions to phenotypic evolution [64]. 

However, several considerations and findings underline the importance of cis-regulatory 

changes.  

The first argument was that the phenotypic impact of any gene results from two distinct 

components, which is not just the biochemical property of the encoded protein, but also the 

condition and location under which it is transcribed to fulfill it function [65]. Another argument 

is that cis-regulatory mutations affecting TFs can potentially cause a coordinated phenotypic 

response. TFs usually regulate several to many thousand functionally related genes and 

therefore, changes in their expression are more likely to produce functionally integrated 

phenotypic consequences [66]. Another observation was that many developmental regulatory 

genes are well conserved and widely spread throughout the animal kingdom. The question 

arose how orthologous regulatory proteins can control the development of very different 

organisms like flies and mice. Adaptations in the “targetome” of a TF might be the answer, 

stating that the battery of genes regulated by a TF, or its qualitative contribution, has changed 

through adaptations in cis-regulatory elements of target genes [67]. This argument is underlined 

by the finding that cis-regulatory mutations are often co-dominant, where natural selection acts 

very efficient, since heterozygote’s can have immediate fitness consequences, rather than 

requiring genetic drift to raise allele frequencies up to the point at which homozygote’s begin to 

appear [8]. 

There are numerous examples for cis-regulatory adaptations with phenotypic consequences for 

model organisms like C. elegans, fruit fly, mouse and others. But also in man, over 100 cis-

regulatory mutations that segregate in human populations are known to affect diverse aspects of 

behavior, physiology and disease susceptibility [64, 68, 69]. 

Within promoter regions, cis-regulatory mutations in the form of single nucleotide 

polymorphisms (SNPs) are associated with susceptibility to diseases, such as schizophrenia 

[70], heart disease [71, 72], resistance to infection with malaria [73, 74] and leprosy [75].  
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Beyond that, promoter SNPs have been described to be involved in behavioral traits like 

anorexia nervosa and obsessive-compulsive disorder [76]. Also, aggressive behavior has been 

linked to a variable number tandem repeat polymorphism within the promoter of the 

monoamine oxidase A gene [77]. Another famous example is the persistence of lactase activity 

in most adult Europeans which is likely caused by a single genetic variant within the distal 

promoter that is strongly associated with lactase persistence [78]. However, cis-regulatory 

mutations contributing to human-specific traits in respect to our closest relative, the 

chimpanzees are few in numbers. Reported examples include cases of cis-regulatory mutations 

in promoters affecting genes involved in nutrition, immune response, neurological processes 

and development.  

Elevated plasma levels of chimpanzee lipoprotein(a) are caused by three mutations located at -

3, -2, and +8 bps relative to the TSS [79]. Similarly, a single nucleotide polymorphism in the 

human promoter of the multifunctional cytokine Interleukin 4 (IL4) that influences the balance 

of cytokine signaling in the immune system affects the binding of NFAT, a key transcriptional 

activator of IL4 in T cells [80]. Also, the Siglec-6 gene that is expressed in immune cells across 

hominids was found specifically expressed in human placental trophoblast, which could be 

linked to three nucleotide changes in the human promoter [81]. Furthermore, a cluster of 

human-specific substitutions within the promoter of prodynorphin has significant influence on 

gene expression [82]. Prodynorphin is the precursor molecule for a suite of endogenous opioids 

and neuropeptides with critical roles in regulating perception, behavior and memory, implying a 

functional relevance of human promoter mutations.  

The most remarkable example is a human-specific gain of function in a developmental 

enhancer. Prabhakar et al. identified a highly conserved region among terrestrial vertebrates of 

81 bps, where only humans accumulated a cluster of 13 substitutions [83]. In transgenic mice, 

this region induced strong limb expression including the presumptive anterior wrist and 

proximal thumb, while the orthologous chimpanzee region did not [84]. 

These examples underline the importance of identifying cis-regulatory mutations for the 

understanding of human disease and evolution. 
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3.3. Methods for analyzing transcription factor binding sites 

The first challenge in TFBS characterization is their localization. Different approaches allowing 

for either “single site” or genome-wide identification of TFBSs were described in the fields of 

molecular and computational biology. However, the evaluation of TF binding to TFBSs on the 

one hand and the impact on transcription regulation on the other hand can only be addressed 

experimentally. Studies on TFBS influence on the expression of single genes mostly involve 

reporter gene assays. Approaches for genome-wide studies of TF targets and their regulatory 

impact involves several techniques, including ChIP-seq and TF knockdown by RNAi followed 

by expression profiling. 

Bioinformatics approaches alone suffer mainly from false-positive predictions caused by 

inaccurate binding models and modest information content, since many binding sites are only 

4-16 bps in length. But most importantly, TFBS function is strongly context-dependent, and we 

have too little knowledge on context-dependency for accurate predictions [64]. However, the 

combination of experimental and computational approaches can be very fruitful. An example is 

the recently emerged technique of ChIP-seq, were in vivo-occupied transcription factor binding 

regions are identified at high resolution. Here, within experimentally determined regions, 

bioinformatics tools are of great benefit, as they allow to precisely pinpointing the residing 

TFBSs. 
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3.3.1. Functional characterization of individual TFBSs 

The most common assays to study individual TFBSs are DNase footprinting and mobility shift 

assays [9]. DNase footprinting [85] is a technique that detects DNA-protein interactions by 

exploiting the fact that DNA-binding proteins will often protect the bound regions from 

enzymatic cleavage by DNase. Subsequently, the bound region(s) can be identified by gel 

electrophoresis of digested and end-labeled DNA fragments, as opposed to a control sample of 

similarly treated DNA free of bound proteins. By comparing the two cleavage patterns of probe 

and control, blank regions (the ‘footprints’) observed in the probe lane indicate protein binding. 

Subsequently, binding affinities can be addressed by varying protein concentrations to find the 

concentration at which the footprint is observed [86]. 

Electrophoretic mobility shift assays (EMSA), also known as band-shift assays, are based on 

the principle that a protein-DNA complex migrates through a native gel more slowly than 

protein-free DNA fragments [87]. Purified proteins or crude cellular extracts are incubated with 

a radiolabeled DNA probe (other labeling methods exist) and subsequently, free DNA is 

separated from protein-bound DNA by gel electrophoresis. 

Both techniques are widely in use and pivotal for localizing TF binding, and in addressing 

affinity and specificity of TFs towards specific DNA sequences. However, they cannot account 

for the impact of TFBSs on transcription. The only way to identify a binding site with a role in 

regulating transcription is to modify its sequence and assay transcription in vivo [8]. In this, a 

regulatory region is coupled to a reporter gene and assayed in embryos or cells, where it is 

exposed to the array of TFs that is encountered by the endogenous promoter. Common reporter 

genes are fluorescent proteins, such as GFP or YFP, that are non-toxic proteins and emit light 

when excited at certain wavelengths [88]. A great advantage of these reporters is that they can 

be monitored in vivo and at resolutions allowing detection of sub-cellular localizations.  

However, for quantification of expression differences, more sensitive reporter gene systems are 

widely in use employing luciferases [89]. These enzymes, derived from bioluminescent 

organisms like Fireflies or Sea Pansy, oxidize substrates (luziferins) while emitting light at rates 

proportional to the enzyme concentration (as long as enough substrate is present). 

Normalization of reporter gene activity is necessary due to varying transfection efficiencies and 

is achieved by co-transfection of a second plasmid that stably expresses another luciferase 

converting another substrate. This system allows precise quantification of reporter gene activity 

with a sensitivity range spanning four orders of magnitude. Reporter-gene assays require 

amplification and cloning of candidate promoter regions. Here, amplification often represents 

the limiting step, as high GC-contents of CpG islands, that reside in more than 70% of all 

human promoters, hamper efficient amplification [90]. 
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3.3.2. Bioinformatics approaches  

Bioinformatics approaches include de novo identification of binding sites of unknown TFs, 

referred to as pattern detection, and searching for binding site occurrence of TFs with known 

binding preferences, referred to as pattern matching. 

Examples for pattern detection approaches are overrepresentation studies and phylogenetic 

footprinting. Overrepresentation of a certain sequence motif within functionally related 

sequences is a hint towards functional relevance. For example, the core promoter element DPE 

was found by searching pools of well-defined promoter regions [91]. Another example is the 

recently identified “paused button” motif that was found by pooling promoters that showed 

high levels of RNAPII stalling [33]. For this approach, different algorithms have been 

developed and implemented, including GibbsSampler [92], Weeder [93] and MEME [94], 

which is currently widely in use. 

Phylogenetic footprinting successfully introduces the filtering power of functional constraint, 

assuming that orthologous regions of high sequence conservation point towards functionally 

relevant sequence elements [95-97]. Nevertheless, this approach suffers from false positives 

and false negatives, as sequence conservation can occur by chance, and most TFBSs are 

degenerate as they can tolerate certain substitutions without losing functionality [8]. 

Pattern-matching approaches rely on prior knowledge of DNA sequences that are recognized by 

a specific TF. These sequences can be used to derive a consensus recognition sequence of the 

TF, which can be applied to in silico mapping on a genome-wide scale. Yet, a better way to 

represent the information content of different sequences bound by the same TF are position-

specific weight matrices (PWMs) [98]. PWMs incorporate sequence variability by recording 

the frequencies of nucleotides at each position of the binding site. 

Today, the largest database TRANSFAC (version 2009.1) contains 540 vertebrate PWMs 

corresponding to 336 human TFs [99, 100]. The majority of these PWMs are derived from in 

vitro SELEX assays (systematic evolution of ligands by exponential enrichment). SELEX is a 

technique for the specific enrichment of short oligonucleotides from random oligonucleotide 

pools using a TF or its DNA-binding domain as bait. 

However, the problem here is that the enrichment procedure favors those oligonucleotides of 

highest affinity towards the bait protein under the chosen experimental conditions. Hence, the 

identified DNA fragments do not necessarily contain the sequences that are functional in vivo 

and can result in PWMs that do not reflect the true binding preferences of the assayed TF [101-

103]. Therefore, also in silico mapping based on in vitro-derived PWMs are hampered by both 

false negatives and false positives [104]. However, there techniques have emerged that will 
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shine new light upon this issue. ChIP-seq together with pattern discovery and pattern matching 

can reveal TFBSs occupied in vivo and produce high quality PWMs [105], potentially lifting 

TFBS predictions to the next level.  
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3.3.3. Genome wide approaches, chromatin IP and 2nd-generation 

sequencing  

Chromatin immunoprecipitation (ChIP) involves cross-linking of protein-DNA complexes in 

living cells [106]. The treatment of cells with formaldehyde covalently links genomic DNA 

with proteins of close proximity (~2 Å), thereby freezing the endogenous interactions [107]. 

Subsequently, chromatin is extracted and sheared into 150-300 bp fragments. Using a specific 

antibody allows the precipitation of the protein of interest together with the cross-linked DNA. 

After the cross-linking has been removed, free DNA fragments can be further analyzed by 

hybridization to DNA microarrays. DNA microarrays are slides spotted with tens of thousands 

of single strand DNA probes. Target DNA molecules, as derived from a ChIP, are fluorescently 

labeled and hybridized to the array of defined probes to be identified. This approach, called 

ChIP-chip, is well established and widely in use [108]. After whole-genome DNA microarrays 

have become available, limitations for de novo binding site identifications remained in the 

resolution, allowing for the identification of ~1kb regions, and in cross hybridization of DNA 

fragments to inappropriate probes. The recently introduced technique of massively parallel 

sequencing or 2nd generation sequencing opens a new era in genome- and transcriptiome-wide 

studies. This new sequencing approach generates several million short sequence reads (~35 

bps) of accurate nucleotide sequence per experiment [109]. In this technique, common adaptors 

are ligated to fragmented DNA molecules. Subsequently, single molecules are immobilized 

onto a flat surface, were their amplification results in an array of millions of spatially 

immobilized PCR colonies. These colonies serve as templates for 35 rounds (or more) of 

sequencing by synthesis with fluorescent reversible terminator deoxyribonucleotides, to build 

up a contiguous sequencing read. The detection of fluorescent labels incorporated with each 

round of extension allows acquiring sequencing data on all features in parallel [109, 110]. 

Currently, the main applications for this technology are re-sequencing of genomes, 

transcriptome sequencing (RNA-seq) and most importantly in this context, sequencing 

following chromatin immunoprecipitation. Both techniques, ChIP-chip and ChIP-seq, permit 

the genome-wide identification of in vivo bound regions. However, ChIP-seq has several 

advantages over ChIP-chip. Most importantly, ChIP-seq enables more precise mapping of 

protein binding sites, has a higher dynamic range, is less prone to artifacts, such as cross-

hybridization on microarrays, and produces disproportionally more data, including sequence 

information [111].  
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4. Aim of the project 

What makes us human? In terms of genetics, this question is on topic since 1975, when King 

and Wilson postulated that protein differences of human and chimpanzee cannot account for the 

phenotypic differences between the two species. They postulated: “A relatively small number of 

genetic changes in systems controlling the expression of genes may account for the major 

organismal differences between humans and chimpanzees” [112]. However, more than three 

decades later, only a handful of potentially involved changes, including some experimental 

support, have been described [81, 82, 84, 113]. Hence, to develop a better understanding on the 

causes of the human uniqueness among primates, new and powerful approaches are needed for 

tracing DNA mutations potentially involved in phenotypic differences that are worthy for 

experimental testing. The work described here involved the design and implementation of 

bioinformatics approaches, the establishment of site-directed mutagenesis, cloning and reporter 

gene assays, as well as the development of an enhanced PCR protocol. This work aimed at the 

identification of functional cis-regulatory adaptations in the human lineage, including 

experimental validation in respect to the transcriptional impact of these adaptations.  
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ABSTRACT 

 

Given the inherent limitations of in silico studies relying solely on DNA sequence analysis, the 

functional characterization of mammalian promoters and associated elements requires 

experimental confirmation, demanding for cloning and analysis of putative promoter regions. 

Focusing on systematic promoter studies for human chromosome 21, we cloned 182 promoters 

of 2,500 base pairs length to conduct reporter gene assays on transfected-cell arrays for testing 

under different conditions. We found 56 promoters active in HEK293 cells, while another 49 

promoters could be activated by treatment of cells with Trichostatin A or depletion of fetal calf 

serum. We observed high correlations between promoter activities and endogenous transcript 

levels, RNA polymerase II occupancy, presence of CpG islands and core promoter elements. 

We tested a subset of 62 truncated promoters (~500 bp) and found that truncation hardly 

resulted in loss of activity, but rather in loss of responses to external stimuli, supporting the 

presence of cis-regulatory response elements within distal promoter regions. In these regions, 

we found a strong enrichment of binding sites for transcription factors that integrate signals 

from the administered stimuli into gene expression. The identified promoter activity and 

response patterns represent a valuable resource for the elucidation of the complex mechanisms 

governing transcriptional regulation on the level of promoters under different conditions on a 

whole-chromosome scale. 
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INTRODUCTION 

 

Gene expression in eukaryotic organisms requires coordinated regulation of thousands of genes. 

The challenge is to unravel the components and function of complex genetic networks and 

underlying regulatory processes. Although these processes are integrated at many different 

levels of the cellular machinery, the regulation of the initiation of transcription is essential and 

often the rate-limiting step (1) and involves mainly promoter regions located immediately 

upstream of the gene transcription start sites (TSSs). These regions can integrate various signals 

to control transcription rates of associated genes, such as spatial and temporal signals during 

development, hormonal, physiological and environmental signals (2). Promoter regions usually 

comprehend a core promoter within 50-100 base pairs surrounding the TSS (3), proximal 

response elements located up to 250 base pairs upstream of the TSS, and distal response 

elements, which can reside several kilo bases upstream of the TSS. The core promoter contains 

transcription factor binding sites (TFBSs) recognized by the general transcription factors and 

regulates basal transcription levels, while proximal and distal promoter regions are believed to 

harbor gene-specific TFBSs integrating additional signals for fine-tuning of transcription rates 

(4). 

 

Mammalian promoter regions have been investigated mainly on a gene-by-gene basis using 

various reporter gene assays. Attempts to map promoter elements by computational analysis of 

DNA sequence widely made use of TFBS predictions and evolutionary conservation of short 

DNA stretches (5), but these approaches showed limitations due to the heterogenous nature of 

promoter regions and require experimental verification (2). To date, there have been few studies 

analyzing large numbers of promoters in parallel. A study describing a plasmid library-based 

approach designed to select human genomic fragments with promoter activity reported that 

68% of the 130 tested fragments were active in transient transfection reporter assays (6). In the 

framework of the ENCODE project scanning 1% of the human genome, putative promoters 

were tested by high-throughput transient transfection reporter assays, which unveiled that 60% 

of 642 tested promoters of ~600 bp length showed activity in at least one of 16 cell lines (7). A 

follow-up study aiming at the validation of novel putative promoters predicted from the 

analysis of cDNAs found that 25% of the 163 tested fragments harbored promoter function (8). 

These and other studies converge in postulating that mammalian upstream regulatory regions 

represent a heterogeneous group with disparate structural features and cell-type specific 

activities (2,9,10). Additional systematic experimental analyses are necessary to gain broader 

insight into promoter structure and function, especially in the evaluation of the activities of 

large numbers of promoters in parallel. 
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We recently established a procedure using transfected-cell arrays for the functional 

characterization of promoters (11). Here, we expand this approach to the analysis of the 

promoters from the genes encoded on human chromosome 21 (HSA21), which is well 

annotated and serves as a model for pilot genomic studies due to its small size (48 Mega bases) 

and its medical relevance, in particular trisomy 21 or Down syndrome. For 231 annotated genes 

on HSA21, we cloned 182 promoter fragments of 2.5 kilo bases in size upstream of the 

presumed TSS, as well as a set of truncated fragments (500 bp upstream of the TSS) for 62 

promoters. We used transfected-cell arrays (11-16) to carry out promoter reporter assays in 

HEK293 cells under normal growth conditions and after treatments known to alter gene 

expression. We correlated promoter activities with the presence of core promoter elements, 

with endogenous expression levels, with expression patterns derived from EST data for 45 

different human tissues and with RNA polymerase II occupancy on promoters in HEK293 cells 

(17). We show that treatment of cells with different stimuli, in combination with analysis of 

promoter fragments of differing lengths, yields insights into the presence of functional cis-

regulatory elements contained in the tested promoters. Taken together, we generated the first 

chromosome-scale reference data set on the structure, function and responses of human gene 

promoters. 
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MATERIALS AND METHODS 

 

Promoter annotation, primer design and vector construction 

 

Promoter annotation and primer design was based on human gene annotations from the 

Ensembl database v30. Promoter regions were defined relative to the most upstream TSS of all 

annotated transcripts. PCR primers for all 231 genes of chromosome 21 were designed using 

the software PRIDE (18) for amplification of ~2.5 kb fragments directly upstream of the 

respective TSS, including the TSS itself. In total, 223 primer pairs were obtained, to which 12 

bases of adapter sequences were added for recombinatorial cloning after two-step PCR 

amplification of the fragments (Gateway technology, Invitrogen). The same approach was used 

for cloning of truncated promoter fragments of ~500 bp upstream of the TSS. 

 

Promoter cloning 

 

Touch-down PCR from genomic DNA was performed according to a protocol optimized for 

amplification of GC-rich promoter regions (19), using as templates genomic DNA as well as 

available genomic BAC and fosmid clones. Then, a secondary PCR was performed with 

Gateway adapter primers (Invitrogen), followed by PEG-8000 precipitation of PCR products. 

The modified reporter gene vector pZsGreen1-1 and the control plasmid pHcRed1-N1 were 

used as decribed before (11). PCR products were cloned into the pZsGreen vector using 

Gateway BP Clonase II Enzyme Mix (Invitrogen) and transformed into competent TOP10 cells 

following the manufacturer’s recommendations. Resulting colonies were screened by colony 

PCR, plasmids were isolated from positive clones using a QIAprep Spin Miniprep Kit (Qiagen), 

and inserts were confirmed by 5’ and 3’ end sequencing. 

 

Microarray spotting, cell culture and reverse transfection 

 

Samples for array spotting were prepared as previously described (11). Spotting solutions 

containing 32 ng/µl of promoter construct and 7.5 ng/µl of reference plasmid were kept at 4°C 

until arraying. Automated spotting was performed with a high-speed non-contact dispensing 

system (instrumentONE, M2 Automation). Arrays were printed onto home-made poly-L-lysine 

(Sigma) coated microscope glass slides using a 500 µm outlet port solenoid valve, which 

delivered 20 nl of sample per spot. Average spot to spot center distance was 1.5 mm. Samples 
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were arrayed in triplicates. After arraying, slides were maintained in low humidity condition at 

4°C. Human embryonic kidney cells (HEK293 from ATCC) were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM, Gibco Invitrogen) supplemented with 10% (v/v) fetal calf 

serum (Biochrom) at 37°C in a humidified 6% CO2 incubator. One day prior to transfection, 

cells were seeded in a 60 cm2 culture plate in 10 ml of medium. On the day of transfection, cells 

were washed with PBS, detached with Accutase (PAA Laboratories) and seeded at 3.5x106 per 

slide onto printed slides, which were placed into a QuadriPerm chamber (Greiner) for reverse 

transfection. For each treatment, two slides were used in parallel, so that for each construct, six 

replicate spots could be analyzed. For treatments after 24 hours of incubation at 37°C with 6% 

CO2 in DMEM supplemented with 10% fetal calf serum, the medium was changed to DMEM 

with 200 nM Trichostatin A (Sigma) or fetal calf serum-free DMEM. After 48 hours of 

transfection, slides were washed with PBS, fixed in 3.7% formaldehyde with 4 M sucrose in 

PBS for 30 min, stained with DAPI and mounted with Fluoromount-G (Southern Biotech). The 

slides were kept in the dark at 4°C until analysis. 

 

Image acquisition, object detection and scoring of promoter activity 

 

Microscopy images were acquired and fluorescent objects were detected as previously 

described (11). The average total number of cells per image frame was ~500, as controlled by 

DAPI staining. In this area, the maximum number of cells that could theoretically be 

transfected, i.e. cells found in the area of the spotted DNA, was estimated to be ~300. For each 

scanning position, the number of red cells, green cells and co-transfected cells (red and green) 

was determined. The median number of transfected cells (positive for either fluorophore) was 

between 50 and 70 cells, resulting in about 20% transfection efficiency. To determine promoter 

reporter activities from numbers of fluorescent cells, two selection criteria were taken into 

account. First, the fraction of green-fluorescent cells among all red cells in a spot had to exceed 

16% (transfection threshold). Second, the number of cells both green and red had to exceed the 

number of cells both green and red in the negative control spots (empty modified pZsGreen 1-1 

spotted in 10 replicates) by three standard deviations (reporter activity threshold). A promoter 

was classified as active if both thresholds were exceeded in at least four out of six replicates on 

two different cell array slides. Thus, a binary promoter activity index (with 0 for inactive and 1 

for active promoters) was generated for each promoter region under investigation. 
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Computational analyses 

 

We used known position-weight matrices for TATA box, INR and DPE elements (20) together 

with the TransFac MATCH tool (21) for detection of common promoter motifs under default 

parameters. Genome-wide coordinates of CpG islands (22) were intersected with the 

coordinates of cloned promoters to identify CpG islands. In this, we required 500 bp 

immediately upstream of the transcription start site to overlap with at least 10% of the total 

sequence of a CpG island. Genome-wide coordinates of RNA polymerase IIA-bound regions in 

HEK293 (17) were intersected with the coordinates of cloned promoters to assess occupancy of 

the hypophosphorylated form of Pol IIA in promoter regions. 

 

We retrieved associations of expressed sequence tag (EST) identifiers to UniGene cluster 

identifiers in 45 tissues generated for 5,799,931 human ESTs clustered into 116,190 UniGene 

clusters from the UniGene FTP site (Hs.profiles.gz for Homo sapiens build #207). EST 

expression profiles for these UniGene clusters were extracted from the ‘Body Sites’ category of 

the original file. The resulting EST set for 156 HSA21 genes consisted of 32,450 ESTs from 45 

tissues. We then calculated for each gene with corresponding cloned promoter the number of 

different tissues where corresponding ESTs could be found. 

 

For the set of promoter sequences that showed specific response patterns in our experiments, 

we searched for common transcription factors binding sites that might explain these responses. 

To score transcription factor binding, we used a physical affinity-based model described in 

previous publications (23,24), and matrices describing 610 vertebrate transcription factor 

binding preferences from TRANSFAC version 12.1 (21). For each binding matrix, we 

calculated the affinity of the matrix for each sequence, and then transformed these affinities into 

p-values as described before (23). These p-values represent the probability that the observed 

binding affinity is greater than would be expected from a random sequence from a human-

promoter-based background model. The p-values for each sequence can then be combined 

using Fisher's method. Each binding matrix is then ranked according to its combined p-value, 

giving a natural ranking of the transcription factors that have the most enriched binding within 

the sequence set as a whole. 

 

Enriched gene ontology (GO) terms were identified using the DAVID functional annotation 

tool (25). Entrez GeneIDs for 40 promoters activated by serum depletion and 28 promoters 

activated by Trichostatin A were compared to a background set of 126 inactive promoters 

within the GO category ‘biological process’. 
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RESULTS 

 

Cloning and reporter activity of HSA21 gene promoters in HEK293 cells 

 

Promoter regions were defined relative to the most upstream annotated TSS of 231 genes on 

human chromosome 21 (see Methods for details). Primer pairs encompassing 2.5 kb of DNA 

sequence upstream of the TSS could be designed for 223 promoter fragments. Of these, 182 

fragments were successfully amplified and cloned into a reporter vector upstream of the green 

fluorescent reporter gene FP506. Promoter coordinates and primer sequences are listed in 

Supplementary Table S1. HEK293 cells were co-transfected on cell arrays spotted with 

promoter reporter constructs and a normalization plasmid expressing red fluorescent protein 

HcRED. The transfection efficiency was estimated to be approximately 20% (see Methods). 

We measured the green and red fluorescence signals and used a cell number-based 

quantification approach for the determination of promoter activity. Reporter gene activities are 

listed in Supplementary Table S2. Stringent thresholds were set for co-transfection and the 

number of cells with reporter gene activity, ensuring a reliable scoring of activity. The mean 

number of co-transfected cells with reporter activity was 32.9±5.9 cells for active fragments 

and 6.2±4.8 cells for inactive fragments, whereas values for the negative controls were 1.7±2.0 

cells. Figure 1A shows that active fragments could be clearly distinguished from inactive 

fragments by numbers of co-transfected cells with reporter gene activity on the transfected-cell 

arrays. Overall, 56 of 182 cloned 2.5 kb promoter regions were scored active in untreated 

HEK293 cells, whereas 126 remained silent. 

 

Promoter reporter activities correlate with endogenous gene expression 

 

We compared the promoter activities with the endogenous transcript levels in HEK293 cells 

reported from a transcriptome sequencing (RNA-seq) approach (17). Among 56 active 

promoter fragments, 50 corresponding genes were found expressed according to RNA-seq 

(Figure 1B and Figure 3A). We conclude that 89% of the active promoters score as true 

positives in the reporter assay. In contrast, only 37 of 126 inactive promoters are associated 

with expressed genes. The observed enrichment of expressed genes among active promoters is 

highly significant (p=1.2×10-14). To distinguish promoters of ubiquitously expressed genes from 

promoters of genes with a more restricted expression pattern, we made use of expression data 

compiled in UniGene EST clusters (26). We observed a strong correlation between promoter 

reporter activity in HEK293 cells and the number of tissues in which the associated gene is 
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transcribed (Figure 1C and Figure 3A). We found that 38 of 56 active promoters originate from 

genes with broad expression pattern in vivo (ESTs found in >25 different tissues). In contrast, 

97 of the 126 inactive promoters belong to genes with a more restricted expression pattern. The 

enrichment of broadly expressed genes among active promoters is highly significant (p=1.1×10-

8). Data on promoters and associated gene expression can be found in Supplementary Table S3. 

  

Active promoters are enriched in RNA polymerase IIA-bound regions and activating core 

promoter elements 

 

An overview of all data sets associated with the analyzed HSA21 promoters is shown in Figure 

2. To investigate the influence of functional transcription start sites on promoter activity, we 

made use of previously published ChIP-seq data of hypophosphorylated RNA polymerase II 

polypeptide A (Pol IIA) used as a landmark of transcription initiation in HEK293 cells (17). 

The majority of active promoter fragments (35 of 56) contains or overlaps Pol IIA-bound 

regions (Figure 3A), whereas inactive promoter fragments are depleted in Pol IIA-bound 

regions (12 of 126 with Pol IIA occupancy). The observed enrichment of Pol IIA occupancy in 

active promoters is highly significant (p=2.9×10-13). 

 

Core promoters are known to be associated with promoter-specific sequence elements 

controlling the initiation of transcription of downstream genes. For instance, CpG islands, the 

TATA box, initiator (INR) and downstream promoter elements (DPE) are functionally 

important, although their presence is not always required for promoter activity (9,10,27). We 

analyzed the occurrence of these four elements within the TSS near 500 bps of all 182 cloned 

HSA21 promoter fragments. Regarding CpG islands, we used a reference map with genome-

wide coordinates of CpG islands (22) and found that 46% of the 182 cloned promoters (83 out 

of 182) overlap with a CpG island over a sequence length of at least 50 bps. In this, we 

observed a marked difference between active and silent promoters. Of the 56 active HSA21 

promoters, 46 contain a GpC-island (Figure 3A). In contrast, only 37 of 126 silent promoters 

contain CpG islands. This enrichment of CpG islands in active fragments is highly significant 

(p=2.3×10-11). The TATA box, located 28-34 bp upstream of the TSS (28), is the best-known 

core promoter element. TATA boxes are often associated with strong tissue-specific promoters 

and result in clearly defined transcription start sites (10). We found TATA boxes in only 14 of 

all 182 cloned HSA21 fragments, which is less than the genome-wide occurrence in promoters 

reported before (29). TATA boxes were found slightly enriched in silent promoters (9% with 

TATA), as opposed to active promoters (5% with TATA). No trend was found for the INR 

element, which was present in 7% of active fragments (4 of 56) and in 6% of inactive 
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promoters (8 of 126). However, as shown in Figure 3A, DPE elements were found significantly 

enriched in half of the active promoters (28 of 56) as opposed to only in one-third of silent 

promoters (42 of 126; p=0.025). Coordinates of Pol IIA-bound regions, CpG islands and 

sequence elements in the cloned promoters can be found in Supplementary Table S4. 

 

Regarding the co-occurrence of Pol IIA-bound regions and core promoter elements, we found 

three elements appearing together in a significant number of cases. Of the 47 promoters with 

Pol IIA occupancy, 45 contain a CpG island. Also, 24 of the Pol IIA-occupied promoters 

contain a DPE element. In line with this observation, we also noted that 40 of the 70 promoters 

with DPE element contain a CpG island, suggesting a functional connection between the three 

elements. Lastly, it is also notable that 53 inactive fragments do not overlap with any of the 

promoter elements or Pol IIA-bound regions analyzed here. 

 

Different external stimuli modulate the activities of divergent sets of promoters 

 

To assess the functionality of the cloned promoter fragments, we challenged the cells with 

external stimuli and monitored promoter activities after treatment with Trichostatin A (TSA) 

and after depletion of fetal calf serum (FCS) from the culture medium. The effects of TSA on 

cell function are complex, however, the expected effect of such a histone deacetylase inhibitor 

is the activation of transcription from repressed regions of the chromosomes (30). Indeed, TSA 

treatment activated 28 of the 126 previously inactive promoters, while only three of the 56 

previously active promoters were silenced (see Figure 2). We analyzed the genes corresponding 

to these activated promoters regarding their expression patterns. As shown in Figure 3B, we 

found genes with broad expression (ESTs in >25 tissues) highly enriched among the TSA-

activated promoters (15 of 28), while this fraction among the promoters that remained silent 

was much lower (14 of 98; p=5×10-5). Similarly, we observed significant enrichments of 

endogenously expressed genes and Pol IIA binding regions (Figure 3B), while no significant 

enrichment of TATA, INR and DPE elements among the activated promoters could be detected. 

Interestingly, the strongest observed enrichment concerned CpG islands, which were found 

present in 68% of TSA-activated promoters (Figure 3B). Regarding biological functions of the 

genes activated by TSA, no significant enrichment of any functional category could be detected 

(data not shown). 

 

Serum depletion elicits stress responses and subsequent apoptosis through activation of several 

factors, such as NFκB and CREB (31-33). After depletion of serum, we found that no promoter 

was silenced. In contrast, 40 promoters were found activated (see Figure 2). Among the latter, 
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19 were also activated by TSA. A comparison of expression and sequence features of promoters 

activated by serum depletion (Figure 3C) to those of TSA-activated promoters (Figure 3B) 

revealed similarities as well as differences between both promoter sets. Similar to TSA 

treatment, but less pronounced, we found significant enrichment of broad expression patterns 

and CpG islands among promoters activated by serum depletion. In contrast, serum depletion-

activated promoters are neither significantly enriched for genes with endogenous expression in 

HEK293 cells nor for RNA Pol IIA occupancy. Instead, a significant enrichment of DPE 

elements can be observed (Figure 3C). CpG and DPE elements appear together in 28% of 

promoters activated by serum depletion (11 of 40), but only in 8% of promoters that remained 

silent (7 of 86). Regarding biological functions of the genes activated by serum depletion, we 

found that 20% of the activated promoters correspond to genes associated with cellular 

responses to the environment (Supplementary Table S5). In contrast, only 8% of the promoters 

remaining inactive belong to this category. 

 

Altogether, monitoring on transfected-cell arrays revealed that 56 promoters of 2,500 bp length 

drive reporter gene expression in HEK293 cells under normal growth conditions. Assays in the 

presence of different external stimuli showed that an additional 49 promoter fragments have the 

capacity to induce reporter gene expression. Regarding the remaining 77 silent fragments, only 

17 are associated with genes expressed in HEK293 cells according to RNA-seq data. A closer 

inspection of these 17 inactive fragments, with integration of Pol IIA ChIP-seq and RNA-seq 

data, revealed that in four cases the core promoter was missed by 10-30 base pairs (promoters 

of C21orf19, C21orf90, HEMK2 and PFKL), and that in five cases an alternative TSS is 

employed for these genes in HEK293 cells (promoters of ABCG1, MRPS6, NCAM2, NRIP1 

and PCBP3). Apart from these few examples, we can conclude that the majority of cloned 

HSA21 promoters recapitulate their function in living cells. 

 

Truncation of promoters indicates the presence of distal regulatory elements 

 

To investigate the influence of distal promoter regions on transcription, we cloned a subset of 

62 truncated promoter fragments of ~500 base pairs, thus removing the distal ~2,000 bases. We 

found that 29 of the 62 short fragments were active in reporter assays under standard conditions 

(Figure 4). Interestingly, truncation of promoter length resulted in loss of activity for only three 

fragment (DSCR2, OLIG1 and SIM2). However, six promoters gained activity in their 

truncated form, while their longer version was inactive (MRPL39, RBM11, CHAF1B, HLCS, 

C21orf45 and SH3BGR), hinting at the presence of inhibitory regulatory regions in the distal 

~2,000 bases. 
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Regarding the response of short fragments to treatments with TSA and depletion of serum, we 

found that 40 short promoters (66%) recapitulate, under all conditions, the activity patterns 

observed for the long fragments (Figure 4, lower part), while the other 21 behaved differently 

(Figure 4, upper part). For these, we observed two different possible results of truncation. First, 

fourteen truncated promoters could not be activated by treatments, while their longer 

counterparts were active or activatable, indicating the presence of activating cis-regulatory 

upstream elements. Second, seven truncated promoters showed to be active under more 

conditions than their longer counterparts (C21orf66, C21orf45, CHAF1B, MRPL39, HLCS, 

RBM11 and SH3BGR), hinting at inhibitory elements in the distal ~2,000 bp sequences. 

 

Identification of enriched cis-regulatory elements among promoters responding to 

external stimuli 

 

We were interested in the regulatory elements potentially contributing to the observed response 

patterns to external stimuli. We ranked affinities for 610 known vertebrate TF binding matrices 

(TRANSFAC database 12.1) in the entire sequences of the promoters activated by serum 

depletion or TSA treatment, and in the distal 2,000 bp of those promoters that lost their 

activation by stimuli after these regions had been removed by truncation. We found several TF 

binding matrices enriched in the sequences from each promoter category. For each enriched 

matrix, we analyzed if the corresponding TF is expressed in HEK293 cells according to the 

available RNA-seq data set. The top four enriched matrices of TFs expressed in HEK293 are 

listed in Table 1. All binding sites detected for these TFs in the analyzed promoter fragments 

are listed in Supplementary Results. We identified several connections between enriched TF 

binding matrices and the biological stimuli used here to modulate promoter activities (see 

references in Table 1). Serum responses has been reported before to influence the activities of 

USF1, NFκB, MYC and ETS1. Concerning TSA responses and associated histone deacetylase 

inhibition, we found reports describing sensitivity to TSA treatment for MAFG, AP1 

(FOS/JUN), p53 and OCT1. Thus, four of seven TFs with enriched matrices in serum-sensitive 

promoters and four of eight TFs with enriched matrices in TSA-responsive promoters have 

been previously implicated in corresponding signal transduction pathways. 
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DISCUSSION 

 

Using a transfected-cell array format, we were able to monitor the activities of 182 cloned 

promoters corresponding to ~80% of all human chromosome 21 genes in HEK293 cells. 

Compared to previous large-scale studies, where the length of promoters was restricted to a 

1,000 or less base pairs of DNA (6-8), we aimed at more comprehensive coverage of upstream 

regulatory elements by cloning 2.5 kilo bases, so that additional potentially relevant regulatory 

elements could be covered by our analysis, and administered treatments with external stimuli to 

identify the regulatory nature of these elements. In this, the cell array format proved as reliable 

and cost-efficient alternative to conventional reporter gene assays in microtitre plates. 

 

Promoter reporter activities recapitulate endogenous gene expression states 

 

In order to assess promoter contribution to endogenous gene expression, we compared 

transcript levels for chromosome 21 genes in HEK293 cells with the corresponding promoter 

reporter activities. For the promoters active in the reporter assays, this comparison revealed a 

high level of overlap, with 89% of the corresponding genes expressed, which is in agreement 

with previous observations (7,11). Nevertheless, six promoters were found active without 

detection of corresponding transcripts, namely those of C21orf13, C21orf115, DSCR4, DSCR8, 

KRTAP21-2 and RSPH1. The discrepancy observed here might indicate the absence of 

inhibitory elements residing further upstream or downstream, which were not included in the 

promoter reporter constructs, or presence of inhibitory chromatin structures or DNA 

methylation in the genomic context of these genes. Regarding the promoters that were inactive 

under standard conditions, only 29% of the corresponding genes are expressed in HEK293 

cells, and the majority of these promoters was activated by treatment of the cells with TSA or 

serum depletion. We conclude that the corresponding cloned fragments do not contain all 

regulatory elements, especially enhancers, which are necessary to reach the strength of the 

endogenous promoters in the context of the natural chromatin environment. The remaining 17 

inactive promoters could not be activated by treatment conditions. We found that alternative 

transcription start sites are employed in HEK293 cells for five genes, while key elements 

required for transcription remained outside of the cloned fragments for four genes. The 

incorporation of RNA-seq and Pol IIA ChIP-seq data into the annotation process will 

significantly improve future promoter annotations. 
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Core promoter elements and Pol IIA occupancy strongly determine promoter activities 

 

We have examined the correlation of various sequence and functional features involved in pre-

initiation complex assembly with promoter activities. The finding of significant enrichments in 

CpG and DPE, but not TATA or INR elements in active promoters confirms previous 

observations (7,34). As in primary fibroblasts (35), CpG islands are present within more than 

80% of the promoters active in HEK293 cells. Moreover, the strong correlation between gene 

expression levels and promoter activity in our reporter assays concerned mostly genes 

containing CpG islands, resulting in a wide tissue-representation of corresponding transcripts, 

indicating ubiquitous expression patterns. One the one hand, RNA polymerase IIA-binding 

indicates Pol II stalling at genes poised for activation (36,37), and on the other hand, active 

transcription start sites (17,38). As expected, we found the presence of Pol IIA-bound regions 

strongly associated with the activity of promoter fragments. The marked correlation of active 

promoters with both Pol IIA occupancy and CpG islands is not surprising, as CpG islands are 

known to be strongly enriched in regions with Pol II stalling (39). Conversely, a lack of Pol IIA 

occupancy was characteristic for inactive promoters of genes expressed in HEK293 and for 

inactive promoters of CpG-associated genes. 

 

Promoters can be classified into subsets according to their responses to external stimuli 

 

We have modulated promoter activities by treatment with TSA and by depletion of serum. The 

expected effect of a specific inhibitor of mammalian class I and II histone deacetylase enzymes 

(30), such as TSA, is activation of transcription from repressed chromosomal regions through 

chromatin remodeling (40). Even though transiently transfected plasmids, as used in this study, 

are not entirely subject to the same regulatory mechanisms that affect native chromatin, it has 

been shown that chromatin structures can be formed on plasmid DNA, although transfected 

DNA is generally more accessible than cellular chromatin (41). Subsequently, it should be 

possible to reverse histone deacetylase-dependent silencing mechanisms through activation by 

TSA (42,43). In fact, we found a considerable number of promoters activated upon treatment 

with TSA. Interestingly, we observed a striking enrichment of CpG islands, as 68% of TSA-

activated promoters contain or overlap such a region, a finding that indicates another property 

of TSA, namely inhibition of DNA methyltransferase DNMT1 (44). Methylation of CpG 

islands is correlated with gene silencing, and inhibition of DNMT1 can enhance early 

expression of those genes that are silenced through CpG methylation, Subsequently, TSA-

induced CpG demethylation can follow early transcription and fully activate gene expression of 

CpG-associated TSA-activated genes (45). On the basis of these findings, we assume that the 
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promoter-reporter constructs are sensible to endogenous histone deacetylation or, more 

probably, DNA methylation-mediated silencing (44,46,47). 

 

Depletion of serum from the cell culture medium activates cell type-specific responses affecting 

cell cycle regulation, cell growth, differentiation and apoptosis (32,48,49). To address the 

question whether promoters activated by serum depletion belong to genes with functional 

similarities, we made use of gene ontology annotations (25). Of the 40 promoters activated by 

serum depletion, eight genes are annotated in the biological process category “response to 

stimulus” and related subcategories. The observed enrichment is not significant due to small 

sample size, however, it is notable as it underlines the finding that cloned promoter fragments 

can integrate endogenous signaling pathways into reporter gene expression. We conclude that 

the observed effect of serum depletion in our reporter assays has a biological correlate in terms 

of signal transduction in vivo.  

 

Evidence for positive and negative response elements within distal promoter regions 

 

Data obtained from assaying a set of promoters in long and truncated forms and under different 

conditions revealed that two thirds of truncated promoters reproduce the activity patters of long 

promoter fragments, while the other third behave differently. The finding that only three short 

fragment lost activity compared to its long counterpart implies that in general, ~500 base pair 

fragments, spanning core and proximal promoter region, are sufficient to drive gene expression. 

Six promoters were active in their short and inactive in their long version, with three of them 

highly expressed in HEK293 cells, suggesting the presence of inhibitory cis-regulatory 

elements within -500 to -2500 bps, but also the presence of strong genomic enhancers outside 

of the cloned regions. Regarding overall activity changes through external stimuli, 52 long 

fragments changed activity (29% of 182 tested), while only three short fragments were 

responsive to external stimuli (5% of 62 tested). This significant difference is evidence for the 

presence of inhibitory, but more importantly, for the presence of activating response elements 

within the cloned distal promoter regions. It has been reported that negative regulatory elements 

localize within the region 1,000 to 500 base pairs upstream of the TSS (7,50). We find that 

activating distal promoter elements outnumber negative elements in the chromosome-wide set 

of promoters analyzed here. 
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Identification of cis-regulatory elements with involvement in the responses to serum 

depletion and Trichostatin A 

 

In order to identify cis-regulatory elements that can have an impact on the observed promoter 

response patterns, we have analyzed enriched transcription factor binding matrices in the 

sequences of the promoters activated by serum depletion and Trichostatin A. Similarly, we have 

scanned the upstream regions of those promoters that lose activation by these stimuli upon 

truncation. 

 

The binding motif analyses identified seven candidate TFs with potential influence on promoter 

activity following serum depletion. Four of these TFs have been previously reported to be 

activated by this treatment, namely USF1, NFκB, MYC and ETS1. Serum starvation has been 

shown to enhance USF1 expression and the efficiency of USF1 binding to and upregulation of 

its target gene lipocalin-type PGD synthase in a human brain-derived cells (51). Somewhat 

similar, NFκB has been found potently activated upon serum starvation in HEK293 cells, 

leading to apoptosis (31). Responses to serum deprivation also involve the MYC protein. The 

signaling mechanism of MYC-induced apoptosis in human hepatoma cells under growth factor-

deprived conditions was found dependent on FOS, with an ATF2-responsive element 

conferring the MYC-induced expression of FOS (52). For the promoter of ATF3, another 

transcription factor determining cell fate under stress conditions, it has been shown that the 

MYC complex plays a role in mediating the serum response of ATF3 gene expression in rat 

fibroblasts (53). Finally, also Ets domain-containing TFs, such as ELF2 and ETS1 identified 

here, are implicated in the response to serum. In a human endothelial cell line, transcriptional 

activation in response to serum was found to be regulated by a functional Ets motif in the 

promoter of CD13, where ETS2 and ETS1 can bind and regulate the CD13 promoter activity 

(54). The finding that we identified four TFs involved in serum response in our reporter assays 

confirms the reliability of the study concerning the integration of endogenous signaling 

pathways in promoter reporter gene activities. 

 

Taking a closer look at the eight enriched TF binding matrices in the promoters activated by the 

histone deacetylase inhibitor Trichostatin A, we found that TSA treatment has been previously 

described to affect the functions of four of the associated TFs, namely MAFG, p53, OCT1 and 

AP1. TSA treatment has been reported to abolish MAFG-mediated repression of gene 

expression via Maf recognition elements in reporter gene assays performed in HEK293 cells 

(55), which is in line with our observations of the activating effect of TSA on promoters. The 

tumor suppressor p53 was described to follow a TSA-dependent mode of action, with TSA 
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causing p53 to induce apoptosis in a human colorectal cell line (56), while in a prostate cancer 

cell line, TSA stabilized the acetylation of p53, inducing cell cycle arrest, but not apoptosis 

(57). Alternatively, TSA can also induce gene expression via OCT1, another TF identified in 

our study, without the need for functional p53, as shown in a human osteosarcoma cell line 

(58). Lastly, concerning AP1 found enriched among TSA-induced promoters, it has been 

reported that upon TSA treatment, this activator complex binds to an AP1 recognition site in 

the osteopontin gene promoter and activates expression of this gene in a mouse mesenchymal 

cell line (59). AP1 is a variable complex composed of members of the JUN, FOS and 

CREB/ATF families. FOS is both a part of the TSA-responsive AP1 complex and a mediator of 

the MYC-induced apoptotic signaling following serum starvation, as described above (52). 

Here, we see a possible connection between promoter activation by serum depletion and 

activation by TSA treatment, which may explain the finding that 19 promoters were activated 

by both types of treatment in our reporter assays. 

 

Taken together, our findings indicate that the observed promoter response patterns, depending 

on the presence or absence of the specific cis-regulatory elements, recapitulate the integration 

of endogenous signaling pathways into reporter gene expression. The list we provide here of 

chromosome 21 promoters with upstream positive and negative elements, along with possible 

involvements of various transcription factors in the promoter response patterns, constitutes a 

valuable resource for researches interested in the regulation of the corresponding genes. 
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CONCLUSION 

 

Using reporter gene assays on transfected-cell arrays, we are able to draw a general picture of 

HSA21 promoter function in HEK293 cells, correlating promoter activities to the presence of 

core promoter elements, promoter occupancy by RNA polymerase II, and endogenous 

transcript levels. The identified correlations show that promoter studies greatly profit from 

incorporation of data sets generated by massively parallel sequencing technology. Proximal 

promoter regions were found generally sufficient to drive gene expression under standard cell 

culture conditions. However, extended promoter regions are more likely to integrate 

endogenous signaling pathways into reporter gene expression than proximal promoters. This 

finding is further underlined by the identification of genes involved in responses to stimuli 

found activated by serum depletion, and hints towards the presence of positive and negative cis-

acting response elements in distal promoter regions. The analysis of promoter fragments of in 

different lengths allowed for identification of enrichment of binding sites for corresponding 

transcription factors that can integrate signals from administered stimuli into gene expression. 

The collection of cloned HSA21 promoters can be used in further studies on promoter activities 

in different cell lines and in combination with overexpression or knockdown of transcription 

factors, allowing to study transcriptional regulation in parallel and in more detail on the scale of 

a whole chromosome. 
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FIGURE LEGENDS 

 

Figure 1. Active promoters can be reliably distinguished from inactive promoters using 

reporter gene assays on transfected-cell arrays. Promoter reporter activities strongly correlate 

with endogenous HEK293 gene expression levels and with breadth of expression according to 

EST data. (A) A promoter was scored active if a cell number threshold for reporter activity 

(three standard deviations over the mean of the negative controls) and a co-transfection 

threshold for the two plasmids (16%) were both exceeded (see Methods for details). The plot of 

the mean numbers and standard deviations of co-transfected cells with reporter activity shows 

the significant differences between active and inactive promoter fragments. (B) Active 

promoter fragments are mostly derived from genes with endogenous expression in HEK293, as 

detected by RNA-seq (17). In contrast, most inactive promoters correspond to genes without 

expression in HEK293. (C) The majority of inactive promoters is derived from genes with 

restricted expression patterns, whereas most active promoters correspond to genes with broader 

expression patterns (ESTs found in >25 tissues). For each gene, the number of different human 

tissues with corresponding ESTs according to the UniGene database was determined and 

plotted against active and silent promoter fractions. 
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Figure 2. Overview of promoter reporter activities, gene expression data and core promoter 

elements for 182 tested 2.5 kb promoters. Each row in the panels represents one tested 

promoter, with gene symbols indicated on the left. The panel on the left show promoter reporter 

gene activities for untreated HEK293 cells measured on transfected-cell arrays, corresponding 

endogenous gene expression (RNA-seq) and RNA polymerase IIA occupancy (Pol IIA). The 

central panel show promoter reporter activities after treatment on transfected-cell arrays with 

Trichostatin A (+TSA) and after depletion of fetal calf serum (-FCS), The panel on the right 

show the presence or absence of core promoter elements residing in the cloned fragments. 

Promoter reporter activity: active promoters driving reporter gene expression are represented by 

green boxes, inactive promoters by red boxes. RNA-seq: transcriptome sequencing data from 

HEK293 cells (17); green – transcripts detected in HEK293; red – no transcripts detected or 

uncertain; Pol IIA: Blue boxes indicate RNA Polymerase IIA-bound regions in promoters 

identified by chromatin immunoprecipitation (ChIP-seq) from HEK293 cells (17). Promoter 

elements: Light gray boxes indicate the presence of CpG islands, downstream promoter 

elements (DPE), TATA boxes and initiator elements (INR). EST data: The number of different 

tissues (out of 45) in which corresponding ESTs are present in the UniGene database is 

represented here as the length of a horizontal bar. All rows are sorted (i) by promoter reporter 

activity in untreated conditions, (ii) by endogenous expression in HEK293 cells, and (iii) by 

promoter activities in treated conditions. 
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Figure 3. Gene expression features and sequence elements associated with active and silent 

promoter fragments. (A) The 56 promoters active under untreated conditions are significantly 

enriched for genes with expression in >25 different tissues (broadly expressed), for genes 

endogenously expressed in HEK293 cells (HEK expressed), for occupancy of RNA polymerase 

IIA in the promoter fragment (Pol IIA binding), for presence of CpG islands and for 

downstream promoter elements (DPE). Dark grey bars represent the fraction of 56 active 

promoters associated with the indicated feature, light grey bars represent the fraction of 126 

promoters inactive in untreated conditions. (B) Treatment of cells with Trichostatin A activates 

28 promoters that are significantly enriched for broadly expressed genes, expression in 

HEK293, Pol IIA binding and CpG islands. (C) Depletion of serum from transfected cells 

activates 40 promoters that are significantly enriched for broadly expressed genes, CpG islands 

and DPE elements. Significance levels of enrichments were calculated by the hypergeometric 

test and are indicated as ***(p<0.001), **(p<0.01), *(p<0.05) and ns (not significant). 
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Figure 4. Truncation of promoter fragments can result in loss of responsiveness to external 

stimuli. The panels show an overview of reporter activities of 62 promoters that were assayed 

as both long (2.5 kb) and truncated fragments (~500 bp). Each row represents one tested pair of 

long and short promoter, with gene symbols indicated on the left. Active promoters are 

represented by green boxes, inactive promoters by red boxes. Reporter assays were carried out 

under standard growth conditions (untreated), after treatment of cells with Trichostatin A 

(+TSA) and after depletion of fetal calf serum (-FCS). Promoters are sorted by the result of 

truncation, which is either loss of response to external stimuli (21 promoters, upper parts) or no 

change in the response to stimuli (41 promoters, lower part). The presence of upstream cis-

regulatory elements in distal promoter regions (-2,500 to -500 bp) can be inferred from the 

observed results of truncation, namely activating upstream elements (14 promoters) or 

inhibitory elements (7 promoters). 
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Table 1. Top-enriched transcription factor binding matrices among promoters responding to 

external stimuli 

Promoter response category              

(no. of promoters; analyzed regions) 

Enriched TF  binding 

matrix 

Combined 

p-value 

Transcription 

factor 

References 

to stimulus 

Activation by serum depletion V$USF_C 0.000104 USF1 (51) 

   (n=40; full 2.5 kb regions) V$OSF2_Q6 0.000155 RUNX2 – 

 V$NFKAPPAB_01 0.00279 NFκB (31) 

 V$MYC_Q2 0.00355 MYC (52,53) 

Loss of activation by serum depletion V$NFKAPPAB_01 0.00287 NFκB (31) 

   after truncation to 500 bp V$NERF_Q2 0.007 ELF2 – 

   (n=9; 2 kb distal regions) V$ETS1_B 0.00938 ETS1 (54) 

 V$MAF_Q6 0.00979 MAF – 

Activation by Trichostatin A V$POU3F2_01 0.00127 OCT7 – 

   (n=28; full 2.5 kb regions) V$TCF11MAFG_01 0.00355 MAFG (55) 

 V$AP1_Q2 0.00372 FOS/JUN (59) 

 V$MEF2_01 0.00432 MYEF2 – 

Loss of activation by Trichostatin A V$P53_01 0.015 p53 (56,57) 

   after truncation to 500 bp V$OCT1_01 0.0258 OCT1 (58) 

   (n=6; 2 kb distal regions) V$MAF_Q6 0.0345 MAF – 

 V$TEF1_Q6 0.0396 TEAD1 – 

 

For each promoter response category, the top four enriched non-redundant TRANSFAC binding matrices are listed 

for TFs with endogenous gene expression in HEK293 cells according to transcriptome sequencing data. P-values for 

all individual sequences in a set were combined by Fisher's method, allowing for detection of TF binding that is 

enriched across the entire sequence set.
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Supplementary Table S5. Top group of enriched biological processes among promoters 

activated by serum depletion 

Gene symbol Gene name Biological processes 

MX1 myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 S, B, M, O, D, V 

MX2 myxovirus (influenza virus) resistance 2 S, B, M, O, D, V 

H2BFS H2B histone family, member S S, B, M, O, D 

IFNGR2 interferon gamma receptor 2 (interferon gamma transducer 1) S, B, M, O, V 

TFF1 trefoil factor 1 (estrogen-inducible sequence expressed in breast cancer) S, D 

AIRE autoimmune regulator S 

RUNX1 runt-related transcription factor 1 S 

UBASH3A ubiquitin associated and SH3 domain containing, A S 

 

Biological processes (gene ontology annotations) are abbreviated: S – response to stimulus (GO:0050896); B – 

response to biotic stimulus (GO:0009607); M – multi-organism process (GO:0051704); O – response to other 

organism (GO:0051707); D – defense response (GO:0006952); V – response to virus (GO:0009615). 
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Background 

Phenotypic differences of closely related species such as human and chimpanzee are most 

likely caused by differences in gene regulation. This has been postulated first over 30 years ago, 

however still only a handful of verified examples exist. To find cis-regulatory adaptations on 

the lineage leading to human, we performed ChIP-seq of the transcription factor GABPa in 

HEK293 cells of human origin. We explored the enriched regions for GABPa binding sites 

(BSs), and based on multiple species alignments, we searched for BSs that were fixed during 

hominid evolution on the lineage leading to human. To clarify the transcriptional impact of 

such lineage-specific sites, we performed promoter-reporter gene assays of wild type and 

mutated promoters in HEK293 and COS-1 cells. Human mutated promoter-reporter constructs 

were modified by one or two single nucleotide mutations to mimic the ancestral state devoid of 

the GABPa BS. On the other hand, chimpanzee and rhesus constructs were modified to mimic 

the human-specific GABPa binding site. 

 

Results 

We identified 11,619 GABPa BSs within 5,797 of the 6,208 regions bound by GABPa as 

determined by ChIP-seq. 224 GABPa BSs are specific to human, while another 53 have been 

fixed before the split of human and chimpanzee. We selected and cloned four gene promoters 

with sites specific to human and one promoter with BSs specific to both human and 

chimpanzee. Reversion of human BSs to the ancestral states resulted in significantly lower 

reporter-gene activities compared to the wild type in three of the five cases, while mimicking 

the human BS in chimpanzee and rhesus led to significantly increased reporter gene activities in 

all cases.  

 

Conclusion 

Our analysis shows that ChIP-seq data can be used to identify linage-specific transcription 

factor binding sites (TFBSs) of functional relevance. Functional promoter analysis shows that 

the promoters of ZNF398, ZNF425, ZNF197 and ANTXR1 are differently regulated in human 

and chimpanzee, while the TMBIM6 promoter gained a functional GABPa BS in hominids. 

The rapidly increasing amount of transcription factors (TFs) being analyzed by ChIP as well as 

genomes being sequenced will allow for new insights into whole regulatory pathway 

adaptations, and understanding will further advance by incorporating gene ontology (GO) 
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annotation and expression profiles. We demonstrate here that TF-ChIP-seq combined with 

comparative genomics can be a powerful tool to trace evolutionary adaptations at single base 

pair resolution. 

 

 

 

Abbreviations: 

BS: binding site, TF: transcription factor, TFBS: transcription factor binding site, ChIP: 

chromatin immunoprecipitation, ZF: zinc finger, TSS: transcriptional start site, SNM: single 

nucleotide mutation 
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Introduction 

Regulation of gene expression is considered as one of the major mechanisms shaping the 

phenotypic appearance of organisms [1, reviewed in 2, 3]. In particular, transcriptional 

initiation and elongation are of central importance to overall gene expression levels [4-8]. Both 

processes are thought to be regulated by transcription factors (TFs) that bind to specific DNA 

motifs of 5-15 base pairs termed transcription factor binding sites (TFBS). Even though there is 

some sequence variation in sites recognized by a certain TF, residing nucleotide substitutions 

can have great impact on TF affinities and transcription levels [9]. Different studies aimed at 

identifying such cis-regulatory changes in human and primates [10, 11], however 

experimentally supported examples are sparse. This is partly due to laborious experimental 

approaches and, of course, the fact that many cis-regulatory changes will only be relevant 

during development to regulate precise spacio-temporal gene expression patterns. 

 

Previous studies, if not driven by the interest in a particular gene [12-14], were either entirely 

bioinformatic, as for example the search for certain substitution patterns in multiple species 

alignments [11, 15-17], or were based on differences in gene expression patterns of related 

species [18-21]. In both cases, further pinpointing of functional substitutions is difficult, as de 

novo TFBS prediction is not trivial, producing many false positives. The main problem here is 

evoked by inaccurate binding models [22-24] and the strong context-dependency of many TFs 

[25]. Now, the recently introduced method of chromatin immunoprecipitation followed by 

hybridization on microarrays (ChIP-chip) or massively parallel sequencing (ChIP-seq) permits 

genome-wide identification of ex vivo and in vivo TFBSs at high resolution, including the 

possibility to derive high-quality models of TF binding preferences. This data describing active 

TFBSs can subsequently be used in conjunction with multiple species alignments to search for 

sites that are specific to the species under investigation. 

Here, we investigated the TFBSs of the GA binding protein transcription factor alpha subunit 

(GABPa) that possesses a binding motif which has been confirmed by several studies [9, 26, 

27]. GABPa belongs to the ets family of DNA-binding factors and regulates a broad range of 

genes involved in cell cycle control, apoptosis, differentiation, hormonal regulation and other 

critical cellular functions [28]. Therefore, the likelihood to find human-specific BSs is higher 

than for TFs regulating only a small number of genes. Also, the DNA-binding domain of 

GABPa is entirely conserved in primates, mouse, dog and cow, rendering BS adaptations due to 

changes in protein structure unlikely. GABPa is known as a potent transcriptional activator and 

also regulates more than half of all bi-directional promoters [29]. In addition, repetitions of the 

GABPa BS influence transcription levels in a synergistic manner [30]. However, most 
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important to our approach is the finding that GABPa preferentially binds in close proximity to 

the transcriptional start site (TSS) [27], allowing to evaluate potential BS alterations 

straightforwardly by promoter-reporter gene assays.  

 

In this study, we set out to demonstrate the practicability of combining data on experimentally 

supported transcription factor binding sites with comparative genomics to find functionally 

relevant substitutions. As shown in Figure 5, we used human HEK293 cells to perform ChIP-

seq of the transcription factor GABPa, and searched the obtained set of functional binding sites 

for those that have evolved recently in the lineage leading to human. In this, we used the ChIP-

seq peak regions to search for residing GABPa BSs and reconstructed the corresponding 

ancestral DNA sequences along the UCSC 44-vertebrate alignments. Subsequently, we 

identified human- and hominid-specific BSs by evaluation of the phylogenetic depth to which 

the human BS can be traced back. We tested the functionality of human-specific BSs by 

comparing the strength of wild type and mutated promoters from human, chimpanzee and 

rhesus. Four wild type gene promoters were selected and cloned, and in parallel, the newly 

evolved BSs were reversed to their ancestral states by site-directed mutagenesis. We also 

cloned the orthologous promoters for chimpanzee and rhesus and introduced the human specific 

GABPa BS. All wild type and mutated constructs were subjected to promoter reporter gene 

assays in HEK293 cells and in african green monkey-derived COS-1 cells to test the impact of 

the identified human- and hominid-specific substitutions on gene transcription. 
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Results 

Identification of GABPa binding sites in 5,797 genomic regions 

The main application of ChIP-seq is the identification of genomic regions that are enriched in 

specifically precipitated DNA (Figure 1A). To find regions of high sequencing read density (or 

peaks) within 6.96 million reads from GABPa ChIP-seq, we used the peak calling software 

QuEST (Figure B) [27]. We found 6,208 genomic peaks of GABPa reads, of which 80% can be 

mapped to transcripts within 600bps equally surrounding the transcriptional start sites (TSSs). 

Extension to 10kb centered on the TSSs results in 85% of peaks mappable to 18,832 UCSC 

transcripts, corresponding to 5,310 Entrez genes. As shown in Figure A, the majority of peaks 

was found to be located close to the nearest transcript start site. To identify the fraction of genes 

that is regulated by GABPa in HEK293 cells, we used previously published transcriptome 

sequencing (RNA-seq) data for the same cell line [31]. We found 49,245 UCSC transcripts with 

RNA-seq reads in two or more of the exons (in cases of transcripts consisting of one to three 

exons, only one exon needed to be matched by ChIP-seq reads). This number of transcripts 

corresponds to 15,101 Entrez genes, indicating that ~35% of the expressed gene-promoters are 

bound by GABPa. 

 

In order to derive a GABPa consensus binding site from the ChIP-seq peak regions, we used 

DNA sequences of 200bps equally surrounding the 6,208 peak centers as input for the de novo 

motif discovery algorithm MEME [32]. A consensus binding sequence and a position specific 

weight matrix (PWM) were built based on 6,031 peaks (97% of peaks containing GABPa BSs) 

(Figure 1C). The PWM-contributing sites are preferentially located close to the peak centers 

(Figure 2B), indicating proper peak-calling from ChIP-seq reads. The identified PWM is very 

similar to the GABPa PWMs found in the TFBS databases JASPAR and TRANSFAC and it is 

almost identical to that found by Valoujev et al., who previously performed a similar 

experiment in Jurkat cells (Figure 3) [27]. Under default parameters, MEME assumes that each 

peak contains zero or one sequence motif. This assumption is advantageous to find non-

repetitive motif elements. However, as more than one motif is likely present in each peak 

region, it is necessary to search for additional BSs, which can be done with the motif alignment 

and scan tool MAST (Figure 1D). The MAST analysis revealed 11,619 PWM hits in 5,797 

peak regions of 200bps, with the majority of peaks containing two BSs, closely followed by 

peaks with single sites (Figure 1C). 
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Extraction of 224 human-specific GABPa binding sites 

Based on the predicted 11,619 GABPa BSs (11 bps in length) within the ChIP-seq peaks, we 

extracted 11,008 multiple species alignments from UCSC MultiZ vertebrate alignments of 44 

species (Figure 1E). For the remaining 611 BSs regions, there was either no alignment 

available, or the aligned regions were not contiguous. We were interested in BSs that emerged 

during human and hominid speciation. Using the eight available non-human primate genomes 

(Chimpanzee, Gorilla, Orangutan, Macaque, Marmoset, Tarsier and two prosimian species), we 

aimed at finding sites that are specific to four lineages, namely to human on the one hand, but 

also to the Hominini (Human and Chimpanzee), Homininae (Homini and gorilla) and 

Hominidae (Homininae and Orang-utan) lineages. For this, we reconstructed the ancestral 

sequences along the phylogeny of 34 mammalian species of the UCSC 44-vertebrate 

alignments using ANCESTORS (Figure 1F) [33]. The approach implemented in ACESTORS is 

suitable for reconstructing ancestral sequences including the most likely scenario of insertions 

and deletions observed in alignments, while retaining an extremely high degree of accuracy 

[33]. For the hominid lineage, no ancestral sequence was reconstructed for 65 BSs due to 

missing aligned sequences of more distantly related species, while all other alignments were 

obtained as expected. To search the reconstructed ancestral sequences for the presence of 

GABPa consensus sequences, we applied MAST using the human-derived GABPa PWM 

(Figure 1G). 

We found 224 human specific BSs corresponding to 219 ChIP-seq peaks and 227 genes. For 

Hominini, we found 57 BSs, for Homininae 244 BSs and for Hominids 310 BSs. 41 peaks with 

human specific BSs were not mapped to known genes. Manual inspection of those peaks 

revealed that 23 are located in close proximity to ESTs that are not yet annotated by UCSC and 

therefore likely harbor true BSs. BS appearances for all ancestral branches leading to human are 

shown in Supplementary Figure S1. 

 

Enriched gene categories associated with human-specific GABPa binding sites  

We used the Database for Annotation, Visualization and Integrated Discovery (DAVID) to 

assess the 227 gene promoters that gained GABPa BS on the human lineage for enrichment of 

gene ontology associations, tissues with gene expression and protein domains [34, 35]. We 

found enrichment in genes involved in RNA processing (GO:0006396; p=8.18-03), genes 

expressed in mammary gland (p=2.53-03) and pineal gland (p=7.08-03), and enrichment in genes 

containing a KRAB zinc finger (ZF) protein domain (p=3.33-02). The full list of enriched 

categories can be found in Supplementary Table 1. KRAB zinc finger proteins are a class of 

genes specific to tetrapodes [36] and appear to have expanded on the primate lineage [37]. 
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Interestingly, 35% of all HEK293-expressed genes are bound by GABPa, but 65% of the 277 

expressed KRAB zinc finger genes are bound by GABPa. 

 

Based on the analyses of ChIP-seq peak intensities, BS locations and gene expression strengths, 

we selected five promoters for further experimental studies. Also, we manually inspected 

transcriptional start sites and gene expression by exploring RNA-seq and RNA polymerase II 

ChIP-seq data from a previous study involving the same cell line [31]. The selected candidate 

promoters should comprise cases of repeated BSs, that have been reported to synergistically 

increase transcription levels [30], and also a bi-directional promoter, since GABPa is known to 

direct bidirectional transcription [29]. 

 

Functional analysis of newly evolved GABPa binding sites using reporter gene assays 

Among the promoters with recently evolved GABPa BSs, we chose the promoters of ZNF197, 

ANTXR1 and TMBIM6 and the bi-directional promoter of ZNF398/ZNF425 for further 

analyses. ZNF197 was chosen as representative of the KRAB-ZF family and for the presence of 

two BSs, of which one is conserved among mammals, while the other is specific to humans. 

The anthrax toxin receptor-1 gene (ANTXR1) harbors three GABPa BS in the human promoter, 

but only two in chimpanzee and rhesus. In addition, this gene is highly expressed in HEK293 

cells, and RNAi experiments showed strong down-regulation upon GABPa knockdown (data 

not shown). Even though we were particularly interested in human-specific BS gain, the 

TMBIM6 promoter harboring a hominid-specific BS was included due to a strong ChIP-seq 

peak and strong expression of the corresponding gene. Interestingly, MAST analysis predicted 

another GABPa BS next to the hominid-specific BS, which is deeply conserved but does not 

match the GABPa core consensus sequence “GGAA” (see Figure 4), a variation that was found 

in only 0.94% of all 11,008 BSs. Lastly, the bi-directional promoter of the KRAB ZF genes 

ZNF398/ZNF425, with TSSs located ~130bps apart, was chosen for being the only case in our 

analysis with two overlapping GABPa BSs, caused by two single nucleotide mutations specific 

to humans. This promoter was cloned in both directions to account for bi-directional 

transcription. 

 

For each promoter, two fragments were cloned, one representing the wild type, the 

other a mutated form. Orthologous promoters were cloned from Human, Chimpanzee 

and Macaque genomic DNA. For human mutated forms, the BSs were modified by one 

or two single nucleotide mutations (SNMs) to mimic the ancestral state incompatible 

with GABPa binding. Inversely, for chimpanzee and macaque, the original sequences 

were modified to generate the human-specific GABPa BSs. All wild type (wt) and 
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mutated promoters were cloned into a modified firefly luciferase reporter gene vector 

pGL3 (see methods for details) and verified by whole-insert sequencing. Reporter gene 

expression was measured in human HEK293 cells and COS-1 cells derived from 

african green monkey and normalized to a co-transformed plasmid stably expressing 

Renilla luciferase. Figure 5 shows average firefly to Renilla ratios for all cloned 

fragments. Results are further summarized in Figure 6, including differences in 

activities of mutated and wt promoters and sequences of wt and mutated BSs. A 

genomic view of ChIP-seq peaks, cloned fragments, sequence differences to the human 

reference sequence and BS predictions can be found in Supplementary Figure S2. 

 

The human ZNF197 promoter, harboring one conserved and one specific GABPa BSs, did not 

change activity upon BS reversion to the ancestral state (Figure 5A). Yet, human wt activity 

was significantly higher than chimpanzee and rhesus activities. Here, introduction of a SNM, 

creating the human specific BS, resulted in significant increase in activity in both cell lines, 

lifting reporter activities almost to the level of the human wt sequence. The human ANTXR1 

promoter harbors two conserved BSs, plus one that is human-specific. Wt expression of 

chimpanzee and rhesus, carrying only two BSs, was significantly lower in at least one of the 

two cell lines (Figure 5B). SNM of the human specific BS, creating the ancestral state, caused 

significantly decreased reporter activity in COS-1 cells, while the observed decrease was not 

significant in HEK293 cells. Introduction of the human BS into chimpanzee and macaque 

promoters raised activity levels significantly in three of the four cases, namely for chimpanzee 

in both cell lines, while only in HEK293 cells for the macaque promoter. 

 

The human promoter of TMBIM6 harbors a GABPa BS that is specific to hominids and another 

BS in close proximity that does not contain the GGAA core motif, even though it is highly 

conserved among mammals (see Figure 4). Human wt promoter activity was found to be 

significantly higher than chimpanzee and macaque activities in both cell lines, while rhesus 

activities were lower than chimpanzee (Figure 5C). Disruption of the hominid-specific BS in 

human lowered activity slightly below chimpanzee wt activity, while disruption of the 

chimpanzee BS lowered activity below macaque wt activity. On the other hand, introduction of 

the hominid-specific site into the macaque promoter resulted in very significant activity 

increase, lifting intensities above chimpanzee wt activity. 

 

The bi-directional promoter of ZNF398/ZNF425 contains two overlapping human-specific 

GABPa BSs. For wt and in direction of ZNF398, promoters of human, chimpanzee and rhesus 

showed similar activities in HEK293 cells, while in COS-1 cells, activities were significantly 
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different (Figure 5D). The reversion of the human BS locus to the chimpanzee sequence by 

introduction of two SNMs resulted in more than two-fold reduction in activity in both cell lines. 

Vice versa, introduction of the human sequence into chimpanzee and rhesus promoters resulted 

in a very significant increase in activity in both cell lines. We observed similar effects of this 

fragment in ZNF425 direction, but to a lower, yet still very significant degree (Figure 5E). 

 

In summary and regarding both cell lines, introduction of human GABPa BSs into chimpanzee 

or rhesus promoters resulted in significant increase in reporter gene expression in 17 of 18 

cases. On the other hand, disruption of GABPa BSs in human and chimpanzee promoters led to 

significant decrease of reporter gene activity in 9 out of 12 cases. In no case, we observed 

opposite effects, since BS introduction never led to significant activity decrease, and BS 

disruption did not result in any significant activity increases. 
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Discussion 

To identify functional TFBSs that were gained during hominid and human evolution, 

we have performed ChIP-seq of the transcription factor GABPa from human HEK293 

cells. The search for over-represented sequence motifs within the TF-bound regions 

resulted in a GABPa consensus binding motif almost identical to that identified by a 

similar approach [27]. Despite the differences in experimental protocols, ChIP 

antibodies and cell lines, the near-perfect agreement of the derived binding preferences 

shows the high accuracy of the ChIP-seq approach. 

 

GABPa regulates a significant fraction of human genes 

More than one third of the promoters of genes expressed in HEK293 cells are bound by 

GABPa. The finding that more than 90% of these promoters also harbour one or more 

GABPa binding sites underlines the importance of this sequence motif in proximal 

promoter regions and the impact of GABPa on gene regulation. Considering that a 

TATA box is present in less than 22% of all human promoters [38], our results indicate 

that functional GABPa BSs reside in a comparable if not greater fraction of all human 

gene promoters. 

 

Screening of the central 200bps of each ChIP-seq peak region revealed the presence of 

two and more BSs in almost 60% of the peaks. It is likely that the majority of the 

predicted sites contribute to transcriptional regulation, as GABPa is known to form 

heterotetramers composed of two GABPa and two GABPb subunits, to bind tandem 

repeats of the GGAA consensus motif [26]. In addition, it has been speculated that 

accumulations of BSs, including highly degenerate inexact versions, provide a 

favorable landscape attracting transcription factors to high-affinity sites [9, 39]. 

Therefore, newly emerged sites can also be functional despite the presence of deeply 

conserved BSs within promoters. 
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Human-specific GABPa binding sites are enriched for genes potentially important for 

human evolution 

To find BSs that are specific to human or hominids, we reconstructed the ancestral sequences 

for the 11,008 human GABPa binding sites in HEK293 cells based on the UCSC 44-vertebrate 

whole genome alignments. This approach relies on the accuracy of the UCSC alignments. 

UCSC multiZ alignments of human-chimpanzee and human-macaque have been estimated to 

be problematic (while not necessarily wrong) for 0.004% and 0.02% of the aligned nucleotides, 

respectively [40]. Theoretically, this would imply, for 11,008 human-macaque alignments 

corresponding to 11bp of each GABPa binding site, that a fraction of 24 nucleotides was 

problematically aligned. However, this fraction is likely even smaller, as most problematic 

alignments have been found in intronic and intergenic regions [40], while the majority of the 

GABPa BSs reside in proximal promoter regions, where mammalian genomic sequences are 

particularly conserved [41], allowing for very accurate overall alignments.  

 

Among the genes with BSs specific to the human lineage, we found enrichment in 

genes involved in RNA processing, genes expressed in mammary and pineal gland, and 

enrichment in genes containing a KRAB zinc finger protein domain. Even though the 

enrichments were not significant after correction for multiple testing, corresponding 

genes have likely been subjected to selective pressure during hominid evolution. For 

example, evolutionary changes in milk composition can be caused by regulatory 

mutations accounting for different needs of newborns for nutritional and 

immunological components [42]. Similarly, genes expressed in the pineal gland 

involved in circadian rhythm, growth, puberty and aging [43] have likely undergone 

adaptive evolution. Also, KRAB zinc fingers, a relatively young class of transcription 

factors proliferating through gene duplications and segmental duplications [44], are 

prone to acquire new sets of regulatory sequences. 

 

Reporter gene assays with wild type and mutated promoters confirm the functionality of 

newly evolved GABPa binding sites 

To test whether the identified sites play a role in transcription regulation, we carried out dual 

luciferase reporter assays of human, chimpanzee and macaque promoters in human HEK293 

and african green monkey-derived COS-1 cells. The relative reporter activities observed in the 

monkey cell line were almost identical to those observed in the human cell line. This finding is 

supported by a recent study using an aneuploid mouse strain carrying an extra copy of human 

chromosome 21, which revealed that virtually all human transcription factor-binding locations 
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found in human hepatocytes were recapitulated across the entire human chromosome 21 within 

the aneuploid mouse hepatocytes [45]. Therefore, the results derived here from transfections of 

COS-1 cells can be regarded as controls for the assays in HEK293 cells, and vice versa. 

 

In general, promoter-reporter gene assays are of great value to the functional characterization of 

regulatory elements. Within a cellular environment, these assays can be more or less 

representative for the regulation of endogenous expression, depending on the type of gene-

promoter under investigation. For tightly regulated genes important during organismal 

development, cell lines can be of limited use to study promoter responses, as developmental 

signals may not be present. On the other hand, gene promoters involved in mechanisms of 

general importance to cellular function and survival can be studied for species-specific 

endogenous expression using cell lines, since intracellular signals ensuring cellular homeostasis 

govern transcriptional output of these genes to a greater extent than for developmental or 

environment-responsive genes. Hence, we do not emphasize to draw conclusions on inter-

species differences in wt promoter strengths for the transcription factors ZNF197, ZNF398 and 

ZNF425, as these genes likely represent developmentally regulated genes with complex 

activation patterns. The same is true for ANTXR1, which represents a transmembrane adhesion 

molecule linking the actin cytoskeleton to collagen I fibers [46]. ANTXR1 is widely expressed, 

above all in endothelial cells, and is involved in angiogenesis [47]. Importantly, ANTXR1 has 

been shown to be a docking protein for Bacillus anthracis toxin, the causative agent of the 

anthrax disease. 

 

The case of TMBIM6 might be different, as this is an anti-apoptotic protein protecting the cell 

against apoptosis induced by endoplasmatic reticulum stress (ER-stress) through reduction of 

the accumulation of reactive oxygen species (ROS) at the ER membrane [48]. Moreover, 

according to UniGene EST profiles, TMBIM6 is strongly expressed in all tissues [49]. 

TMBIM6 is more likely regulated by intracellular signals involved in homeostasis and hence, 

differences in reporter activities of orthologous wt promoters are presumable informative. 

 

Regarding the mutation analyses for ZNF197, we found that introduction of a human-specific 

GABPa BS into chimpanzee and macaque promoters resulted in a significant and consistent 

increase in reporter activity, while we did not observe an activity decrease when disrupting the 

newly evolved BS in the human promoter. These findings could indicate the presence of 

additional mutations, allowing the binding of one or more factors that compensate the 

activating property of the new GABPa BSs. If a compensating factor depends on GABPa to 

fulfill its function, deletion of the new GABPa BS would have no effect. 



Manuscript III 

 81 

Even if the transcriptional output is maintained, regulation of human ZNF197 expression might 

have changed. In theory, cases like this one could reflect a scenario where an increase in gene 

expression was beneficial at some time during evolution, while at a later period the 

evolutionary pressure was released again. Since that time, additional cis-regulatory mutations 

may have been fixed that compensate for the effect of the formerly beneficial mutation. 

 

Similar to ZNF197, the disruption of the human-specific GABPa BS within the ANTXR1 

promoter had no effect, while its introduction into the chimpanzee promoter showed significant 

activity increase. Again, this finding is indicative for a functional human-specific BS whose 

impact on transcription is compensated by further cis-regulatory mutations in human. Indeed, 

both promoters (ZNF197 and ANTXR1) harbor additional human-specific mutations in less 

then 100bp distance to the newly evolved GABPa BSs. In general, compensation does not 

necessarily render human-specific BSs irrelevant, as under different conditions, these BSs 

might still have a functional impact. In cell lines, it has been shown that susceptibility to 

anthrax toxin is influenced by the level of ANTXR1 expression [50]. In addition, subcutaneous 

injection of B. anthracis spores in mice significantly reduced ANTXR1 mRNA expression in 

lung, heart, stomach, skin, brain and muscle [51]. Hence, alterations in ANTXR1 regulation 

might play an important role in dealing with B. anthracis infection. 

 

The TMBIM6 promoter might be of particular interest in respect to hominid and human 

evolution. Significant differences were found in wt promoter strengths of human, chimpanzee 

and macaque, which can be partly explained by a hominid-specific GABPa BS, as indicated by 

the mutational analyses. The human wt promoter drives higher reporter activity compared to the 

chimpanzee wt promoter, even though both species share a GABPa consensus BS. However, 

the human promoter (including exon 1) harbors two additional SNMs in very close proximity 

that might account for the observed difference (see Figure 4). The second GABPa BS predicted 

within the promoter does not mach the core GGAA motif, but this site is likely functional 

according to deep conservation and the fact that the core consensus is present in four species. 

TMBIM6 is an interesting candidate due to its function as reducer of ER-stress-induced 

accumulations of reactive oxygen species [48]. ER stress has been implicated in the 

development of diabetes, atherosclerosis and in many of the aging-related neurodegenerative 

diseases, such as Alzheimer’s, amyotrophic lateral sclerosis and Parkinson’s [52]. Therefore, 

changes in the regulation of TMBIM6 expression might play a role in extending the life spans 

of hominids. 

 

The human genes ZNF398 and ZNF425, located head to head only ~130bps apart, were found 

regulated by GABPa, as disruption of two overlapping GABPa BSs residing in this bi-
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directional promoter resulted in >2-fold activity reduction in the direction of ZNF398 and >1.2-

fold reduction in the direction of ZNF425. This finding reflects another property of GABPa, 

namely regulation of bi-directional transcription [29]. The orthologous promoters of 

chimpanzee and rhesus, which are devoid of GABPa BS, show even stronger activities than the 

human wt promoter upon BS introduction, lifting activity levels well above human wt levels. 

To adjust the sequence of the macaque to the human BS sequence, six mutations were 

necessary, accompanied by a three bp deletion. Interestingly, this strong intervention had only a 

moderate effect in direction of ZNF425, while in the direction of ZNF398, we observed an 

almost 5-fold increase in activity. Taken together, this bi-directional promoter gained regulation 

through GABPa in human with stronger impact in the direction of ZNF398, while the 

orthologous chimpanzee and rhesus promoters were found to be regulated differently. 

 

In summary, our experiments demonstrate that newly evolved functional TFBSs can be 

identified using ChIP-seq data together with comparative genomic analysis, which is reflected 

by the expected results of elevated reporter-gene expression in case of BS introduction and 

decreased expression in case of BS deterioration. Notably, a study during which GABPa BSs 

were introduced into six promoters previously unregulated by GABPa found only one of the six 

promoters activated [29], indicating that the introduction of GABPa BSs per se is mostly 

insufficient to affect gene expression. However, we find that the introduction of human-specific 

GABPa BSs into chimpanzee and rhesus promoters consistently elevated reporter gene activity, 

indicating that BSs need to be placed in the right context to exert an influence on gene 

expression. To our knowledge, this is the first approach that is capable to reliably identify 

newly evolved and functional TFBSs at high accuracy on a genomic scale. 
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Methods 

Chromatin immunoprecipitation-sequencing 

We performed ChIP-seq according to a published protocol [53]. Briefly, 5×108 

HEK293 cells were cross linked for 10 min at room temperature with 1% 

formaldehyde, nuclei were prepared following the published protocol and chromatin 

was sheared to 100-500 bp size by 45 cycles of 30 sec on/off at the highest amplitude 

using a Bioruptor water bath sonicator (Diagenode). Nuclear extracts were 

immunoprecipitated with 10 µg rabbit anti-GABP-α (H-180X, Santa Cruz 

Biotechnology sc-22810) and 70 µl Protein G-Dynabeads (Invitrogen). After washing 

of beads, protein-DNA complexes were eluted, crosslinks were reversed overnight, and 

DNA was purified as published. For sequencing library preparation, 2 ng ChIP DNA 

and 10 ng Input DNA were subjected to end-repair, addition of Adenin bases and 

ligation of sequencing adapters, followed by DNA amplification through PCR and 

subsequent gel purification for sequencing on an Illumina Genome Analyzer GA2 

according to the manufacturer’s protocol for 36 bp reads. Reads were aligned to the 

human genomic sequence (hg18) using Eland, resulting in 6,955,499 GABPa ChIP 

reads with unique match to the genome (allowing up to two mismatches) and 2,948,346 

corresponding reads from the input DNA. 

 

Peak calling, gene mapping, MEME and MAST analysis 

ChIP-seq reads was analyzed in three steps as published previously [27]. Briefly, we used the 

peak-calling algorithm QuEST to find enriched regions within the mapped ChIP-seq reads (see 

Supplementary Methods). Peaks were mapped to all UCSC known transcripts that start in a 

distance of 5kb to each side of the peak. For mapping, we used 65,297 UCSC known transcripts 

[54] mapping to 20,101 Entrez genes. UCSC transcript IDs were converted to Entrez gene IDs 

using UCSCs knownToLocusLink table. 260 peaks were mapped to UCSC transcripts that do 

not correspond to Entrez genes. For 934 peaks that could not be mapped to UCSC genes, we 

searched the human EST database and found 545 peaks that map within 5kb upstream to an 

EST starts. After extraction of peak-associated sequences comprising 200bp surrounding each 

peak center via the UCSC table browser [55], we applied MEME [32] to identify over-

represented motifs. Using default parameters, MEME assumes that each sequence contains zero 

or one motif. The derived position weight matrix (PWM) was then used to run the MEME tool 
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MAST that reports the occurrences of PWM hits for each sequence in the input set at a 

particular stringency (set to p=0.001). 

 

Multiple species alignment extraction and conversion 

UCSC provides the 44way-vertebrate alignments in a multiple alignment format (MAF) that 

consists of short blocks (1-200bp) of multiple alignments, which can be concatenated. We 

extracted the alignments corresponding to GABPa BSs within the ChIP peak regions via 

UCSCs table browser [55] and converted the MAF-formatted alignments into the commonly 

used FASTA format, while excluding non-syntenic blocks and species with missing sequence 

data (e.g. insertions not included in the MAF alignments). 

 

Ancestral sequence reconstruction 

Ancestral sequences were calculated using ANCESTORS [56] obtained from 

http://ancestor.bioinfo.uqam.ca/programs/anc.tar. The program requires a multiple species 

alignment and a phylogenetic tree including branch lengths. To calculate branch lengths, all 

alignments were concatenated and run through BASEML, a maximum likelihood-based 

program of the PAML package [57]. The nucleotide substitution model HKY was used in both 

programs. Phylogeny was taken from UCSC (phyloP44wayPlacMammal) available at 

http://hgdownload.cse.ucsc.edu/goldenPath/hg18/phastCons44way/vertebrate.mod. 

 

Cloning and plasmid preparation 

PCR primers were designed using the Primer3 online service and extended by 29bp Gateway 

attB tails (Invitrogen) at the 5' end of each primer. Touch-down PCR was performed as 

described previously [58], except for the supplementation of each reaction with 0.001U Pfu 

polymerase. Mutations were introduced by primer-mediated mutagenesis. To facilitate cloning, 

the Gateway cloning cassette (Invitrogen) was amplified with forward primer attP1 and reverse 

attP2 and cloned into the pGL3 reporter vector (Promega). PCR products were purified and 

cloned upstream of the luciferase gene in the modified pGL3 vector using BP Clonase II 

Enzyme Mix (Invitrogen) following the manufacturers instructions. Plasmids were transformed 

into the E. coli strain GM2929. Inserts of positive clones were sequenced by the Services in 

Molecular Biology Company (Berlin, Germany). DNA concentration was measured on a 

Nanodrop UV spectrophotometer (NanoDrop Technologies) and standardized to 50 ng/µL for 

transfections. 
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Cell culture, transient transfection, and reporter gene activity assays 

HEK293 and COS-1 cells were cultivated in Dulbecco's modified Eagle's medium (DMEM, 

Gibco) supplemented with 100 U/ml penicillin/G-streptomycin (Biochrom) and 10% heat-

inactivated fetal bovine serum (Biochrom) at 37°C and 5% CO2. We seeded ~15,000 (HEK293) 

and ~5,000 (COS-1) cells per well in clear-bottom 96-well plates (Costar). Twenty-four hours 

after seeding, we co-transfected 150ng of experimental firefly luciferase plasmid together with 

10ng of Renilla luciferase control plasmid (pRL-TK, Promega) in five replicates using 

Lipofectamine 2000 following the manufacturer’s recommendations. Cells were lysed 24 hours 

post-transfection. We measured firefly luciferase and Renilla luciferase activities using the 

Centro LB960 luminometer (Berthold) and the Dual Luciferase Kit (Promega). We followed 

the protocol suggested by the manufacturer with the exception of injecting 25µl each of the 

firefly luciferase and Renilla luciferase substrate reagents. All measurements were performed at 

least in three technical and two biological replicates, including new dilution and concentration 

adjustments of reporter plasmids. 
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Figures 
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Figure 1. Overview on the procedure 
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Figure 2. GABPa peaks map close to gene starts and harbor GABPa BS residing closely to the peak 

centers. (A) The histogram shows the distance of peak calls to the nearest transcriptional start sites 

(TSSs) of UCSC genes within 10kb centered on the TSS. The horizontal axis shows the base pairs 

surrounding the TSS. Negative values represent upstream, positive downstream regions. (B) The 

histogram shows the distance of the sites contributing to the MEME motif (6,031 of 6,208 in total) to the 

ChIP peak centers. (C) The histogram shows the distribution of motif occurrences within 200 bp 

surrounding the ChIP peak centers. 
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Figure 3. Comparison of GABPa motifs from different studies and databases. Sequence logos represent 

the different position weight matrices. 
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Figure 4. Genomic view of GABPa ChIP-seq reads spanning the TMBIM6 promoter including GABPa 

binding site predictions and multiple species alignment of the first exon. ChIP-seq reads are colored in 

blue (forward reads) and red (reverse reads). The first exon (5’UTR) is shown as blue bar with a black 

arrow indicating the transcriptional start site (TSS) in HEK293 cells as determined by RNA-seq. GABPa 

binding site predictions are shown as green and black boxes. Within the blowup in the lower part, 

including the UCSC multiple species alignment of exon 1, BSs are shown as sequence logos of the 

GABPa PWM aligned to their matching positions. Within the alignment, dots indicate identity to the 

human reference sequence, while orange vertical bars indicate bases that are not depicted. Orange 

numbers below represent the sum of bases not depicted. The blue (C) illustrates the presence of a single 

cytosine in all non-haplorhini at the indicted site. 
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Figure 5. Normalized firefly luciferase activity of human, chimpanzee and rhesus wild type (wt) and 

mutated (mut) promoters. Bars represent average firefly to Renilla ratio in black for human (HSA), in 

grey for chimpanzee (PTR) and in white for macaque (MAC) promoters. For each species, the left 

column refers to the wild type and the right bar to the mutated promoter. (+BS) or (–BS) indicate 

presence or absence of GABPa binding sites in wt promoters and indicate introduction or disruption of 

sites in mutated promoters. For each promoter, measured activities were normalized to the construct with 

the lowest promoter activity level in HEK293 cells (set to one). Standard errors were calculated from at 

least six replicates. (*) indicates significant differences between wt and mutated promoter activities 

according to a one-tailed Welch's test, while (#) indicates significant difference of wt chimpanzee or 

macaque promoters compared to human wt activity, according to a two-tailed Welch's test. The raw data 

for all constructs are available in Supplemental Table 1-5. 
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Figure 6. The introduction and disruption of GABPa consensus binding sites significantly influence 

reporter gene activities. For each gene, the number of predicted binding sites within 200bp surrounding 

the peak centers is indicated. Species are denoted by HSA – Homo sapiens, PTR – Pan troglodytes 

(chimp) and MAC – Macaca mulatta (macaque). Sequences are shown for wild type and mutated sites. 

Underlined bases indicate differences from the human wt sequence. Mutated bases are coloured in green 

or red indicating generation or disruption of a GABPa BS, respectively. Green arrows depict higher 

activity of mutated over wt promoter, red arrows indicate lower activity, and yellow arrows represent no 

change. Differences in mutated and wt promoter activities are given as log2 ratios of average luciferase 

to Renilla ratios. Significance levels, as determined by Welch’s t-test for unequal variances, are indicated 

as (*) P < 0.05, (**) P < 0.01, (***) P < 0.001 and (ns) not significant. 
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Category Source Term Count PValue 

Biological 

Process 

GENE 

ONTOLOGY 
RNA processing (GO:0006396) 22 8,18E-03 

Biological 

Process 

GENE 

ONTOLOGY 
RNA metabolic process (GO:0016070) 59 2,52E-02 

Biological 

Process 

GENE 

ONTOLOGY 

Regulation of Wnt receptor signaling pathway 

(GO:0030111) 
3 3,31E-02 

Cellular 

Component 

GENE 

ONTOLOGY 
Nuclear envelope (GO:0005635) 8 3,41E-02 

Tissue 

Expression 
CGAP EST Mammary gland (16621) 9 2,53E-03 

Tissue 

Expression 
CGAP EST Pineal gland (898) 14 7,08E-03 

Tissue 

Expression 
CGAP SAGE Eye (1363) 20 4,39E-02 

Tissue 

Expression 
GNF U133A PB-CD19+Bcells 123 2,35E-02 

Tissue 

Expression 
GNF U133A Thymus 33 3,97E-02 

Protein Domain SMART KRAB (SM00349) 14 2,45E-02 

Protein Domain INTERPRO KRAB box (IPR001909) 14 3,03E-02 

Protein Domain PFAM KRAB (PF01352) 14 3,33E-02 

 

Supplementary Table S1. Enrichments in biological processes, cellular components, tissue expression 

and protein domains are shown for 229 human genes harbouring specific GABPa binding sites. The 

enrichment analysis was performed using DAVID functional analysis with 5,310 GABPa-regulated 

genes as background set. 



Manuscript III 

 95 

 

 

Supplementary Figure S1. The phylogenetic tree shows GABPa BSs gained on the 

ancestral lineages leading to human. 
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Supplementary Figure S2. Genomic view of ChIP-seq reads for gene promoters analyzed in promoter 

reporter assays, including BS predictions, cloned promoters and gene starts. ChIP-seq reads are 

represented as blue and red dashes, representing forward and reverse reads, respectively. GABPa BS 

predictions within 200bp surrounding the peak centers are indicated as small boxes in black or in green 

where the BS is specific to human or hominids. Cloned promoters are represented as grey horizontal 

bars. Red dashes indicate mismatches to the human wild type sequence, while orange dashes indicate 

insertions. 
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7.2. Supplemental material 

 

Supplementary table 1. Firefly to Renilla ratios observed in HEK293 cells. 
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Supplementary table 2. Firefly to Renilla ratios observed in COS-1 cells.  
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Supplementary table 3. Normalized firefly to renilla ratios for HEK293 cell. For each promoter, 

measured activities were normalized to the construct with the lowest promoter activity level in HEK293 

cells (set to one). 
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Supplementary table 4. Normalized firefly to renilla ratios for COS-1 cell. For each promoter, measured 

activities were normalized to the construct with the lowest promoter activity level in COS-1 cells (set to 

one). 
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Supplementary table 5. Average intensities, standard deviations (SD) and log2 ratios of mutated (mut) 

to wild type (wt) activities and significance levels for HEK293 and COS1 cells. Significant differences 

between wt and mutated promoter activities were calculated according to a one-tailed Welch's test, while 

significance of difference of wt chimpanzee or macaque promoters compared to human wt activity, was 

calculated according to a two-tailed Welch's test. 
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8. Discussion 

The overall context of the presented manuscripts comprises promoter analysis by experimental 

and bioinformatics means. Among the first experimental obstacles encountered was the 

difficulty in amplification of GC-rich promoters, which evoked the optimization of PCR 

conditions including to puzzle out a PCR enhancer mix. 

The derived protocol was pivotal to the amplification of human chromosome 21 promoters. The 

amplified promoters were cloned for studying promoter activities under different conditions, to 

elucidate the impact of different promoter elements, and to examine possibilities and limitations 

of the cell-array technology. Several findings of this study were valuable to the design of the 

next study aiming at the identification of human and hominid specific TFBSs. 

First, cell-array technology is not suitable for the quantification of promoter strength. However, 

an important finding was that promoter fragments of ~0.5 kb in length were always sufficient to 

drive reporter gene expression. The analysis and integration of 2nd-generation sequencing data 

from RNA-seq and RNAPII ChIP-seq, allows accurate mapping of TSSs and quantification of 

expression. Profiting from these findings it was possible for me to select and precisely clone 

promoters with human- and hominid-specific GABPa binding sites. 
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8.1. Promoter analysis 

The only definitive means of promoter characterization involves cloning of putative promoter 

regions, followed by in vivo functional assays, typically by transient or stable transformation 

together with a reporter gene [8]. The first step requires the localization of promoters, which 

due to their predictable location immediately upstream of TSS can be achieved relatively 

straightforward. 

However, in the human genome TSS annotation is far from complete [114]. The difficulties in 

reliable TSS annotation originate from the 3′ bias in isolation and synthesis of cDNAs [115] 

and the existence of alternative promoters regulating alternative mRNA isoforms [116]. 

Knowledge of 5’UTR length and alternative promoter usage are valuable pieces of information 

to verify annotated TSS coordinates prior to promoter studies, allowing for accurate cloning to 

enhance experimental readout. In this respect, genome-wide profiling of regions bound by 

components of the PIC and mapping of active genes (by ChIP-seq and RNA-seq) within the 

organism or cell line under investigation represent valuable resources to explore gene activity 

patterns prior to single-gene functional studies. On the long term, RNA-seq and ChIP-seq will 

widely replace real-time- and RACE-PCR as well as techniques developed to capture full-

length mRNAs for mapping of 5’ends, such as 5' SAGE (5'-end serial analysis of gene 

expression) [117] and CAGE (cap analysis gene expression) [118]. 

Among the bottlenecks of large-scale promoter studies are amplification and cloning, especially 

when aiming at studying large promoter fragments including distal promoter regions. 

Amplification is frequently hampered by high GC content [119] especially found in CpG 

islands, which locate close to the TSS of the majority of the human genes. Since CpG islands 

are prone to form super-structures, display high melting temperatures, and re-hybridization of 

complementary strands occurs quickly, they can strongly inhibit PCR [120]. 

The first manuscript presents a PCR enhancer mix that, together with the corresponding PCR 

protocol and primer design, represents an efficient strategy for the amplification of such 

regions. The components of the enhancer mix contribute to lowering the melting temperatures 

and thereby inhibit secondary structure formation and re-hybridization. Aside from that, to keep 

temperatures during PCR cycles high, we designed primers with melting temperatures in the 

range of 68-72°C. Finally, by using a touchdown PCR program, implying a successively lower 

annealing temperature for each cycle, we ensure accurate initial annealing and thereby specific 

amplification of the desired target region. The importance of this effective protocol is 

underlined by the finding that a rate-limiting step in gene regulation is activation of stalled 
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RNAPII [27], which occurs primarily at CpG islands [33]. RNAPII stalling is widespread, 

occurring at thousands of genes that respond to stimuli and developmental signals [13, 27, 32]. 

According to this, CpG-rich promoters might even more shift into the focus of functional 

promoter studies. 

Our analysis on activities of cloned 2.5 kb fragments of human chromosome 21 promoters in 

HEK293 cells, including 2nd-generation sequencing data, resulted in several relevant findings. 

As might be expected, we found transiently transfected promoters active if the corresponding 

gene was endogenously expressed and the cloned fragment covered the employed TSS in 

HEK293 cells.  

We further tested if transfected promoter constructs respond to external stimuli by treatment of 

cells with Trichostatin A (TSA) or depletion of fetal calf serum (FCS). Depletion of serum 

represents a stress condition that induces cell type-specific responses affecting cell cycle 

regulation, apoptosis, cell growth, and cell differentiation [121-123]. Indeed, serum depletion 

activated 40 of the previously inactive promoters. Among these promoters, we searched for 

common transcription factors binding sites that might explain these responses. Interestingly, we 

found a significant enrichment of NF-kappaB binding sites, a factor that is known to be 

activated upon serum starvation [124]. 

On the other hand, we treated cells with Trichostatin A, a histone deacetylase inhibitor that 

activates transcription from repressed chromosomal regions and also has been shown to activate 

the transcription of genes silenced by DNA methylation through inhibition of DNA 

methyltransferase DNMT1 [125]. Among the promoters activated by TSA treatment, we find a 

highly significant fraction containing CpG islands, indicating that promoter-reporter constructs 

are sensible to endogenous DNA methylation-mediated silencing. Recently, it was reported that 

endogenous CpG methylation can occur in less than an hour [126], which could indicate that 

methylase-deficient E.coli strains are not necessary for promoter reporter gene assays, since 

methylation patterns will be adjusted endogenously after transfection.  

Another observation was that truncation of promoters to the proximal ~0.5 kb hardly resulted in 

loss of activity. We observed the same activity patterns in 2/3 (41) of the tested long and 

corresponding short promoters. However, truncation frequently resulted in loss of the potential 

to respond to external stimuli, as the activity of 21 long promoters changed following one of the 

treatments, while only three corresponding truncated promoters responded. This finding hints 

towards the presence of cis-regulatory response elements residing in distal promoter regions. 

Hence, proximal promoter regions are sufficient to drive gene expression under standard cell 

culture conditions. However, long promoters are more likely to integrate endogenous signaling 

pathways into reporter gene expression than short ones. 
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A relevant observation in respect to reporter gene assays, discussed in the third manuscript, was 

the finding that activity patterns of the different promoter constructs in human HEK293 cells 

were almost entirely reproduced in african green monkey derived COS-1 cells. This observation 

is in line with the findings of Wilson et al. who used hepatocytes from an aneuploid mouse 

strain that carried the human chromosome 21 to test whether interspecies differences in 

transcriptional regulation are primarily caused by cis- or trans-acting mechanisms. They found 

that: “Virtually all transcription factor-binding locations, landmarks of transcription initiation, 

and the resulting gene expression observed in human hepatocytes were recapitulated across the 

entire human chromosome 21 in the mouse hepatocyte nucleus” [127]. Therefore, also in 

transient transfection assays, cis-acting elements seem to be largely responsible for directing 

transcriptional output, allowing to study promoter activities of related species, especially 

primates, within the same cell line. 

Even though ex vivo promoter reporter gene assays cannot account for endogenous signaling 

during organism development, together our findings further underline the importance and 

suitability of transient transfection assays in studying ex vivo promoter activity and response. In 

particular, this might be valid for studying genes involved in cellular homeostasis, as they rely 

to a greater extent on intracellular signals and are less likely targets of signals passed through 

developing organisms. 
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8.2. Lineage-specific transcription factor binding sites 

Numerous examples within different organisms underline the fact that mutations in cis-

regulatory regions cause a variety of interesting and ecologically significant phenotypic 

differences in morphology, physiology and behavior [64]. Hence, the identification of TFBS 

alterations with functional consequences is fundamental to the understanding of species-

specific traits and evolution. The major obstacles in discovering cis-regulatory adaptations are 

the pinpointing of potentially relevant substitutions and subsequently, their functional 

validation. Genome-wide bioinformatics approaches alone suffer mainly from false positive 

predictions caused by the shortness and high sequence degeneration of many TFBSs as well as 

their strong context-dependency. However, regarding particular genes or regions of interest, 

TFBS prediction can be successfully applied [128, 129]. 

Today, the evaluation of regulatory mutations within an organism, including the entire array of 

functional consequences, is not possible, as this would imply to monitor not only direct effects 

on the regulated genes, but also all downstream effects during development and life. However, 

for model organisms, such as C. elegans and D. melanogaster, reporter-gene assays are 

successfully in use to trace expression patterns during development and life [130, 131]. For 

many model organisms, efficient approaches exist for the delivery of reporter gene constructs, 

yet for higher organisms, especially mammals, such assays are work-intensive, time-consuming 

and not applicable to chimpanzees or humans. For humans, the only way to assay the impact of 

regulatory mutations affecting the binding of a specific TF is ex vivo, while placing a mutated 

promoter-reporter and a wild-type control construct into a human cell line, where it is exposed 

to the array of transcription factors that is also encountered by the endogenous promoter [8]. As 

mentioned above, such assays cannot account for all types of transcriptional regulation, 

especially not those occurring during development. However, our findings indicate that 

promoter-reporter constructs can potentially integrate various regulatory mechanisms, including 

CpG methylation, nucleosome derangement and RNAPII stalling, allowing for suitable 

mapping of endogenous transcriptional regulation. 

For our approach in finding human- and hominid-specific TFBSs, we chose to study the 

endogenous binding of the transcription factor GABPa in human HEK293 cells. Besides the 

considerable pre-existing knowledge on this TF, it is ideal for the functional validation of 

candidate TFBS alterations for two reasons. First, GABPa is a strong transcriptional activator, 

and second, GABPa binds preferentially in close proximity to the TSS, which is important for 



Discussion 

 112 

functional evaluation, since cloning of long inserts and cell transfection with large plasmids is 

more complicated [129].  

GABPa is known to bind to proximal promoters of thousands of genes in different cell lines 

[105, 132]. In line with this, our analysis revealed that one third of the genes expressed in 

HEK293 cells show signals of GABPa bound to their proximal promoters. This region is 

pivotal for transcription initiation as underlined by several findings. The proximal promoter is 

considerably conserved among mammals and remarkably enriched for transcription factor 

binding sites, which becomes even more pronounced when considering only phylogenetically 

conserved TFBSs [17, 133, 134]. Furthermore, residing SNPs are more likely involved in 

transcriptional regulation than others residing further upstream [135]. In addition, SNPs add up 

to 72% of known functional cis-regulatory mutations in human [69]. Therefore, we aimed at 

identifying single nucleotide mutations that occurred during human evolution and have created 

functional GABPa binding sites.  

The approach is based on the characterization of genomic regions that are bound ex vivo by 

GABPa. However, it appears unlikely that a significant fraction of the GABPa regulated gene-

promoters are not regulated by GABPa in vivo, at least in one of the hundreds of cell types. 

Therefore, the derived binding preferences of GABPa very likely picture in vivo preferences, 

and in addition a significant fraction of the thousands of gene-promoters recognized by GABPa 

in HEK293 cells, will be similarly GABPa-bound in vivo. 

The implemented bioinformatics approach to analyze ChIP-seq data and identify human 

specific TFBSs is straightforward. We used DNA regions that were bound by GABPa in 

HEK293 cells to calculate a GABPa consensus-binding matrix. Subsequently, the same regions 

were scanned to find all occurrences of this consensus sites at a particular threshold. Then, we 

obtained multiple species alignments from USCS whole genome alignments, corresponding to 

the predicted human binding sites within the GABPa bound regions. To address the question, 

which sites evolved on the lineage leading to humans, we reconstructed the ancestral sequences 

of human binding sites based on the multiple species along the entire mammalian phylogeny. 

For this purpose, we used ACESTORS, an algorithm that has been shown suitable for 

reconstructing ancestral sequences, including the most likely scenario of insertions and 

deletions observed in alignments, while retaining an extremely high degree of accuracy [136, 

137]. Next, we searched the ancestral sequences for the presence of GABPa BSs to find those 

BSs that have emerged in the human, hominini, hominiae or hominid lineages. For these four 

lineages, we found 224, 57, 244 and 310 specific BSs, out of 11,008 sites in total. 

However, the particular focus of this study lies in sites specific to the human species. The 

annotation of human-specific sites is most reliable, as the reconstruction of the hominini 
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sequence is accurate, depending solely on genome sequences and not on reconstructed 

sequences, as is the case for the deeper lineages of homininae and hominid.  

To address the question whether the genes associated with 224 human specific BSs show any 

functional relations, we searched for enrichment in corresponding gene ontology terms, tissue 

expression patterns and protein domains. We found enrichment of genes involved in RNA 

processing, genes expressed in mammary and pineal gland, and of genes containing a KRAB 

protein domain. Adaptations in the regulation of these genes have likely occurred during human 

speciation, as for example different needs of newborns for nutritional and immunological 

components require changes in milk composition (Lemay, Lynn et al. 2009). Similarly, gene 

expression in the pineal gland, involved in circadian rhythm, growth, puberty and aging 

(Pierpaoli 1998), has likely changed during human speciation. The KRAB domain serves to 

recruit histone deacetylase complexes to regions surrounding the DNA-binding sites [138], 

leading to repression of transcription [138-140]. KRAB-associated zinc finger proteins thus 

function as potent transcriptional repressors [141]. This functional similarity is not very 

specific. However, KRAB zinc-fingers represent a group of genes specific to tetrapodes [142] 

and have expanded in primates, mainly driven through gene duplication [143].  

New genes are believed to be free to evolve, including for new sets of regulatory elements 

[144], and since GABPa represents a strong transcriptional activator [145], here BS gain might 

indicate that evolution favored higher transcription rates of the KRAB genes. Together these 

findings hint towards further functional similarities of KRAB-ZFs beyond their general 

transcription repressor activity. Another interesting finding was that GABPa binds to the 

promoters of only one third of the genes expressed in HEK293 cells, but to the promoters of 

65% of the expressed KRAB-ZFs. This very significant enrichment indicates a general role of 

GABPa in regulation of KRAB-ZF expression in HEK293 cells and deserves further 

investigation, in particular in vivo and in respect to development. 

To test whether human specific GABPa BS, identified through our approach, influence gene 

expression, four promoters were functionally tested by dual luciferase assays, including a bi-

directional promoter. These promoters correspond to five genes, ANTXR1 and TMBIM6, and 

three KRAB ZFs, namely ZNF197 and ZNF398/ZNF425 located head to head. Functional 

testing involved the comparison of wild type promoters of human, chimpanzee and macaque 

and testing for the influence of human-specific BSs by site directed mutagenesis. For this, 

human promoters were modified by single nucleotide mutations to mirror the chimpanzee 

sequence devoid of the GABPa BS, while vice versa, chimpanzee and macaque promoters were 

mutated to build the human specific BS. 
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The creation of human specific BSs within chimpanzee and macaque promoter backgrounds 

consistently resulted in significantly elevated reporter gene activities. On the other hand, 

disruption of the human specific sites in human promoters resulted in significant decrease in 

three cases (including both directions of the bidirectional promoter), while no significant 

activity decrease was observed in two cases. For these two gene promoters of ZNF197 and 

ANTXR1, it is possible that other human-specific mutations create or modify adjacent BSs for 

factors that are compensating the activating potential of the specific GABPa BSs. Indeed, 

within both of the cloned promoter fragments of ZNF197 and ANTXR1, three such mutations 

exist, which can be addressed in subsequent experiments. On the other hand, the human bi-

directional promoter of ZNF398/ZNF425 and the promoter of TMBIM6 showed significant 

activity decrease when BSs were ancestralized. Hence, no compensating mutations reside 

within the cloned promoter fragments, rendering a functional importance of the human-specific 

TFBS in vivo more likely compared to ZNF197 and ANTXR1. 

TMBIM6 is special within the analysis, as human and chimpanzee promoters share a GBAPa 

BS that is absent in non-hominid primates. Still, the human promoter drives higher reporter 

gene activity than the chimpanzee promoter, while the macaque promoter results in even lower 

expression. The cloned human promoter differs in seven substitutions from the chimpanzee 

promoters, some of which will be responsible for the differences in human/chimpanzee 

promoter strengths. Taken together, the cloned TMBIM6 promoter gained a functional GABPa 

BS in hominids, while the human promoter gained one or more additional BSs that further 

increase promoter strength. TMBIM6 is known as an anti-apoptotic protein protecting from 

apoptosis induced by endoplasmatic reticulum stress (ER-stress) by reducing accumulation of 

reactive oxygen species (ROS) [146]. ER-stress has been implicated in the development of 

diabetes, atherosclerosis and in many of the aging-related neurodegenerative diseases, such as 

Alzheimer’s, amyotrophic lateral sclerosis and Parkinson’s [147]. Hence, changes in the 

regulation of TMBIM6 expression might play a role in allowing long life spans of hominids and 

particularly for man. Together these findings render the regulation of TMBMI6 expression an 

interesting subject for further investigation. 

In summary, this work presents an efficient approach to the identification of lineage-specific 

TFBSs, with evidence for functional impact of identified sites on transcription regulation. 

Limitations of this strategy rest in the capacities for functional testing and in ChIP experiments, 

as suitable antibodies are not yet available for the vast majority of TFs. However, new 

approaches are on the way, including expression of TFs fused to short epitope tags for efficient 

imunoprecipitations [148]. On the other hand, ChIP-seq studies uncovering thousands of in vivo 

BSs of single TFs will allow for refined bioinformatic models of TF binding preferences, lifting 

TFBSs predictions to the next level, away from in vitro-derived binding models. Finally, 
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bringing together lineage-specific TFBSs with the growing body of data on expression profiles, 

protein interactions, gene functions, regulatory pathways and disease associations, as 

exemplified in this work, will reveal many more mutations involved in disease and the 

evolution of species-specific traits. 
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10. Appendix 

10.1. Abbreviations 

5’UTR:  5-prime untranslated region 

BRE:  Basic recognition element 

BSs:  Binding sites 

CGIs:  CpG islands 

ChIP:  Chromatin immunoprecipitation 

ChIP-chip: Chromatin immunoprecipitation followed by DNA microarray hybridization  

ChIP-seq: Chromatin immunoprecipitation followed by massively parallel sequencing  

CTD:  C-terminal domain 

DNA:  Deoxyribonucleic acid 

DPE:  Downstream promoter element 

DSIF:  DRB sensitivity inducing factor 

EMSA:  Electrophoretic mobility shift assay 

EST:  Expressed sequence tag 

FCS:  Fetal calf serum 

GABPa:  GA binding protein 

GO:  Gene ontology 

GTFs:  General transcription factors 

GTM:  General transcription machinery 

HEK293: Human embryonic kidney cell line 293 

HSA:  Homo sapiens 

HSA21:  Human chromosome 21 

INR:  Initiator element 

MAC:  Macaca mulatta or Rhesus monkey 

NELF:  Negative elongation factor 

PCR:  Polymerase chain reaction 

PIC:  Preinitiation complex 

Pol IIA:  RNA Polymerase II polypeptide A (hypophosphorylated form) 

P-TEFb:  Positive transcription elongation factor b  

PTR:  Pan troglodytes or Chimpanzee 

PWM:  Position weight matrix 

RNAPII: RNA Polymerase II  

RNA:  Ribonucleic acid 

RNA-seq: Massively paralell sequencing of cDNA  

ROS:  Reactive oxygen species 

TBP:  TATA binding protein 

TF:  Transcription factor 

TFBSs:  Transcrition factor binding site 

TSA:  Trichostatin A 

TSSs:  Transcription start site 

ZF:  Zinc-finger transcription factor 
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