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Abstract 

The use of ontologies in the mapping of gene expression events provides an 

effective and comparable method to determine the expression profile of an entire 

genome across a large collection of experiments derived from different expression 

sources. In this dissertation I describe the development of the developmental 

human and mouse e VOC ontologies and demonstrate the ontologies by 

identifying genes showing a bias for developmental brain expression in human 

and mouse, identifying transcription factor complexes, and exploring the mouse 

orthologs of human cancer/testis genes. 

Model orgamsms represent an important resource for understanding the 

fundamental aspects of mammalian biology. Mapping of biological phenomena 

between model organisms is complex and if it is to be meaningful, a simplified 

representation can be a powerful means for comparison. 

The implementation of the ontologies has been illustrated here in two ways. 

Firstly, the ontologies have been used to illustrate methods to determine clusters 

of genes showing tissue-restricted expression in humans. The identification of 

tissue-restricted genes within an organism serves as an indication of the fine­

tuning in the regulation of gene expression in a given tissue. Secondly, due to the 

differences in human and mouse gene expression on a temporal and spatial level, 

the ontologies were used to identify mouse orthologs of human cancer/testis genes 

showing cancer/testis characteristics. With the use of model systems such as 

mouse in the development of gene-targeted drugs in the treatment of disease, it is 
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important to establish that the expression characteristics and profiles of a drug 

target in the model system is representative of the characteristics of the target in 

the system for which it is intended. 
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Preface 

In the post-genomic era, much of the focus of research has shifted from 

identifying each gene in the human genome, to creating a catalogue of genes 

listing their corresponding function, regulatory potential, expression profile and 

disease involvement. 

Each cell m an orgamsm contains a complete copy of its genome, thereby 

providing the expression potential of the orgamsm. Since cells do not 

simultaneously express all genes in the genome, it is important to determine the 

location and timing of each gene expression event. This expression profiling can 

lead to the identification of genes biased in their expression for the developmental 

program or diseases such as cancer. The identification of genes whose expression 

is biased for tumorigenic tissues provides the context for the development of 

drugs or vaccines in the treatment of cancer. The significance of this knowledge 

is also evident when comparing two species whose genomes show considerable 

overlap. For example, an orthologous gene may be expressed in both human and 

mouse but will not necessarily share the same expression profile in both species. 

Therefore, knowing when and where a gene is expressed is of great importance in 

drug discovery for disease treatment and understanding the relationship between 

human genes and their counterparts in the model organisms. 

A popular technique used to determine the expression status of a cell is to create a 

cDNA library from which expressed sequence tags are derived. An expressed 

sequence tag (EST) is a 200-800 nucleotide sequence from a cDNA clone. An 
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EST is generated randomly and represents a segment of an mRNA molecule 

(Adams et al., 1991; Nagaraj et al., 2007). The source of ESTs, namely mRNA, 

enables these tags to provide a view of the expression state of a cell by identifying 

the mRNA being expressed in a particular cell at any given time. 

Although ESTs provide insights into many biological phenomena such as gene 

discovery, alternative transcript identification and genome annotation (Nagaraj et 

al., 2007), the EST transcripts are generated by single-pass sequencing and are 

therefore very susceptible to errors. The advantage of using ESTs in exploring 

cellular gene expression lies in their low complexity and cost-effectiveness. Since 

the use of any technology is dictated by its financial impact, ESTs will continue to 

be a popular low-cost method among researchers as the current, high-impact 

sequencing methods become more established. 

With the continuous generation of genome-scale data, it is imperative that the 

biological data be annotated in such a way that it is possible to adequately share 

and compare data from different biological sources, experiments or laboratories. 

Since 2000 (Stevens et al., 2000), ontologies have become an accepted method in 

bioinformatics with which to describe experimental tissue sources and gene 

expression data. Table 1 lists the 26 anatomical ontologies available from the 

Open Biomedical Ontology (OBO) Foundry (Smith et al., 2007) as of August 

2009. The OBO Foundry provides a library of reference ontologies for the 

biomedical domain. Strict requirements need to be met for an ontology to be 

endorsed by the OBO Foundry such as providing a definition for every term 

within the ontology. Since the implementation of the OBO requirements, the 

XXl 
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Table 1 

A list of ontologies available from the Open Biomedical Ontologies (OBO) 
Foundry. The eVOC ontology is not officially distributed via the OBO 
foundry, but is included here to give context. 

Ontology Namespace 

Common Anatomy Reference Ontology CARO 

Subcellular anatomy ontology SAO 

Teleost anatomy and development TAO 

C. elegans gross anatomy WBbt 

Spider Ontology SPD 

Mouse adult gross anatomy MA 

Mouse gross anatomy and development EMAP 

Amphibian gross anatomy AAO 

Drosophila gross anatomy FBbt 

Fungal gross anatomy FAO 

Cellular component GO 

Xenopus anatomy and development XAO 

Plant growth and developmental stage PO 

Plant structure PO 

Spatial Ontology BSPO 

C. elegans development WBls 

Mosquito gross anatomy TGMA 

Drosophila development FBdv 

Human developmental anatomy, timed version EHDA 

Dictyostelium discoideum anatomy DDANAT 

Zebrafish anatomy and development ZFA 

Tick gross anatomy TADS 

Foundational Model of Anatomy (subset) FMA 

Medaka fish anatomy and development MFO 

Cell type CL 

Human developmental anatomy, abstract version EHDAA 

e VOC Expression vocabulary eVOC 
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eVOC ontology is no longer part of the OBO distribution as it does not provide 

definitions for all its terms. It is an important aim of the project to be included in 

the OBO distribution and further curation of the ontologies will ensure this. 

An ontology is a hierarchical vocabulary used to describe a particular domain, and 

consists of parent and child terms defined by relationships between them. The 

most well-known ontology is the Gene Ontology (Ashbumer et al., 2000) which 

describes three domains: the cellular component, molecular function and 

biological process of an organism. Ontologies are used by most database systems 

where a user is able to select a search term from a drop-down menu to select, for 

example the F ANTOM3 CAGE Basic Viewer where the user selects the tissue for 

which expression information is required (http://fantom3.gsc.riken.jp/). 

The problem with ontologies is the inability to adequately compare human and 

mouse gene expression events computationally through ontologies due to their 

individual structures and inherent complexities. An effective tool to enable the 

ontological comparison between human and mouse will enable the direct inter­

species comparison of gene expression events, providing insight into the 

differences and similarities between the species - an integral aspect of model 

organism biology. 

Model organisms are an important part of biological research because they allow 

researchers to perform experiments that would be either unethical or fatal if 

performed on humans. For example, it is considered unethical to genetically 

modify a human embryo by creating a knock-out of a particular gene purely to 

determine a possible function for that gene. Model organisms therefore allow us 
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to study genes in vivo, they allow us to test experimental drugs for efficacy and 

lethality, and they enable us to explore gene expression events throughout the life­

span of the organism since its gestation and developmental periods are typically 

on a scale of days and weeks rather than months and years. The laboratory mouse 

is a particularly good model for studying cancer because mice have a high tumour 

incidence, are cheap and easy to handle, can be inbred to eliminate genetic 

variation effects, and many may be treated at a time to provide replicate data. 

However, in order for model organism experiments to be informative, it is 

imperative that we know and understand the similarities and differences between 

the models and humans. A robust system for comparing human and mouse 

biology and expression data is therefore critical. 

This dissertation describes the development and implementation of an ontology­

based system as a consistent approach to gene discovery. The processes required 

to successfully develop and apply a set of ontologies are to: 

l) develop a set of ontologies; 

2) map data to the ontologies by using them to annotate expression data; 

and 

3) query the system to answer specific questions regarding the data. 

Chapter 1 describes the development of a mouse ontology that conforms to the 

structure of an established human ontology to provide a tool to compare 

biological aspects of the two species. Both the mouse and human ontologies are 

also further developed to include the ontological representation of the developing 

mouse and human, enabling the alignment of mouse and human anatomical 
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structures for the annotation of expression events. In addition to developing the 

ontologies, this chapter also describes using the ontologies to annotate 8 852 

human and 1 210 mouse cDNA libraries obtained from the Cancer Genome 

Anatomy Project (CGAP) as an initial dataset with which to illustrate the use of 

the ontologies. 

The remaining two chapters describe how the ontologies developed in Chapter 1 

are used in two major collaborations. Both chapters describe two aspects of each 

collaboration, namely a publication resulting from the collaborative efforts of all 

the members of the collaboration and an independent study I performed within 

each collaboration that is unpublished. I therefore, for each chapter, briefly 

describe my role in the collaboration and the work I performed that resulted in the 

publications, and thereafter describe in detail the unpublished analyses. 

Chapter 2 describes how the ontologies developed in Chapter 1 are used to 

determine the expression profile of human transcription factors. The investigation 

of the expression profile enables the identification of transcription factor 

complexes that show tissue-restricted expression patterns. 

The analysis presented as Chapter 3 uses the ontologies described in Chapter 1 to 

explore the expression profile of the mouse orthologs of human cancer/testis 

genes with the aim of comparing the human and mouse expression profiles of 

these genes. 

XXV 
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Chapter 1 

Simplified ontologies allowing comparison of 

developmental mammalian gene expression 

1.1 Summary 

The concept of creating a developmental mouse ontology that is structured in the 

same way as the existing human e VOC ontologies was suggested as a viable 

approach while establishing a collaboration as part of the F ANTOM consortium -

a collaborative effort by many international laboratories with the aim to map out 

the transcriptional landscape of mouse and human. I was responsible for 

developing and applying the method of ontology generation for both the mouse 

and human developmental ontologies. I was also responsible for collecting and 

annotating the mouse and human CGAP cDNA libraries that have been mapped to 

the ontologies, as well as the data provided by the F ANTOM3 project. The 

ontologies that I developed, along with the F ANTOM data that I mapped to it, 

were incorporated into the FANTOM CAGE databases (CAGE Basic Viewer and 

CAGE Analysis Viewer) available online (http://fantom3.gsc.riken.jp/). 

The F ANTOM3 project culminated in a main publication in Science ( of which I 

was co-author (Caminci et al., 2005)) as well as many satellite papers in PLoS 

Genetics - including a paper which I co-authored (Bajic et al., 2006). For 'The 

transcriptional landscape of the mammalian genome' published in Science 

(Appendix I), I was responsible for the development of the ontologies which were 
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used to annotate the expression data used in the paper. In the PLoS Genetics 

paper, 'Mice and men: their promoter properties' (Appendix II), the aim was to 

classify transcription start sites (TS S) based on the GC content of the 5' upstream 

region of each gene. I used the ontology system described in this chapter to 

provide the expression information for the dataset used in the paper, which shows 

enrichment of certain tissue categories in each of the four TSS categories 

identified (Table 6 of Appendix II). The methods and results for both analyses are 

described in detail in the publications appended. 

In addition to developing the ontologies, I was responsible for preparing the 

manuscript describing the development and application of these ontologies, which 

is presented here as Chapter 1. My responsibilities included the development of 

the manuscript concept, all data generation and analysis, as well as the preparation 

and submission of the manuscript. 

Dr Y oshihide Hayashizaki and Dr Piero Caminci provided the request of the 

developmental ontologies as well as access to the F ANTOM3 data. Dr Oliver 

Hofmann and Dr Winston Hide provided guidance regarding ontology 

development and application, and oversaw the production of the manuscript. 

1.2 Aim 

The aim of the work presented in this chapter is to develop an ontology system 

that enables the comparison of human and mouse anatomy throughout 

development. The use of the ontologies in the annotation of human and mouse 
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gene expression data provides a means to accurately compare gene expression 

between human and mouse, thereby identifying similar and unique gene 

expression patterns between the two species. 

1.3 Background 

1.3.1 Ontologies and gene expression 

Biological investigation into mammalian biology employs standardized methods 

of data annotation by consortia such as MGED (Microarray Gene Expression Data 

Society) and CGAP (Cancer Genome Anatomy Project) or collaborative groups 

such as the Genome Network Project group at the Genome Sciences Centre at 

RIK.EN, Japan (http://gsc.riken.go.jp/indexE.html). Data generated by these 

consortia include microarray, CAGE (Cap Analysis of Gene Expression), SAGE 

(Serial Analysis of Gene Expression) and MPSS (Massively Parallel Signature 

Sequencing) as well as cDNA and EST (Expressed Sequence Tags) libraries. The 

diversity of data types offers the opportunity to capture several views on 

concurrent biological events, but without standardization between these platforms 

and data types information is lost, reducing the value of comparison between 

systems. The terminology used to describe data provides a means for the 

integration of different data types such as EST or CAGE. 

An ontology is a commonly used method of standardization in biology. It is often 

defined as a formal description of entities and the relationships between them, 

providing a standard vocabulary for the description and representation of terms in 
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a particular domain (Bard and Winter, 2001; Gkoutos et al., 2005). Given a need 

and obvious value in comparison of gene expression between species, anatomical 

systems and developmental states, we have set out to discover the potential and 

applicability of such an approach to compare mouse and human systems. 

Many anatomical and developmental ontologies have been created, each focusing 

on their intended organisms. As many as 62 ontologies describing biological and 

medical aspects of a range of organisms can be obtained from the Open 

Biomedical Ontologies (OBO) website (http://www.obofoundry.org/), a system 

set up to provide well-structured controlled vocabularies of different domains in a 

single website. The Edinburgh Mouse Atlas Project (EMAP) (Baldock et al., 

2003) and Adult Mouse Anatomy (MA) (Hayamizu et al., 2005) ontologies are 

the most commonly used ontologies to describe mouse gene expression, 

representing mouse development and adult mouse with 13 730 (October, 2005) 

and 7 702 (October, 2004) terms respectively. Mouse Genome Informatics 

(MGI), the most comprehensive mouse resource available, uses both ontologies. 

Human gene expression however, can be represented as developmental and adult 

ontologies by the Edinburgh Human Developmental Anatomy (HUMAT) 

ontology (Hunter et al., 2003) consisting of 8 316 terms (October, 2005) and the 

mammalian Foundational Model of Anatomy (FMA) (Rosse and Mejino, 2003) 

consisting of more than 110 000 terms (January, 2002). Selected terms from the 

above ontologies have been used to create a cross-species list of terms known as 

the SOFG Anatomy Entry List (SAEL) (Parkinson et al., 2004). Although these 

ontologies more than adequately describe the anatomical structures of the 

developing organism, with the exception of SAEL, they are structured as Directed 
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Acyclic Graphs (DAG), defined as a hierarchy where each term may have more 

than one parent term (Hayamizu et al., 2005). The DAG structure adds to the 

inherent complexity of the ontologies, hampering efforts to align them between 

two species, making the process of a comparative study of gene expression events 

a challenge. 

Efforts are being implemented in order to simplify ontologies for gene expression 

annotation. The Gene Ontology (GO) Consortium's GO slim (Martin et al., 2004) 

contains less than 1 % of terms in the GO ontologies. GO slim is intended to 

provide a broad categorization of cDNA libraries or microarray data when the 

fine-grained resolution of the original GO ontologies are not required. Another 

set of simplified ontologies are those from eVOC (Kelso et al., 2003). The core 

eVOC ontologies consist of four orthogonal ontologies with a strict hierarchical 

structure to describe human anatomy, histology, development and pathology, 

currently consisting of 512, 180, 156 and 191 terms respectively (August, 2006). 

The aim of the e VOC project is to provide a standardized, simplified 

representation of gene expression, unifying different types of gene expression data 

and increasing the power of gene expression queries. The simplified 

representation achieved by the eVOC ontologies is due to the implementation of 

multiple orthogonal ontologies with a lower level of granularity than it's 

counterparts. 
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1.3.2 Mammalian development 

The laboratory mouse is being used as a model organism to study the biology of 

mammals (Marra et al., 1999). The expectation is that these studies will provide 

insight into the developmental and disease biology of humans, coloured by the 

finding that 99% of the 25 000 - 30 000 mouse genes may have a human ortholog 

( only 1 % of mouse genes do not have a human ortholog) and at least 80% of 

mouse genes are 1: 1 orthologs where the mouse sequence is the best match to the 

human sequence and vice versa (Waterston et al., 2002). Given the similarity 

between the two species, it is possible to perform functional experiments on 

mouse and transfer any knowledge obtained to enhance our understanding of 

human biology. In addition, cDNA libraries can be prepared from very early 

mouse developmental stages for gene expression analysis. 

The study of developmental biology incorporates the identification of both the 

temporal and spatial expression patterns of genes expressed in the embryo and 

fetus (Magdaleno et al., 2006). It is important to understand developmental gene 

expression because many genetic disorders originate during this period (Lindsay 

and Copp, 2005). Similarities in behavior and expression profiles between cancer 

cells and embryonic stem cells (Kho et al., 2004) also fuel the need to investigate 

developmental biology. 

Using mice as model organisms in research requires the need for comparison of 

resulting data and provides a means to compare mouse data to humans (Lindsay 

and Copp, 2005). The cross-species comparison of human and mouse gene 

expression data can highlight fundamental differences between the two species 
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such as greater olfactory and immune capabilities, impacting on areas as diverse 

as the effectiveness of therapeutic strategies in the treatment of cystic fibrosis or 

Alzheimer's to the elucidation of the components such as tail, fur and whiskers 

that determine species. Using ontology-annotated gene expression events to 

compare across species provides a structured and accurate means of identifying 

identical gene expression context between the species, particularly if the 

annotation of each species differs in granularity. 

1.3.3 Cross-species gene expression comparison 

Function of most human genes has been inferred from model organism studies, 

based on the transitive assumption that genes sharing sequence similarity also 

share function when conserved across species (Zhou and Gibson, 2004). The 

same principle can be applied to gene regulation. The first step is to find not only 

the orthologs, but the commonly expressed orthologs. We predict that although 

two genes are orthologous between human and mouse, their expression patterns 

differ on the temporal and spatial level, indicating that their regulation may differ 

between the two species. 

The terminology currently used to annotate human and mouse gene expression 

can be ambiguous (Eilbeck et al., 2005) among species since one term may be 

used to describe many different structures or one structure may be defined by 

more than one term, which is a result of different ontologies being used to 

annotate different species. The way in which we circumvented this issue is to 
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effectively map the ontology terms across species by using the same terminology 

for each species. This adaptation allows the integration of human and mouse 

ontologies as well as the comparison of the data it is used to annotate - a feature 

not possible with current ontologies. Although the EMAP, MA, HUMAT and 

FMA ontologies describe the anatomical structures throughout the development of 

the mouse and human, their complexities complicate the alignment of the 

anatomy between the two species. With the alignment of terms between a mouse 

and human ontology, the data mapped to each term becomes comparable, 

allowing efficient and accurate comparison of mammalian gene expression. A 

SAEL-related project, XSPAN (Dennis et al., 2003), is aimed at providing a web 

tool to enable users to find equivalent terms between ontologies of different 

species. Although useful, the ontologies used describe only spatial anatomy and 

are not temporal. 

We have attempted to address the issue by developing simplified ontologies that 

allow the comparison of gene expression between human and mouse on a 

temporal and spatial level. The distribution of human and mouse anatomy terms 

across development match the structure of the human adult ontologies that form 

the core of the eVOC system. 

Due to the ambiguous annotation of current gene expression data between human 

and mouse, and the lack of data mappings accompanying the available ontologies, 

the ontologies presented here have been developed in concert with semi-automatic 

mapping and curation of 8 852 human and 1 210 mouse cDNA libraries. We have 

therefore created a resource of simplified, standardized gene expression enabling 
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cross-species comparison of gene expression between mammalian species that is 

publicly available. 

1.4 Materials and methods 

1.4.1 Ontology development 

The ontologies were constructed using the COBrA (Aitken et al., 2005) and 

DAG-edit (http://www.geneontology.org/GO.tools.shtml#dagedit) ontology 

editors. Each term has a unique accession identifier with 'EVM' as the 

namespace for mouse and 'EV' for human, followed by seven numbers. This is 

consistent with the rules defined by the GO consortium (Ashburner et al., 2000). 

Using the human adult eVOC anatomical system ontology as a template, terms 

from the Theiler stage 26 (mouse developmental stage immediately prior to birth) 

section of the EMAP ontology were inserted to create the Theiler stage 26 

developmental eVOC mouse ontology. Proceeding from Theiler stage 26 to 

Theiler stage 1, each stage was used as a template for the next stage and any term 

not occurring at that specific stage, using EMAP as reference, was removed. 

Similarly, if a term occurred in EMAP that was not present in the previous stage, 

it was added to the ontology. The result is a set of 26 ontologies, one for each 

Theiler stage of mouse development, with many terms appearing and disappearing 

throughout the ontologies according to changes of anatomy during mouse 

development. 
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The Theiler stage 28 (adult mouse) ontology was constructed in the same way as 

the developmental ontologies, using the MA ontology as a reference. A 

previously not available Theiler stage 27 ontology was developed by comparing 

Theiler stage 26 and Theiler stage 28. Any terms that differed between the two 

stages were manually curated and included or removed in Theiler stage 27 as 

needed. The Theiler stage 27 ontology therefore represents all immature, post­

natal anatomical structures. Theiler stage 28 ontology terms have been mapped to 

the adult human eVOC terms by using the human eVOC accession identifiers as 

database cross-references in the mouse ontology. Similarly, the EMAP accession 

number for each term was mapped to the developmental mouse ontologies. The 

result is a set of 28 ontologies that are an untangled form of the EMAP and MA 

ontologies, with mappings between them. 

A set of human developmental ontologies were created by using the same method 

as was used for mouse. The reference ontologies for human development were 

the HUMA T ontologies, which describes the first 23 Carnegie stages of 

development, classified according to morphological characteristics. 

The 28 mouse and 23 human ontologies were merged into two ontologies - one 

for mouse and one for human. Each merged ontology (named Mouse 

Development and Human Development) contains all terms present in the 

individual ontologies. A Theiler Stage ontology was created for mouse, which 

contains all 28 Theiler stages categorized into embryo, fetus or adult. The 

existing e VOC Development Stage ontology serves as the human equivalent of 

the mouse Theiler Stage ontology. The Mouse Development, Human 
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Development, Theiler Stage and the existing Development Stage ontologies form 

the core of the Developmental eVOC ontologies. 

1.4.2 Data mapping 

Mouse and human cDNA libraries were obtained from the publicly available 

CGAP resource (January, 2006) and mapped (semi-automated) to the entire set of 

e VOC ontologies. The e VOC ontologies consist of Anatomical System, Cell 

Type, Developmental Stage, Pathology, Associated With, Treatment, Tissue 

Preparation, Experimental Technique, Pooling and Microarray Platform. The 

'age' annotation of the mouse CGAP libraries were manually checked against the 

Gene Expression Database (version 3.41; December, 2005) (Hill et al., 2004) to 

determine the Theiler stage of each library. Due to the lack of a resource 

providing the Carnegie stage annotation for cDNA libraries, the human cDNA 

libraries were annotated according to the age annotation originally provided by 

CGAP. Genes associated with each mouse and human cDNA library were 

obtained from NCBI's UniGene (March, 2006) 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene). A list of human­

mouse orthologs were obtained from HomoloGene (build 53) 

(http://www.ncbi.nlm.nih.gov/entrez/ query .fcgi ?db=homologene ). 

11 

http://etd.uwc.ac.za



1.4.3 Data mining 

The genes were filtered according to the presence or absence of expression 

evidence and homology. A gene passed the selection criteria if it has an ortholog 

and if both genes in the ortholog pair have eVOe-annotated expression. 

According to e voe annotation, genes were categorized into those that showed 

expression in normal adult brain and those expressed in normal developmental 

brain, many genes appearing in more than one category. Genes expressed in 

normal adult brain were subtracted from those with expression in normal 

developmental brain to establish genes whose expression in the brain occurs only 

during development. The expression profiles of the developmentally-biased 

genes annotated to female reproductive system, heart, kidney, liver, lung, male 

reproductive system and stem cell for post-natal and developmental expression 

were determined according to the eVOe annotation of the cDNA libraries, and the 

correlation coefficient of the ortholog-pairs were calculated. 

1.5 Results and discussion 

1.5.1 Ontology development 

The ontologies were originally created to accommodate requests by the 

F ANTOM3 consortium (eaminci et al., 2005) for a simple mouse ontology that 

could be used in alignment to the human e voe ontologies. The F ANTOM3 

project was a collaborative effort by many international laboratories to analyze the 

mouse and human transcriptome. The aim was to generate a transcriptional 
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in the developmental e voe ontologies to ensure interoperability between external 

ontologies and eVOe. Terms from the mouse have also been mapped to those 

from human to enable cross-species comparison of the data mapped. 

The integration of the ontologies is described in Figure 1, where 'Mouse eVOe' 

refers to the individual mouse ontologies and 'Human eVOe' refers to the 

individual human ontologies (including the adult human ontology). The EMAP 

and MA ontologies represent mouse pre- and post-natal developmental anatomical 

structures, respectively, and therefore exhibit no commonality. The mouse 

developmental e voe ontologies integrate the two ontologies by containing terms 

from, and mappings to, both the EMAP and MA ontologies. Of the 2 840 terms 

in the individual mouse ontologies, 1 893 and 237 map to EMAP and MA. The 

human developmental e voe ontology is an untangled version of the HUMAT 

ontology and has one-to-one mappings to the mouse developmental ontology, 

providing a link between the terms and data mappings between the mouse and 

human ontologies. 

The presence of species-specific anatomical structures posed a challenge when 

aligning the mouse and human terms. An obvious example is the presence of a 

tail in mouse but not in human. We decided that there would simply be no 

mapping between the two terms. Further challenges involved structures such as 

paw and hand. The two terms cannot be made identical because it is incorrect to 

refer to the anterior appendage of a mouse as a hand. However, due to the fact 

that the mouse paw and human hand share functional similarities, the two terms 

are not identical, but are mapped to each other based on functional equivalence. 

14 

http://etd.uwc.ac.za



Figure 1 

MOUSE 
EMAP 

(13730) 

MOUSE 
eVOC 
(2840) 

710 

335 

237 

MOUSE 
MA 

(7702) 

7465 

HUMAN 
eVOC 
(2182) 

HUMAN 
HUMAT 
(8316) 

Venn diagram illustrating the integration of mouse and human ontologies 
represented by the eVOC system. The total number of terms in each 
ontology is in parentheses. The numbers in each set are the number of terms 
in the intersection represented by that set. 'Mouse eVOC' represents the 28 
individual mouse ontologies and 'Human eVOC' represents the 23 individual 
human and adult ontologies; therefore, the numbers in parentheses ref er to 
the total number of terms in all the eVOC ontologies for each species. The 
intersection of the Mouse eVOC with the EMAP and MA ontologies 
represents the number of terms in Mouse eVOC that have database cross­
references to EMAP and MA. Similarly, the intersection of the Human 
eVOC and HUMAT sets represents the number of Human eVOC terms that 
map to HUMA T terms. The number within the arrows represents the 
number of mapped human and mouse eVOC terms. 
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In order to provide simplified ontologies, the 28 mouse and 23 human ontologies 

were merged to create two ontologies - one for each species. In addition, a 

Theiler Stage ontology was created that represents the Theiler stages of mouse 

development. The human stage ontology is represented by the current e voe 

Development Stage. A cross-product of two terms ( one from the merged and one 

from the stage ontology) for a species can therefore represent any anatomical 

structure at any stage of development. 

The relationship between the Developmental Mouse and individual ontologies is 

illustrated in Figure 2, where the term 'brain' is mapped to 12 terms in the 

individual ontologies and therefore occurs in 12 of the 28 Theiler stages. All 

terms in the individual ontologies that are derived from EMAP or MA for mouse, 

and HUMA T for human are mapped to the corresponding term by adding the 

term's accession from the external ontology as a database cross-reference in the 

eVOe ontologies. Figure 3 shows that the database cross-reference is the 

accession of the EMAP term, indicating that 'intestine' of the 'Theiler stage 13' 

ontology is equivalent to the term represented by 'EMAP:600'. This feature 

allows cross-communication, and thereby integration, of the EMAP, MA, 

HUMA T and e voe ontologies. 

The ontologies presented here are simplified versions of existing human and 

mouse developmental and adult ontologies, containing 1 670 and 2 840 terms 

respectively. Table 1 shows the number of terms and database cross-references 

for the individual mouse and human ontologies. The Theiler Stage 4 ontology 

contains 12 terms and has 9 mappings to the EMAP ontology. The mouse and 
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Figure 2 

Screenshot of the Mouse Development ontology, visualised in COBrA. The left panel shows the hierarchy of the ontology, with 
'brain' as the highlighted term. The right panel lists the 12 database cross-references mapped to 'brain', representing the accession 
of 'brain' in each of the 12 individual ontologies. 
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Table 1 

Statistics of the individual developmental eVOC ontologies, representing the 
alignment between human and mouse stages. The first three columns display 
the individual mouse ontologies, the number of terms in each ontology, and 
the number of external references of each. The last three columns display 
the individual human ontologies, the number of terms, and the number of 
external references of each. The external references refer to the EMAP and 
MA ontologies for mouse, and to HUMAT for human. The alignment of the 
rows between the mouse and human ontologies represents the alignment of 
the Theiler and Carnegie stages of development based on morphological 
similarities. For example, the Theiler Stage 4 ontology contains 12 terms and 
has 9 mappings to the EMAP ontology. Mouse Theiler Stage 4 is equivalent 
to human Carnegie Stage 3. The Carnegie Stage 3 ontology contains 13 
terms and has 11 mappings to terms from the HUMAT ontology. 

Theiler Mouse External Carnegie Human External 
Stage Terms Reference Stage Terms Reference 

1 6 4 1 5 4 

2 5 3 2 5 4 

3 6 4 

4 12 9 3 13 11 

5 9 6 

6 10 7 4 10 8 

7 11 9 

8 12 10 5a 10 8 

5b 11 10 

5c 9 8 

9 14 14 6a 14 16 

6b 19 18 

10 14 18 7 20 17 

11 32 29 8 22 19 

12 56 63 9 52 54 

13 55 64 10 60 80 

14 67 85 11 72 92 

15 80 109 12 80 98 
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Theiler Mouse External Carnegie Human External 
Stage Terms Reference Stage Terms Reference 

16 93 128 13 103 131 

17 103 137 14 122 149 

18 116 155 15 131 165 

19 134 173 16 155 178 

20 157 171 17 170 184 

21 193 239 18 188 223 

19 199 237 

22 209 299 20 200 237 

23 216 303 

24 226 316 

25 234 339 

26 238 348 

27 266 0 

28 266 246 adult 512 

TOTAL 2840 3288 TOTAL 2049 1951 

20 

http://etd.uwc.ac.za



human stages have been aligned in the table and therefore shows that mouse 

Theiler Stage 4 is equivalent to human Carnegie Stage 3, based on morphological 

similarities during development (http://www.ana.ed.ac.uk/anatomy/database/ 

humat/MouseComp.html). The Carnegie Stage 3 ontology contains 13 terms and 

has 11 mappings to the HUMAT ontology. The difference in the number of 

ontology terms and external references is attributed to the addition of terms to 

maintain the standard structure of the e VOC system. In this example, the term 

'germ layers' is in the e VOC ontologies, but not in the EMAP or HUMAT 

ontologies. Many e VOC terms are mapped to more than one term in the external 

referencing ontology as an artifact of the simplification of the ontologies, 

resulting in a one-to-many relationship between eVOC and it's reference 

ontology. For example, 'myocardium' at Theiler Stage 12 in the eVOC 

ontologies is mapped to five EMAP identifiers. Each EMAP identifier references 

a cardiac muscle, but at a different location. e VOC does not distinguish between 

cardiac muscle of the common atrial chamber (EMAP:337) and cardiac muscle of 

the rostral half of the bulbus cordis (EMAP:330). Compared to their counterparts, 

the Developmental e VOC ontologies represent 22% of both the human HUMAT 

and mouse EMAP ontologies, with the only relationship between the terms being 

'IS_A'. Note that relationships within the eVOC ontologies only indicate an 

association between parent and child term and do not systematically distinguish 

between is_ a or part_ of relationships. As e VOC moves to adopt relationship types 

from the OBO Relation Ontology (Smith et al., 2005) relations will be reviewed 

and curated. Using a principle of data-driven development, eVOC terms are 
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added at an annotator's request, resulting in a dynamic vocabulary describing 

gene express10n. 

1.5.2 Data mapping 

The resources providing ontologies to annotate gene expression do not always 

provide the data itself. In order to obtain mouse and human data, one would have 

to search separate databases for each species. An example of this would be 

searching MGI for mouse gene expression data, and ArrayExpress for human. 

Apart form having to access different databases to obtain data, the terminology 

used to describe the data is ambiguous and differs in the level of granularity, 

impacting on the accuracy of inter-species data comparison. The ontology terms 

have therefore been used to annotate 8 852 human and 1 210 mouse cDNA 

libraries from the Cancer Genome Anatomy Project (CGAP) (January, 2006) 

(http://cgap.nci.nih.gov/). 

The mapping process revealed inconsistencies in the annotation of the human and 

mouse CGAP cDNA libraries, requiring manual intervention and emphasizing the 

need for a standardized annotation. All genes associated with the libraries have 

been extracted by association through UniGene (March, 2006). A gene was 

considered to be associated with a cDNA library if at least one EST was evident 

for the gene in a particular library. The result is a set of21 152 human and 24 047 

mouse genes from UniGene that are represented by CGAP cDNA libraries and 

annotated with e VOC terms, and represent the set of human and mouse genes for 
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which there is expression evidence. CGAP represents an ascertainment bias 

where there is a strong over-representation for cancer genes, and therefore future 

efforts for this research will include obtaining a well-represented, evenly 

distributed dataset of human and mouse gene expression. The list of human and 

mouse orthologs were extracted from HomoloGene to represent the 16 324 

human-mouse orthologs. Two genes were considered to be orthologs if they 

shared the same HomoloGene group identifier (March, 2006). 

1.5.3 Data mining 

Genes may be categorized according to their eVOC annotation on a spatial or 

temporal level, or a combination of both. An example of this would be genes 

expressed in the heart at Theiler Stage 26 for mouse. For the purposes of this 

study, we searched for human-mouse orthologs that are expressed in the normal 

postnatal and developmental brain of both species, where a gene is classified as 

normal if it's originating library was annotated as 'normal'. Research involving 

gene expression of the brain aims at identifying causes of psychological and 

neurological diseases, many of these diseases originating during development. 

With the use of mice as model organisms in this kind of research, it is important 

to identify genes which are co-expressed in human and mouse on the temporal 

and spatial level. The results of our analysis show that of the available 16 324 

human-mouse orthologs, 14 434 can be found in CGAP libraries for both human 

and mouse. When looking at brain gene expression, we could segregate genes 

according to their spatial and temporal expression patterns. We found that of all 
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the orthologs expressed in the brain, 10 980 genes were expressed in the post­

natal brain of both species whereas 1 692 genes were expressed in the developing 

brain of both species. Of these two sets of genes, 90 genes were found to have 

biased expression for developmental brain (Table 2) where developmentally 

biased genes are those that are expressed during development and not the post­

natal organism in either human, mouse or both species (see Figure 4 for 

illustration). It is important to note that only genes whose orthologs also have 

expression evidence were considered for analysis. This small number of genes 

found to be biased for expression during brain development in both species may 

be a result of data-bias due to the difficulty involved in accessing developmental 

libraries. Our future efforts will include expanding the data platforms to provide 

data that is representative of the biology. This analysis does however demonstrate 

the usefulness of the ontologies in performing cross-species gene expression 

analyses. 

The Gene Ontology (GO) categories that are highly associated with the 90 genes 

biased for developmental brain expression were extracted with the use of the 

DAVID bioinformatics resource (Dennis et al., 2003). The human representatives 

of the human-mouse orthologs cluster with GO terms such as 'nervous system 

development' and 'cell differentiation', suggesting a shared role for development 

of the mammalian brain, and therefore may be potential targets for the analysis in 

neurological diseases. Given the existence of ascertainment bias on these kinds of 

data, it was still surprising to see how many genes passed the stringent selection 

criteria. Searching the Online Mendelian Inheritance of Man (OMIM) database 
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Human 
Adult 

Human 
Development 

Figure 4 

Mouse 
Adult 

Mouse 
Development 

90 

Diagram illustrating the sets of genes analysed for developmental brain 
expression bias. Genes for human and mouse grouped together if they are 
expressed in post-natal or developmental brain, respectively. The 
intersection between the human and mouse developmental brain genes 
represent those genes showing common expression in the two species. 
Subtracting genes commonly expressed in human and mouse post-natal brain 
determines those genes that show developmental restriction in either human, 
mouse or both species. 
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Table 2 

Genes showing developmental expression bias in human and mouse brain. 
The table lists the HomoloGene group identifier, Entrez Gene identifier and 
gene symbol of the 90 human-mouse orthologs found to have an expression 
bias towards the embryonic and fetal stages of brain development, without 
expression during postnatal development. Genes were only considered for 
analysis if they have an ortholog, and if the ortholog also has expression 
evidence based on eVOC annotation. 

HomoloGene Human Human Entrez Gene Mouse Mouse Entrez Gene 
group identifier Entrez Symbol Entrez Gene Symbol 

Gene ID ID 

32 435 ASL 109900 Asl 
268 5805 PTS 19286 Pts 
413 353 APRT 11821 Aprt 
1028 1606 DGKA 13139 Dgka 
1290 9275 BCL7B 12054 Bcl7b 
1330 857 CAY! 12389 Cavl 
1368 1054 CEBPG 12611 Cebpg 
1871 4760 NEURODl 18012 Neurodl 
1933 5050 PAFAHIB3 18476 Pafahlb3 
2212 6182 MRPL12 56282 Mrpll2 
2593 7913 DEK 110052 Dek 
2880 8835 SOCS2 216233 Socs2 
3476 9197 SLC33Al 11416 Slc33al 
4397 8971 HlFX 243529 Hlfx 
4983 10991 SLC38A3 76257 Slc38a3 
6535 11062 DUS4L 71916 Dus41 
7199 11054 OGFR 72075 Ogfr 
7291 10683 DLL3 13389 D113 
7500 5806 PTX3 19288 Ptx3 
7516 389075 RESP18 19711 Respl8 
7667 1154 CISH 12700 Cish 
7717 24147 FJXl 14221 Fjxl 
7922 6150 MRPL23 19935 Mrpl23 
9120 25851 DKFZP43480335 70381 2210010N04Rik 

9355 51637 Cl4orfl66 68045 2700060E02Rik 
9813 55627 FLJ20297 77626 4 l 22402O22Rik 
10026 55172 Cl4orfl04 109065 l l 10034A24Rik 
10494 58516 FAM60A 56306 Tera 
10518 84273 C4orfl4 56412 2610024G l 4Rik 
10663 57171 DOLPPl 57170 Dolppl 
10695 57120 GOPC 94221 Gopc 
10774 57045 TWSGl 65960 Twsgl 
11653 79730 FLJ14001 70918 492 l 525Ll 7Rik 
11920 84303 CHCHD6 66098 Chchd6 
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HomoloGene Human Human Entrez Gene Mouse Mouse Entrez Gene 
group identifier Entrez Symbol Entrez Gene Symbol 

Gene ID ID 

11980 84262 MGC1091 l 66506 1810042K04Rik 
12021 84557 MAP1LC3A 66734 Mapllc3a 
12418 124056 NOXOl 71893 Noxol 
12444 84902 FLJ14640 72140 2610507L03Rik 
12993 84217 ZMYND12 332934 Zmyndl2 
14128 91107 TR1M47 217333 Trim47 
14157 90416 CCDC32 269336 Ccdc32 
14180 115294 PCMTDI 319263 Pcmtdl 
14667 113510 HEL308 191578 Hel308 
15843 79591 Cl0orf76 71617 9130011El5Rik 
16890 399664 RKHDl 237400 Rkhdl 
17078 387914 TMEM46 219134 Tmem46 
17523 115290 FBXO17 50760 Fbxol7 
18123 140730 RIMS4 241770 Rims4 
18833 143678 LOC143678 75641 17000291 l 5Rik 
18903 440193 KIAA1509 68339 0610010D24 Rik 
19028 146167 LOC146167 234788 Gm587 
20549 4324 MMP15 17388 Mmpl5 
21334 10912 GADD45G 23882 Gadd45g 
22818 29850 TRPM5 56843 Trpm5 
24848 266629 SEC14L3 380683 RP23-81Pl2.8 
26702 93109 TMEM44 224090 Tmem44 
27813 84865 FLJ14397 243510 A230058J24Rik 
31656 27000 ZRFl 22791 Dnajc2 
32293 51018 CGI-115 67223 2810430M08Rik 
32331 51776 ZAK 65964 B230120H23Rik 
32546 64410 KLHL25 207952 Klhl25 
32633 136647 C7orfl 1 66308 2810021B07Rik 

35002 93082 LINCR 214854 Liner 
37917 1293 COL6A3 12835 Col6a3 
40668 9646 SH2BP1 22083 Sh2bpl 
40859 27166 PX19 66494 2610524G07Rik 
41703 118881 COMTDI 69156 Comtdl 
45198 65117 FLJl 1021 208606 1500011J06Rik 
45867 139189 DGKK 331374 Dgkk 
46116 401399 LOC401399 101359 0330027H l 8Rik 
49899 143282 Cl0orfl3 72514 2610306H l 5Rik 
49970 83879 CDCA7 66953 Cdca7 
55434 1289 COL5Al 12831 Col5al 
55599 669 BPGM 12183 Bpgm 
55918 6882 TAFll 68776 Tafll 
56005 6328 SCN3A 20269 Scn3a 
56571 26503 SLC17A5 235504 Slcl7a5 
56774 54751 FBLIMl 74202 Fbliml 
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HomoloGene Human Human Entrez Gene Mouse Mouse Entrez Gene 
group identifier Entrez Symbol Entrez Gene Symbol 

Gene ID ID 

64353 126374 WTIP 101543 Wtip 

65280 286128 ZFP41 22701 Zfp41 

65318 23361 ZNF629 320683 Zfp629 

65328 7559 ZNF12 231866 Zfpl2 

68420 9559 VPS26A 30930 Vps26 

68934 57016 AKRIBIO 14187 Akrlb8 

68973 1663 DDXll 320209 Ddxl 1 

68998 170302 ARX 11878 Arx 

78698 387876 LOC387876 380653 Gm872 

81871 56751 BARHLI 54422 Barhll 

82250 150678 MYEOV2 66915 Myeov2 

84799 22835 ZFP30 22693 Zfp30 
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implicated some of the 90 genes, such as GOPC, ARX and DEK, in diseases such 

as astrocytoma, lissencephaly and leukemia. 

To assess the similarity in expression across major human and mouse tissues other 

than brain, the expression profiles of the 90 genes with bias for developmental 

expression were determined for developmental and adult expression in the 

following tissues: female reproductive system, heart, kidney, liver, lung, male 

reproductive system and stem cell. These tissues were chosen based on the 

availability of data for each tissue in the developmental and adult categories. For 

each ortholog-pair, we determined the correlation between their expression 

profiles (see Appendix III). We found that, according to the cDNA libraries, one 

mouse gene was found to be expressed in all the tissues in both post-natal and 

development (Twsgl), and three mouse genes were expressed only in the mouse 

brain (Resp] 8, Gm872, Barhll) as opposed to all other tissues (see Appendix IV 

for expression profile). The highest correlation score between an ortholog-pair is 

0.646 (HomoloGene identifier: 27813) having identical expression profiles during 

development ( expressed in liver and stem cell), but differing during post-natal 

expression ( expression in mouse heart, kidney and stem cell but not in their 

human counterparts). The correlations observed suggest that the expression 

profiles of orthologs across these major tissues are only partially conserved 

between human and mouse. This finding strengthens our understanding of 

orthologous gene expression in that although two genes are orthologs, they do not 

share temporal and spatial expression patterns and therefore probably do not share 

a majority of their regulatory modules (Odom et al., 2007). 
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Developmental gene expression may be subdivided into embryonic and fetal 

expression which in tum may be categorized further according to the Theiler and 

Carnegie stages for mouse and human, allowing a high-resolution investigation of 

gene expression profiles between the two species. This stage by-stage expression 

profile for human and mouse will allow investigation into common regulatory 

elements of co-developmentally expressed genes and give new insight into the 

characterization of the normal mammalian developmental program. 

1.6 Conclusions 

The developmental mouse ontologies were developed in collaboration with the 

F ANTOM3 consortium to have the same structure and format as the existing 

human e VOC ontologies to enable the comparison of developmental expression 

data between human and mouse. The developmental ontologies have been 

constructed by integrating the Edinburgh Mouse Atlas Project, Mouse Anatomy, 

the developmental Human Anatomy and the human adult e VOC ontologies. The 

re-organization of existing ontological systems under a uniform format allows the 

consistent integration and querying of expression data from both human and 

mouse databases, creating a cross-species query platform with one-to-one 

mappings between terms within the human and mouse ontologies. 

The ontologies have been used to map human and mouse gene expression events, 

and can be used to identify differential gene expression profiles between the two 

species. In future, the ontologies presented here will be used to investigate the 
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transcriptional regulation of genes according to their characteristics based on 

developmental stage, tissue and pathological expression profiles, providing 

insight into the mechanisms involved in the differential regulation of genes across 

mammalian development. 

1. 7 Availability 

The mouse eVOC ontologies, their mappings and the datasets referred to in this 

manuscript are available under a FreeBSD-style license at the eVOC website 

(http://www.evocontology.org) and are appended here as Appendix V and VI. 
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Chapter 2 

Expression profiling reveals tissue-restricted 

transcription factor complexes 

2.1 Summary 

The study presented in this chapter formed part of a major effort by the Genome 

Network Project (GNP) aimed at understanding the transcriptional networks 

involved in the growth arrest and differentiation in mammalian cells, using THP-1 

cells (Human acute monocytic leukemia cell line) as a model system. My 

involvement in the project was two-fold: 

1. Assist in analysing the response of 1 805 transcription factors from THP-

1-derived macrophage cells to LPS stimulation over a range of time­

points; and 

2. Investigate the tissue expression profiles of 1 805 transcription factors 

under investigation. 

In (1) above, THP-1 cells were induced to differentiate into macrophages by 

adding phorbol myristate acetate (PMA). After 96 hours, an immune response 

was induced by adding lipopolysaccharide (LPS) and the effect on transcription 

was monitored over a time-series of 0.5h, lh, 2h, 3h, 4h, 8h, 10h, 12h, 18h and 

24h. For each time-point, expression data was generated on three platforms: 

Illumina microarray, CAGE tags (cap analysis of gene expression) and qRT-PCR. 

I was part of the group that used the expression data from the Illumina platform to 
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determine which genes were up- and down-regulated during the early (0.5h, lh, 

2h, 3h), middle (4h, 8h, 10h) and late (12h, 18h, 24h) response to LPS 

stimulation. The results of this analysis formed the basis of the paper 'The 

transcriptional network that controls growth and differentiation in a human 

myeloid leukemia cell line' published in Nature Genetics by the GNP (Suzuki et 

al., 2009), wherein I am listed as co-author due to my involvement in the analysis. 

The publication is appended as Appendix Vlla. My analysis method and 

interpretation that contributed to the publication is appended as Appendix Vllb. 

The analysis yielded the categorisation of 193 genes into 10 categories according 

to their level of expression across ten time-points. The categorisation of these 

genes contributed to the identification of the regulatory motifs whose activity is 

significantly altered during PMA-induced differentiation. In addition, the data 

and computational tools developed by the consortium members have been 

collated into an online database that allows users to give a gene as input and is 

provided with it's expression on the three expression platforms across the time­

series (http ://fantom.gsc.riken.jp/ 4/). 

In (2) above, I used the ontologies and mappings described in Chapter 1 to 

determine the tissue expression profiles of the list of transcription factors under 

investigation by the GNP (1 805 genes). The list of genes for which an 

expression profile was required was provided to me by the GNP. I was 

responsible for the development, implementation and interpretation of the 

analysis, which is presented here as Chapter 2. The results of this analysis were 

provided to the GNP to assist in the interpretation and discussion of the results 

presented in the publication. 
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2.2 Aim 

The aim of this chapter is to use the Developmental e VOC system to illustrate the 

identification of tissue-restricted, co-expressing transcription factors. The 

identification of co-expressing genes gives insight into the regulation of genes 

specific to a particular cell type or disease. 

2.3 Background 

Each gene in a cell has a spatial and temporal fate whereby it is only expressed in 

certain tissues at defined times throughout the life span of the organism. The 

exact timing of gene expression is a tightly controlled process (Dynlacht, 1997) 

and a slight deviation in this process causes aberrant gene expression that could 

lead to disease or a cell following an inappropriate developmental path. The 

origin of many diseases such as cancer (Liao et al., 2009), Alzheimer's (de la 

Monte et al., 1995) and multiple sclerosis (Satoh et al., 2007) can be attributed to 

aberrant gene expression, making this process a topic of much investigation. In 

order to understand how the uncontrolled regulation of gene expression causes 

disease, it is important to understand how normal gene expression events are 

regulated within the cell. 

Transcription factors are sequence-specific DNA-binding proteins forming the 

regulatory machinery responsible for the differential gene express10n, 
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development and regulation of cellular processes in an organism. Transcription 

factors function by binding to a promoter sequence in the upstream, untranslated 

region of a gene, allowing RNA polymerase II to bind and initiate transcription 

(Nikolov and Burley, 1997). 

It is widely accepted that transcription factors function in complexes (Sandelin et 

al., 2007) rather than individually. The activation of transcription is greatly 

influenced by the composition of these transcription factor complexes where the 

presence or absence of even one transcription factor can alter the ability of the 

complex to activate transcription (Reid et al., 2009). This sensitive transcriptional 

switch therefore affects the regulation of gene expression on a spatial and 

temporal level (Lee and Young, 2000). In addition to one gene being controlled 

by many different combinations of transcription factors, it is also known that any 

given combination of transcription factors are able to activate more than one gene, 

providing a means to control the co-regulation of genes (Reid et al., 2009). 

The efficiency of transcription factors are also variable, with some having a high 

DNA-binding affinity and others having low affinity, creating a mechanism 

whereby the cell can control the number of mRNA molecules transcribed from a 

gene. In addition, it is suggested that ubiquitously expressed transcription factors 

control a broad set of genes that are then fine-tuned by tissue-specific 

transcription factors (Vaquerizas et al., 2009). Regulation of gene expression by 

transcription factors is therefore greatly influenced by their tissue expression 

profiles as well as their involvement in transcription factor complexes. 
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Conventional expression profiling experiments focus on a few individual genes of 

interest. With the discovery of high-throughput technologies, it has become 

increasingly apparent that genes should be analysed within their genomic context. 

Since transcription factors function as groups or complexes, it is necessary that 

our investigations of gene expression events reflect this. The aim of this study is 

to identify tissue-restricted transcription factor complexes based on the co­

expression of 1 805 transcription factors. The rationale behind this is that the 

identification of transcription factors responsible for tissue-specific expression of 

a particular gene may be investigated across different pathological states, thereby 

giving insight into the genes responsible for the disease in question. 

2.4 Materials and methods 

2.4.1 Data generation 

The members of the Genome Network Project (GNP), for which this study was 

conducted, compiled a list of human transcription factors for analysis, hereafter 

referred to as the Genes Of Interest list (GOI-list) (March, 2007). The genes in 

this list originally contained all 2 353 known human transcription factors based on 

qRT-PCR experiments. Manual curation of the GOI-list resulted in 1 805 

transcription factors that conform to the following criteria: 

a) has a DNA-binding domain; 
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b) shows evidence of nuclear localization according to LOCATE (Sprenger 

et al., 2008); and 

c) is annotated as a transcriptional regulator according to the Gene Ontology 

database (Ashburner et al., 2000). 

A transcription factor was excluded from the GOI-list ifthere was strong evidence 

supporting localisation outside of the nucleus. 

To generate expression profiles for each of the genes in the GO I-list, their Entrez 

Gene identifiers were obtained from the National Center for Biotechnology 

Information (NCBI) UniGene database (March, 2009) 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene). The Entrez Gene 

identifiers were used to query a database of 8 852 human cDNA libraries in the 

e VOC ontology system (Kruger et al., 2007). Only terms from the Anatomical 

System, Cell Type, Developmental Stage and Pathology ontologies were used to 

annotate the genes. The resulting expression profile lists the annotations of all the 

cDNA libraries in which each gene is expressed. 

2.4.2 Pseudoarray generation and expression filtering 

The gene expression profiles were converted into a binary pseudoarray by listing 

the genes in the first column and all annotations in the first row of a table. If a 

gene is annotated with a term, the value in the array corresponding with that gene 

and term is 'I'. Similarly, if a gene is not annotated with a term, the value in the 
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array 1s '0', creating a binary code for presence (' 1 ') and absence ('0') of 

expression of a gene across a list of tissues represented by ontology terms. 

The pseudoarray was filtered for annotations resulting from cDNA libraries 

derived from normal tissues. A library is considered to be from normal tissue 

only if the annotation explicitly states 'normal'. Annotations were discarded 

where the originating tissue samples were pooled or if the Anatomical System 

term was 'unclassifiable', indicating the sample was from an unknown tissue type. 

In addition, the developmental stage information was removed and identical terms 

from different stages were merged. Terms were collated if they were located on 

the same branch of a hierarchy, eg. ovary and uterus were collated and renamed 

'female reproductive system'. 

To avoid redundant annotation, terms from the Cell Type and Anatomical System 

ontologies referring to the same tissue were merged. The terms 'macrophage', 

'lymphocyte' and 'bone marrow' were merged with 'blood', 'lymph' and 'bone', 

respectively. Due to ubiquitous expression, all terms relating to 'brain' were 

removed, and the following terms were collated as 'other': adipose tissue, 

auditory apparatus, bladder, cartilage, gall bladder, gastrointestinal tract, larynx, 

muscle, omentum, oral cavity, pharynx, skeletal muscle, skin, spinal cord, 

synovium, tonsil, umbilical cord and visual apparatus. In order to explore tissue­

restricted expression, genes were further filtered based on the number of terms to 

which they are annotated. Only genes expressed in less than 25% of tissues were 

used for further analysis. 

38 

http://etd.uwc.ac.za



2.4.3 Expression clustering 

To determine genes exhibiting similar expression patterns, the correlation 

coefficient of each gene pair was calculated. A correlation coefficient describes 

the strength of a linear relationship between two variables and has a value 

between '-1' (negatively correlated) and '1' (positively correlated). The 

correlation coefficients were calculated computationally by means of the numpy 

module of the Python scripting language. Genes showing no correlation in their 

expression have a correlation coefficient '0' and genes whose expression are 

perfectly correlated have a correlation coefficient '1 '. Since the aim of the study 

was to find co-expressing transcription factors, negatively correlated genes were 

not included in the analysis. The correlation results were filtered for gene pairs 

showing at least 75% correlation (coeff = 0.75) in their expression. For example, 

if a gene pair (A and B) has a 0.80 correlation coefficient, it indicates that gene A 

is expressed in the same tissue as gene B for 80% of the time, indicating a high 

degree of co-expression. 

Genes were defined as clustering together in a network if a node (gene) is 

connected to another node (corresponding gene pair) by an edge (correlation 

coefficient~ 0.75). The nodes and edges resulting from the expression correlation 

calculations were visualised using the Cytoscape network and visualisation tool 

(Shannon et al., 2003). 
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2.4.4 Functional analysis 

The list of tissue-restricted genes was analysed through the use of Ingenuity 

Pathway Analysis (IPA) version 7.5 (http://www.ingenuity.com). The set of 

genes was uploaded into the application as a list of Entrez Gene identifiers. Each 

gene identifier was mapped to its corresponding gene object in the Ingenuity 

Pathways Knowledge Base. The Functional Analysis component of the 

application identified the biological functions and diseases that were most 

significant to the data set. A Fischer's exact test was used to calculate a p-value 

determining the probability that each biological function and disease assigned to 

that data set is random. 

The Canonical Pathways analysis identified the pathways from the Ingenuity 

Pathways Analysis library of canonical pathways that were most significant to the 

data set (as at August 2009). The association of a canonical pathway and the data 

set was measured by performing a Fischer's exact test, calculating a p-value to 

illustrate the probability that the association between the pathway and genes in the 

data set is due to chance. 
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2.5 Results and discussion 

2.5.1 Data generation and expression profiling 

Of the 1 805 genes in the TF-list, 60 genes were not represented by the cDNA 

libraries in the eVOC ontology system. The remaining 1 745 genes were 

represented by 239 unique annotation tuples, where a tuple is a list of four terms 

(one from each ontology) representing a cDNA library. For example, the tuple 

representing a cDNA library obtained from the epithelial cells of a normal fetal 

kidney is 'kidneylepithelial celllfetuslnormal'. Due to the hierarchical nature of an 

ontology, libraries are often annotated with differing granularity. For example, 

one technician may annotate a cDNA library derived from hippocampus as 

'hippocampus', whereas another technician would annotate the same cDNA 

library as 'brain'. To compensate for this annotation inconsistency, terms were 

merged to reflect the least granular term. 

The merging and removal of terms resulted in 1 734 genes represented by 21 

ontology terms. To determine which genes showed tissue-restricted expression, 

the genes were further filtered based on the number of tissues in which they are 

expressed. Table 1 lists the 145 genes that are expressed in less than 25% of the 

tissues represented by the 21 ontology terms. It should be noted that, as with most 

analyses, the results obtained here might be subjected to a data bias. Since only 

one expression source (namely ESTs) is used, it is possible that the expression of 

certain genes were not captured. Although the focus of this study is the 

development of a method to determine tissue-restricted expression factors, the 
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Table 1 

A list of the 145 genes expressed in less than 25% of all tissues. The table 
consists of two panels, each listing the Entrez gene identifier and gene symbol 
for the human transcription factors showing tissue-restricted expression. 

GeneID GeneSymbol GeneID Gene Symbol 
326 AIRE 8345 HIST1H2BH 
430 ASCL2 8820 HESXl 
579 BAPXl 8970 HIST1H2BJ 
668 FOXL2 9970 NR1l3 
1032 CDKN2D 10215 OLIG2 
1053 CEBPE 10655 DMRT2 
1745 DLXl 10794 ZNF272 
1746 DLX2 11077 HSF2BP 
1748 DLX4 11281 POU6F2 
1761 DMRTl 25806 VAX2 
1961 EGR4 26038 CHD5 
1993 ELAVL2 26108 PYGOI 
2016 EMXl 26468 LHX6 
2020 EN2 27023 FOXBl 
2103 ESRRB 27164 SALL3 
2118 ETV4 27288 HNRNPG-T 
2294 FOXFl 27439 CECR6 
2295 FOXF2 30009 TBX2I 
2297 FOXDl 30012 TLX3 
2302 FOXJl 50805 IRX4 
2304 FOXEl 51022 GLRX2 
2306 FOXD2 51402 LW-1 
2623 GATAI 51450 PRRX2 
2672 GFil 54626 HES2 
3007 HISTlHlD 55552 HSZFP36 
3008 HISTlHlE 55659 ZNF416 
3009 HISTlHlB 56938 ARNTL2 
3110 HLXB9 56978 PRDM8 
3198 HOXAl 57116 ZNF695 
3205 HOXA9 57332 CBX8 
3207 HOXAll 57343 ZNF304 
3209 HOXA13 57801 HES4 
3231 HOXDl 58495 OVOL2 
3234 HOXD8 60529 ALX4 
3642 INSMl 63978 PRDM14 
3975 LHXl 79192 IRXl 
4210 MEFV 79722 FLJ11795 
4656 MYOG 79816 TLE6 
4796 NFKBIL2 79862 ZNF669 
4821 NKX2-2 80032 ZNF556 
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GeneID Gene Symbol GeneID GeneSymbol 

4861 NPASI 84127 RUNDC2A 

4901 NRL 84911 ZNF382 

5013 OTXI 85409 NKD2 

5076 PAX2 85446 ZFHX2 

5077 PAX3 89870 TRIMIS 

5079 PAX5 90649 ZNF486 

5081 PAX7 94039 ZNFIOI 

5453 POU3FI 94234 FOXQI 

5454 POU3F2 116448 OLIGI 

5455 POU3F3 126295 LOC126295 
5462 POU5FIPI 129025 SUHWI 

5992 RFX4 136051 DKFZp762I 137 

6474 SHOX2 138474 TAFIL 

6493 SIM2 140883 SUHW2 

6496 SIX3 142689 ASB12 

6664 SOXII 146434 ZNF597 

6689 SPIB 148268 ZNF570 

6877 TAF5 148979 GLISI 

6899 TBXI 161253 FLJ38964 

6913 TBX15 162979 ZNF342 

7023 TFAP4 163059 ZNF433 

7161 TP73 163071 ZNF114 

7291 TWISTI 170302 ARX 

7310 U2AFILI 171392 ZNF675 

7546 ZIC2 221527 ZBTB12 
7621 ZNF70 245806 VGLL2 

7673 ZNF222 253738 EBF3 

7675 ZNF121 283078 MKX 
7710 ZNF154 285676 ZNF454 

7768 ZNF225 339416 ANKRD45 

8092 CARTI 339488 TFAP2E 

8193 DPFI 341405 ANKRD33 

8320 EOMES 
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addition of data sources such as CAGE, MPSS and SAGE will dramatically 

increase the quality of the results. 

Not surprisingly, more than 80% of the restricted genes are regulators of gene 

expression according to their Gene Ontology annotations. In addition, a small 

percentage of the restricted genes are involved in immune system development 

(BAPXJ, TBX21 and SPIB), embryonic development (EOMES, OTXJ, BAPXJ, 

FOXE], HOXD8, SIM2, FOXFJ, LHXJ, VAX2, FOXF2, TRIMIS, GFIJ, ASCL2, 

FOXL2, TBXJ and ZIC2) and cell fate specification (NKX2-2, TLX3 and GFIJ). 

The pseudoarray illustrating the expression profiles of these genes is represented 

by Appendix VIII. It is interesting to note that these genes showing tissue­

restricted expression are biased for expression pertaining to developmental 

processes - probably the most tightly regulated processes in an organism. This 

observation strengthens the hypothesis that ubiquitously expressed transcription 

factors regulate a broad set of genes whereas tissue-restricted transcription factors 

are responsible for the fine-tuned regulation within a cell. 

2.5.2 Expression clustering 

The current knowledge of transcription factor function suggests that they function 

as protein complexes, indicating that the functional and expression profiling of a 

single transcription factor is unuseful. In order to determine how transcription 

factors regulate gene expression, it is important to determine which transcription 

factors function together. The correlations of gene expression profiles were 
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determined in order to assess which genes co-express across a range of tissues. 

The co-expression of transcription factors implicates their involvement in the co­

regulation of their target genes, providing the basis for further functional studies. 

A moderate correlation cutoff of 75% resulted in 112 genes represented by 8 gene 

clusters. Genes clustered together if there was at least one edge ( correlation 

coefficient~ 0.75) between two genes. Not surprisingly, the results show one 

large gene cluster (Figure la) with a few smaller clusters (Figure lb). 

Investigations of the annotations of the genes in Figure lb reveal a few clusters (3, 

4 and 5) that exhibit tissue-restricted expression for female reproductive system, 

male reproductive system and stem cell, respectively. In addition, clusters 6, 7 

and 8 show tissue-biased expression. These results indicate that the genes in each 

cluster are co-expressed in certain tissues and therefore possibly function as a unit 

to activate the transcription of a gene ( or sets of genes) responsible for the tissue­

specific characteristics of the tissue in which they are expressed. For example, it 

is feasible that because the genes in cluster 5 (DUO, BAPXJ and ZBTB12) co­

express only in the stem cell population that these transcription factors may be 

responsible for regulating the genes that define sternness (self-renewal, chemo­

resistance, pluripotency). Since we see transcription factors biased for expression 

in tissues that have developmental functions ( female reproductive system, male 

reproductive system and stem cell), we can intuitively predict that the 

corresponding transcription factors play a role in the regulation of the 

development of the cell. It is even possible, given the tissues in which these genes 

are restricted, that they regulate the stem cell state of a cell since the male and 

female reproductive system has stem cell-containing tissues. The tissues 
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Figure la 

Illustration of genes clustering together based on correlated co-expression. 
All gene clusters represent the sets of genes that cluster together based on a 
correlation coefficient larger than 0. 75. 
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Illustration of genes clustering together based on correlated co-expression. 
All gene clusters represent the sets of genes that cluster together based on a 
correlation coefficient larger than 0.75. Clusters 2 - 8 represents genes and 
tissues for which there is biased expression. 
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represented by the tissue-biased clusters (lung, bone, kidney, heart, lymph and 

blood) also have a stem cell niche with cells progressing through a defined cell 

lineage. 

Although the above statements require experimental validation, what we see here 

is the identification of several complexes of transcription factors that show an 

expression bias towards certain tissues and therefore possibly interact with each 

other to combinatorially regulate a defined set of target genes. It is possible that 

the addition or omission of even one transcription factor in a complex may alter 

the regulation of a gene not only quantitatively, but also on a temporal and spatial 

level. It is for this reason that it is important for researchers to determine the 

composition of transcription factor complexes in order to understand the 

regulation of any gene of interest. This method of using ontologies to determine 

tissue-restricted transcription factor complexes can therefore be used to 

computationally predict transcription factors that co-regulate a set of genes. 

2.5.3 Functional analysis 

A functional analysis of a list of genes reveals processes with which the genes are 

associated, thereby giving insight into the processes governing a particular cell 

type or state. The functional analysis of the 145 transcription factors that exhibit a 

restricted expression profile suggests a functional bias towards developmental 

processes. Table 2a lists the top five physiological functions associated with the 

restricted gene set, showing a significant enrichment for the development of 
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Table 2a 

The top five physiological system development and functions over­
represented by genes showing restricted expression. 

Physiological System Development and Function P-value 

Organ development 4.73E-l5 - l.57E-02 

Nervous System Development and Function l.33E-10 - 2.34E-02 

Lymphoid Tissue Structure and Development 3.60E-07 - 2.l2E-02 

Digestive System Development and Function l.83E-04 - l.83E-04 

Organismal Development 2.92E-04 - 2.92E-04 
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organs and the organism as a whole. Investigation into the top five diseases 

associated with the data set shows that cancer is significantly over-represented 

(Table 2b ). In addition, analysis of the canonical pathways suggests the Sonic 

Hedgehog Signaling pathway as the most significantly over-represented pathway 

by the data set (Table 3) with a p-value of l.99xl0-01
• Although the p-value 

presented here does not fall below the accepted 0.005, it does support the findings 

presented in 2.5.2. The p-value obtained from enrichment analyses is influenced 

by the size of the gene list being investigated, where a larger gene list will have a 

higher statistical power resulting in more significant p-values. Even so, the order 

of enriched terms will remain fairly stable regardless of the size of the gene list, 

provided the lists of different sizes are being sampled from the same data set 

(Huang da et al., 2009). We can therefore argue that the Hedgehog pathway is 

significantly over-represented even though a high p-value is obtained, since it is 

most likely a result of having a small gene list. The Hedgehog pathway is a key 

regulator of embryonic development and is highly conserved from insects to 

mammals. Altered Hedgehog pathway activity can lead to certain cancers such as 

basal cell carcinoma. There is also increasing evidence that this pathway is 

involved in regulating adult stem cells (Bhardwaj et al., 2001) and over­

representation of this pathway is associated with proliferation and development 

(Kenney et al., 2003). 

The over-representation of developmental functions, diseases and canonical 

pathways in the data set is strong evidence that the transcription factors showing a 

tissue-restricted expression bias are those factors that are responsible for the fine­

tuning of the regulation of developmental gene expression. These tissue-restricted 
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Table 2b 

The top five diseases and disorders associated with the genes showing 
restricted expression in less than 25% of all tissues. 

Diseases and Disorders P-value 

Developmental Disorder 2.99E-03 - 3.88E-02 

Antimicrobial Response 7.87E-03 - 7.87E-03 

Cancer 7.87E-03 - 3.88E-02 

Dermatological Diseases and Conditions 7.87E-03 - 3.88E-02 

Endocrine System Disorders 7.87E-03 - 7.87E-03 
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Table 3 

A list of canonical pathways over-represented by genes showing restricted 
expression in less than 25% of all tissues. 

Ine:enuity Canonical Pathways -Loe:(P-value) 
Sonic Hedgehog Signaling 7.02E-0l 
Estrogen Receptor Signaling 6.92E-0l 
Allograft Rejection Signaling 6.16E-0l 
T Helper Cell Differentiation 5.95E-0l 
Autoimmune Thyroid Disease Signaling 5.95E-0l 
Graft-versus-Host Disease Signaling 5.76E-0l 
Dendritic Cell Maturation 5.07E-0l 
A TM Signaling 4.79E-0l 
TREM 1 Signaling 4.58E-0l 
Basal Cell Carcinoma Signaling 4.l IE-01 
PXR/RXR Activation 4.06E-0l 
Caveolar-mediated Endocytosis 3.71E-0l 
CTLA4 Signaling in Cytotoxic T Lymphocytes 3.24E-0l 
Melanocyte Development and Pigmentation Signaling 3.13E-0l 
Virus Entry via Endocytic Pathways 3.l0E-01 
p53 Signaling 3.02E-0l 
Glioma Signaling 2.76E-0l 
Type I Diabetes Mellitus Signaling 2.56E-0l 
14-3-3-mediated Signaling 2.48E-0l 
Glucocorticoid Receptor Signaling 2.42E-0l 
CD28 Signaling in T Helper Cells 2.40E-0l 
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transcription factors may therefore also be implicated in the development of 

cancers and developmental disorders originating from a dysregulation of genes in 

a cell. 

2.6 Conclusions 

This study explored the expression profiles of a list of transcription factors known 

to localise in the nucleus. The aim of the study was to determine which 

transcription factors show tissue-restricted expression. The use of an ontology­

based system enabled the identification of 145 transcription factors whose 

expression was limited to less than 25% of the 21 tissues represented by the 

dataset. Investigation of the results revealed that the tissue-restricted transcription 

factors are involved in developmental processes such as immune system 

development, embryonic development and cell fate specification. The Sonic 

Hedgehog Signaling pathway was the most significantly over-represented 

pathway in the data set, providing further evidence of a significant role of these 

genes in the development of an organism. In addition, the tissues in which the 

transcription factors showed biased expression are those tissues in which cells are 

continuously re-generating, indicating that these transcription factors may play a 

crucial role in the regulation of the progression of a cell down a defined cell 

lineage. 

It is becoming increasingly apparent that transcription factors do not function 

individually, but rather as complexes. The identification of co-expressmg 
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transcription factors will therefore be able to make an initial identification of 

transcription factor complexes. Clustering tissue-restricted genes based on a 75% 

correlation of their expression enabled the identification of 3 transcription factor 

complexes showing tissue-restricted ( expressed in one tissue only) expression and 

3 complexes showing tissue-biased ( expressed in a limited number of tissues) 

expression patterns. The three clusters showing tissue-restricted expression 

represent the male and female reproductive systems as well as stem cells. We 

have therefore potentially identified transcription factor complexes that are 

involved in the regulation of the development of the cell and further investigation 

of the transcription factors represented by these clusters may contribute to the 

understanding of the regulation of normal stem cells. 

The addition of expression sources to supplement the dataset used here will add 

quality to the results, however the method applied will not be affected. We have 

therefore described a robust method that applies an ontology-based system to 

enable the identification of transcription factor complexes that may be used to 

identify transcription factor complexes that function in specific tissues thereby 

enhancing the understanding of the regulatory potential of genes of interest. 
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Chapter 3 

Mouse gene expression analysis of cancer/testis orthologs 

restricts candidates for cancer therapy. 

3.1 Summary 

The work presented in this chapter was conducted as part of a project aimed at 

characterising cancer/testis genes in human and mouse. The overall objectives of 

the project are fourfold: 

1. Characterise, and possibly re-classify, all known human cancer/testis 

genes; 

2. Identify novel human cancer/testis genes by means of expression 

profiling; 

3. Identify which cancer/testis genes are most suited for developing cancer 

drugs or vaccines; and 

4. Identify mouse cancer/testis genes to use as a model system for cancer 

drug and vaccine development. 

Objectives (1) and (2) resulted in a publication (Hofmann et al., 2008), wherein 

my contribution was to: 

a) use the ontologies presented in Chapter 1 to annotate a list of human 

cancer/testis genes and their mouse orthologs; and 

b) maintain and implement the data-generation pipeline developed by Dr 

Christopher Maher and Dr Oliver Hofmann. 
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The mouse expression information in (a) was not used in the publication due to 

the observation that the expression profiles of the orthologs did not conform to 

expected cancer/testis criteria and further investigation was required 

(subsequently resulting in this chapter). The human expression information was 

merged with expression data derived from MPSS, qRT-PCR and CAGE 

expression data in order to perform a multi-platform expression analysis in the 

attempt to re-classify human cancer/testis genes. The pipeline in (b) is a sequence 

of computer scripts coded in Perl, which requires raw CAGE sequence 

information (Kodzius et al., 2006) as input. CAGE tags are short 10-12bp 

fragments derived from the 5' coding region of an mRNA and, when mapped to 

the genome, accurately identifies the point of transcription initiation (transcription 

start site - TSS). The pipeline orders the CAGE tags according to chromosome 

and strand, and subsequently clusters the tags to provide quantitative evidence for 

transcription initiation. When annotated according to the ontology-based system 

described in Chapter 1, this information provides tissue-based transcription 

initiation events. When combined with the cDNA library information from the 

eVOC system as well as qRT-PCR and MPSS data, a genome-wide analysis 

identified genes whose expression profile classifies them as cancer/testis genes, 

thereby identifying novel CT genes in human. This work is discussed in detail in 

'Genome-wide analysis of cancer/testis gene expression' published in PNAS 

(Hofmann et al., 2008), which is appended as Appendix IX. 

This chapter describes objective ( 4), where my role was to develop, implement 

and interpret the analysis. The results of this study will be used to make informed 

decisions regarding the use of mouse as model system for investigation of 

56 

http://etd.uwc.ac.za



cancer/testis genes, and to further understand the relationship between human and 

mouse cancer/testis orthologs. 

3.2 Aim 

The aim of the analysis presented here is to determine whether the mouse 

orthologs of the human cancer/testis (CT) gene set exhibits CT characteristics. 

Since CT genes are a target for gene-based cancer drug therapy, and the 

development of these drugs includes efficacy and toxicity trials in mouse, it is 

important to identify human target genes whose mouse counterpart show the same 

tissue-restricted expression. 

3.3 Introduction 

Cancer is a disease characterised by the uncontrolled growth of cells in any of a 

variety of tissues such as breast, prostate, lung, liver and pancreas (Jemal et al., 

2008). Cancer is an invasive disease and can migrate to different parts of the 

body. Although there are hundreds of cancer types, they typically fall into one of 

five categories (leukemia, sarcoma, carcinoma, lymphoma/myeloma, and central 

nervous system cancers), depending on their tissue of origin. Leukemia is cancer 

that originates in the bone marrow where blood is formed, resulting in the 

production of a large number of abnormal blood cells. The sarcoma cancers 

develop in the connective and supportive tissues such as bone, muscle or fat. 
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Carcinoma is referred to cancer originating in the skin or in the tissue lining the 

internal organs. The lymphoma and myeloma cancers originate in the immune 

system, whereas the central nervous system cancers develop in the brain and 

spinal cord (http://www.cancer.gov/cancertopics/what-is-cancer). In addition, 

cancers may be classified as either benign (non-metastasizing, non-invasive, non­

aggressive) or malignant (metastasizing, invasive, aggressive) tumors, the latter 

being the most cause of concern. 

In 2004, cancer was responsible for the deaths of 7.4 million people worldwide 

and it is estimated that this figure will rise to 12 million in the year 2030 

(http://www.who.int/en/). The exact origin of cancer is the topic of much 

research, however the consensus is that tumorigenic cells have altered genomes 

compared to normal cells, resulting in aberrant gene expression, function and 

cellular growth (Bos, 1989). The two main theories for the origin of cancer are 

the clonal evolution model and the cancer stem cell theory (Gil et al., 2008). The 

clonal evolution model suggests that a cell acquires a series of mutations during 

the process of cell division. The cancer stem cell model states that only stem cells 

proliferate enough times to accumulate cancer-causing mutations and that it is 

these cells that gives rise to tumors. The cancer stem cell population is a subset of 

the tumor that possesses the self-renewal and multipotent qualities of normal stem 

cells. 

The cancer stem cell theory suggests that if the cancer stem cell population is not 

removed from the tumor, the patient will experience a tumor relapse. 

Conventional cancer therapy includes surgery to excise the tumor followed by 
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chemo- or radiation-therapy to kill all replicating cells. Since cancer stem cells 

exhibit intolerance to chemotherapy (Gil et al., 2008) these conventional therapies 

are not only invasive but potentially ineffective as well. Current research 

focusing on cancer therapy is therefore aimed at identifying genes expressed 

specifically in tumors and not in normal tissues, enabling the production of drugs 

or vaccines to target cells that have become tumorigenic. 

Cancer/testis (CT) genes are a group of genes whose expression has been 

observed in a variety of different tumors (Chitale et al., 2005). However, when 

observed in normal tissues, the expression of CT genes is limited to the 

immunoprivileged tissues of testis, ovary and/or placenta (Cho et al., 2006). In 

addition, many CT genes exhibit immunogenic properties, enabling them to elicit 

cellular and humoral immune responses in cancer patients (Atanackovic et al., 

2006). The immunogenicity of CT genes coupled with their expression in 

immunoprivileged sites and in a wide range of tumors, allows these genes to be 

considered as drug target candidates for the immunotherapeutic treatment of 

cancer. 

As with many pharmaceutical products, the process of creating drug targets 

requires the use of model systems in which to test drugs before being declared fit 

for clinical trials. Although the mouse is a common model system for studying 

biological reactions to chemical additives, it is not guaranteed that the human 

response will be identical. Orthologous genes may be expressed in both human 

and mouse, but due to different regulators their expression does not necessarily 

occur on the same temporal and spatial level ( discussed in Chapter 1 ), affecting 
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their eventual function. For this reason it is important to identify mouse CT genes 

and to understand their relationship to human orthologs for the development of 

drug targets for cancer therapy. 

3.4 Materials and methods 

3.4.1 Data selection and generation 

A list of 181 human cancer/testis (CT) genes was obtained from the CT Antigen 

Database (April, 2009) (http://www.cta.lncc.br). The mouse orthologs of the 

human CT genes were obtained by matching HomoloGene identifiers (as 

presented in Chapter 1) resulting in only 70 mouse genes. Information for the 

generation of gene expression profiles of the mouse orthologs was extracted from 

1 210 cDNA libraries in the eVOC system (Chapter 1). A gene was annotated 

with the anatomical, cellular, developmental and pathological terms associated 

with a library if the gene was found to be expressed in that particular library. In 

the cases where anatomical terms were not available, terms relating to cell type 

were used. 

Only libraries that were annotated as having normal pathology were categorised 

as 'normal', whereas all other libraries not explicitly annotated as such were 

categorised as 'unclassifiable' in terms of pathology. Libraries comprising of 

more that one sample were excluded from the analysis unless all the samples were 

obtained from the same anatomical structure under identical pathological 

conditions. 
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3.4.2 Expression profiling 

The expression information generated in 3.3.1 was organised in the form of an 

array. An expression array consists of a list of genes in the first column of a table, 

with the first row consisting of all possible annotations from the expression 

sources. The annotations are a combination of developmental stage, pathology 

and anatomical structure (or cell type) for each library used. For example, an 

annotation for a cDNA library obtained from the normal heart of an adult mouse 

would be 'adultlnormallheart'. The values for the array were based on the number 

of cDNA libraries from the e VOC system in which a gene was expressed, 

summing libraries if the annotations were identical. For example, if a gene was 

expressed in three different libraries all derived from a normal heart of an adult 

mouse, the expression value for that particular gene with 'adultlnormallheart' 

annotation would be 3. 

The expression array was subsequently filtered to disregard developmental stage 

information, remove annotations where the pathology was neither cancer nor 

normal, and merge terms related in terms of hierarchical structure. Appendix X 

lists the manual filtering steps performed on the data. A total of 7 genes were not 

represented by the data and were subsequently removed from the analysis. 

Based on the expression profiles derived, genes were classified into three 

categories: (i) testis-restricted; (ii) testis/brain-restricted; (iii) testis-selective (see 
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Table 1 for classification and Figure 1 for a flow-diagram describing the 

categorisation process). 

3.5 Results and discussion 

Of the 181 human CT genes, only 70 have mouse orthologs according to the 

HomoloGene database (April, 2009) (http://www.ncbi.nlm.nih.gov/entrez/ 

query.fcgi?db=homologene). Although 80 - 99% of mouse genes have human 

orthologs ( discussed in Chapter 1 ), these percentages still represent between 300 -

6 000 of the estimated 30 000 genes in the mouse genome (NCBI m37, Apr 2007) 

(http://www.ensembl.org/Mus _ musculus/Info/StatsTable ), thereby easily 

accounting for the differences in the number of human and mouse CT genes. In 

addition, many of the human CT genes are primate-specific. 

The data filtering process involved removing annotations where the pathology is 

unclassifiable as well as disregarding developmental stage information. The 

filtering process is important as it discards genes whose origin is unknown and 

their expression can therefore not be specifically designated as 'normal' or 

'cancer'. The developmental stage information is discarded because there is 

simply not enough data for each developmental stage to be a category on its own. 

Terms such as cerebellum and brain that are related in the eVOC hierarchy were 

merged to reflect the least granular term, resulting in 63 genes represented by 76 

unique annotations consisting of 58 normal- and 18 cancer-related annotations. 

Unfortunately, the filtering of data resulted in 4 genes being excluded from the 
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Figure 1 

Flow-diagram representing the categorisation of mouse genes into 
cancer/testis categories. 
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Table 1 

Classification categories for cancer/testis genes. Testis- and testis/brain­
restricted genes are those biased for expression in immunoprivileged tissues. 

n " Classification ,,,... ·~ 

irestis-restricted expression in cancer and testis only 

irestis/brain- restricted expression in cancer, testis, placenta, ovary and 
brain-regions only 

[estis-selective expression in cancer, testis and two other tissues 
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analysis since they did not have any expression evidence in the remaining cDNA 

libraries. Although this process results in a loss of data, it increases the 

confidence of the remaining genes in that they have definite expression in 

'normal' and 'cancer' tissues. 

The resulting expression profile showed that 4 of the 70 genes were not found to 

be expressed in a testis library at all (Ill 3ra2, Ccdc36, Otoa and Magea8). There 

were O genes categorised as testis-restricted, 2 classified as testis/brain-restricted 

(Sycel and Tssk6) and 7 classified as testis-selective (Morel, Spa] 7, Dkkll, 

Placl, Piwi/2, Ly6k and Ssxb2). In addition, there were 17 genes expressed in 

testis, brain, ovary or placenta but not in normal or cancer tissues. Because these 

genes are not expressed in cancer, they are not classified as cancer/testis genes. 

Figure 2 illustrates the mouse expression profile as well as the resulting 

categorisation of each gene. (see Appendix XI for complete expression profile). 

The first panel of Figure 2 (CategoryNo.) represents the CT category each gene 

was categorised as. The second panel represents normal testis, brain, ovary and 

placenta expression. The third and fourth panels represent normal and cancer 

expression, respectively. The fifth panel represents expression derived from 

normal tissues relating to the reproductive system ( eg. oocyte and spermatocyte) 

and stem cells, and were not included in the CT categorisation process. Table 2 

provides the testis-restricted, testis/brain-restricted and testis-selective genes along 

with their human orthologs. 

The results are inevitably subject to data bias since the data set is derived from 

one data type from a single origin and it is therefore possible that some genes are 
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Figure 2 

Visualisation of the gene expression profile of 63 mouse orthologs. The coloured blocks within the array ref er to the number of 
cDNA libraries a gene is expressed in (0 = black; 5 = red). Genes are ordered from top to bottom according to their CT 
classification (testis/brain-restricted= red; no testis expression= black). 
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Table 2 

Gene identifiers and symbols of mouse genes showing testis-restricted, 
testis/brain-restricted or testis-selective expression, along with their human 
orthologs. 

··~ Human 
" •• ,S'" 

Gene.» ·- .. ~. MouseCTcategory OeneID · OeneSyuibol, 

74075 Sycel testis/brain 93426 SYCEI 

83984 Tssk6 testis/brain 83983 TSSK6 

17450 Morel testis-selective 27136 MORCI 

20686 Spal7 testis-selective 53340 SPAI7 

50722 Dkkll testis-selective 27120 DKKLl 

56096 Placl testis-selective 10761 PLACI 

57746 Piwil2 testis-selective 55124 PIWIL2 

76486 Ly6k testis-selective 54742 LY6K 

387132 Ssxb2 testis-selective 6756 SSXI 
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more likely to be included in the data set than others. The way in which to 

minimise the effects of data bias would be to include more data types from 

different sources. Although it is not presented here, the addition of data sources 

to the ontology system is strongly suggested. We can therefore not definitively 

conclude that the genes listed above are never expressed in testis or cancer and 

testis only. We can, however, illustrate that (a) there is evidence that these genes 

may not be expressed in testis and therefore possibly not classify as CT genes, and 

(b) genes that are considered testis-restricted in humans are showing a less­

restrictive expression profile when expressed in mouse, which was the purpose of 

this study. We have therefore assessed the expression profiles of mouse genes 

whose orthologs, when expressed in humans, show a testis-restricted or testis­

biased expression. Because model systems are used to determine the safety and 

efficacy of a trial drug, it is important that the reaction exhibited by the mouse 

closely reflects the reaction that a human would exhibit to the same drug. Gene­

targeted drug therapy therefore requires that any drug developed to target a human 

gene should, when tested in a mouse, exhibit the same required response. When 

an ortholog does not show the same expression pattern in both human and mouse, 

there is a high probability that the gene performs a different function in each 

species. It is for this reason that we have set out to determine the expression 

profile of the mouse orthologs of the human CT genes and we have identified 

only 7 mouse genes whose expression profile characterises them as potential CT 

genes and therefore potential candidates for the development of gene-targeted 

drug therapies in mouse for eventual application in humans. In order for this 

work to make the transition from hypothetical to actual drug therapy, drugs may 

68 

http://etd.uwc.ac.za



be developed to specifically target the genes highlighted in this study. The ability 

for a drug to identify, target and destroy a cell expressing a gene characteristic of 

cancer and no other normal tissue will result in a non-invasive and highly 

effective means of treating and eradicating cancer. 

3.6 Conclusions 

The answer to effective cancer therapy lies in the ability to distinguish cancer 

from normal cells. The cancer/testis genes have proven to be promising 

candidates for drug targeted therapy due to their immunoprivileged properties. 

Despite the obvious importance of the cancer/testis genes in cancer therapy, these 

genes are not well characterised and therefore poorly understood. The use of a 

model system such as mouse provides an effective way to advance our knowledge 

of the cancer/testis genes. The problem however, is that it has been shown that 

the temporal and spatial gene expression of human and mouse orthologs differs 

greatly, emphasising the need to identify mouse CT gene orthologs. The analysis 

presented here highlights that the mouse orthologs of human CT genes are not 

necessarily CT genes themselves, and identifies only 7 mouse genes showing CT 

gene characteristics and have human CT counterparts. These findings provide 

realistic targets for drug-targeted cancer therapy and deeper characterization 

because they have, as a result of expression profiling, been identified as genes that 

potentially perform the same function due to identical expression and will 

therefore exhibit the same responses to chemical stimuli. 
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Conclusions 

I have demonstrated the need for an effective way to annotate expression sources 

such as cDNA libraries in order to allow the universal and computational 

comparison of the annotated data. The need for the comparison of data is not only 

limited to data derived from different laboratories, but also data derived from 

different species. I have addressed the issue of data comparison by developing a 

set of ontologies that describe human and mouse development. The ontologies 

are aligned not only between the two species, but also to other available 

ontologies, allowing the use of computational methods to compare human and 

mouse gene expression data across a range of sources. In addition, I have used 

the ontologies to annotate a set of 8 852 human and 1 210 mouse cDNA libraries 

as an initial dataset to showcase the ontologies. 

The use of the ontologies has been demonstrated in several ways. Firstly, the 

ontologies have been used to compare the expression of human and mouse genes 

in the developing brain. It was found that of the 16 324 possible human-mouse 

orthologs, only 90 genes were expressed in the developing brain of both human 

and mouse. This finding highlights the differences in the temporal and spatial 

expression patterns of orthologous genes between the two species. I emphasise 

here that when using model organisms to study the behaviour of genes with the 

intention of inferring structural and functional information, it is important to 

establish that the genes of interest have similar spatial and temporal expression 

profiles in both species under investigation. 
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Secondly, the ontologies have been used to determine clusters of tissue-restricted 

transcription factors. A single gene may be expressed as several different 

transcripts in different tissues or under different conditions depending on the 

transcription factors binding to the promoter region of that gene. In addition, it 

has been found that transcription factors function in complexes and the 

composition of the transcription factor complexes differ between tissues as well as 

disease states. The identification of tissue-restricted transcription factors may 

therefore provide insight into the tissue- or disease-specific regulation of genes. 

The results from this analysis identified 145 human transcription factors showing 

a tissue-restricted expression pattern. Investigation into known functions of these 

genes revealed enrichment for developmental processes such as immune system 

development, embryonic development and cell fate specification. Clustering of 

these genes based on correlation of their expression profiles revealed tissue­

restricted and tissue-biased transcription factor complexes that are potentially 

responsible for the regulation of the stem cell state or lineage differentiation of 

cells. 

Lastly, the ontologies have been used to compare the expression profiles of a set 

of human cancer/testis genes in mouse. Of the 181 known human cancer/testis 

genes, only 70 have a mouse ortholog according to the HomoloGene database. Of 

these 70 mouse orthologs, only 63 have expression evidence in the system used. 

The human cancer/testis genes have been selected based on their biased 

expression for either testis and cancer, or testis, brain and cancer. The 

investigation of the 63 mouse orthologs show that 4 genes are not expressed in the 

testis at all and only 2 and 7 genes showed testis/brain-restricted and testis-
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selective expression, respectively. Since the cancer/testis genes are considered 

extremely good candidates for the development of cancer drugs and vaccines, 

these findings emphasise the need to consider spatial and temporal differences in 

gene expression between human and model organisms when using the model 

organism to investigate the reaction of a set of genes to a drug or vaccine. This 

analysis also emphasises that mouse genes whose human orthologs are 

cancer/testis genes, are not necessarily cancer/testis genes themselves. 

Each of the studies presented here have provided evidence that many human and 

mouse orthologs differ in their spatial as well as temporal expression. This would 

lead one to question whether the genes are truly orthologs even though their 

sequences have a high degree of similarity. While it is true that two orthologs 

once performed the same function, their expression clearly has different 

consequences when it is not occurring on the same temporal and spatial level in 

both species. Since we know regulation of expression determines the timing of 

gene expression, it is obvious that the differences between human and mouse is 

not limited to those genes without any counterparts in the opposite species, but 

also include those orthologs whose transcriptional regulators differ between the 

two species. As discussed previously, transcription factors function in complexes 

and omission or substitution of even one transcription factor in a complex can 

change the timing of expression of a single gene. It is this quality of 

transcriptional regulation that allows even a 1 % difference in genetic composition 

to determine the difference between the mouse and human phenotype. 
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Our need to find cures for life-threatening diseases such as cancer is a major 

driving force behind biological research and with the advances of modem 

medicine we are in a position to develop non-invasive gene-targeted drug therapy. 

Due to the advantages of using mouse as a model system, the development of 

most drugs inevitably involves injecting a mouse with a drug to test its efficacy 

and toxicity. Since gene-targeted drugs aim to identify a specific gene in humans, 

one would expect the drug to target the same gene in the mouse in which the drug 

is being tested. It is therefore important to determine if the gene in question is 

indeed expressed in the mouse in identical tissues and developmental stages as its 

human counterpart. 

Given the importance of the regulation of gene express10n timing and the 

comparison thereof between human and mouse, it is therefore imperative to 

accurately document a gene's expression profile based on tissue, disease and 

developmental stage and the work presented here provides a method to address 

this. It is noted that the analyses presented here used a single source of 

expression, namely cDNA libraries. While the addition of other expression 

sources such as microarray, SAGE and CAGE experiments may alter the findings, 

the methods still apply. I have therefore developed a robust method with which to 

investigate aspects of mammalian gene expression, which is illustrated here in 

several ways. 

Bioinformatics is, without a doubt, a collaborative science where your data 

resources are dependent on publically available data as well as that of your 

collaborators. It is therefore inevitable that your data will be slightly biased in 
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many ways, which is why it is important to keep in consideration two aspects of 

this field. Firstly, the integrity of your analysis and subsequent results are directly 

correlated with the quality, quantity and granularity of your input data. Secondly, 

any computational expression results or predictions need to be experimentally 

confirmed in a laboratory. 
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Afterword 

Examination questions and answers 

1. In the first sentence of the preface you bring up the term 

"post-genomic". Would you not like to argue that we are not in the 

post-genomic era, but rather right in the smack middle of the genomic 

era? Is it not premature to speak of the "post-genome"? 

• In this context, the term 'post-genomic' refers to the fact that we 

have passed the point where we have decoded the genome. Whole 

genomes are being sequenced on a daily basis in laboratories 

around the world and it is no longer the major bottleneck in 

genomics. Our challenge now is to interpret the genome by 

determining the function as well as regulation of all genes and the 

networks they are involved in. 

2. What effect do you think "next-generation" technology will have on 

gene expression analysis and annotation in general? 

• The 'next-generation' technologies enable the sequencing of genes 

on a much larger scale and at a faster rate than before. While this 

provides more data for gene expression analysis at higher accuracy, 

it requires effective data management strategies. Unfortunately, 

the annotation is not a tightly controlled aspect of data generation 

and it is my opinion that with the increase in the speed at which 

data can be generated that this process will be neglected. In order 
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for us to exploit data to its full potential it should be a requirement 

that all data submitted to public venues be annotated according to a 

strict set of rules involving the use of ontologies. 

3. What are annotations? 

• An annotation is a 'label' associated with a particular object with 

the purpose of describing that object. Data annotations are 

therefore a set of words used by the researcher generating the data 

to describe it. A gene will, for example, be annotated according to 

the tissue from which it was sequenced, such as 'lung' or 'liver'. 

The more annotations associated with the gene, the more 

descriptive it becomes (such as annotating the gene according to 

the developmental stage or pathological state of the originating 

tissue). Because annotations are assigned by different individuals 

who would not necessarily annotate a tissue with the same level of 

detail, all annotations are effectively open to interpretation and 

prone to errors. 

4. What is the difference between orthologs and paralogs? 

• Orthologs are genes in different species whose sequences diverged 

during speciation. Paralogs are genes that originated in the same 

species as a duplication event and the sequences of the two genes 

subsequently diverged. Orthologs are therefore genes separated by 

speciation whereas paralogs are genes separated by a duplication 

event. 
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S. What is wrong with this statement: "These two genes are 90% 

homologous"? 

• Homology refers to two sequences having common ancestry and 

cannot be quantified. When comparing the composition of two 

sequences, a percentage is a degree of their SIMILARITY. 

6. How has Open Access affected your field of research? (has it?). What 

should the community do differently to make this kind of data more 

useful? Are there some requirements on data annotation that would 

make this more useful? If you could change one thing that was done in 

the past that would have made your work more useful, what would it 

be? 

• I have used Open Access data in my research and it has enabled me 

to place my work into context with respect to what other 

researchers are doing. Although most data is freely-available it is 

not easily understandable - almost as if it is just dumped into a 

database because it is a requirement for publication. Adequate 

descriptions of Open Access data would therefore make it more 

valuable. One of the stumbling-blocks of my research was the lack 

of accurate annotation of the data that is provided in public 

databases, which forced me to discard most of the data anyway ( for 

example cDNA libraries annotated as 'unclassifiable' on the 

anatomical, developmental and pathological level are useless). In 

hindsight, making an effort to resolve annotations such as 

'unclassifiable' would have increased the size and value of the data 
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set used in all my analyses. This would have required contacting 

the researcher producing each cDNA library and would be 

extremely time-consuming. In terms of publications, I was limited 

to the subscriptions of my host institution and Open Access 

journals. I found that much of the literature required in my 

research was not freely-available and therefore inaccessible to me. 
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Appendix I Transcriptional landscape of the mammalian 
genome, Science. 

only LKS stations in NH). are fully consist­
ent with this assumption, particularly for the 
tropical stations. In the extratropics there are 
only four daytime-only stations so the MSU 
test is less meaningful. but the two indepen­
dent estimates do agree within 0.03°C per 
decade. 

To illustrate the importance of the heating 
bias, we have computed its impact 0!'01 on the 
trends at LKS stations. The LKS J factor.;. 
unhomogenizcd trends, and trends adjusted 
only for solar heating are given for the middle 
troposphere and lower stratosphere in Table 2. 
In the stratosphere, our 6 so1 is similar to the 
total adjustments by LKS and others, with 
trends moving closer to those from MSU (13). 
At the tropical tropopausc (of relevance to 
stratospheric water vapor), 0 001 is somewhat 
smaller than LKS's. In the troposphere, how­
ever, 0""1 is much larger than previous adjust­
ments. Indeed. the tropical trend with this 
adjustment (0. 14°C per decade over 1979 to 
1997) would be consistent with model simu­
lations driven by observed surface warming. 
which was not true previously(/). One inde­
pendent indication that the solar-adjusted 
trends should be more accurate is their con­
sistency across latitude belts: for the period 
1979 to 1997, the spread of values fell by 
70% in the lower stratosphere and 25% in 
the troposphere. 

Though this is encouraging. our confidence 
in these nighttime trends is still limited given 
that other radiosonde errors have not been 
addressed. SH trends from 1958 to 1997 seem 
unrealistically high in the troposphere. espe­
cially with the B~, adjustment, although this 
belt has by far the worst sampling. Previous 
homogenization efforts typically produced 
small changes to mean tropospheric trends, 
which could mean that other error trends 
cancel out Offll in the troposphere. In our judg­
ment, however, such fortuitous cancellation of 
independent errors is unlikely compared to the 
possibility that most solar artifacts were pre­
viously either missed or their removal negated 
by other. inaccurate adjustments. To be de­
tected. easily, a shift must be large and abrupt, 
but 0,.,,1 was spread out over so many stations 
(79% of stations during 1979 to 1997 and 
90% during 1959 to 1997 experienced 11T 
trends significant at 95% level). at such 
modest levels, and of sufficient frequency at 
many stations that many may have been 
Wldctectable. Most important, jumps in the 
difference between daytime and nighttime 
monthly means would be detectable at only a 
few tropical stations because most lack suffi­
cient nighttime data. In any case, we conclude 
that carefully extracted diurnal temperature 
variations can be a valuable troubleshooting 
diagnostic for climate records, and that the 
uncertainty in late-20th century radiosonde 
trends is large enough to accommodate the 
reported surface wanning. 
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The Transcriptional Landscape of 
the Mammalian Genome 

The FANTOM Consortium• and RIKEN Genome Exploration 
Research Group and Genome Science Group 

(Genome Network Project Core Group)• 

This study describes comprehensive polling of transcription start and 
termination sites and analysis of previously unidentified full-length comple­
mentary DNAs derived from the mouse genome. We identify the !{ and 3' 
boundaries of 181,047 transcripts with extensive variation in transcripts arising 
from alternative promoter usage, splicing, and polyadenylation. There are 
16,247 new mouse protein-coding transcripts, including 5154 encoding 
previously unidentified proteins. Genomic mapping of the transcriptome reveals 
transcriptional forests. with overlapping transcription on both strands, 
separated by deserts in which few transcripts are observed. The data provide 
a comprehensive platform for the comparative analysis of mammalian 
transcriptional regulation in differentiation and development. 

The production of RNA from genomic DNA 
is directed by sequences that determine the 
start and end of transcripts and splicing into 
mature RNAs. We refer to the pattern of tran­
scription control signals. and the transcripts 
they generate, as the transcriptional landscape. 
To describe the transcriptional landscape of 
the mammalian genome, we combined full­
length cDNA isolation(/) and 5'- and 3'-cnd 
sequencing of cloned cDNAs. with new cap­
analysis gene expression (CAGE) and gene 
identification signature (GIS) and gene sig­
nature cloning (GSC) ditag technologies for 
the identification of RNA and mRNA se­
quences corresponding to transcription initi-

ation and termination sites (2, 3). A detailed 
dcscriptioo of the data sets gencraled. mapping 
strategies., and depth of coverage of the mouse 
transcriptome is provided in supporting online 
material (SOM) text I (Tables I and 2). We 
have identified paired initiation and termi­
nation sites. the boundaries of independent 
transcripts, for 181,047 independent tran­
scripts in the transcriptome (Table 3 ). In 
total, we found 1.32 5' start sites for each 3' 
end and 1.83 3' ends for each 5' end (table 
S 1 ). Based on these data. the number of 
transcripts is at least one order of magnitude 
larger than the estimated 22,000 "genes" in 
the mouse genome (4) (SOM text 1), and the 
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large majority of transcriptional units have 
alternative promoters and polyadcnylation 
sites. The use of genome tiling arrays (5-7) 
in humans has also implied that the number 
of transcripts encoded by the genome is at 
least 10 times as great as the number of 
"genes." To extend the mouse data, two 
HcpG2 CAGE libraries, one constructed with 
random primers and the other with oligo-dT 
primers. were combined to produce 1,000,000 
CAGE tags. Mapping of these tags to the 
human genome identified the likely promoters 
and transcriptiona1 starting site (TSS) of many 
of the gene models identified by tiling array, 
also called transfrags (5), and clearly indicates 
that the same level of transcriptional diversity 
occurs in humans as in mice (table S2). 
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The mapping of ends of transcripts can be 
used to identify the genomic span of the pri­
mary transcript. Figure I A shows length dis­
tributions of the predicted genomic regions 
spanned by mouse cDNAs showing a bi­
modal distribution and compares them with 
one peak for unspliced and another for 
spliced RNAs. At the upper end of the dis­
tribution arc candidate mega transcripts (tran­
scripts originating from genomic regions 
in the order of millions of base pairs). For 
example. we located six pairs of genome sig­
nature cloning (GSC) ditags to RIKEN clone 
ID 9330159Jl6 and corresponding RlKEN 
expressed sequence tags (ESTs). This clone 
encodes for a previously unidentified large 

transcript that is similar to a protein tyrosine 
phosphatase, receptor type D (accession 
no. BC086654 ), the genomic structure of 
which has not been previously reported (8). 
The predicted mRNA is 2475 base pairs in 
length but spans a genomic region of 2.2 
mcgabases (Mb). 

We previously coined the term transcrip­
tional units (TUs). which groups mRNAs 
that share at least one nucleotide and have 
the same genomic location and orientation 
( 9). However, TU fusions can join unrelated 
and differently annotated transcripts (SOM 
text 2). Therefore, we define a transcription­
al framework (TK) as grouping transcripts 
that share common expressed regions as well 
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Fig. 1. Genom<>-transcriptome relation. (A) Genome span covered by full-length cDNA and GIS/GSC 
d~ shOYIS similar distrbution with two main peaks. Ditags mapptng follows the same distribution 
profile at various mapping thresholds, with a minim1J11 around 2 to 2.5 Mb. Mapping events above this 
genomic span are nonspecific. Count displays the number of events in the size interval. II) A.symptotic 
unit collapse. Due to extensive overlap of the genome, transcripts overlap to the extent that they 
collapse to a few Cf£ Simulating addition of ditags shows the collapsing rate of the known annotated 
genes into 9976 elements only. Primary transcripts only. GFs tdentified by GSC ditags only; Ensembl 
only, Gfs produced by the 3332 Ensembl-only annotated transcripts; total, the total number of Gfs. 
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as splicing events. TSS, or termination events 
(SOM text I). 

TKs can be clustered together into tran­
script forests (TFs), genomic regions that 
are transcribed on either strand without 
gaps. TFs encompass 62.5% of the genome 
(table SI) and are separated by regions 

A 

devoid of transcription. or transcription des­
erts. With the inclusion of GSC tags in ad­
dition to full-length cDNA and paired EST 
sequences, the estimated total number of 
transcript forests is 18,461,which will col­
lapse further with increasing depth of cover­
age (Fig. 1B). 
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Fig. 2. Transcription originating in 3'UTRs. (A) For each analyzed exon, the fraction of tags mapped to 
10 equally large subsections of the exon was calrulated. (Left) CAGE tags mapping to the first exon 
are prevalently located in the first part of the exon. (Middle) CAGE tags mapping to internal exons 
are uniformly distributed. (Right) Last exons show a distinct overrepresentation of CAGE tags 
mapping clDse to the '5 end. (B) Distance to the closest downstream gene for the set of hi~ly 
expressed TUs that have extreme tag density in the 3' of the terminal exons. Transcript pairs were 
grouped into tail-to-head (3' exon and downstream TU on same strand) or tail-to-tail (3' exon and 
downstream TU on opposite strand) configurations. Remaining TUs were used as control groups. For 
TUs with strong 3' transcriptional activity, the distance to the next TU is significantly smaller than 
expected when the gene pair is in a tail-to-tail configuration (P '.:: 0.001107, Wilcoxon test), 
suggesting regulatory mechanisms based on natural antisense influencing the downstream gene (26}. 

Table 1. Data set resources. 

Total 
Number of 

Safely mapped 
libraries 

RIKEN full-length cDNAs 102,801 237 100,313 
Public (non-RIKEN) mRNAs 56,009 52,119 
CAGE tags (mouse) 11,567,973 145 7,151,511 
CAGE tags (human) 5,992,395 24 3,106,472 
GIS ditags 385,797 4 118,594 
GSC ditags 2,079,652 4 968,201 
RIKEN S'ESTs 722,642 266 607,462 
RIKEN 3'ESTs 1,578,610 265 907,007 
5'/3'EST pairs of RIKEN cDNA 448,9S6 264 277.702 
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The approach used IO isolate full-length 
cDNAs, based on library subtraction and pre­
viously unidentified S /3' end selection before 
full-insert sequencing, was weighted toward 
identification of representative transcripts. 
Nevertheless. 78,393 different splicing variants 
were identified, such that 65% of TIJs contain 
multiple splice variants (Table 2). an increase 
from our previous estimate (41%) (9). This 
is still expected to be an underestimate. and 
new approaches will be necessary for a full 
evaluation of exon diversity (10). 

Transcript diversity also arises through 
alternative tennination. Little is known about 
sequence motifs that control alternative poly­
adcnylation. We identified 27 motif families 
with six or more nucleotides that were statisti­
cally overrepresented within 120 base pairs of 
the polyadcnylation site of individual tran­
scripts in our data set. These motifs represent 
candidate modulators of polyadenylation site 
for eight unconventional alternative polyade­
nylatlon signals (1) (table S3). In addition, we 
found a widespread motif family with se­
quence TfGlTT. which was associated with 
both the canonical (AAUAAA and AUUAAA) 
and unconventional signals (I, l/). 

Gene names of 56,722 transcripts that were 
protein coding were assigned according to 
annotation rules (9. 12). Their encoded pro­
tein sequences were combined with the pub­
licly available proteins supported by cDNA 
sequences (8). This generated a nonrcdundant 
set of 51,135 proteins with experimental evi­
dence [isoform protein set (IPS)]. 36,166 of 
which arc complete (complete JPS). By com­
parison, the mammalian gene collection (http:// 
mgc.nci.nih.gov) has cloned. as of July 2005. 
only ~16,700 transcripts (11,514 nonrcdun­
dant). In the FANTOM3 data se~ 16,274 pro­
tein sequences arc newly described. Their 
splice variants were grouped together into 
13,313 TKs. For 9002 of these, a prcvio1L<ly 
known sequence maps to the same TK (locus). 
but 4311 clusters (5154 different proteins) map 
to new TKs (SOM texl 3 ). 

There are a total of 32,129 protein-coding 
TKs on the genome, of which 19.197 have only 
a single protein splice fonn, although 2525 of 
those do have an alternative noncoding splice 
variant. The SUPERF AMIL Y analysis of 
structural classification of protein database 
(SCOP) domain architectures (13) was carried 
out fOT each sequence. Of the 12.932 TKs that 
show variation in splicing. 8365 showed vari­
ation in SCOP domain prediction. Of the 
12.932 variable TKs, 2392 produce proleins 
with different observed contents of lnterPro 
entries. More than two alternatives were ob­
served in 439 of the 2392 IntcrPro--variable 
TKs. Thus, in the majority of variable loci, 
splicing controls some aspect of domain con­
tent or organization. To seek evidence for such 
an impact in specific sets of regulatory pro­
teins, we compared a representative protein set 
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Fig. 3. Noncoding 
RNA promoters are 
highly conserved. (A) 
Human-mouse conser­
vation of coding and 
nonc.oding RNAs com­
pared wi111 random ge­
nome sequence. (B 
and C} Promoters con­
servation of noncoding 
and coding mRNA 
evaluated (B) by iden­
tity and (C) by align­
ment (D) Overlap of 
promoters of ncRNAs. 
(E and f) Promoters of 
coding mRNAs contain 
a larger fraction of low 
complexity and re­
peats than noncoding 
promoters. LINE. long 
interspersed nuclear 
elements; LTR, long ter­
minal repeats; SINEs, 
short inter5persed nu­
dear elements. 
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(RPS) and a variant protein set (VPS) of 
phosphatases and kinases that have been 
comprehensively annotated (14) by looking 
at domain composition counts (table S4). 
These phosphoregulators could be function­
ally modulated through alteration in thelf in­
tracellular location. Among the 21 receptor 
tyrosine phosphatase loci, we identified 23 
variant transcripts from 14 loci with predicted 
changes to the subcellular locali:zation and 
function of the encoded peptides. Of these. we 
identified two noncatalytic classes: secreted 
(10) and tethered (3). Furthermore, we iden­
tified two catalytic classes that lack the ex­
tracellular domains: catalytic only (5) and 
tethered catalytic (5). Similarly. among the 77 
receptor kinase loci, we identified 41 variant 
transcripts from 33 loci which encode secreted 
(16), tethered (10), catalytic only (7), or other 
tethered catalytic (8) peptides. We then ana­
lyzed the membrane organization splicing 

variants class within the full set of TUs (table 
S5), which revealed 1287 TUs that exhibit 
alternative initiation, splicing. and termina­
tion, likely to yield variant isoforms of mem­
brane proteins that differ in their cellular 
location. 

Of the 102,281 FANTOM3 cDNAs, 34,030 
lack any protein-coding sequence (CDS) and 
arc annotated as non-protein coding RNA 
(ncRNAJ (6, /5) (table SI). Many putative 
ncRNAs were singletons in the full-length 
cDNA set. Among the F ANTOM3 cDNA set 
there was additional support from ESTs, 
CAGE tags, or other cDNA clones overlapping 
both the starting and termination sites for 
41,025 cDNAs, of which only 3652 were 
ncRNAs. This supported ncRNA set includes 
many known ncRNAs (SOM text 4), and 
many arc dynamically expressed (SOM text 
5). Following these same criteria. 3012 from 
8% 1 cDNAs previously annotated as truncatc-d 

Sequence comerwalloo of mou'M! prornoter'I, V'lo. ch.:ken 

'•>7J"{~Ap,rJOl"-'4<'" 
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CDS were supported as genuine transcripts and 
arc believed to be ncRNA variants of protein­
coding cDNAs. 

Many ncRNAs appear to start from initia­
tion sites in 3' untranslated regions (3'lJTRs) 
of protein-coding loci (/6). The normalized 
distribution of CAGE tags along annotated 
exons of known transcripts with more than 300 
mapped tags each is shown in Fig. 2A. As 
expected, the highest tag density on average 
occurs at the 5' end, but there is also a sub­
stantial increase of tags in the last one-fifth 
of the 3'UTR. Strong evidence of 3' end 
initiation was correlated with a short inter­
genie distance when in tail-to-tail orientation 
with a neighboring gene (Fig. 2B), suggest­
ing a possible role in an intcrgenic regulatory 
interaction. 

The fllllction of ncRNAs is a matter of de­
bate(/ 7). Some ncRNAs arc highly conserved 
even in distant species: 1117 out of 2886 
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Table 2. Transcript grouping and classification. The extent of splice variation was calculated by exduding 
T•cell receptor and immunogtobulin genes from the transcripts. The remaining 144,351 transcripts were 
grouped in 43,539 TUs, of which 18,627 {42.8%) consist of single•exon transcripts, 8110 (18.6%} contain 
a single multiexon transcript, and the remaining 16,802 TUs {38.6%) contain at least two spliced 
transcripts. Among these TUs, 5862 (34.9%) show no evidence of splice variation. whereas 10,940 
(65.1%) contain multiple splice forms. 

Average Average 
Total per TU per TK 

duster cluster 

Total number of transcripts 158,807 7.59 7.30 
RIKEN full-length 102.801 
Public {non-RtKEN} mRNAs 56,006 

GFs 25,027 1.20 1.15 
Framework dusters 31,992 1.53 1.47 
TUs 44,147 2.11 2.03 

With proteins 20,929 1.00 0.96 
Without proteins 23,218 1.11 1.07 

TK 45,142 
With proteins 21.757 
Without proteins 23,385 

Splicing patterns 78,393 

Table 3. Determination of transcripts start/end 
accuracy. Two pieces of evidence {cDNA. tags, 
ditags, EST, and 5'.3' EST pairs) are required when 
TSS/terminations lie inside la,ger transcripts, and 
one piece of evidence is required when they extend 
or identify new transcripts. Reliable indicates that 
both ends are associated with reliable tag dusters. 

Total Reliable 

Total 5'/3'-end 1,507,122 1,336,397 
pair sequence 

5'/3'-end pair duster 313,821 181.047 

overlap chicken sequences, of which 780 do 
not overlap known CDS and 438 do not over­
lap known mRNAs on either strand. whereas 
68 out of 2886 have BLAST-like alignment 
tool (BLAT) alignments to the Fugu ge­
nome. of which 40 do not overlap known 
CDS on either strand. These ncRNAs are at 
least as conserved as a reference set of 
known ncRNAs (Fig. 3A). contrary to a pre­
vious study (/ 7). However, ncRNAs arc 
slightly less conserved on average than ) or 
3'UTRs. In contrast, the promoter regions of 
ncRNAs arc generally more conserved than 
the promoters of the protein-coding mRNA, 
not only between human and mouse but also 
down in the evolutionary scale to chicken 
(Fig. 3, 8 to F), and they contain binding 
sites for known transcription factors (/8). We 
conclude that the large majority of ncRNAs 
that we analyzed display positional conser­
vation across species. In considering func­
tion, one might conclude that the act of 
transcription from the particular location is 
either important or a consequence of ge­
nomic structure or sequence (for example, 
enhancers such as that of the globin locus 
can act as promoters), the transcript may 
function through some kind of sequence­
specific interaction with the DNA sequence 
from which it is derived. or many noncoding 

2.16 2.07 
1.04 1.00 
1.12 1.07 
3.75 3.60 

RNAs have other targets but arc evolving 
rapidly (/9, 20). 

New databases have been created for cDNA 
annotatio~ expression, and promoter analy­
sis (http://fantom3.gsc.riken.jp/db/ and SOM 
text 6). The databases integrate common 
gene and tissue ontologies like eVOC mouse 
developmental ontologies (2 / ). cross mapped 
to Edinburgh Mouse Atlas Project (EMAP) 
ontology terms (22). These eVOC terms al­
low analysis standardization of RNA samM 
pies used for cDNA and CAGE libraries in 
both mouse and human and were included 
into the DNA Database of Japan (DDBJ) 
data submission (23). 

Analysis of the output of F ANTOM2 sug­
gested that there were many more tran­
scripts still to be discovered (24). Herc, we 
have confirmed that the majority of the 
mammalian genome is transcribed, com­
monly from both strands. Such transcriptional 
complexity implies caveats in interpretation 
of microarray experiments (25) and genome 
manipulation in mice. because these will 
commonly interrupt or interrogate more than 
one TK. Although the current overview gives 
us an indication of the complexity of the 
mammalian transcriptional landscape and a 
new set of tools to begin to understand 
transcriptional control ( for example a very 
large set of promoters that can be ascribed 
to distinct classes) (/6), we also gain in­
sight into the scale of the task that remains. 
The ditag data indicate the existence of 
very long transcripts whose isolation and 
sequencing will require new cloning and 
sequencing strategics. Although we have iso­
lated and sequenced many putative ncRNAs, 
the F ANTOM3 collection only contains 40% 
of those already known. Finally, the focus 
has been on polyadcnylatcd mRNAs that 
arc processed and exported to the cytoplasm. 
Recently, Gingeras and colleagues (5) have 

REPORTS 

shown that the set of nonpolyadenylated nu­
clear RNAs may be very large, and that many 
such transcripts arise from so-called inter­
genie regions ( 7). The future can only reveal 
additional complexity in the mammalian 
transcriptomc. 
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Using the two largest collections of Mus muscu/us and Homo sapiens transcription start sites (TSSs) determined based 
on CAGE tags, ditags, full-length cDNAs, and other transcript data, we describe the compositional landscape 
surrounding TSSs with the aim of gaining better insight into the properties of mammalian promoters. We classified 
TSSs into four types based on compositional properties of regions immediately surrounding them. These properties 
highlighted distinctive features in the extended core promoters that helped us delineate boundaries of the 
transcription initiation domain space for both species. The TSS types were analyzed for associations with initiating 
dlnucleotldes, CpG islands, TATA boxes, and an extensive collection of statistically significant els-elements in mouse 
and human. We found that different TSS types show preferences for different sets of initiating dinudeotides and cis­
elements. Through Gene Ontology and eVOC categories and tissue expression libraries we linked TSS characteristics to 
expression. Moreover, we show a link of TSS characteristics to very specific genomic organization in an example of 
immune-response-related genes (G0:0006955). Our results shed light on the global properties of the two 
transcrlptomes not revealed before and therefore provide the framework for better understanding of the 
transcriptional mechanisms in the two species, as well as a framework for development of new and more efficient 
promoter- and gene-finding tools. 
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Introduction 
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1'11l' n1mputa1io11,d idt·111ihl .llion .uul functi1111,tl ,111,1h,i-. 111 

m.1111111ali:lll pro111ort·1, h:1,. lo d,tlt·. ht•t·n ,·011,tr;lined In lht· 

rebtheh ,111:111 data,eh ot t.·xpt.·ri111t·111.1lh umhnncd 1r,1n­
,niption ,1.1r1 ,itn tTSS,1. For cx.1111pk. p10111111t·1, l\ilhi11 

db l'SS \\(Tt' rn n11l~ upd,11nl with llu· mapping ot I ~I~,. I If} 

F.\'.\TO\t! 111011,t· full-lt·11g:th d)'.\,\ ,t'<llH'IH n ro Ii.Si~) 

RefS"q moti-.t· gt.'lt'-'' 11.tj. Fum 1i01ul :maly,'-'' ot rhe'.'>t' 

mam111,di;111 promort·r:-. haH' het·n rc:-.rril'led to ,h.1n·d 1ra11-
"-·1 ipti1111 l.1tl11r hi11(li11g ,ii<'" (l'FBS-.) hetw,·(·11 hum:111 .tml 

llltl\l'.'>(" d.lt,l't.·f, l~n l''.',ing fill' ,:mw ,olkni1111 ol promot<·r~ 

,11111;1i11l'd in dhrs~. _\('I'(, ('I .1I. l'lllkt1"-.t·d 011 ,l ,h.11",H'lt>r­

j/,lliu11 of pn11nolt'r, It\ t·xlt'11di11g rlwir !o.lWh 10 lhowph1l11 

11ll'ft11wl{mln and Fu,:u ,11/m/H'.\ 1:~1. Furtlll'r d1ara< 1eri1,afio11 ol 
m.immali.111 pro1w1ll'r'.'> i'.'> ckpt•rnl,·111 on lht· ;n,1iLihilil\ of 

t·x1H·1imt·n1alh· ,·<·rilit'd r-"S" that would ,0111pll'rnt•111 aud 
cxll'lld t'xi,ring d,11,1-.cL, n'prc,c111t·d IH !ht· F:\'.\TO\( 

, olle, tio11. dldSS. liu· ll•J11,·i1.11io11al d,t1.1h;i~c [ l I .• md 
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Rt·ISt·<1- J"hc l.1tn1 cf1011 ol tht· F.\'.\ r()\U ,011,01tium j:,j 

ha-. pro,·ickd tlw '( il'nlih< , ommunit~ with till' l.tr14t·,1 

,ollt·t1io11 uf 1r;_11i-., riplomt· d.11,1 for ,\/IH 111tl\r11J,i_, (t11011,t•J. 

and h,1,, 0111pkm'-·111t·d 1hi, \\ilh C.\(;E tag, of //111110 \ll/nt·11, 

(hu111,111J. B.1,t'd 011 lht·~t· da1.a wt· pro\'ide .1 n1mprdu·11,1n· 

, 0111p,ll'alin· .111ahi,,i!o.- ol 1110111,t· and hu111;111 promoler-. that 

n·,ulti,, 111 a m1rnhe1 ol 1ww in-.ig"lll, 1ha1 hdp u, 10 helte1 

u11ck1·,t.111d 1ht· lr,111,nip1io11al ,ccnario in lht·,t· lwo ,pt•,·ic-.. 

(;c propn1i,·, .tn' ,ffll-known gloh,d bctor, Iii.ti i11lh1t·1Kt' 

pn1111,)ll'I I ha1;11 ll'ri,tit·, a11d gl'IJt· ,·xp1-l'..-.i(1ll 1:Ui-!lj. 111 

add ii ion. (;(: cha1 ,11·h·ri,1 ic, i11tl11e11n· impt11 IJnl Ir..:.\ 
prop('llit·, -.mh •" tilt' .. l1<'11d.1hilil\ ... 111d 11irY.1l11n· of lhl' 

I)'.\.\ hcli'- and n11i-.l'<J11t·111h i111l11t·1ut· th<' i111apl.1, of O'.\.\ 

and , h1omati11. \\hid1 irnpach 11a11,n ipti1111. \\"t· -.<'I our to 
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Synopsis 

Tens of thousands of mammalian genes are expressed in various 
ceffs at different times, controlled mainly at the promoter level 
through the interaction of transcription factOrs with cis-elements. 
The authors analyzed properties of a large collection of exper­
imental mouse (Mus muscu/us/ and human (Homo sapiens/ tran­
scription start sites (TSSs). They defined four types of TSSs based on 
the compositional properties of surrounding regions and showed 
that (a) the regions surrounding TSSs are much richer in properties 
than previously thought (b) the four TSSs types are associated with 
distinct groups of els-elements and initiating dinudeotides, (c) the 
regions upstream of TSSs are distinctly different from the down­
stream ones in terms of the associated ds-elernents, and (d) mouse 
and human TSS properties relative to CpG islands (CGls) and TATA 
box elements suggest species-specific adaptation. The authors 
Unked TSS characteristics to gene expression through categories 
defined by the Gene Ontology and eVOC cfassif,cations and tissue 
expression libraries. They provided examples of the preference of 
immune response genes for TSS types and specific genomic 
organization. Their results shed light on the fine compositional 
properties of TSSs In mammals and could lead to better design of 
promoter- and gene-finding tools, better annotation of promoters 
by cis-elements, and better regulatory network reconstructions. 
These areas represent some of the focal topics of blolnforrnatics and 
genomlcs research that are of interest to a wide range of life 
scientists. 

l h.ir.u teritt· tlw n-gio1i-, imm<·di.tll'h ,111 rounding- IS~, h.1,l.·d 

1111 ,,uh c.11m1u.-.iti11nal pn,pertk,. ()ur dt:tc.·rmina1i,111 ,,t 
tc.•111.11iH· TSS loc11ion, h,1' ht·t·n ha,c.·d on the u,c.· of C:\CF 

la~~ I 10] and di1ag-~ I I 11 cnri<'hccl wirh addirional indq)('nd­

t.'lll pit.·c. c, ot c.·\ idcrn e ot tran~t ripr t.·xi,1c.·1Kl· induding ~} 

,·xprt·!'l~t·d ,cqm·nt t.· t.1g,. long .Y -S.\( a-:. and llw :, ' l'nd, of 

fulh ,,·,p1t·11n·d t If\,\, from 111ll-kngrh lihr;1ri,·,. 

In 1hi, ,111ch. \\t· 1eporr ,,·H·ral di~1i1H"II\(' fr.1ft11t.·, in the 

l'Xll'IHll'd t Ott' promoter, 1h.11 hdp(•d 11, ddi11t.·a1c.· !ht· 

h11urnL1rit.•, of rhe 1r.111M·ripti11n i11iti;11i,1n d11main ,p.u l' l,11 

ho1h 1111n1'-t· ;111cl hum,111. a, wdl a, cldi11t·;lll.' 'l)('t it·,-,pt·< ilit 

< h;11;H tc.-ri,ti<., wi1hi11 1h,11 'JJa<T. W<· rlc.-!<.lTilu· Ilic: ·""'c. i,1li(111 

of l"SS l\j><'~ "i1h 1he ini1i.11i11g di1111d,·01idc.·. C(;I,. L\l:\ 

hox,·,. ,md ;111 t·x11·n,iH· collt·t 1io11 ol ,1.11i~lit ally ,ig-nihc.1111 

a 
Figure 1. Transcription Initiation Domains for Mouse and Human 

Promoter Properties 

Table 1. Four TSS Types Defined Based on the GC Content 
Upstream and Downstream of the TSS 

TSS Type Upstrum GC Content Downstreaim GC Content 

A GC-rich GC-nch 

GC rich AT-nch 

AT·nch GC-r1ch 

D AT nch AT-rkh 

GC-richmeansG C SO"-oinrhecom1deredreg100 AT-ru::h(1e.,GC--poorJmean~G · C 
500,,, in the com1dered region In our ca\€, the upstream reqior, ,s [ 100 11. and !he 

downstream ,egion is I~ 1, -100] relative to the TSS 
OOI· 10 1371/JOllrn<ll.pr,ffl00}00<;4t001 

11,-dl·mt·111, in 111t111,t.· .11HI hum.111. all(I, 11rrl'l;11t.· 1·ss p1,1pt.·1-

1it', ,,i1h t.·xpn·.....,i1111 d,11,1 1hn111gh nm1pari,, ► n ,,-i1h <~t·m· 

01110!0~, ((;o, jl'.!1 and c.•\'OC 11'.~I 1.1tq~oric,. 1i-...11t· 

('Xpn·,~io11 lihr,1rie,. aml ,pcc.·ifil g-<·nomc.• ,1rg-ani1ali1 ► 11. 

Results/Discussion 
GC Content and TSS Types 

\\'<· n•n~idncd ISS prnpc.·nie, ha~ed 011 th(' G(: ch.1rach:r­

i,1 in i1t 1hc ,egmt•111, immediate!\ up~rl"<'am .mcl dim 11,1 rc.1m 

of c.·x1)l.'ri11w11t:1II~ nlimall.'d TSS~. \\'e ,pli1 TSS, inlo four 

di,1i11t t I l,1.....,c.·, lu-.c:d 1111 1hc CC co111e111 up,tll.".llll and 
dow11,1n:arn of tlw TSS .. 1, ,hown in T.1hk I ,.,('(' \LlhTi,11, 
and .\kthocl,). l"ht.·,,· tour 1<·nt.1ti\e ISS ,~pc.·, h,t\e hn·n ust·d 

""' ,1 tool lo i11n·~1igah· dillen·111 pr1111101er k,11un·, in m1n1-.c· 

,llld hum.111, hro rss ""JH ... do nor clifkr in (;(: rid,m· ...... 
l1<'1,,c.·c.·n 1ht..· 11p,tn·;1m ;1ml clown,tn·.1111 n·g-ion,, Thi.'\ .art· C( :­

rich ((;C-CC. 1,pt· .\) 01· .\T-rich c\T-.\T. type.· I>) hoth 

lllhf1·e:im and do\\11,1n·;im. The olhl'r two ;1rl' (;(:-rit h 

up,1n·;1m ,111d .\ l"-ril h down~rn-am tCC-,\T. type B) .rnd. 
,·ice H'I !<..I. A r-rl<"h up,1 H',1111 ,l!ld ( ;( :-1 it Ii dm\Jhl rt',llll (.\ 1-
(;( :. 1,·pt· (:J. l'hl' di,1ril1ul!tl11, (II 1·ss p11-.;i1i,1n, in thl' (;1'<(.· (II 

111011,t' ,111d lmm,111 .ire dl'pined in Figun· I. ,\ ,rnlllg: 

pol.11i,a1io11 of thl.' TSS di,trihution t·xi,i.... ,\itli TSS l\!)l'' .\ 
:incl D IH"ing mo...i prt.•,.1lc.-11I (Figure.· I.\L Tht.· nt1mhe1 of l'SS, 
in l';u Ii of 1hc IS~ 1, pe, n·111ai11~ .1!1110~1 tllll h,mv;nl ii rlw 
length of rhe ll)hlre.1111 and do\\11,1n•.11J1 1l--gio11' d1,111g<·, 

b C 

Distribution of mouse (red) TSSs overlapped by human (blue) TSSs based on (A) C • G content. (B) A • G content, and (Cl T , G content, Nucleotide 
content Is determined for upstream [ 100, 1] and downstream { t-1, 1-100) reg10ns relative to the TSS. The distribution of TSS locations is more or less 
random when viewed in terms of A t G content (BJ or T , G content (CJ. Strong polarization of distributions is evident onty in the G • C case {A). 
DOI: 10.1371/journal.pgen.00200S4.g001 
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Figure 2. Distnbution of Mononudeotides in Mouse Promoters in the Region Surrounding the TSS 

The nucleotides adenine, cytosine, guanine, and thymine are represented by blue, green, red, and light blue, respectively. The TSS types that are GC­
poor upstream {C and D) show very characteristic enrichment in adenine and thymine nucleotldes around [ -35, 201, suggesting a potential dominant 
influence of TATA box and similar AT-rich elements in transcription initiation 1n these types. In type Band A TSSs, this influence does not seem to be 
dominant, but the presence of such elements is suggested by a significant reduction of the GC content in the [ 35, 20] 1egion. In principle, one could 
attempt to link the types of AT-1ich upstream elements with initiating dinucleotides cha1acteristic of different TSS types. 
DOI: 10.1371 /iournal.pgen.0020054.g002 

tFig11n· SIJ: it al,o onh" gt:ulualh t_h;m~e, wi1h .1 d1,111gt· ot 

lhH•,hold lor ca: rid111t·,, (Fij.{Ul"l' SI). I'h(·,e finding, ,uggt•,1 

1ohu,1m·~, of 0111 l"~S, la"ihca1io11. 

Are Two TSS Types (GC-Rich and AT·Rich) Sufficient to 
Consider? 

Promot('I' ,tH' 11,u.ilh l l.1,,ilwd a, t·i1ht·1 (;C-rk h 111 .-\ I -
rid1. \\ itho111 ,q),1ra1in14 ,11d1 propnti<·, info 11p,tn·.1m and 

dow11'1rc.·a111 ch.1r.U"[('l"i,til', rd,t1iH· to thl' rss 1:i1. 111 our 

,1wh \\(' ,,1,-.t·ned lh,11 111,111, ot 1hr TSS, th.ti ,lit" 11111 

l·,·ide111I~ (;( :-ri, h (ho1h up..,IH',llll ;ind dow11~11t·.1111 ol 1he 

l'SS) l1.1n.· d1anginl-{ (;(: content wlR·n 14oing: lnJJu up,1n·.1m 10 

d11w11,1rt'am region, IFih'llrt' 'lJ. Th<' 1, pt·~ of p,tlltTn, \H'H" 

\ r--<:C: . .\"I -.\T. and CC ---..\T., ont.1ining I .~ll I. 1.:-)'18. and 
1.110 i11,1.11Ht·,. 1t·,pt·tliH·h. i11 our rnou"· l'SS d.11.1-.t·L \\"c 
1,111ml ii n·.t,(1Jl.li1lt· 111 .1,,ig:11 tlw ·rss, wi1l1 ,I ,h.111g,· 11f(.(. 

(llllh"llt around tlw TSS 1.\r~c<: and(;(:- ·.\TJ lo ditfert:'111 

,l.1,,,., l1t·tat1'.'.t.' tlH.'\ n.·pn•,t_•nl :1l11nll '1/:t 111 ,ti) 11,111-(;(:-(;(: 

l~pc,. \\",· ll,e chi~ prohli11t,:: of IS~ d1.t1,Hlc1i~1i,·, .t'.'. ,I 

11wth11d11)11gi1 al t 1111\('lli<'ll<t', 1111\\e\('I, lht· l,iol(1g1,·;il ju,tih­

< .11i,1n 1111 1hi, rdit', ,,n tlH' l.1r1 1l1a1 111,111~ 11,-dt'lll'-'lll, !J,1,t· .1 
pn·ft·renn· for (~( '.-rid1 or .\T-rit h clom,1in, .. 1, found in 

,111di1·, ol pro111of<·1 g-roup, I JI. I :1J. 1"1111,. ,·01H,idt-ri11g 

,t'p;ir,11d, 1)w (~(:-rith t.\T-1id1l up,lrt_·,tm .1ml downqre;1rn 

,t·gnwns.. ,lltllllHI rss~ p10,idc, ;111 opporlunll\ TO ;i11.ih1c 

dilfrrn11 g1oup, of hindinv; ,itt·, 1h.11 ma,· ninft-1 dilh-n·nt 
1r,111,t 1iptio11 i11i1iatio11 ,n·n,ll'io,. 

\n c"t·111i.d ,11ppo11 fo1 1Jw hiologi< ,ti 1dt_•,.1111 t· ol 0111 

i111rod11n·d rs~ da .... ihc..t1io11 rdi('!> on lht· LHI lh,11 ,orne 

,·11k.1no1ii: gt·nomt·~ h.1\t' domina111 TSS d1.1r.u 1,·1 i,ti<', of the 

d.1,,e.., we dd11wd. For ,·xampk. h.1...cd on the \\ork of .\tTb l'I 

·:@.: PloS Genetics I www.plosgenetics.org 0003 

.11. 1:q, rss 1q>n H ,llld C ,1pp(_·,tr J'l'l"\.lklll inf: 111b11/J1'\ .111cl 

type I> in /J ml'lmw;:mtn. whik r,vc .\ i, d1,11,Ktni~1i, ul l!Jt· 

hum.111 gt_•110111c. rlll·1t· ,1n· othn \\,I\, lo< 1a.,,1h p111111111cr, 

11,ing ,er1.1in tunclion.d 1;i1h,·1 lhan ,11111p11,ilio11,1I pro1wr-
1in. K.1do11.1g:~1 I Iii! u,t·d 1lw prt.',enn· ol tutu 1ional colt' 

promor<'r dc11wn1, IPE,) ,1u h .1, L\ I.\ hoxt·,. i11i1i.11or,. ~rnd 

dow11..,1re.1111 pro11101c1 dt·111cn1, tl>Pl-.,) 10 t l.""•f~ p111m11lt'1, 

inlo ,c, nal 1, pt_·,.:\ diffn<·nt apprna<'h wa, u..,_·d In Ki111 t'I .ti. 
fl/]: IIK' 1>n1pt·11ie:,, c,I J>1l'i11i1i.11i1m c111111>lex hi11<li11g 111 
11n111111ter ,11ul 1he 11h,ern·<I IL111,t 1i111 t·x1ue"i(1ll ,1.11t· \H'rc 

u:,,nl 111 dd111e l1111r p1011toh·1 g:11111p~ 

\\"c tou11d through :,,t'\tT,d ,ollltt_'' ol t_•\i<knn· lh,11 

<'XJ>.lllcling- ,I ( rnde l ia~,ihc.1tio11 of ( ~( >ri, h ,llld .\ l'-rid1 

I'~~, In h\o .uldi1io1ul ,ulu I."''-'' 111:11..,·, hiolo~icil M·11,t_· ,lnd 
JHt'~t·111:-. tt·11,1i11 hnt' dt·Ltil, 11101t· t·xpli, ith 1Ji.111.., po..,..ihle ii 

.11! rss, ;uc lumped imo 011h two (C;C-ri,h .111d .\J-1-i,h1 
d~L....,t·,. \'en oh,·iou, t'\.ampk, ol ,Lh h clt-1.1il-.. lll addition lo 

l.11'),.{Ch dille1e111 ,0111p11..,i1ion, ol thl' JH11.llin· (/\-dt·mt.'nl, 
th.11 1t·,iclt- Ill the up,1ream .ind dow11,1rc.1111 rt·gion,. ,lt"e (,I) 

,p(·t·i,lli/(·d. ht11 ditfe1t·n1. i11i1iat111g di1111dc1,1iclt·, 1ncn(·pn·­

,cn1cd in .1 ,1,11i,1i, .di~ ,ig-nilH .1111 111.11111er in I~~ .. of 

ditkn·m npe,. (11) l kat ditk1t·nn·, in 1he ,urn111ncli11g 
cm·ir11111llt'lll ot lht· i11i1ia1i11g di1111dt·n1idc, ht•f\\(Tll 1hc four 

IS~ 1,pt·,. ,llld (l) dil'lt-n·nl prdt-rt'IHe, ol ,1111H' futH 1i1111,1l 

j.{l'llt' j.(l'OllJI" fol p,1rtin1lar l'SS l\f'(_''· ·11w,(' t<',lflll"t_"' ClllllOI 

he oh,tT\<"d if th,· group, ,tn· lumped. 

GC Content of TSS Surroundings Reflects Types of 
Putative cis-Elements 

lh ,on,idcriug 1hc (;(: n1111t·11t IIJl'llt'.1111 .11ul dow11,lrt_•.1m 

,q>,11.1ll'I), ,u· ,dlowt'd tor 111u· mon· dcg1ce of fn•t·d111t1 111 
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TSS type 8 
O15fr1butions of PEs that pufe-r GC-(1Ch doma1M 
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Promoter Properties 

Figure 3. Distribution of Densities of Selected PEs in Promoters of the Four TSS Types in Mouse 

The density of PEs 1s calculated from the region covering (- 100, • 100) relative to the TSS. Density is determined for bins of length SO bp and shffted by 
10 bp, In total, there are 17 bins. The vertical axis shows the percentage of TSSs of the considered type that contain the PE. 
(A) Distribution of selected PEs that prefer GC-rich (left) and AT rich (right) domains in type 8 {above) and type C {below) TSS groups. Bin number 9 is 
centered around the TSS. It can be seen that groups of PEs change significantly in their concentrations in transition from upstream to downstream 
regions and characterize two distinct TSS types (B and CJ, 
{8) Distribution of selected PEs across all four TSS types, Blue, green, red, and hght blue correspond to distributions characterized by type A, 8, C, and D 
TSSs. The first five PEs are those that prefer GC-rich regions, and the last seven PEs prefer AT-rich regions (the plus or minus sign in front of the TFBS 
symbol denotes the strand where the TFBS is found). 
DOI: 10.1371 /journal.pgen.0020054.g003 

11h~e1-vinµ; gloh,1I I SS propnt i,·,, I kn· we <kno1t· .1 J>E .i, a 
l"FB~ a111l 1ht· ,1rand wht·rt· i1 i, to11nd. \Lim Pb h.tn· 

p1d,-reme, f11r ,·i1hn (;{,-1ilb 111 (;(:-p1l1,1 1eg-i1111, [11.1~1]. 

For ex,rn1plc. tlw wdl-knm\ 11 'I .\T.\ box t.·lemenl, ht.·ing .\ r-
1 id1. llill ht· found 111on· ln·11m·11th in XI-1id1 rl'g1011,. whik 

lhl• ~pl-binding ..,J1t·'.'.. hl'lng- (~L-rich, will hl' lound 11101t· 

frc1p1,·111h in ( a ,-rit h rq{io11,. ·1 hu .... lhl' 11 llll" ·1 s~ (\ pt.·, th.II 

\H' co11,ickr (0111d he n,nd;1tt·d in ,l global 111.111,u-1 ,dth lhl' 

pol<'llli,tl PE, th.ii nuy to111rol lh<· n·'.'.pt•('li\e g-t·m·,, !-,upporl 

lor IIH" intlw·n,,- of porenri.tl PE... 011 "'fH't ihl T~S l~p,-.. i, 
,,1,t.tincd fn,111 rhe di,11ihu1i,111.., t1f PE den,ilit·, :Fi).,rtlre '.~)­

lkn,it\" di,trih111ion, of...d,·, tl'cl PE, th;11 prdn (~C-rkh C\T­

rid1) drnnaim in 1,-pe B ,11ul 1,p,· C TSS, an· dcpirf<•d in 
Figl1n· :t\. \\'e 11h..,1·n,• !hat PF group, d1;mgt· tlwi1 1 0111 l'll-

11.ui,111, ,ig11ih1a111h in lr.111,iti,111 ln1111 111,,11t·a111 le) 1l(m1J­

..,, re,1111 rcgi1111,. '.\lorcon·r. in Figun· :H~ wt· 1ne,1·n1 

di'.'.lrihutloth tor ,.d<·t·lt"d Pb ;11 ro..,.., ,111 four ISS 1~-pt·"'- Tilt' 

111..,1 hn· Ph i11 Fig:un· :rn I +-ZF~). --,\I'-'..!. Clum hill. H;R. 

.1ml -P<:F'.!1 ,lrt' th◄ ,..,<' that prdn (;(:-1i,·h H"gi(1m (lht' plu, 

;ind mi1111, ,ign~ in front ol tht' TFBS ,,·mhol., dl'no1e.., 1Jw 
,tr.rnd wht.·n· tl1t.· l'FHS i.., found)_ Ir i, illftTc~ting: 10 11h~,·1Yc 

lh,tt IIH·\l' PE.., on-11r in high (0JH"l'lllr.11io11~ in dw t,p<· .\ 

J.{l"Ollj> ((;(:-(;(:). o<Tur in <on,ider.1hh low<·r 10JHt·n1ration, 

in type I> (AT-r\T). ,llld follow 1he diang,· of(;(: nm1en1 in 
"P''"' H ,llld (:_ \\"t· oh,<·nt· the l"OllH"l""'l' lor lhe 1t·m:1i11i11g 

"'l'H'll PF .... whi<h p1clt·1 .\1-rilh regi,,u,. Thne proper11n 

"'llgj/;(''\I 1ha1 rlw f1111r rss I\Jll'"' ,<'lt-t"lin·h· ,l'\'\lk·i:11<· \\ith 
<liltnt·nt gTt1lllh of l'.b. 

Upstream and Downstream Regions Are Different: 
Enrichment by Specific PEs 

\\"t· a11.1ly1t·d lhc p1dcTt'll<t.· ol up..,11<',llll ,llld dow11,tn·,1m 

rq{ion, in the tour TSS t, P"' (or "'ig"nitit ,llll h e111 I< lwd (,II 

k;l"'I '.S-foldl PE.., in OIH' 1t.·gio11 ;1, oppo"'l·d 10 thl' other 1egio11_ 

l"llt.' n•..,.,lt, ,lit' pn·,cnll"d in Figmt.· I. To 0111 ,.111 p1 J,.e, wt.· 

lo1111cl rh,11 1111 .di I SS !\pt·.., Tht· n11111hcr ol t'nridied l'E, 111 

tht· 11p,1n·,1111 n·gion i, 111111 h hig:lwr rh.111 in rlw down ... tn·.1111 

rq{i(1n. l11 1hr<'e 1,p,.,. t:\. c:. a11tl DJ the nu111h1·1 111 l'h i11 tlu: 

d1,\\ll"'ll't•,1rn tegi,111 i, 111i11i1ual n,rnp;t1l·d 10 1h1· up,1rca111 

n·gion. Thl· unh <.'X(<.'ption i, l\JW B. 111r \\hi<h fhere .1n· ;i 

,ignific.1111 n11111h<·r of enri< hcd I'~:, in !he dow11,1n·.1m 

1t·gio11. !'he d.11.1 Mlg:gt·,1 for I\ pe _,\ J"S.',, a high inflnl'llt t' of 

l'h 1h.11 1t·,.ide 11p,1n·..im and p1dt·1 (~C-ri, h dorn.1i11..,, l\hil<· 

for 1\ p<· C TSS, ,tH h inl1111·11n· J.., likeh through Ph 1h.n ,II"<' 

localt"d 11p,11t.·..i111 111 the TSS ln11 pn·ft'I" .\r-rid1 domaim. 

(:,m1r,u-, 10 tht.'"'l' p.1111·n1,.1m11w11,-r, ,,i1h IYJ)l' B ISS,,.t·e111 

lo 111ili1'-· a mix of ho1h (~(:-1id1-prC'h-ni11g .md .Yl-ri,h­
p1dt·1ri11g" PE, .. \ n111du ... io11 LtlllJOI he made lor I\JW I) rss ... 
ht·c .111,t· ol lhe n-r,· ,111,ill numht'r of hig:hl~ enriched dt·m1.·111, 

merall. ~foreoH'I", .1pphi11g rhc Chi-Mjll.!lt' 1<·~1 !or lht.· 
1·q11;ili1, of di..,1rih111io11, in 1hc up..,lll',llll .tnd dow11,1n·,1m 

n·g:io11, ,H. g:ct /1 --= L'.\ l X to ''7. whid1 ,11ongk 1<·jni... th<' 1111II 
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h~potht·,i!\ that lhnt· ,1i,.1rihutio11.., ,tl"l' lht.· ,amt· .. \II llu·,,· 

h11d111g, !<>1tgg<·,1 that up,IJ't•,1111 .11111 dow11,1rt·,t111 region.., 

,hould he 1011,idcred ..,,·p.1r.11eh i,1.., \H" doJ. rtw 1t·,11ih 
l"lllph.1,11l' enridrnu-ni 11( difkrc111 PE gnn1p, ,1..,..,01 i.11t.·d wilh 

11p,1rt'a111 ,tlld do\\11:<,ll"t'.tlll n•gion,. ill lht· p1omol<.T.., ot thl' 

l11lll 1 ~s "pt•:<,, 

Four TSS Types Associate with Different Sets of PEs 
Difft·n·nr compci...i1i,mal JH1,pt·rtit·, ,,f 1lw lc,11r r~~ 1,pt·.., 

,11gge,1 rh,11 tlw I ss.., 111.1, ht.· , 01Hrolkd h~ "'IH'< i.1li1cd 

n1lkt"tion ... of1ran,<Tip1io11 fador, en:..,)_ nm .... \\'(_' alll'lllJ>ICd 

lo hml 1Jw po11·111ial l"F:,, thal 0111ld pb~ dorninanl rol1·, in 

1lw l11ur r~, t~ p,·.., h\· idcn1ilying (al rlw "'JH"<"ihdt~ of 1ht· 111p­
r;111\...t·d PI-., 1rd.1tiH' 11, t1\t'IT<'pn·,t·n1.11i(lll in<kx i<HUI: ,t·t· 

'.\l,11,·ri.11, .ll11l '.\k1hod,1 in ditkrt·111 TSS tvpt·"'· (l,J 11niq11<· :ind 

(O!lllllo11 11101il.., in lht· (;('.-rid1/,\T-rid1 11pst1<'am/clown­

..,,rt·,1m n·gion, for clifft.·u·nt rss 1,pe, .• rnd {( l 1lw mo,, 
,ignific,1111 l'~:,frJ,-,. up,1n·,1m/clmn1,tn·,1111 of rSS, of t\JH'"' _\_ 

B. (,. and I)_ 

J n , ;1n, 0111 the\<' a11.ll~M'"' ,u· ini1i.tlh t"ompared tlw 
i11cide1ue of p1edit 1ed D'.'\'.\-hinding ,i1c, ol k110w11 l"h in 

lht· dilkrcnt p111molt.'r ,,·gnwnr, in m1u1-.c..· in lht· four TSS 
1\'pn ag.1i11,1 tho~c in I andom n10u;,,t• I);'\.-\. For llw top 1.)0 

prl'dit lt·d 11101ih oeprt·,.t·1Hi11g ,1pp1oxim,ttd~ 10'; ol .1II 

dem,·111, found in th'-·,t· lC1lllp,1ri,011,J dt·1<·r111i11t.·d h.1,t·d on 

( )RI 11 .-11, \\ ,. c.1!t ubtt'd Honlcrroni I orrt·c·ted /1-, .1l11t.·, fo1 

t'11rid1111'-·111 i11 1h,· l 011,idt'rt·d pr11111of(.'I ,<'glnt·nb,. In rh'" 
,,·kt. lion 111 lht'"'l' top Ill'; ol mo1jJ.., \H' n·1p1ired 1h;1t th('\ llt' 

pre,t'lll in ,II k,l'\I 10'; of lht· promohT-. in tht' l,ll"~el ~n11q,-. 

.llld 1ha1 lht·\ h.1n· .111 ORI ,.,lilt' 1101 It·,.., th.111 1.:.. 111 1hnt· 

n1mpari,011'\ WI" found 1ha1 tlu· n,nel'tt·d /1-,.1ittl' ,, .. ,. lll'lo\\ 

rht· 1hrnhold of O_O_-, lor 1lw µ,n·.tl m,1jo1ity of ,.1 .. ,·,. Tht:"'\t' 

lo11Jp<1ri ... 011"' i11dic.1h· 1h.11 11111,1 ol fill· m,11jf.., 101 lht· 

,011,id,·1"d TSS t~P'-'"' .m· highh· "'J>'-'< ifo rdati\t' 10 r.111dom 

IJ:\.\ t I .ihlt- SJ J. 
:\1·x1 \\e .1imc<i 10 ..,n- it promorer ,t·gmt.·nh wi1h the ,.11m· 

CC til hne...., ,hare tlw ,.une ..,...1 ot PE,. \\'t· n1111p.11ed Ill<' 

11p..,l1t';i111 rq.{i1111, ol g-roup, ,\ ,·1·1,11.., Band(: n·r,u, D .• 111d 

lill' d0\\11,ln·am 11·g:io11, of ~lllllj>'\ A n-r,u,. ( ,111d g1oup, H 
\l'l"'\ll'\ ll.11 I'\ 1111<·1,·,1i11g (II l}t11(• 111,tl lht' ll!hflt·.1111 ((;(:-1i,h1 

1l'g-i1111, of l~"J}t" .\ .111d B TSS, d11 ,h.1n·. a, t'Xflt'l"tt·cl. .1 ,uh .. el 

ol prt'dK!l'd mofil,. h111 t·,1d1 f\'J.H' is dur,ti"lt'll/t'd ;11,o lw ,I 

,pec1.1li1t·d 1,1llnti1,11 ,,t put.11i,1.· l1inding ,itt·, th,tl d11 rn•t 

,1ppl'a1 in Ill(' 111p )~,fl r;i11kt·d ,itn 111 1he ,,tlwr 1,pe (l,11 

t·x,1111pk. EIS appt·,ir.., in pr11mo1<·r, of I\ pt· B TSS .... bur 1101 in 

promoh·r, ot I\ pe .\ r~~,., (L1hlt· ~'.!). 

EH·n 1ho,t.· TF, 1h.11 ,lit.' le11111d lo ht· c 111111110n in lhl· 

11p,1n·a111 p,1rh of hoth 1,pt· ,\ ,llld ll)'t' B l"S~, .1ppt•,ff in 

,ignitica11lh dill<.Tt.'nl propoilion, of pro111of<•1, of tht.·M· 

I~ pn. <.I" ,u111Hlill i1,rd ill Fi~1ir,· S'.l. For l"X,llllplc. 1:-.h (Ltlil<- ~I) 

.1pp1·.11, in ,\T-rit·h clm\11"'11<',llll ""·g:mt'llh 11\Jl<'"' B ,111d l)J 

llmH'\l'L in I\JW B rss ... ii .tppear, in ti.OS•; qf prmno1t·r .... 
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hul 1111h 1111 Ilic 111i11w, ,1r,111d. whiil' i11 l\pt· I) ii .tppcar, in 

J:\. IH'; ol 1nontolel"', hut 011h 011 1he pin, ,, r,111d. 

.\luu·o\t·r. il we co11~idt·1 uniqut• motif, 1h.11 .1ppe,11 in 

diflt-n•nf group,. tht·\ ;11c < 11111111011I~ p1n,cnt in large 

p1op11r1io11, of pro11101t·1, of lho,c l.ll'gc1 g101q,,. Fo1 

<·xampk. in 11.t1NTipt!,, i11i1iatt·d from l~J>(_' I) TSS,, \H' h11d 

1111h lwo 1111i<Jllt: l'E~ i11 the d,m11~1rt·a111 region. ()rn· i, DBP. a 

lr,111,nip1i1111,il <H"ti,·.1101 i11 hepatic n·ll, 111''1 and 1111 .. mhn ,ii 
till' LIEBi' J.1111il~. ,,hi, h .1ppt·,t1~ in :!t).77 1 ; of JHom111c1, with 

l~pc l) 'JSS, and only 011 the 111im1, ,11.111d. The uthn 
dc111t·111. '.\°t'x, i, t"llll'ri, 11e11ron humeohox .1nd ,uh ,a... .111 

;1ni,.1101· I Pit 1h,11 i, n·quiu·d lor prope1 po,i1io11.il ,p,Tifi­

L1li1,n. dilkn•111i,11in· cdl t.11<.· . .ind mai111r11.11Ht' 111 prop<.·r 

h1111 I i1,n 111 t•nf<•rit m·un,11~ f:!O.:! 11. fl i, l"'''t'll1 in 11. 7':,' ( , ,t 
pro111otn, wilh l~p<· I) l'S!-i, and onh 011 tlw plu, ,1r,11HI. 

Sinn· ;tm· (WO of lh<.· 10111 rss r~ pe~ t ould ditter in tlll·ir ( ;(: 
1·011h'III in tilt' up~llt',llll. do,\1t,11t·,1111. or hoth l'l_'gion, .. ind 

1011,c1pR·111h h.irhor cliHt·1en1 ,t·1, ol ,ig11ihc1111 motil,, w,· 
l 011d11de 1h.11. 0\(.'Jall. rss I~ pc, t 0111.1in "''"" of ,ignihc111t 
,ig11:11111t· molif-. tde1101t·d tn a phi' ,ig,11 rwxt 1111hc<>RI ,.due 

in Ld,le SI and .1 plm ,i)..\"11 in T,thk S~I th.ti po1t·n1i.1lh m,1\ 

co111rih1111· to 01ie111:11io11 .. 111d ,ll't' liJ...,·h l11 i111er,1cl ,,i1h 

di,,1inn ,1·1 11f IF,. l'hi, nuH11r, \fith 1lw n·,ult, ol the 

prt'n·dmg lwo ,uh:..<·nion, and ,11gge,1, 0H·1;ill difkrcnl 

IL1th<.Tipti1111.il p1ogr.1m, ('n''-t'lll in the 1r;.ll!,niph of thne 

rss l~ p<.·,. Li:..i... of IIH' 1110,1 ,ig11ilH ;1111 Pb lh.11 :1pp<·.11 ill 1!1t· 

J'SS g1oup, ,tr<· pro,·ided in Tahk S'.~. 

The Initiating Dinucleotide and Its Environment 
\\'t· .m,1h1.ed in motht' .,wl hum.111 d.11,l't·t... 1ht· i11i1i.t1i11g 

di11t1d('otidt·, 1ha1 i,. 1heo11c lh,1111n11pin, p11:..i1io11, 1-1. ~II 
1cl;i1iH· to 1lw l'SS. \\'e found th,11 a 1u1mht·1 ol ditten·m 
ini1i:11iug: di11t1(ko111!(', ,11t· ~1ari,1i,.ill~ .,iguih,.1111 .HTo,:.. 

\,tnou, ISS 1yp,·, ,111d lh,n lhe~ ,how 1tTl.1i11 wgul.11i1ie:.. 
n·l.tl(•d 111 tile(;(: ,onlt'III of up,tr(_';tlll ,ind dcl\\n,1a·,11n 

-~(>ol'r<'~''l 

-•:lc~r,t·~•'" 

I_ I 
■ ■ 

Figure 4. Distribution of Selected Groups of PEs That Are Highly 
Enriched (at Least 3-Fold) Upstream or Downstream of the TSS 

The upstream region considered covers [ 100, 1 ). while the down­
stream region covers [ t 1, • 100] relative to the TSS. In all TSS types, the 
upstream region contains significantly more enriched PEs than the 
downstream region. 
DOI: I 0.13 71 /journal.pgen.0020054.g004 
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1q~io11, ,111 rounding: lht· TSS. l'.1hk :! ,hm,, for 111011,e .rnd 

lmman da1.1 all ,1:11i:..1ic.1ll~ ..ig:nifi<..1111 c1,(_'' l,a-.c·,I 1111 rh<· /1-
,.1hw oh1aiJH•d ll\ th<:" right-,id,·d Fi,ll('r·~ cx.u I l<.·,1 .111d 

t orrn 1t·d lor 111ultiplit ii~ ll',ting II\ lh<· Ho11krr11ni method. 

l'IH' ,1..,.,ociati1111 ol initi:i1ing dinw kotick 111 TS.'\ propc._Tlil', i, 

H'I'\ ,pt·(·ihc It i, lllkH'"'ling 10 1ioll' 1ha1 tll<.· i11i1i.1ti11g: 

di111u k111idc I,\ i, ,ignili,·anll~ ,·nridwd In TSS I\ p<·, rh.tt :ire 

.YI -rirh u1Mn·.1m. dow11,tH·,m1. 01 h111h in. C. ,111d DJ, while 
din11ckotidt·, th.11 ,1,1n with g:11,111i11e {(,,\ or (,(;1 ;1re 

,ignih1.1nd~ euri,lwd iu TSS l\pn 1h.11 ,trt· \l-ri1h ,pc,il­
i,all~ d1J\\11,l1Ta111 (I\ ~llld I>). l'ypt· .\ rss, .1n· ,ig11iht.1111h 

<·nndwd Joi· di1111d<·11lid(_·, 1h;1l ,1:1n wilh n10,i11<· ((:(:. (:(;, 

and CT). llo,H·n·r. 1lw ,·.1111111it,tl i11i1i,11i11g di11udeo1idl' C.\ 

,1ppe,11, ~t.11i:..ti1 .dh ,ig:11ihl,llll onh 101 T~'.', (\ pt·, lh,11 t h,lll){'-' 

(;(: I it IIIH'"" (I\ and CJ. hn.tlh. 1he rss 1,p,· (: group t'(JlltJin, 

,\(; and ·1c din11d,·01idl'' ,I( ,I ,1.11i-.fil·alh ,i).{11ili,.1111 kH·I. 
\\'hilt- 1h,•,c do no1 appe;ll' ,1g111fic.1111 in ;111\ ollwr ·1ss l\·11t•. 

1'11i:.. 1 ompo,itional ptopcrl~ ol 1~1<-· initiating di1111dt·111id<· 

li(_·ing- linl..t'd in., ,1,11i:..1icdl\' ,ignifiLllll nu11n1·1 lo dw (;(: 

pn,pe11ic, ol lht· up,trc.1111 ,111d down,trl'alll l<·giorh \\ould 

11111 ht· P""'ihk (II cli'-1<.'l'IJ if lilt' rss g111111" \\t·n· lumpt·tl. \\'e 

'<'t' rh,tl the"' propt·1·1i,·, char;u tt-ri/t' ,igniht .ml 1mmht-r, of 
I ss .. in 11111' IIUJIM' d,11.iM'I. 11,lllll'I~. 10 . ."',-ti cW,8W,{ ). 8~N 

(li].iJ 1
; J. l.:17~(70.1il 1

; J •• 111d."'dJ('.\l.~l."'1 1
; )olTSS,of l~pt'..\, 

B. ( ..• 111d D. 1t·,1)(·l'!i,<·h .• 111d 1h11, 1hn do 11111 .1ppt·,11 10 ht· 

.1rtif.teh of lhe pmpo"·d TSS d.1,,ihc.11io11 th;1t \H' haH' 
i1111od11ccd. Th(_· 1·01u lu,ion i, th.11 the i11iti.1ti11g dinudco-
1 idt·~ ~Ill ,w ,p,Tihl JH d<·1 ,·m c:.. ;11 :..I ,11 i,1 ic1lh ,i).{ll ihc.1111 Ind, 
10 dilttTt:'111 TSS ,·m·iro1111u·11h .md thal a ,ig11ihLml porlion 

ol ·1 SS, i11 11111 d.11;1~<·t, ,1n· d1.1r,1t teri1t·d h, lht',(_' i11i1i.11i1114 

dimu kotidt·,. \lort'OHT .• 1111111,t ,tll ut lhl'lll ,lit'. tlifft-n·111 
trom 1ht· <,mo111c1l (:.\ din11dc111uk. 

Thi~ l.1~1 oh,t·n,1tion k,1d, 11, lo hypollH'~i.tl' th,ll dilkrenl 

J'S~ l~pn 111.1~ lit:' t11111rolled h~ difft·1t·111 i1111i.1101 (1111) 

dt·1neni.... 1-'ig111e :! depin, lht' tJllih· dilk1t·11110111po,i1ion ot 

th<-· n·gion, i11111wdia1t·h ,urrounding l'-'nt.1liH· TSS,. 1 h,· Inr 
dc111e11i..-il IIH'\ ,1ppcar hiologicalh rd,·,·.1111 for 1lw,t• 

gn111p,-,J10uld on·rl.ip ·1ss ... 111d lll,l\ h<· qu;1lil:1liH'I~ 

ditfnt·111 lor ditlt-r(_'nf TSS nv,·,. Dilkn·n1 111i1ia1i11g di1111-

t lt·(11idn 11I highh ,1.i1i,1italh ,ignifi<:111te11ri<h111t·111 ,11pp(1rl 

,11d1 ;1 h~potlH·~i,. aJl<I. :11 tht· ,,llllt' timt', th<· ,·ari.1bilit\' of !he 

oh:..ern·d iniliating- dinuckolidt·, nmld n;pl.1in lh<.· 11011-

,pe, 1fo· co11~t·nM1, of 1lw m 1.1111cr l111 dem,·111 l:!:!I, \\''-' h:1H' 
g(_'IH'rall'<I ,np1e1H t' logo, of llll' TSS ,111To111uling, I :,. • ."'1] Ill 

ho1h moll'-<' .rnd h11111,111 .. md JHt·"·111 1ht·111 in Figun· ."'1.\. \\'c 
oh,('rH' that lhe 1n11 kotidt· di,1rilmtio11' for 1,v,· .\ (CC-CCJ 

l'SS, an· alu1u1 lht· ,amt· in nu,u,t· arnl hum.111. lf1m(_'\t'I. f,11 

LSS t\pe:.. B, <:, and I>. 1h,·1t· i, t·,·icknl clillt'ft'II('(' 111 lht·,e 

di,trih111ion:.. in the rl'gion ,111n1Undi11g 1hc TSS. ,\hid1 dm·, 
1101 < 1111lr,1<lit'I 11111- h~pothe,i, ol potentl.llh diffen_•111 lin 

denwnh lor clilft-n·nt TSS 1yp,·-.. Figun· ':,B ,how, logo~ of 

1egio11, I :~."'l. +-:!OI for tlw fotff J'SS 1~ pt·, ill mou'lt· and 

hum:111 .. \g.1i11. \\i' oh,t·nt· ,i)!;nilit.1111 ,i111ila1il\ hetwet·n Ill(' 

"I)('( ie:.. in the compo,i(itJll 111 Ill<" n·gion for l\j)(' .\ rs~ ... 
hhik tlw oJIJ(_'r TSS 1,pe, ,h11\\ ,ig11ih1·;1111h· 111on· \',ll'iahilil\. 

I'hi, ma\' ,11gge,1 ,pt·cin-,JH't iii< 11rg,111i.1ation of llw ton' 

pro1110l<-r, fo1 tht·,(_' 111i11oril\ I SS 1ype, tB. ( :. ,111tl I>). 

Relation of TSS Types to TATA Box Elements and CpG 
Islands 

\\'<· ;111ah.1ed the lour ['SS 1\p,·, in 1111111,t· and in l1111na11 

( l.1hk, :~ .111d IJ tor 1he pn·"'·111 e 111 L\T.\ ho:,,. d<.·111t·111, awl 
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Promoter Properties 

Table 2. Starting Dinucleotide I 1, • 1 J for Various TSS Types in Mouse and Human Datasets 

Organism Starting TSS 
Oinucleotlde Type 

Mou~e AG 
CA 
CA 
cc A 
CG A 
CT A 
GA 8 
GA D 
GG 
GG D 
TA 
TA 
TA D 
TG C 

Hum;in AA D 
CG 
GG D 
TA B 
TA 

We ~how only ~taMtacally ~,gn1ficanl ca~s 
DOI· 10.1371//01.Jrn,1! pgen 0020054.tOOZ 

Number of Number of TSSs 
Cases with Starting 

Oinucleotide 

172 1,943 

458 1,440 
558 1,943 

1,299 34,245 

8,669 34,245 

579 34,245 

16 1.440 
15 1,528 

264 1,440 
350 1,528 
151 1,440 
187 1,943 

169 1.528 

455 1,943 

12 385 
2,777 9,269 

85 385 
25 24' 
35 357 

,1,~1< ia1ion wi1h (:(~h. C:loh.111~. !here .1n· ,imila1iri,·, in the,<' 

pn1JHTti,·, of rss l~pc, hel\H·t'll lht''<' 1\\0 'Pl'< i,·,. hut tlu:re 

,1n· .d,11 ,ig11ilua111 dilkrerll'(''· Thi, mou-.t·-h11111.1n tn111p,ir­

i,011 mu,t he lrc,llt'd with ,011w cauri1111. ,i1Hl' the rnou,<-' .111d 

1111111.lll da1.1,eh ,tre h<l'ed upon .111al~,i, ol di!<,lill( I 1i,!<>Un. 

,md tlw ln11n.111 ~,-1 i, proh.1hh ll',~ < omprdH·n,i,,·. In ,onw 

me,l!<,UH'. lht_• di!<>linnion, Ill.I\- al"' rdale 1,, dq>lh ol Lo,c1.1g-e 

in !he two 'lll"<il',. Jlcnn __ ·,l'r. ,in<<' \\l' ,on,ide1t'd ,I ,1a1i,ti­
<alh· Li1w· lllllllhl'I" ol wl'il-ddi1H'd TSS loc,11io11, in 111011,t· 

n!,.l~tliJ ,111cl in h11111;i11 (IO.:r).-l), thi!. llldkl-, j"()lllp,1ti..i111 

hel\H'l'll tht_• l\\o ,p,·cin fc:,1,ihle. 

H,t!<>t'd 011 Bo11h-r1011i ,011e,1ecl /J-,,alu,·, \H' hnd thal llH: 

1111111",(· and human cl:11:1,t.·r... difkr ,ig-nifo .1111h in .1 m1mhe1 ot 
pn111101t-r k:1111n·, ( rahlc!<, :; ,111cl t) . .\l111i..t· p1omoh·r, .Ill' 

,ig:11ili,,m11\ ,·nridwd i11 (,11 lht.· 11u111hn ol p1011101,·1, nor 

.1 ..... m·i.11ed \\ilh (:(;J, in rss ''J>l.'!<> ,\ and B. ,mcl O\('J;1IL th) lhl' 

111111il1,·1 ol L\ L\-lt-...., promoll·r, in group.\: {l J 1he <1H·1,dl 

1111mh,·1 ol pro11101l"r, Th,11 h.1n· I.\ I.\ hoXl'' hu1 arc 1101 

,ti.,o< i;11(·cl with C(:b: and (di tlH' nu111lwr 11f L\T\-ln!, 
promotl'n nul a,\111"iaf(•d wirh (:(;{!<, in T~S g-roup.; .\ ,llld B. 

.111d uH·r.tll. Lomt'l"!'>d~. h11m;111 !Honwtl'r., ,11T !<,i~nih, .11111~ 

c111 i,·hl'cl i11 (,1) till' 1111mlH:r ,,I pn1111111cr, ,,....,,1, 1.11,·cl wi1l1 (,(,I, 

in fSS I\ pn .\ ,11td B .• 111d on·r.111: \11) 1hl' m1111h,·r of L\ L\­

hox-n,111,,ini11µ; JHOIIIO(('I'!<> i11 rss l\pl' .\: (() lhl' 1111111hl."1 ol 

IA l'.\-hox-n1111,lini11µ; pro11101l•p, a,\lu iall·d with CCI, in T~!-, 
1ypn .\. B. awl C .. 111d t1H•1,1II: and (d) tlw numhl't of T.\T.\­

ll·" pn1m11((_'1'!<> •·'""i,lll'cl wilh (:(;I, in 1·ss l~()l'~ .\ .tnd B. 
;i11<l on·rall. The,,· d,11;.1 ,u~l'!<>I 1h,11 1ht'll' ,tll' ,p,·cin-,pt'< iii< 
,oh1tio11, for lr,111" ription,d i11iti,11io11 in nuHl'l' and 1111111,rn 

tor 1lw ,maly.tl'd J"SS •~ p,·,. 
·1·ht·1,· ;11t· a lllllllhl'r ,,t ct)I(' Pt, c11lw1 lh,111 1·_.\T:\ lu,x,·, 

.md Im elt•IJlt•111,. i.11d1 .1, 1 lu: do\\ 1i...11·c.t111 JHomot,·1 dcnw111 

d>l'EJ j:!:;-'.!61. th,· l"FIIB n·,,>on,c dt·na·111 tBRFJ [:!71. IIH' 
mo1it ll'll dt·111t·111 (\ITE) ['281, ;ind thl' do\\11,1rt·.1m con· 

--~@: PLoS Genetics I www.plosgenetics.org 

Total Number Total Multlplldty p-Value Bonferroni 
of TSSs In Number Correction Corrected 
the Same of TSSs Factor p-Value 
TSS Group 

2,524 39,156 16 L41 10 '; 225 · JO • 

10,000 39,156 16 J_25 >! 10 II 5.20 ~ JO 7 

J0,000 39,156 16 609 JO ' 9,75 · JO ' 
1,410 39,156 16 ]_1] • JO 'I 1.15 • 10 7 

9,076 39,156 16 1.06 · 10 )II' 169 ,. 10 '1" 

635 39,156 16 L80<10 3 2.88 •' JO ; 

171 39,156 16 609 • 10 l 975 10 ' 
171 39,156 16 2.99 '>< 10 3 4.79 " JO 1 

2,952 39,156 16 1.32, 10 11 2.12, 10 " 
2,952 39,156 16 8.28 · 10 ~, 133 · 10 l'P 

2,703 39,156 16 186 , JO ' 2.97 · 10 ,, 

2,703 39,156 16 2.30 ' 10 {, 168 · 10 " 

2,703 39,156 16 7.82 JO 10 1.25 · 10 ; 

7,381 39,156 16 1.55 JO ' 2.48 ,. 10 ° 
88 10,255 16 L03 · JO ' 1.65 · JO , 

2,878 10,255 16 2.37 , JO % 3.79 ' 10 45 

0007 

578 10,255 16 4.28 10 }-! 685 10 )~ 

575 10,255 16 255 • JO 4.07 · 10 l 

575 10,255 16 .... JO • 1.39 • JO ' 

dnm·111 tlH .t.J l:!!l.:tOJ. It \\ollhl h,· ol inlt'Jl·,r to i1Hc,1ig.11e 

llll'ir jffl-''<'lltt: a1ou11d nia111rn.1li.111 T.'-,,.'-1,. ('11fo111111.11eh. ,mh 

:111 :111.11\-,i, rq1n·"·nh a ,11Hh 011 ii.."" n ;md reqt1il"l·, rdi.1hk 
111.11rix m,,ckl, c,f th,·,<· ,·lt..·nw111, in m.1mmal, lh,11 ,11t· 11111 ,,., 

.n.1il,1l1k. 

Linking TSS Properties and Gene Expression 
\\"e wen· intt·n·,tt·d lo hnd nul if th(' TSS l~p<-·, ,how ,tm 

corrd.11 io11 \\ ilh h1o;ul cxp1t.·!<>,io11 , ,lft•gorin. \\'t· u,ed 

.L"rn i.11io11 of 1r.1n" rip1, \\ilh dilh'1cn1 (;() 11:.!l ,wd e\'()( 

I UI t ,lll'J,!;Orit·,. ·" wdl .1, 1-".\~T( )\U li"lll' ,·xprt·,,ion 

lih1.iric..,, .111d .w.1h-.1,·d their l.'-IS di,trihulion .i, ro" the fot11 

t,-p,·, in 111ou,e. \\'hilt· it i, 1101 po....,ihle lo malt· dchnir,· 

n111d11,io11, h,·c.111,t· 111 iw,1111pk1<· (;(). e\"()(:. 1i .... 1u· lihr.1n. 

.uul tr.111" ripe d.11a. \\.l' w,·1,· .ilil,· 10 1111d .1 1111111he1 of, l.t,!<>t·, 

rh.11 ·'"'H L1fl• \\"ilh !<>!'('( ifH" r~s 1,-pn Ill ,I ,1.11i,1i< .dh 

,ignih, .1111 m;111111-r ( L1hlt·, :,. 6. SI. .md ~:,,. \fo1t•t1H'L wt· 

,<_•;11dll'd l11r 11rtl111l,1g 11 ;111,< ri11t µ;111111,, in mcu1,l' .1ml human 

\\hO'l' promot,-r, )lH'",('J"\"(" ('Ill idllll('lll in 'Pl'( ill<" rss (\ P'-'' 
in holh ,pn in (J .1hlc S ti. l '11tlt-1 rill' n111<li1io11, of ou1 ~IIHI~ 

,H. foi111d 1h.11 IOW; ol C:<> 1.11,·µ;01in \\ho:-.e 111.1ppc:d 
1,,111'1 tip1, '-·111,111.,1,· 1'10111 "JJ'' U ·1ss, p1c,,·1H· 1lwir t·11Ji1h· 

llll'IH: 1hi, i, lnH' for fit<; ol (;() c.11cg-oiie, .1,,0< i.11cd with 

l~pe C l.'-,,S!<, ;ind fo1 XO'{ of(;() ,·a1q.~orin a"o< i.11,·d wi1h 

1ype () TS~:-.. The,e n·,1111' ,u~µ;,·,1 lhal hel,H't'II mo11"· .111<1 

!111111.111 rh,· T~S t h.11,1Cll·1 ,\i1hi11 lht· CO t.llcgorit·, i, l.1rµ;eh 

, 01i..ent·d. l>i,11 ihu1io11, ol ,1II llliJll'<' TS.'-,,, ,H ,o...., tht· fo111 

J'~S t,pe, lor (;O 1.11q.i;111in .111<1 F.\:'\ ('()\U n,,ue liluari<-·, 

.11T p111,ided in ·1·al)lc s.-1. 
\\'e funlwr .111.1h.tl'<I ,('\'l'ral ,pcrilir , ;tM''- For m.1m· c;o 

,a11·g-011t·, wt· Jound rh.11 11.111"·1ip1, ""m·i.1h·d \\ilh lil<"m 

p1dt·1 ,pnilic (;(.-n1 h/(;C:-poo1 lr,111,1 rip1io11 i11i1i,11io11 

lr.1m<·worJ..., ( L1hlt- ~,,. 1-'01 L'X,1mplt·, !11<· immune n·,,x,11"· 
µ;roup ((;():OOO(i!l."1.)1 (Figuu· Iii .1ppe.11, with L,H-. UC,-_ .1t1d 
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A 

x~xi9;~~£ 

B 

Figure 5. Sequence logos 
(A) Sequence logos for lnr in human (left) and mouse (right) obtained using [ 5, • SJ segments relative to TSS locations. There is an evident bias in the 
nucleotide composition surrounding the TSS that effectively determines different lnr elements. 
(Bl Sequence logos for segments [ 35, • 201 relative to TSS locations. Strong similarity exists between human (left) and mouse (right) in TSS type A. while 
that similarity is considerably reduced for the other TSS types. 
DOI: 10.1371 /JournaLpgen.0020054.gOOS 
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Promoter Properties 

Table 3. Basic Statistics on Relation of TATA Box Motifs, CGls, and Four TSS Types for MMS Transcripts 

Category TSS Type 

Type A TypeB TypeC Type D Ove,all 

Number of promoters 34,245 1,440 1,943 1,518 39,156 

CGI 27,016 (78.92) !1) 253 (17 571 Ill 363 (18.68) Ill 9 (0.59) 11] 27,651 (7062) Ill 

No CGl 7,219 (21.08) !2.74 · 10 11
] 1,187 {82.43) 14.87 , 10 '] 1,580 (81.32) [9.58 · 10 2

] 1.519 199.41) 18.Sl , 10 ·'1 11.SOS (29 38) [6.26 · 10 

TATA 2,539 (7.41) [1] 188 (13.06) 11] 567 (29.18) [I] 434 (28.40) [1] 3,728 (952! !I] 

TATA-less 31.706 (92.59) [J.63 · 10 1.252 (86.941 [1.43 , 10 1
] 1,376 (70.82) [1} 1,094 (71.60) [1! 35.428 {90.48) (2 02 · 10 

CGI TATA 1,613 (4.71) lll 33 (2.29) []] 58 (2.99) [J] 1 (O.Q7)[1] 1,705 (4.35) !ll 
CGI TATA less 25,413 (74.21) [lj 220 (15 28) [lj 305 (15 70) 11] 8 10.52) 11] 25.946 (66.16) [I] 

No CGI TATA 926 (2.70) [2.19 " 10 1
] 155 00.76) [1] 509 !26.201 11 J 433 (28.341 11 I 2,023 (5.17) 12.09 .._ 10 4J 

No CG! TATA li?Ss 6,293 118.381 [3.72 10 "I 1,032 (7L671 [1.12 , 10 '] 1,071 (55.12) !1] 1.086 !71.071 !I' 9.482 (24.221 [2 11 10 ''I 

We pre!>t>nt for t-ac:h category (CGI, no CGl. etc) the number of ca~ for each TSS type. the percenl (in p,:1rentheses) of the total popul3t1on in that TSS type, and the Bonfermrn corre<led 
p-value (In bfac:k.eh) calculated from a right sided Fisher's ex.let 1est based on the hypergeometric d1stnbu11on 
DOI 10 1371/}0urna! pgen.0020054 1003 

:\ :\:i-tuld lllOH' 11",llhlTipl:-. h.n·i11~ rss, of t\J)(' H, C, ;111d l>, 
1c,pt•l"fin·ly, 1han 1111<: would expen h.1,ed 011 lh<· propo11io11 

of !ram,, riph in 1lw,e group, in our rdt·H•Ju"t' rnoit-.t' d.1r.1. 
1"11c t·nri(hrnc:nl in ''l>t.· (; .ind I) TSS, i, ,r.11i:-.lil.dl\ 

,il,.{11ih, ,lllf (Bonkrroni-, OITt.'l'll·d I ighl-,i<kd Fi,h,·, ·, t·X,I< I 

1,•,1. p -::c- I .~t; X JI) 1·" a11CI /1 '.!.(,O X JI) 1. , ,·:-.pt'CI i\·eh J. lb:-.c,I 

,in lht!->, w,· , ,,rn l1uk ch.11 the I r.1n:-., ript gn,up ( ;( ):Ootl6~1,-)_-, i, 

ch.ir~ute1i1t·d h~ IJKrt'a,,·d pa11i,ipati1111,111ran,lript:-. tn,m 
TSS l\lH'' that ,trt' .\T-ri, h up:-.lre,1111 or do,,11,trc.1111. \\'e 

anal\/cd in mor<.· dct.1il thl· gt·110mi< organi1a1ion ot Im i 

,·one,po1uli11g- 11, gc11,·, ln,111 !ht· 11w,1 ovcrr,·pn·,t·111<·d ·1~s 
l~pt· ll~pt· (;J tor thi, G(). \\'c found 1h.11 I'S~, of 1,p,· (. 111.1p 

1,1 :hi 11011rL'd1111d,1111 g<·11l·,. of ,,hilh n,o ,fft• in hidi1n.:1ion.il 

prum11h:r, (:!/:{fl). \\ hi, h mean, th,·,t· ,ll'l' 1111dt•11 epn·-.cnll'cl 

for l\'jlt' (: I ~S!-> 1da1in· to lhc gt·uomt· ,t\cragl'. 1"11crl' aH· '.!:\ 
g:t·m·, (tllr,;) 1h.11 .m· ,1pp(·,1ring in gt·n,· famih, 111,1,·1,, 1h,1t i,. 
rh,·,t· gt'lln ,trt· highh m,·nt·1nne111<·d to1 Hpt· <: 1.-..s, 

rd.1liH· 10 T11t.· g:e1Hllll(' ,t\t'r,tg('. Fin.ill~. g:t·m·, with r,p,· ( 
1s~., Jun· ,111.111 g(_·!l(111Ji( "fl.Ill: :i 1 tJUI ,,t :H; an· k..-. 111.111 '.!~1 kh 
long. \,hit hi, ;1gain IIHH"t' lh,111 om· would t·xpt·n h.t:-.('d on the 

g,·1111111,· aH·r,tg<·. \.lo,t gt·nt·~ i11 tht· c11egory (~O;tJOOti~I.-,:, ,ll"l' 

,hon Olw majority ;1n· ;u t11.1II~ Jt,...., th.m 10 khJ. ,11t·, h1,h-rt·d 
hilh ollwr 1111·rnhl·1, of 1ht.· ,.1111c l.1111ilie,. ,llld .1n· 1101 

hidin·,·1i1111,1lh· l1a11,t rilwd. Tl1i, an.1h,i, illu,11.iln ,t 'IH'< ifit 

g,·110111i,· 11rg.111i1.1tio11 ol g,·n,·:-. wi1h TSS~ ol l\)>l' (, in thi, (;() 

g1oup. Thu,, ISS 1n11pcni,·!-> Ill~!\ inllm·uct· genomK 111g,111-

i1.1tio11. 

In 1·.1hk .--,. ,,m· ,.111 ".,. 1h.11 <;<.-1i1h ·1·ss, 1,·J.11,· 1,, gt.·11,·:-. 

n·,1H1n-,ihk for ,.11io11, hi11di11g ;i11d protd11 1r,t11,po11 

ac1i,i1ic,. Tl1t·,t· turn-1i1 ► 11, 11,ualh 0<<11r in difft·u·111 rq4·i1111, 

ol liw t·dl and .1n· 1dk1 tt·d in 1lw di\l-r,,· n1111p,ir1mt·ni-. 1h.11 

.ll"c cnrit"hed to, 1, pt·.\ I SS, .. \T-ri, h TSS:-. (type'-<. ;111d Ill. 

011 thl' orlwr hand. ;1n· t·nri< h,·d in p1ot·t·.,..t·, 1d.1ti11g- to 

1kk11,l· n·,pon"·' 10 tlu· ('ll\·ironm<.·nf. TSS, of the nwmhr.111t· 

a11a,k tomplex ((,0:000:,:i7!1). d1·frn'<' re:-.pon,t· 

((;();00111)~1."1'.!) •• 111d i11111111111· rnpo1i-.1· ((;0:0001i~l~1.",) ,11t· 

e11rid1ed in 1~pt· I) l"S'.-1,. ,,hik lhl' l.1,1 1\\11 ot lhe~t· 1dde11"' 

,IIHl illlllllllH' H':-.poll'(') :111d n!Ot"illl' ;111i,i1, ((;0:000~,J'.!~H 

arc ,·11richt.·d in 1, pt· C l"SS,. < ;1ohi11 g-roup (( ;0:0001 ~,'.!II awl 
twn111gl,,hi11 n1mplt·x ((;():0011:,x:;:ii ,111· ,·nri,lwd in 1,pt· B 

l'.-1'.-1, l'IH·"· finding:, ,ui4),{t',t ,I p1dt'll'IHl' of diff,·n·nt 

t11nc1io11.d 11,llN rip1 g1oup, for ,pet"iti< ("S!-, t,pc,. 

Sirnilarh. for lr,rn,nipt gn11q" h.1wd on t·\'()(: lcrm,. \\l' 

h11d 1h.11 1h,·, prt'kr C( :-ri, h or (;( :-poor 11.rn,niption 
i11i1i.1tio11 h .1m,·work:-.. dq>t·udi11g on lh(· l'\'( )(: L11,·gon. For 

,·x.1mplc. 1h~m11,-,·,p1t·..,..nl ll.lll'<·ri111, tE\".\l·'.!'.!illlHl:~ a11<I 

J-Y.\l::!~80(Jt):i1 (L1hk 61 "·,·m to prder ci1hcr 1\ p<· .\ or I) 

TSS,. TIit' ,.iuw i, lht· c1,c for lr:111,n ip1, 1 J;i.,..jfo•d .1n-ouling-

Table 4. Basic Statistics on Relation of TATA Box Motifs, CGls, and Four TSS Types for HS17 Transcripts 

Category TSS Type 

Type A Type B TypeC Type D Overall 

Number of promotf'rS 9,269 244 357 JBS 10.255 

CGI 7,887 (85.09) [2.74 ' 10 
41 J 74 (30 331 f4_87 • lO ~) 86 (24.09) [9 58 • 10 11 8 ( 2.08) [8.82 , 10 1

] 8,055 (78.SS) [6.16 ~ 10 ~,JI 

No CGI 1,382 (14.91) [1] 170 16967) [1] 271 (75.91) Ill 377 (97.92) (ll 2.200 (21 45) [1] 

TATA 791 { 8.53) ! 1.63 • 10 31 45 (18.441 (143 10 1
] 106 (29.69) I 11 101 (26.23) [I) 1,043 00.17) (2_02 • 10 1

) 

TATA·les~ 8,478 (91.47) {1] 199 (B1.56) [1] 251 (70.31) [1] 254 (73 ni r1: 9,212 (89.83) [1) 

CGI TATA 574 ( 6.19) 17.00 ... 10 ~] 16 ( 6.56) [7.01 10 ll 22 ( 6.16) [2.99 , 10 )] 0 ( 0.00) [1] 612 ( S.97) [1.05 • 10 

(GI TATA Jess 7.313 (78.90\ [2 62 10 •'") 58 (23.771 p 80 · 10 ll 64 (1793) !ll 8 ( 2.08) 15.64 · 10 ·'J 7.443 (72.58) [431 10 

No CGI TATA 217 ( 2.34) !I) 29 (11.89) Ill 84 (23.53) Ill 101 (16.23) [I] 431 ( 4.20) [1] 

No CG! TATA-less 1,165 112 57J Ill 141{5779) [1] 187 (52 38) [1) 276 (71.69) !1] 1.769 t17 2S) Ill 

We present for each u1tegory (CGI. no (Gt, etc/ the number of case~ for each TSS type. the percen1 (in parentheses) of the total popula!lon 1n th.at TSS type, ,md the Bonferrorn corr~ted 
p-11alue (In brackets) calculated from a nght·s1ded F1she(s exact te~I based on the hypergeometric dis1nbu11on 
DOI· 101371/joumatpgen,00200S4.t004 
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Table 5. Enrichment of TSS Types in Selected GO Categories in Mouse 

GO Category GOID Term Bonferroni Co"ected p-Values for the TSS Types 

A B C 

Cellular componenl GO:OOOS833 Hemoglobin complex 1 74 • 10 • 

G0:0005579 Membrane attack complex 1 

G0:0005576 Extracellular region 4 79 · 10 · 

G0:0005794 Golgi apparatus 2.84 ~ 10 " 
GO·OOOS634 Nucleus 615 10 " 
G0:0005737 Cytoplasm 3.25 10 ' 
G01Xl05739 M1tochondr1on 1.23 10 •) 

GO:OOOS829 Cytosol 2.28 · JO l 1 

Molt-cul.u func lion G0:0001524 Globm 1.74 , 10 . 

G0:0005125 Cytok1ne act1v1ty I 1.98 , 10 

G0:0003677 DNA bmding 163 10 ' 
G0:0003723 RNA binding 3.38 • 10 ; 

G0:0003925 Small monomeric GTPase activity 1.39 , 10 

G0:0005524 ATP bmding 4.48 · 10 7 

G00005S25 GTP b1ndmg 1.62 10 

G0:0008565 Protein transporter ac:11v1ty 2.11 10 ' 
G0-0016301 Kinase dct1v1ty 6.82 10 

G0:0016740 Transferase activity 319 · 10 ' I 

G0:0006935 Chemotax1s 1.32 10 

G0:0006952 Defense response 3.12 • 10 ' 
G0:0006955 Immune respome 1.33 10 " 
G00006886 Intracellular protein transport 1.77 10 11 

G0:0007049 Celt cycle 3.66 10 

G0:0007264 Small GTPase-mediated signal transdue11on 2.76 , 10 ' 
G0:0015031 Protein transport 3.36 10 " 

The Llb1e !.hows some stat1stic.,tly signifKMt ex.tmples of b1,ued d1stnbut10n of tr.,nscnpts from d1fferen1 GO u1egones m ~c1f1c TSS grO\Jp<; from all mouse data 
[XX 10 1371/Journal.pgen0020054.t005 

D 

I 

1.24 · 10 

2.09 JO 

I 36 IO" 
5.11 10 , 

2.60 · 10 

tu l·,1nlio,.11,n1br furn lion (F\ . .\f:'.l~SOO:;; .ind E\ . .\l:'.1'.l'."")001~1) 

(L1bk I)). 

Conclusions 
\\'(· h.1n· i111rod11(·(•d .1 ditlen·n1 ,\,l\ 111 d1.1r.u knt(' T~S~. 

,d1id1 n11111t·, 1, TSS propcnic~ 10 rhe (~C nm1t·n1 of 1h,· 

i111111t·dia1rh 11p,1 n·,1111 and dowu,tt e.1111 rcgio11'.'>. Tl1i, imp Ii< -

i1h li11L, llu: T~S I\JH' wirh Pb Iii.ti ;ur 1t·,idi11g 111 1lw I SS 

11c..·i14hhorhood. \\'e wc..·n· ahk lo dl'!inc.11<· 11.111" ription 

i11i1ia1io11 a, liH" do111ai11' ill IIH• IIIOlhl' and hum,lll ge110111<·, 

.md ol,"•ned f11nd.1111,•1lfal ,imil.u iii,·, in tlw ft.Ill'< 1 iplion 

ini1i.11io11 ,utin_· dom.1i11' i11 the 1,,0 'll<'tie,. Looking 

,cp.1r.1lt·h ,ll th,·(~(: collh'III 11ps11ra111 ,llld do,,11,tre.1111 ol 

1·s~, I''''' iclc, .1 ll'<·lul J>a1 .1digm 111 ,·ie" , c11ai11 1>lwn11nw11.1 
in .1 dc;1n-r .md more rne.111i11gl11I 111,11111,·1. \\"t· lound ch.11 l\\o 

of 1ht• ISS 1,-pc..·,. l\"J)<'" (: .11ul ll. po"e" po,i1ionalh· ,en wdl 
dd11u_•d .\ 1-ri, h 1q.{it111' j :~~,. ~01 1el.11i\e to 1lw TSS. 

,11, .. a.:n1i11g lhl" .,.jg:11ifH,IIII ,oil" i1t .\r-ri,h '<'t(lll'l)(n ,11,h .,, 

l"XI .\ ho'.\t'' in the c11n1111I of l"SS\ ol lhe,e I\JH.°'. Our 
a11,1h·,j, d()( 11111<-·nh 1ha1 \·,11 JOl" i11i1iati11g: di111u leorid,·, ,how 

Table 6. Enrichment of TSS Types in Selected eVOC Categories and Tissue Libraries in Mouse 

EVOC ID or 
Ti11ue Library 

Terms Bonferroni Corrected p.Value for the TSS Types 

EVM.1280168 
EVM:2120010 
EVM.2270063 

EVM:2280037 
EVM·2280087 
EVM:2280063 
EVM.2250045 

14 

18 
24 
C7 

Lung, male. adult 
Whole body, mixture, embryo 
Thymm. mixture. embryo 

Aorta and vein, male, adult 
Cortex. mixture, f>mbryo 
Thymus, mi)(ture 

Heart. mixture, embryo 
Blastocyst 
Osteodast·llke cell 
LPS·treated bone marrow. macrophage 

ES cell 
LNef, lumor, adult 

A 

222 10 l 

3,05 < 10 2 

9.28 < 10 4 

3.43 · 10 1 

1.50 , 10 4 

4.99 · 10 2 

4.85 · 10 3 

8.20 · 10 1 

B 

4 56 10 " 
1 

Some ex.tmples of stat1st1CaJly significant enrKhment of different TSSs types 1n eVOC categories and tissue hbranes from all mouw data 
001 101371iJOuroal.pge,n0020054.t006 
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C 

3.13-10 1 

D 

751 10 
4.98 ,- 10 It 

I 
1 

I 

2.51 10 1
'' 
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Type 
Cl!A 
C.11 B 
C.ttC 
L.11 0 

& 

! 

068 

□ 

GO 10 Dncripl1on 

Total 
Number In 

category 

Overreprewnk!d GO 10 GO 0006-955 

. ., 

'"" 

D 
Call"go1y 

G0:0006955 
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ilO OH 

5'd 

111:lt, 

3.1'> 

~ 
C 

Change 
DfiH 

'SH 

4 "°' 
J'\r, 

Figure 6. Distribution of TSSs for Transcripts Related to Immune 
Response through GO:0006955 
There are 1.~8-, 4.85-, and 3.35-fold more transrnpts having TSS types B. 
C, and D than one would expect based on the proportion of transcripts 
in these groups in our reference mouse data. Enrichment is statistically 
significant for types C and D based on Bonferroni corrected p-values 
obtained by the right-sided Fisher's exact test (Table 5). 
DOI: 10.1371 /journal.pgen.0020054.9006 

\t"IT "Pt'<"ihc prdt'lt"IHn t,,r tlw rss T\)'t' .. \\t' ((111 .. idt'rt'd, .lit' 

pn·,,·m in -.1ali~tit all~ .. il,{nifkanr proportiorn, ol 1lw TSS-. in 

1111r d,11.i .. ,·r.. .. tml .1n.· ,ilm11 .. 1 .ill dilfert'nl horn 1lw n111 .. t'11._11 .. 

di 1111, lt-otidt·. \'t·n "P<'(·ih(" ,.<'t,. of i11iti.11ing: di11t1dl'ntid,·, .ir,· 
,l!'>"ot·ia1ed wilh diffen.·nl TSS typt·"· .rncl ,u11ou11dinJ4 (;(: 
conl(·JH j,. wdl lOirclalt.·d wilh lht· 1\pt·, of lhnt· di1111tlco-

1ide,. ·n1i .. "11gl,{e,1 .. lht• po1t·111ial pn.· .. t.·nn: of diffell'III l111 
demt·n1 ... 1hat 111;.1\· ht.· drnrat"te1 i!<oli< lor t'ad1 of 1he J"SS 1\ p, ... 
.111d ., .... m i,,tt.·d wi1h ditft-n·m mu..:k111id1: t h.1r.tt 1cri .. 1 it, ol 1h,· 

.. urn11111dinl,{ <l<1main. 

\\",· han· '°'huw11 lh,11 diff<·n·nl I SS t\"jH''- """rn·i.1ft• with 

dilk1rnt Pl-~"· 1h,11 1t·g:io11 .. up .. rn·.im ,llld do\\ll,ll"t'.tlll ol 
difft·n·111 TSS 1rpn an· d1;ira, 1,·ri"·d II\ dilJernll I olk, 1 ion, 
ol PF ... and lh,11 lht.· p111ati,e PE <olH('lll (101 lht' lop!()•,; ol 

Pb) of 1lw TSS ,urrounding:, 1-{ennalh difkr,. fnr !h(' rss 
Hp, .... :\II 111,·-.c liuding:,. ,111-{gc .. 1 likeh n1111rol ol lilt" 

rl',.pt·11in· 1t·,1mnipl!,, In· clitten·n1 tolledion, ot ,ignihc1111 

Pb re .. iding: up,rn•,1111 or down,rn·.1111 ot 1he TSS. Our re .. ult, 
011 TSS prop<·rtit•._ rd.1liH· lo C(;J,. T:\T.\ hoxe ... and Im 

dt·11a·11h in lllOll!<.l' ,lllcl h11111;i11 ,.11ggt.·,1 !<oJH·t·i1:,-!<oJH.·cih< 

,1dap1.11ion. Finalh-. W<' haH' .. hown a numher ol t·xampk .. 

ol lran!<tnipt g:roup,. oh1;111wd 011 1h,· h;i!',j,. ol dilfrrcnl 

oJJtolo){it•._ or 1i .. ,.11t· lihr,tril'!<. 1h,lt h,1n· .. 1a1i,1ic,1lly .. igniht,1111 

t·11ridtmt·11r i11 at le.1st ont· ot tilt.' TSS t~pe,. Thi .. h.1, pr(J\i<kd 
.1 link hel\\'l."t'II TSS d1,1rancri .. 1in and t·xpn·-. .. ion data. 

·:@.'. PloS Genetics I www.plosgenetics.org 0011 
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\\'c hclit'H' 1h.11 !ht" rc,.ult .. 11f lhi, ,111.1h,i .. ,, ill hdp in lw11er 
u1uler,1.1nding: 1lw g:,·ner.il rran-.t riprion rq~ul.11io11 proper­

ri,·, 11f 111,11111nall.1n pn1m,,1,·r,, and pr<l\t' u,(·fol 1'11 tm1hc1 

dc,clopmenl ,llld e11ha1Ht·mc111 1 ► 1" pro111c1lcr and g<·nt· 
pn·din111n 1001 ... 

Materials and Methods 
TSSs. \\'(· 1011,11w 1t·<l l\\,1 h1ghh .u l 111,lll· ,,·i-. (111a· !111 1111111"· .rnd 

,,1w 1111 1111111,111) ,,1 Is~ .. ;uul ,,I 1lu: p1,,m,,1c1 ,,·,1111·1111·, 1 <1\ni11g 1lu­
"P·•n I- 1110. • Jllfll n·Lu i\t' 1,, 1h1·""· I~~ .... I hn(' 1l.11,1""·1-. .111· .1\.1il.1hk .11 
lnq,·/hHH,,,.mlu.,11.,.1 .11111 \H'H' oh1.1i1u·d ,t, lnllo\\, II llu· li1,1 Y 
lltll ko1i,k nl lltt· (:.\(,I-. I.lg 01 ~,' di1.1g tl11q1·//l.111lo111'.I J JI-~"' .I 1Ll'11 jp/ 
c1g1·_.111ah,1,lexpo1I) 10111t ukd ,,1th 1h1· 111,1 ~,· 111wko111k ,,I tlu­

f11ll-lt-11i.;1!1 1 If\.\ (h11p:l/l,11111,111.t.:-...i ., iJ...,·11.g(1.1111d11\, ul,1.11Lh1111I). 1lw 
J~-., ck1t·11111u1·1I h\ 1111, 1,1!-; \\,..., ..,.-Jn1nl .\1 .... ,, 111 l,1,1·, ,,ht·11 1h1, 

111111li1ic111 1li1I 111,1 h11ld. \11· ,d1·1 l1·1l ·1 "',~, l,,,,.t·d 1,11 tl1e f,1!1,1,,111\!; 
1('1p111t·111t·11i.. !hi' l "',~ i, .1 lt'!'H"t'Tll.lll\t' ( "',~ lu1 ,Hiu11 110111 ,I I.I~ 

1 l11,r1·1 1h.11 h., ... 11 lt-a .. t 11·111.1~,.1hc rqnt· .. 1·11t.t1i\1' I'-,~ i,,11pp•1n1·d In 
al It·,,,., ,1, 1.1g,. ,11ul th1·1t· i, .11 lt-.u,I •i1u- orhn JHt.'tt· of 1,.m,., 1ip11,111al 
t'\ i1h-m 1· .1,..,.11 i,111·11 \1i1h 1l1i, 1ag 1111-.1,·1 c1·,pn·"t"'l "''1llt·11n· 1ag. !11ll­
l1·11gth I J>:\.\. 01 long ~.\( .~.: J11q,:IIL111l<>IIJ.g" .I JL1·11.~"-JPido\111!0.td 
h1111IJ 111 1li1, ,1a\, ,,e ,c1111pil1·,I ,I 111,11i...1· 1d1·1n1n· p11,111,,1,·1 ..,d 11f 

'.)!l_l-,fi 111•1m,,11·,,. ,uul .1 lmm,111 1c·l1·11·1111· p1,,m,,1c1 ""' ol lu.:!:-,:-, 
p10111011·r,. I h1· .. 1· 1\111 "'"' ,tH· 1i...1·d 1111 .ti! 0111 .111.,h,1 ,. 

R:111d,,111I~ ,dt·l tnl ))~.\ .. t·q111·1111· .. ftn111 JIIOll'l' \\t·11· u,l·d ,1, 1lu· 
h,11 L~101111tl 'l"I ln1 a11,1h,i~ oJ IF h1mllll)..\ ,jlt',. in 11Hn1,t· JJ11>111oh·1, 

I h,·,t· ll"-.\ "·qu,·mt·, \H'1t· :!HO hp 11111)..( .rnd ,d1·11t·d 1.111do111h 110111 

.11! m1111,c 1h1011111"1111c·,. \\ilh 1lu- 1111111h1·1 ,,t ,1·1111t·1111·, 11,11n t·.11h 
t htc1111o"JJllt' p1op,n11011.1I lo llie leng;llt ol the 1l11,11110 .. 0111t·. 111 1t11.1! 
wt· -..;•11·1 !I'd 11.000 ,,uh 1,111cl11111 D\:.\ ,.,.q11t·111 n dl.11.1,1·1 ."', I 1 

TSS 1ypes. \\"1· d1·l(·1111i11nl lhl· (;(. 111111n11 111 thl' I 11111. I! 1q,:i1111 
,llHI lltt· I• J. · JOO] I q,\1"11 1d,tlt\l' (11 I'-, .... l<it ,11 i,111 J,11 l',I( h 111di\ id11.1I 
I_..,~ I Ii,· I~~ 1, 1 "1i...id1·1nl 111 Iii· l1e·11H·t·11 p,1,i1i1111, I .11ul •I. 1 IH' 
UJl\llt',1111 tll dt1\\lhl1t·.1111 ,t·~lllt'lll ''·" tld111t·d .1, {;(.-1i1 IJ ii(,-+ (. > 
.-,o', in 1111· 1q.:1011. (hll1·1"ht'. 1lw 1t'g11111 \\,l!oo dd11wd .1, .\I-11th 
F,1111 l\p1·, of l~"'i .. \\1·11· ddi1wd h.1,t·d ,111 1lw (,( 1i1l1111·" in 111(' 

11p .. r1c,1111 ,111d 1l,1\\l!,.t11·,1111 '1')..:llll'llh ,1, lollrnn ( I ,thlt- I J: 1, p1· .\. (;( :-

111 Ii 11p,111·.11n ,11111 d,m11,11i-.1111 ((;(_-(;(:1: !\pt· H. (;(-11th 11p,11c1111 
,uul .\ I -1 id1 dm,11,tJT.1111 t< ,(.-,\I 1: r, 1w ( ... \ I -1 uh ll(I\IH·,1111 .md < ;( .-
1 i1 Ii tl,1\,1\._llt',llll (.\1-C( ): ,111<! !\pt· JJ. \l-1i1h lljhflt',1111 ,llld 
dm,n .. t1t·.1111 c\1-.\lf l-.;uh I'-,'-, c111 lw 1t·p11·,t·111nl ;i, ,I point 111 

1lw ,~, pl.uw. \,hn,·, ( ,1nc·,p111Hh 111 lhl' ( ;(. 1111111·111 up,111·.1111 ,11ul 1 
,011t·!<.po1ul,. to llu· (;(· ,01111·111 do,,,...,111·,1111 ol liu· 11111,uk11·<l IS~ 
Fo1 111•>11,1· and h11111.111 1h1·,e di,11 ih11111111, .11c· 1ll-pi11nl 111 h~uu· I.\. 

TF binding silt."8 in promoters. \\"t• 11,('d .11l .n,1il.1hk 111,1111\ 111odel .. 
ol IFB._,, ,0111.1i1wd in 1111· IR\,~l-.\<: 1'1uk._,,.,11al tH·1,1n11 s.f! 
d;i1,1ha...i· Pl j ,nu! 111.,ppt'cl 1lu·111 10 lili' t·,11,u kd ,np1t·111t·,. \\',· 11,t"d 
111111..,l \I p1nhk, 101 lht· 1h11·,hnld Ill !he 111.1111~ mmll'I, ,i111 l' !lu·w 
l·1mt,ai11 Iii<· c1p1i111i1t·d 1h1 nhol,I ,,11111·, lt11 1hc· t ,,1c ,111d 111a11 i, ..,1·,11t·, 
IY!! I he 1l11nliold, in 111111"',l \I ,IH' h.1,1·d nil opli11111.IIL1JII 1h.11 
p10, 1d,·, lhc· 111i11i11111111 .. um ol Lil"· l""ili\t· ,11111 Lil"'· 11q?,,tl111· I I-BS 
p11·1l!t 11,111 ... I 11 dt·lt'lllllllt' I he t1\l'l lt'Jffi''l"lll,t11011 ol I I· I\."',, louncl 111 

1l11· 1.1rg1·1 ,1·1. \\(' 11,,·d 11!1· 111,·1hod nl B.1ju ct .ti. I l.w1J .. \II ·1 FH:•,... 
111,1ppecl to 1.11y;1·1 p10111ott·1, \\l·1t· 1.1111..nl h.1,1·,! 011 1h1·11 ()Kl .t, 
ddtnt•tl II\ H.qi1 1·1 .d.11.-,j. hJJ"(HU I 01 tlo...i· to 1hi, ,.1h1t·, tlw11· I" 

111, ,1\1·11qu,· .. t·t11,11io11111 tlu· 111,1111 111 1lu· 1.11~1"1 p11,111111t·1 ~11111p. \\ c 
.d .. o n1i111al1·cl tht· liL.1·lihornl ol .,1,,.,·ni11i.; llw-.t· 11-H~ .. 111 1h1· 1.11~1:1 
,i•t 11,i11g; 1hc h:11J...g1,1111Jd 1.111d,,111 p1•m1.,1t·1 "·t .,, .1 1d,·11·1111:. llw 
1111ll ln11111la·,1,. n,I" 1h.11 tlw 111,1p1111i,111 ,d ,e1111nuc,. 111 1111· 1.11).{1·1 ,1·1 

111 \,hHh .L p,1111111!.11 l'l- "·'' ln1111tl "·'" tlu· ,.mu-.,, 1h,11 i11 lht· 
hal J..~n1u111I ,t·I, 1111· />·\ ,il111·, \,,.,,. , .11, 11l.11t·d 11,illj.{ 11gh1- .. 11lnl 

Fi,111·1 ·.., t'X,H I 1t·,h h.1"'l·d 1111 It\ pc1y;n1111d1 ll d, .. 11il11111,111. I ht· 

011i.;111;il /1-\,1h11·, \\I'll' ,11hj1·1 ft•d 1,, Ho11J1·110111 c Ollt'llJOll lt11 111111!1-

pli, II\ lnting II !111· lo11n tt·d /1-\,1[111· ol 1hl· p:111n11 \\,1, 1101 ~11·.lll'I 

111.111 fl.I)~,. \\l' pl,ut•cl ;i plu,. ,.j~n .1lln tlu· ()I{( \,1liw 111 1111· 111m11lnl 
1.d11tl.11 1q1,111,. 

Mosl significant PE.•. h11 c1,h ol 1Jw .,..,~ l\f"'" 111 11101i...1·. \q• 

.111,1l,1<·d 1h1· 1:-,11 1,,11-1.111!..1·d I'~-" 1h.1,("(I ,,11 1lw ,,1lun ,,1 ()RI). I h1, 
1t-pH·,1·11t... .1ho111 JO'; ol all f I. I:!~! l'F, ,111ah1t·1l. \\'1· ,ti.,,, 1c-q1111t·d 1h,11 
1ltt· l'F, li.1,1· .111 <HU ol ,t! 11·.1,1 I:-, .rnd 1h.11 th,· l'l-: he found in .11 k.1,1 
10', ol !he 1,11).{l'I ,.t..llllt'lltn. lkl.lil .. ,nt.· 1·xpl.1i11t·d in ·1 ahlc•,. ~I-~:~ 

TATA boxt"S. 1 lu· I.\ I \ ho, 111udd 11'l·d ,,·,1, ha .. 1·d 011 th.11 ol 
BudHT l'.l:!j. I he 11111',hultl ll"t•d "·"' O.i:,. \\lult- ,.c 1111· \\,1, 1101111.1li11·,I 

ht·I\HTJI 11·1 o .111d 011t· L111.1l11gou, to B.1ji1 1·1 .11 1:t111. \ I.\ I.\ 111,, \,.1, 
c11m11lt-1,·d <lt'lt'111·cl ii tlu· IIJ.1"11111111 ,,dill' ,,I 1hc ,.lOI<' i11 Ilic 1 :-'ril. 
-II 1t·g;1,111 1,.1, hight·1 1h.111 tilt' lhH·,hold ()nh ,nu· I \I.\ h,,, \,,1, 

;i ...... 11111{'/I III thl' ! :-,o. 111q{irn1 
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eVOC, GO, and tissue expression libraries, 111 c,1dt·1 1,, .1,,t·" thl' 
h1olog1t.tl ,1;.:111ltt.111u· ,11 0111 lS~ ,l,",i!H,111011 ,\,tt·m. 1,1· ,1 .... 1g11cd 

IS~, ,Ii t 111d111~ In dil11·11·111 (;() ,111(1 c·\'( )(: ( ,\lt·g!IJ i,·-.. ,J, \\di ,1, ti"111· 

hhr.11ll'" 111 1-.\'.\ 10\U ,,illn·1io11 d111p.lll.1111om g:-.t 111..en gn.Jp/ 
duwnl11,1tl.h1mlL <;O-F.\'.\ l'O\I 111.1ppi11g d,11.1 1,.,., dmqdo,u!t-d hum 
111,· W.IK.1'.'.\ Wd1 .. it,· tl1p:fll.1111o1111.g.,,.,il,.t·11.jp/F.\'.\ l<>\U1,111rn,1.111,,11/ 
f.1111n11ull1-:l,O/a1111tlat.1.l'.'\l.l41/. flu· ,•\·o,: .,,,1t·rn ,ow,i-.1-. nJ ,1 ,,·1 nJ 
1111h,1;.:011,1l 1011f1J,1lnl 101.1h11l.111t·, 1h.11 1111111 gc111· t',p11·.,,i,,11 d.11.1 
h1 111,1ppi11g: IWI\HTII !ht· g:t·11011u· 'l'tpu·w c· ,111111·x1111·,..,io11 ph,•rnlf~JH' 

i11f01111.11io11. 1'11c t•\'O(: hnm.111 ,111,1I0111\ 0111nlng1 I U! .1111! th,· m·hh 
,k,d,,p,·d 111,,u,1· ,1tla1l1 a!lll 1k1dc1p1111·111al ,,111,,l,,gic·, 1l111p:l/111111. 
,•11Jt·1>11tol,1g:1 ,,rg! h,l\t' 111·1·11 mapp,•tl 1,, 1h,· 1-.\'.\l(}.\J'.\ l1ln,111 

,I,·.,, I i111 i,111.,, J'I'" 11lit1!,.\ ,t hi,·1,111 hit ,11 lt'llll'"l'lll,11 i,111 ,,! I r,-.1u·,. t c·ll 
I\J>t'\, ,Hid 1k1t·lop11w11tal -.1,11-:1· i11ln1111.11io1L 1111, .tll,rn, Im ,1 
,1.1ucl.11d11c·cl .111.1h-.i, ,,I ~1·1u· ,·,1,r,·,.,1011 .111d p10111,,1n p1ohk, 
1111kp1·11d1·111 111 1111' ,,11µ;i11..J a11111,1;1t1t111 \111.dml.11~ ,1,,·d 111 1'1c 

,11 iµ;i11,tl d.11.1,,·1 
Fo1 1lu· µ;1·1u·1,111011 oJ !lit· 11·-.ull, p1t·.,(·1111·,I Ill J.1hk "ti. ,11· lht'II 

111111111,1µ; ~1·111· g1•HLJ" lwt\11·,·11 m,111:,,.1· ,1rul h,1111,111 a, ddmt·d ,11 J11i:/I 
llJUH In nih g,1\/1111h/H,,111,,l,,<;,.11t· 1·ahk <.;:, 1,11 1rn,11"· ,l.11.1 t ,,,11.1im 
,1.11i~111, ol .1II (,f) .111d 1i~ .. 11,· 1·>.p1t·"1or1 lil11,11'11·-. 1111111 L\'.\ 10\t:I. 
1 011q1lc·111n111·d h1 1111· Ko11J,·11011i , 0111·, 1t·d /1-,,1lue o igl11-,i,kd 
l-i-.111·1·, ,·,.111 Int h.1,ed 011 111 pnµ;l'•111w11i1 di,11 ihu1io111 l,11 1111· 1111ll 
lnp,11111•,j., 1h.11 111,· ptJ1pc111i1111 ,,I 'IS"'i, ,,J .1 ,p,·,ili, r,pt· i11 tlu· 
, <111-.i,lr1etl ( ;()/t1.,..i11· lih1,11, i, 1lu· ... 1111t· .1, 11 h.11 c1111· l ,ll! t'\.)lt't I l,,1.,,·,I 

1,11 1lu· cli .. 11il>1111,111 111 1Ju·-.,· I:-,~., 111 1111111'1'. 

Supporting Information 
Datakt SI. :-i11ppk1111·111.111 '.\111q>11,111111c·1 lJ,11,1 

l-ouwl .11 IH>I: JO l'.l'il/1m1111.d.pg1·1100:!00.)l.,dOOI (:! . .l \IH /ll'J 

Figure SI. :\11111lw1 ol I~~ .. of 1111' h,111 I ,pc·, in lh1111.111 .md .\louw 
(;<·1111m1·., 1111dc·1 1111· (.h,111~,· ,,I 1'.11,1111t·h'1" 

1\111c·. gn't'II. l(·tl. .ind light hluc to1n•,po11d 10 l~:-i-. nl 11p(· .\. It C. 
.111d IJ. 1,•.,pc·1 ti1d1. F,11111 g1.1ph, 111 tlu· h1,1 1,m \\t' ,1h"·1,I' 1h.11 

"hn1 1tu- l,·11g1h ,,t lht· 11·g;i,,11 ,,,11,Hlt·11·d ,h.111gi·,. 1h1· numl,c·,., ,,t 
I~~ .. ol 1lu· diHc·t,·111 111u·, 11·111.1111 almo,1 1111d1.111~c·,I. Wt· , h.111~c·d 

ilu· l,·11g1h ol 111i..111·.u11 .1111I du,,11-.1u·.u11 u·µ;in11., !1nm I ,. ] [ ,11111 l · I. 
1,].1t·,pc·cti1d\. 1,11h ,.du,·-.ol, hmu ."101,, 1:)0, h,,m ~1.1pli, i111h1· 
.,,·toiul 1011 \H' oh'ot'llt' 1h.11 1ltc· 1111111hc1, "I l~S., 11itl1111 !ht' 10111 
1,pc·, g:1,1du.tlh t hang,· \\ilh 1111· t h;111g1· nl 1!11nllold J111 c ,C 101111·111 
\\'c• d1.111µ;t·d 1hi, thrnhold '10111 10•; ti, 1i41'; 

hnmd .11 U<H: Ill U'il/1ou1n.1l.pg1·11.00'.!IIO.ll.,gOOJ c'.!I Kl\ l'lJl·J 

Figurr S2. Di,11 ii nu ion, ol I h bnrncl fo Jk ( 0111111011 ,1111011µ; lltc· I op 
l.~llJ l'h in< 1111111,11i"111, ,,I l)ifll'lnll l"I~ l\111·, 

L\I ('nmp,111._.,11 nl 1\pt·, .\ :11ul H 11p-.1u·.rn1 1t·)!;to11, 
(HJ (:0111p,iri._.,n uf t,pn H ,uul I) d111111,1n·.1111 11·gio11, 
1(,J ('omp.ui-.,111 ,,t 1,,w., .\ ,111d t· cltm11-.1n·,11111q.:1,,11., 

d)) {.,n11p,11i,011 ol IIJll'\ (: .11111 I) llJl'IH',llll lq~io11, 

Found .11 IH II: )II I :l'i l/1nu111.1Lp~1·11.00'.!00.-> J..,µ;00'.! 1 10 Kl\ 1'1)1- J 

Table SI. L1 .. 1 nl I "I' I :>o l'h I h,11 .\pp1·,t1 \\ i1h a Fu·q111 111, ol IO', 
01 (,11·,1l1'1 Ill l'\"ln·.1111 .111d On1111,l1t',tlll R.t·)!;JOI!, ul 1)1!11'11·111 J~, 
('.,11q,:u1i1•, 

(,otnp.111"''* ", .111it'II uul .1g.1111.,1 ,I h,11 kv.101111d ,,j J,tllfl<1111 111,,11.,,· 
~c·,111t·1J1c·~. W.,mkin).\' i, h,1-.nl 011 ()W.I ,,1hw. ll11· l11i-:hc1 liu· ()W,J. till' 

highn !ht· 1.1111.. \\'(_· p1t·'('III 1n11li.. 101 lht· lour I~~ 11111·., \.\. l\. ( 
,111d OJ. h,1 1·,1tb l'l:-. 1H· gi1t· th<· ,11a111! \\h1·11· 11 1, lou11d ( r I 01 I 1. 
11,lllll' oj '11·1\"'i. ()W,I \,1l11C'. pt·1,1·111.1g<· ol p1011101t·1, 111 tlll' Lllj.{t'I .,t·I 
th.H ,,,111.1111 lilt· l'L pt·1t<·111.1g1· ,,I \l'tjllt'llt't·, in tilt· l1.ul..g11H111d "'' 

lh.11 111111,1111 1)11· Pl-.. p1oh,ilnli1, 1JI l111d111v. tllt· Pl-. 111 1111' t.lll,.\"t'I ,t·I 
(V,i\t'll ·" 0111· p1t·di1 lion pe1 11111 h•o1idt•1. p1nh,1hil111 ol llwling llw Pl­
in 1h1· h,1t'k1-:101111d ,,., (gi1t·11 .i-. ,11w jllt'di, 11011 p1·1 11111 ln,1id,·). ,tml 
Bonlt-11011i, c1111·\ inl J1-1.1hu· .. \ plu., ,i~11 ,ultlt-d .il1c·1 1!a,· ()I.U 1.dut' 

i11d11 ,1ln 1h.11 IIH' l'l-, I, 1·111 It IU'd 111 ,l ,t.lli.,111 .111, ,1j.!,11ifi1 .1111 111.1111i,·1 

,II th,· lt'1d 0.IJ:) .. \11110-.1 .di 1op-r,111kcd dn11(·11t, appc.11 ,., b,· 
,1.11i-.111.dh -.i~111lu,rn1h n1111!1e·d 111 1l1e· 1.11~1·1 "·1, 

l·n1111d ,II ))( )I; I/J. I :l'i ll]Cllll 11.d.pg,·11.00~00:l I ,100 I d'.!!I KH l'l>l· 1 

I .. 11/11~1' Y.1111.1~h11,1 K. "i!l:!,,11"' ... '\.1~.11 I,. 1:!0tJlf 1,n1 .... l).u,1h.,~,· "I 

r1.111,,11pc1,,11,1I ,1,111 ,1l(Y 1'1,,g1r,, 1<'1""' :!PO I ,w ln1 \, Jcl, K,·, \:!· 11;.-.. 

111-41 
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Promoter Properties 

Table> S2. ( :,,111111011 .111d "'Ip,·, du I Fn,, in 1111· I-our I~~ I, 1><·, 

l'b,, ,11,· 1 ,,mp,11t·tl 1d,111u· to lhl' -..mu: (,(:I It lml·,-. .11ul -.;1111e l,11 .111,111 

(llp.,111·,1m 111 do\\11,11,·.1111) 111 <hlll'll'lll IS~ 1,pe, !lit· .,,~11., phi, 01 

11111JL1, indi, .th' \\hethn Iill' l't, 1,.,., lound lo ht· -.i~11il1t .11111~ c11111 hnl 
111 till' 1011,ult·1t·d 1q?;io11 lot tlw 11111,idcu·d l"t"'i IIJI('. h11 t'\.,1111plt•. 

1h1· 11, .. 1n,]11111111,d],1,,1. 1,IJ11h .,1i,,1,, ,,1111p.111.,( ► II l,e111,T11 111,· .\J. 
111h(l,rnn,111·,11111(0111,1111, in IS~ 11pc·, H ,UICI JJ. ,,,111.1in, a n,1111111111 

dl'IIH'III dn1011·tl .1!-- •· · 1'.i.. .. 1111-. 1111·.111, 1h.11 1'.1, 11.1-. found 
.,,g-11il1t;1111h 1·11tilll(·cl lnr lht· B hp('. liut II., t'llli(illlH'lll 1q, 1101 
,1g11ilu.rn1 1,,1 I) 1111<· \\l1t·11 ,111 d,·1111·111 1, u11i11u,· l111 1111c· ,11 .111,,1lll'1 
g1,1up. 1ht·11 11 i!o, ,1-.,011.l[t·d ,ml\ 1,11h ,111t· plu, 111 mim,., .,,gn, 

hnmd ,ti IHIL: Jo 1·\/ll1ou111.il.p•,.:t·11.rnl'.!0U:1i...100~ 1:1.l KH l'l>l-). 

Table S3. l.1,1 ,,1 "'i1µ;11il11 .1111 l'l-.!o, l '11i111u· .H1tl C:J1111111i,11 1111 Diltn,·111 
I~~ I, p., . ., 1n tlu· l p.,1,,·.1111 .md 1>111111,111·.,m "iq~111e·n1-. 

I ht· ,dlo11 highhghtc·d l I·, .111· 1111i1pu· 101 dlt' t 1111.,1th-11·tl g:111111i.. 

,1111'11 (11111p.11ed 11ill1 ch,· ,.1111t· up .. 11t·,1111 01 tl111,11,11t·,1111 "·g111<·111 ,,1 
.1w,1lu·1 1·-;s 1,1u· ui1h 1lu· -..rnu· (;c: 1i1 hn,·-.., 

l-n1111d ,It IH II: ]O. IT/l/1011111.1!.pg-('ll CUl~uo:, 1.,100'.l i Ii Kl\ 1'1)1·' 

Table 54. ( ,<) ( .• 11t·g1111n I lt.11 l'1e·.,1·rH· h1111 hm,·111 111 "'ipt·t 1h, l ,, 
l,p,·., ht:111cTn ll11111.111 and .\(,11"c· 

\\',, 1 ,,11.,itit'Jt'tl ,mll tho.,,· 1,,, \\ ho"· g1·111·L1h·d II ,111.,, 11p1, hdo11g 1<1 

lht· ,,l!lll' llo11111lng1 g1n11p .1, dd11u·d OJI lht· .'\( :nt \\'di .. 11c· it1p.lll!p 
11, hi 111lq~'" /puh/l l,,mol11l,c11,·1. \\'r 011h 1 011.,idn,·tl ( ;t) l a1,·g11rk., 
1h.11 1,1·11· 'IIJ'JIOI 11·d In .11 lt·,1.,1 t>ll I .'-1."'i., .uul 11hnl' llw l,llj.{C'I I~~ 11 pt· 
11," ,up1w11C'd I" ,11 k,t--t 1!111·1· l~"i ... 

!·0111111 .11 IHH: IU.JY/l/]'111111.11.pgt·n,CJll'.!II0;,h100I t!lli KH l'l)l·1 

Table S5 .. \II <;(I ,111d I 1"111·-,pn tl11 L1hr.1111·., 11 i1h IJi,111h1111u11 ul 
I ."t~ ... 11 10.,., tlu- hn11 I ~S I Ip,·, in ~lou..i· 

lht· t.il,k ptt'.,t'Jll\ Ilic 1,,1.11 11t11nl,t·1 c,I l"i'-1, :1"•11i,t1t·1l \\llh 1l1t· 
1.11t·g:,111 ((,() 111 1·,1uc·.,,1J111 ]1l11,11, ), rht· 1111111h1·1 of 1..;~., ,,I i11dl\11l1ul 
1..;, I\\W. clu· p1·11c·111,11-:1· ol I~..,., i11 1h.11 l'-1~ IIJ>t'. c·11111h11u·111 ol 
l."'i"t, 111 lhl' I'\~ 1\pc· n·b1111· 1,1 \\h,11 ,.111 ht· c·,pt·11t'(I l>,"t·rl ,111 tilt' 

d1,111l11111,n1 ,1/ .,II I~..,, i11 1111111,c· ,It 1,,._._ .111 11,111 l~S IIJ>t·, .. mcl 
H,,11k11,111i ,c111,·•1t·cl /1-1alt11·., 1,il,111.unl l>.1"·d ,111 ll)!,hl·.,1tk1I ti--11• 

,.,·., c·,.11 I h·,t.. 101 1h1· 1111ll l11potl11·,i, 1h.11 tlu· l""P"11i1111 nf ·1~'-I llj>I' 

lou111! 111 1/lt' 1.11gt·t gtnup "1h,· .,,HIit' ·" 1h.11 ol thl' )!,t·111·1.d 111011,,· 

il1,111h111i1111. F,11 n.:;uupk. lht'tt· .111· '.!.-l:, 1r.111,,11p1, ,h-.0,·1.lll'd llilh 
(,O:OOoti~+:1.-,. ()I 1h,·.,,· . . ~,'.! 11,,11.,,11pi.. h,1\1' ,1 I~~ nl 11p1· (,. hn clu· 
111111111n oJ 11.111" 11p1, 111 1h1., ( ,(), ,1h·µ;,11,. 1111t· n,,111'\ c;,..p1·1 t (lllh 11 

11,111.,,1ip1, "ith l~S, ,,I llpt· ('.. ·11111,. in 1hi., (;() 1,11t'gol\, \\t' h.1,,· 
I ~.-l-1,,ld t'IIIH l1111c·11I ,,J t1.111,t 1i111-. ,,J Ehi, 1\pt· (t ,,111p,t1c·d 1111,11.11 \\c· 

1101ilcl c·xpn I h,1'1·d 011 lhc <11-.11 d1111io11 nl .di 11'.tll'I ript, .u 111.,., 1h1· 

lc,ut 1,~ I\Jk·,1 II 111 ,1111 .,j flu· l,()Jt,\'(){ t,1t1·g,11i,·., 111 '""111· 
lil11,11it·~. ,II k.1,1 011t· of tht· I ~S group-. ,,I 11;111.,, l'lpi.. ha, 1·111i1 hmt·111 
th.11 I\ J.:1-lold 01 g1e.11t·1 1h.111 th,· t'\,Jh't h•d 1,1!11t·. 111· to11 .. ult·1 ,w h 

l~'-1 t\pc· 11\nrq>1t''ol"lllnl 

Found ,II J)()J· IO U/IIJ<Hllll,tl.p;.:1·11.CJO'.!IIO:,l,100:, r'.!~I \II\ 1'111-l 
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Appendix III Correlation coefficients of genes showing biased 
expression for the developmental brain in human and mouse 

The correlation coefficients of the 90 genes showing bias for developmental 
expression in the human and mouse brain. The table lists the HomoloGene 
group identifier, Human Entrez Gene identifier, Human Entrez gene symbol, 
Mouse Entrez Gene identifier, Mouse Entrez gene symbol and the correlation 
coefficient between the expression profiles of the genes in each species. 

Homolo- Human Human Mouse Mouse Symbol Correlation 
Gene ID Gene Symbol Gene coefficient 

7516 389075 RESP18 19711 Respl8 in mouse, only 
expressed in 
brain 

78698 387876 LOC387876 380653 Gm872 in mouse, only 
expressed in 
brain 

81871 56751 BARHLl 54422 Barhll in mouse, only 
expressed in 
brain 

10774 57045 TWSGl 65960 Twsgl in mouse, 
expressed in 
all tissues 

27813 84865 FLJ14397 243510 A230058J24 Rik 0.646 

16890 399664 RKHDl 237400 Rkhdl 0.548 

2880 8835 SOCS2 216233 Socs2 0.531 

1933 5050 PAFAH1B3 18476 Pafahlb3 0.531 

55434 1289 COL5Al 12831 Col5al 0.519 

7291 10683 DLL3 13389 D113 0.471 

84799 22835 ZFP30 22693 Zfp30 0.471 

7667 1154 CISH 12700 Cish 0.458 

32546 64410 KLHL25 207952 Klhl25 0.447 

17078 387914 TMEM46 219134 Tmem46 0.447 

32293 51018 CGI-115 67223 2810430M08 0.440 
Rik 

1871 4760 NEURODl 18012 Neurodl 0.439 

56774 54751 FBLIMl 74202 Fbliml 0.417 

68973 1663 DDXll 320209 Ddxl l 0.408 
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Homolo- Human Human Mouse Mouse Symbol Correlation 
Gene ID Gene Symbol Gene coefficient 

37917 1293 COL6A3 12835 Col6a3 0.408 

55918 6882 TAFll 68776 Tafl l 0.378 

10695 57120 GOPC 94221 Gopc 0.316 

14128 91107 TRIM47 217333 Trim47 0.300 

68998 170302 ARX 11878 Arx 0.300 

12418 124056 NOXOl 71893 Noxol 0.289 

55599 669 BPGM 12183 Bpgm 0.284 

45198 65117 FLJ11021 208606 1500011106 Rik 0.284 

18123 140730 RIMS4 241770 Rims4 0.277 

65328 7559 ZNF12 231866 Zfpl2 0.273 

68934 57016 AKRlBl0 14187 Akrlb8 0.258 

65280 286128 ZFP41 22701 Zfp41 0.258 

22818 29850 TRPM5 56843 Trpm5 0.258 

10663 57171 DOLPPl 57170 Dolppl 0.251 

45867 139189 DGKK 331374 Dgkk 0.240 

17523 115290 FBXO17 50760 Fbxol7 0.207 

4397 8971 HlFX 243529 Hlfx 0.207 

2212 6182 MRPL12 56282 Mrpll2 0.194 

11980 84262 MGC10911 66506 1810042K04 0.167 
Rik 

26702 93109 TMEM44 224090 Tmem44 0.149 

56571 26503 SLC17A5 235504 Slcl7a5 0.141 

7717 24147 FJXl 14221 Fjxl 0.122 

18903 440193 KlAA1509 68339 0610010D24 0.101 
Rik 

1028 1606 DGKA 13139 Dgka 0.101 

4983 10991 SLC38A3 76257 Slc38a3 0.055 

9813 55627 FLJ20297 77626 4122402022 0.055 
Rik 

1368 1054 CEBPG 12611 Cebpg 0.055 
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Homolo- Human Human Mouse Mouse Symbol Correlation 
Gene ID Gene Symbol Gene coefficient 

64353 126374 WTIP 101543 Wtip 0.026 

12993 84217 ZMYNDl2 332934 Zmyndl2 0.000 

7199 11054 OGFR 72075 Ogfr 0.000 

46116 401399 LOC401399 101359 D330027Hl8 0.000 
Rik 

7500 5806 PTX3 19288 Ptx.3 0.000 

413 353 APRT 11821 Aprt -0.026 

49899 143282 Cl0orfl3 72514 2610306Hl5 -0.026 
Rik 

12021 84557 MAP1LC3A 66734 Mapllc3a -0.043 

11920 84303 CHCHD6 66098 Chchd6 -0.050 

32633 136647 C7orfl 1 66308 2810021807 -0.050 
Rik 

7922 6150 MRPL23 19935 Mrpl23 -0.050 

1290 9275 BCL7B 12054 Bcl7b -0.050 

9355 51637 C14orfl66 68045 2700060E02 Rik -0.077 

40668 9646 SH28Pl 22083 Sh2bpl -0.101 

40859 27166 PX19 66494 2610524007 -0.113 
Rik 

10494 58516 FAM60A 56306 Tera -0.113 

6535 11062 DUS4L 71916 Dus4l -0.122 

65318 23361 ZNF629 320683 Zfp629 -0.125 

14180 115294 PCMTDl 319263 Pcmtdl -0.145 

32 435 ASL 109900 As! -0.145 

68420 9559 VPS26A 30930 Vps26 -0.167 

32331 51776 ZAK 65964 B230120H23 -0.175 
Rik 

11653 79730 FLJ14001 70918 4921525Ll 7 Rik -0.194 

49970 83879 CDCA7 66953 Cdca7 -0.207 

1330 857 CAVI 12389 Cavl -0.213 

14157 90416 CCDC32 269336 Ccdc32 -0.213 
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Homolo- Human Human Mouse Mouse Symbol Correlation 
Gene ID Gene Symbol Gene coefficient 

56005 6328 SCN3A 20269 Scn3a -0.240 

10026 55172 Cl4orfl04 109065 l l 10034A24 -0.273 
Rik 

31656 27000 ZRFl 22791 Dnajc2 -0.273 

41703 118881 COMTDl 69156 Comtdl -0.289 

14667 113510 HEL308 191578 Hel308 -0.300 

268 5805 PTS 19286 Pts -0.330 

2593 7913 DEK 110052 Dek -0.330 

20549 4324 MMP15 17388 Mmpl5 -0.354 

18833 143678 LOC143678 75641 1700029115 Rik -0.354 

9120 25851 DKFZP434B0 70381 2210010N04 -0.372 
335 Rik 

15843 79591 Cl0orf76 71617 9130011El5 Rik -0.372 

3476 9197 SLC33Al 11416 Slc33al -0.389 

21334 10912 GADD45G 23882 Gadd45g -0.389 

19028 146167 LOC146167 234788 Gm587 -0.408 

10518 84273 C4orfl4 56412 2610024014 -0.411 
Rik 

35002 93082 LINCR 214854 Liner -0.411 

12444 84902 FLJ14640 72140 2610507L03 Rik -0.452 

82250 150678 MYEOV2 66915 Myeov2 -0.646 

24848 266629 SEC14L3 380683 RP23-81Pl2.8 -0.646 
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Appendix IV 
and mouse 

Expression profile of genes showing biased expression for the developmental brain in human 

The expression profiles of the 90 genes showing bias for developmental expression across major human and mouse tissues in the 
form of a binary pseudoarray. The tissues represented are female reproductive system, heart, kidney, liver, lung, male 
reproductive system and stem cell for both post-natal and developmental expression. The table lists the HomoloGene group 
identifier, Entrez Gene identifier and Entrez gene symbol for human and mouse, as well as the species each row represents. Values 
in the table are 1 if the genes (in rows) are expressed in the given tissues (in columns) and O if the genes are not found to be 
expressed in the tissues (PN - post-natal; D - development; FRS - female reproductive system; MRS - male reproductive system). 

Q ... 
~ = -= ,Q ~ 

~ -~ y ~ C e .... ~ 00 ~ 
00 I. = I. ~ e y 

.s Q ~ Cl ~ = .... ~ 00 
00 "' = -= ~ = ~ 00 I. = I. ~ = e = ... ~ ~ ::2 = ~ .... = Cl -= ~ = .. -= ~ e ~ ~ ·o - "' ~ ::2 ~ .! ~ .... = = ~ z z .. -= "' = ~ ~ C. z z z z z Q Q Q Q Q Q Q :c C C 00 =-- =-- =-- =-- =-- =-- =--

413 353 APRT Human 1 0 1 0 1 1 1 1 1 0 1 1 1 1 
32 435 ASL Human 1 1 1 1 1 1 0 1 1 0 1 1 0 1 
55599 669 BPGM Human 1 0 1 1 1 1 0 1 1 1 1 1 1 1 
1330 857 CAVl Human 1 1 1 0 1 1 0 1 1 0 1 1 1 1 
1368 1054 CEBPG Human 1 0 0 1 1 1 0 1 1 0 1 1 1 1 
7667 1154 CISH Human 1 0 1 0 1 1 0 0 0 0 1 1 0 0 
55434 1289 COL5Al Human 1 0 1 0 1 1 0 1 1 0 1 1 1 1 
37917 1293 COL6A3 Human 1 0 1 1 1 1 0 1 1 1 1 1 1 1 
1028 1606 DGKA Human 1 0 0 1 1 1 0 0 1 0 1 1 0 1 
68973 1663 DDXll Human 1 0 1 1 1 1 0 1 1 1 1 1 1 1 
20549 4324 MMP15 Human 1 1 0 0 0 1 0 1 1 0 0 1 1 1 
1871 4760 NEURODl Human 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
1933 5050 PAFAH1B3 Human 1 0 0 1 1 1 0 1 1 1 1 1 1 1 
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Q .... 
~ 0 -= .c ~ 

~ -c;, CJ ~ e t: ~ 00 ~ 
00 = ... 01! e CJ 

..s ~ c,s ~ = .... ~ 00 Q 00 "' = ~ 
'Cl > = ~ 00 ... = ... 01! = e 0 .... ~ :,;;! = ~ .... = c,s 'Cl ~ = ~ ~ ·;; ~ -= = - "' ~ ~ ~ 

~ e = = ~ -= :,;;! = .... 
~ z z z - "' 0 ~ ~ C. z z z z Q Q Q Q Q Q :c: C, C, 00 =-- =-- =-- ~ ~ ~ ~ Q 

268 5805 PTS Human 1 0 0 1 1 1 0 1 1 0 1 1 1 1 
7500 5806 PTX3 Human 1 1 0 0 1 1 0 1 1 0 0 0 0 1 
7922 6150 MRPL23 Human 1 0 0 1 1 1 0 1 1 0 1 1 1 1 
2212 6182 MRPL12 Human 1 0 0 1 1 1 0 1 1 0 1 1 1 1 
56005 6328 SCN3A Human 0 0 1 0 0 1 0 0 0 0 1 1 1 1 
55918 6882 TAFll Human 1 0 1 0 1 1 0 0 1 0 1 1 1 1 
65328 7559 ZNF12 Human 1 0 0 1 1 1 0 1 1 1 1 1 1 1 
2593 7913 DEK Human 1 1 0 1 1 1 0 1 1 1 0 1 1 1 
2880 8835 SOCS2 Human 1 0 1 1 1 1 0 1 1 0 1 1 1 1 
4397 8971 HlFX Human 1 0 0 0 1 1 0 1 1 0 1 1 1 1 
3476 9197 SLC33Al Human 1 0 0 1 1 1 0 1 1 1 1 1 1 1 
1290 9275 BCL7B Human 1 0 1 1 1 1 0 0 1 0 1 1 1 1 
68420 9559 VPS26A Human 1 0 1 1 1 1 0 1 1 1 1 1 1 1 
40668 9646 SH2BP1 Human 1 1 0 1 1 1 0 0 1 1 1 1 1 1 
7291 10683 DLL3 Human 1 0 0 0 0 1 0 1 1 0 0 0 1 1 
21334 10912 GADD45G Human 1 0 0 1 1 1 0 1 1 0 0 1 1 1 
4983 10991 SLC38A3 Human 1 0 0 1 0 0 0 0 0 0 1 1 0 0 
7199 11054 OGFR Human 1 0 0 1 1 1 0 0 0 0 0 1 1 1 
6535 11062 DUS4L Human 1 0 0 1 1 1 0 1 1 0 1 1 0 1 
84799 22835 ZFP30 Human 1 0 0 0 1 1 0 1 1 1 1 1 1 1 
65318 23361 ZNF629 Human 1 0 0 0 1 1 0 1 0 0 1 1 1 1 
7717 24147 FJXl Human 0 0 0 0 1 1 0 0 0 0 1 1 0 1 
9120 25851 DKFZP434B0335 Human 1 0 0 0 1 1 0 0 0 0 0 0 1 1 
56571 26503 SLC17A5 Human 1 0 0 1 1 1 0 1 1 0 1 1 1 1 
31656 27000 ZRFl Human 1 0 1 1 1 1 0 1 1 0 1 1 1 1 
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~ 
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(,I 

= Q ... 
"' = = 'Cl ~ = 00 ... = ... 0.11 00 e = 00 ~ ~ ~ 
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= = ~ z z ~ .c: "' = ~ ~ =- z z z z z Q ::c tJ tJ 00 ~ ~ ~ ~ ~ ~ ~ Q Q Q Q Q Q 

40859 27166 PX19 Human 1 0 1 1 1 1 0 1 1 1 1 1 1 1 
22818 29850 TRPM5 Human 0 0 0 0 0 0 0 1 1 1 1 1 1 0 
32293 51018 CGI-115 Human 1 0 0 1 1 0 0 1 1 1 1 1 1 1 
9355 51637 C14orf166 Human 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
32331 51776 ZAK Human 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
56774 54751 FBLIMl Human 1 1 1 0 1 1 0 1 1 1 1 1 1 1 
10026 55172 C14orf104 Human 1 0 1 1 1 1 0 1 1 0 1 1 1 1 
9813 55627 FLJ20297 Human 1 0 1 0 1 1 0 1 1 1 1 1 1 1 
81871 56751 BARHLl Human 0 0 0 0 0 0 0 1 1 1 1 1 1 0 
68934 57016 AKRlBl0 Human 1 0 1 1 1 1 0 1 1 1 1 1 1 1 
10774 57045 TWSGl Human 1 0 0 0 1 1 0 1 1 0 1 1 1 1 
10695 57120 GOPC Human 1 0 1 0 1 1 0 1 1 0 1 1 1 1 
10663 57171 DOLPPl Human 1 0 0 0 1 0 0 1 1 0 1 1 1 1 
10494 58516 FAM60A Human 1 0 1 1 1 1 0 1 1 1 1 1 1 1 
32546 64410 KLHL25 Human 1 0 0 0 0 1 0 1 1 0 0 1 1 1 
45198 65117 FLJl 1021 Human 1 0 1 1 1 1 0 1 1 0 1 1 1 1 
15843 79591 C10orf76 Human 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
11653 79730 FLJ14001 Human 1 0 1 0 0 1 0 1 1 1 1 1 1 1 
49970 83879 COCA? Human 1 0 0 0 1 1 0 1 1 0 1 1 1 1 
12993 84217 ZMYND12 Human 0 0 0 0 0 1 0 1 1 1 1 1 1 0 
11980 84262 MGC10911 Human 1 0 0 0 1 1 0 1 0 0 1 1 1 1 
10518 84273 C4orf14 Human 1 0 0 1 0 1 0 1 1 1 1 1 1 1 
11920 84303 CHCHD6 Human 1 0 1 0 1 1 0 1 1 0 1 1 1 1 
12021 84557 MAP1LC3A Human 1 0 1 0 1 1 0 1 1 0 0 1 0 1 
27813 84865 FLJ14397 Human 1 0 0 1 0 1 0 0 0 0 1 0 0 1 
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~ = -= .J:l .... ~ -~ y ~ C e t: ~ 00 .... 

~ = ... ~ e ~ 
y 

0 Q .... ~ 'CS ~ = = ~ 
t: = ... ~ 00 e = 00 "" ~ .:: ~ 

~ 
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12444 84902 FLJ14640 Human 1 0 1 0 1 1 0 1 1 1 1 1 1 1 
14157 90416 CCDC32 Human 1 0 1 1 1 1 0 1 1 0 1 1 1 1 
14128 91107 TRIM47 Human 1 0 1 1 1 1 0 1 1 0 1 1 1 0 
35002 93082 LINCR Human 0 0 0 0 1 1 0 1 1 1 1 1 1 0 
26702 93109 TMEM44 Human 1 0 0 0 1 1 0 1 1 0 1 1 1 1 
14667 113510 HEL308 Human 1 0 0 0 1 1 0 1 1 1 1 1 1 1 
17523 115290 FBXO17 Human 1 0 1 1 0 1 0 0 1 0 1 1 1 1 
14180 115294 PCMTDl Human 1 0 1 1 1 1 0 1 1 0 1 1 1 1 
41703 118881 COMTDl Human 1 0 0 0 1 1 1 0 0 0 0 1 1 0 
12418 124056 NOXOl Human 1 0 0 0 0 1 0 1 1 0 0 1 1 1 
64353 126374 WTIP Human 1 0 0 1 1 1 0 1 1 1 1 1 1 1 
32633 136647 C7orfl 1 Human 1 0 0 1 1 1 0 1 1 0 1 1 1 1 
45867 139189 DGKK Human 1 0 0 0 0 0 0 1 1 1 1 1 1 1 
18123 140730 RIMS4 Human 1 0 0 0 1 1 0 0 1 0 0 1 1 1 
49899 143282 C10orfl3 Human 0 0 0 0 0 1 0 1 1 0 1 0 0 1 
18833 143678 LOC143678 Human 0 0 0 0 0 0 0 1 1 1 1 1 1 0 
19028 146167 LOC146167 Human 0 0 0 0 0 1 0 1 1 1 1 1 1 0 
82250 150678 MYEOV2 Human 1 0 0 0 1 1 0 1 0 0 1 1 1 1 
68998 170302 ARX Human 1 0 0 0 1 1 0 1 0 0 0 0 0 0 
24848 266629 SEC14L3 Human 0 0 0 0 0 0 0 1 1 1 1 1 1 0 
65280 286128 ZFP41 Human 1 0 1 0 1 1 0 0 0 0 0 0 0 1 
78698 387876 LOC387876 Human 0 0 0 0 0 0 0 1 1 1 1 1 1 0 
17078 387914 TMEM46 Human 0 0 0 1 1 0 0 1 1 1 1 1 1 1 
7516 389075 RESP18 Human 0 0 0 0 0 0 0 1 1 1 1 1 1 0 
16890 399664 RKHDl Human 1 0 0 0 1 1 0 1 1 1 1 1 1 1 
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= = <l,I z r... -= "' = ~ ~ =- z z z z z z Q Q Q Q ::c: 00 =- =- =- =- =- =- =- Q Q Q 

46116 401399 LOC401399 Human 0 0 0 0 0 0 0 1 1 1 1 1 1 1 
18903 440193 KIAA1509 Human 1 0 1 0 1 1 0 1 1 1 1 1 1 1 
3476 11416 Slc33al Mouse 1 1 1 1 1 1 1 0 0 0 0 0 1 1 
413 11821 Aprt Mouse 1 0 1 1 1 1 0 0 1 1 1 0 0 1 
68998 11878 Arx Mouse 0 0 0 0 0 1 0 1 1 0 0 0 1 0 
1290 12054 Bcl7b Mouse 1 1 1 1 1 1 0 1 1 1 1 0 0 0 
55599 12183 BDllm Mouse 1 1 1 1 1 1 0 1 1 1 1 0 1 0 
1330 12389 Cavl Mouse 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
1368 12611 Cebog Mouse 1 1 1 1 1 1 0 0 1 1 1 0 1 1 
7667 12700 Cish Mouse 1 1 1 1 1 1 0 0 1 0 1 0 0 0 
55434 12831 Col5al Mouse 1 1 1 0 1 1 0 0 1 0 1 0 1 1 
37917 12835 Col6a3 Mouse 1 0 1 0 0 1 0 1 1 0 1 0 1 0 
1028 13139 Dgka Mouse 1 0 0 0 0 1 1 0 0 0 0 0 0 0 
7291 13389 D113 Mouse 0 0 0 0 0 1 0 0 0 0 0 0 0 1 
68934 14187 Akrlb8 Mouse 0 0 0 1 1 1 0 0 0 0 0 0 1 0 
7717 14221 Fixl Mouse 1 0 0 0 1 0 0 0 0 0 0 0 0 0 
20549 17388 Mmpl5 Mouse 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
1871 18012 Neurodl Mouse 0 1 1 1 0 1 0 0 0 0 0 0 0 0 
1933 18476 Pafahlb3 Mouse 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
268 19286 Pts Mouse 1 1 1 1 0 1 1 1 1 1 1 0 0 1 
7500 19288 Ptx3 Mouse 0 1 0 0 0 0 0 0 1 0 1 0 1 0 
7516 19711 Resp18 Mouse 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
7922 19935 Mrpl23 Mouse 1 1 1 1 1 1 0 0 0 1 1 1 0 1 
56005 20269 Scn3a Mouse 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
40668 22083 Sh2bpl Mouse 1 1 1 1 0 1 1 0 0 0 0 0 1 1 
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Q -~ = -= .c .... ~ -~ u ~ C, e t: ~ 171 .... 
~ = .. ~ e u 

= .... " ~ = .... ~ 171 

= 
Q 171 "' ~ 

'0 
~ = ~ 171 .. = .. ~ = e - ~ r.. .c ~ = ~ .... = " '0 ~ = ~ e ~ ~ ·o - "' ~ 

~ ~ = ~ .... 
= = ~ z z z r.. .c - "' = ~ ~ Cl. z z z z = = = = ::c: C, C, 171 i:i.. i:i.. i:i.. i:i.. i:i.. i:i.. i:i.. Q Q Q 

84799 22693 Zfp30 Mouse 0 0 0 0 0 0 0 1 1 1 1 1 0 0 
65280 22701 Zfp41 Mouse 0 0 1 0 0 1 0 0 0 1 1 0 1 1 
31656 22791 Dnaic2 Mouse 1 1 1 1 0 1 1 1 1 1 1 0 0 1 
21334 23882 Gadd45g Mouse 1 1 1 0 0 0 1 1 1 1 1 1 1 1 
68420 30930 Vps26 Mouse 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
17523 50760 Fbxol7 Mouse 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
81871 54422 Barhll Mouse 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2212 56282 Mrpll2 Mouse 1 1 1 1 1 1 0 1 1 1 1 0 1 1 
10494 56306 Tera Mouse 1 1 1 1 1 1 1 1 1 1 0 1 1 1 
10518 56412 2610024Gl4Rik Mouse 0 1 1 1 0 1 1 0 0 0 0 0 1 0 
22818 56843 Trpm5 Mouse 0 0 0 0 1 1 0 0 0 0 1 1 1 0 
10663 57170 Dolool Mouse 1 1 1 0 1 1 1 0 1 0 1 1 1 1 
10774 65960 Twsgl Mouse 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
32331 65964 B230120H23Rik Mouse 1 I 1 0 I I I 1 0 0 1 0 1 1 
11920 66098 Chchd6 Mouse 1 1 1 1 1 1 1 0 1 0 1 0 0 1 
32633 66308 2810021B07Rik Mouse 1 1 1 1 0 1 1 1 0 0 1 0 1 1 
40859 66494 2610524G07Rik Mouse 1 1 1 1 1 1 1 1 1 1 1 0 1 1 
11980 66506 1810042K04Rik Mouse 1 0 1 1 0 1 0 0 0 0 1 0 0 1 
12021 66734 Mapllc3a Mouse 1 1 1 1 0 1 1 0 1 0 0 0 1 1 
82250 66915 Myeov2 Mouse 1 1 1 1 0 1 1 0 1 1 0 0 0 1 
49970 66953 Cdca7 Mouse 1 1 1 1 0 1 1 1 1 1 1 1 1 1 
32293 67223 2810430M08Rik Mouse 1 0 0 0 1 1 1 1 1 1 1 1 1 1 
9355 68045 2700060E02Rik Mouse 1 1 1 I 1 I 1 1 1 0 1 1 1 1 
18903 68339 0610010D24Rik Mouse 1 0 1 0 0 1 1 0 1 0 1 0 0 0 
55918 68776 Tafl 1 Mouse 1 1 1 1 1 1 0 0 1 0 0 0 1 1 
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Q -<II = -= .c .... 'ii -<II y 'ii 
~ e .... <II i:-'-1 .... y 

i:-'-1 "" = "" C)A) e .... II <II =: .... <II i:-'-1 = Q =: -= = 00 "" = "" C)A) e = 00 ~ <II ~ ~ 
<II ell <II =: - <II !;I;, -= :; = .... = -= = <II e <II <II ·c:; - ~ <II :; :5 -= ~ .... 

= = <II z z z z ~ -= ~ 

= <II <II 0., z z z Q Q Q :: ~ ~ 00 =- =- =- =- =- =- =- Q Q Q Q 

41703 69156 Comtdl Mouse 1 1 1 1 0 1 0 0 0 0 1 0 0 1 
9120 70381 2210010N04Rik Mouse 1 1 1 1 1 1 1 1 1 1 1 1 0 1 
11653 70918 4921525Ll 7Rik Mouse 0 0 0 0 0 1 1 0 0 0 0 0 0 0 
15843 71617 9130011El5Rik Mouse 1 1 1 0 0 0 1 0 0 0 0 0 0 1 
12418 71893 Noxol Mouse 1 0 1 1 0 1 0 1 0 0 1 1 1 0 
6535 71916 Dus41 Mouse 0 0 0 0 0 0 1 0 0 0 0 0 0 1 
7199 72075 Ogfr Mouse 1 1 1 1 0 1 0 0 1 1 1 0 1 1 
12444 72140 2610507L03Rik Mouse 0 1 1 1 0 1 1 1 0 0 0 0 1 1 
49899 72514 2610306Hl5Rik Mouse 1 0 0 0 0 0 0 0 1 0 0 0 1 0 
56774 74202 Fbliml Mouse 1 1 1 1 1 1 0 1 1 1 1 1 0 1 
18833 75641 17000291 l 5Rik Mouse 0 0 0 1 0 1 0 0 0 0 0 0 0 0 
4983 76257 Slc38a3 Mouse 0 0 1 1 0 0 1 0 0 0 0 0 0 0 
9813 77626 4 l 22402O22Rik Mouse 1 0 0 1 0 1 1 1 1 1 0 1 I 1 
10695 94221 Gopc Mouse 1 0 0 0 0 1 1 1 1 0 0 0 1 I 
46116 101359 D330027Hl 8Rik Mouse 1 0 0 0 0 0 0 0 1 0 0 0 0 0 
64353 101543 Wtip Mouse 1 1 0 0 1 0 0 0 1 0 0 1 0 0 
10026 109065 l l 10034A24Rik Mouse 0 1 1 1 0 1 1 1 1 1 1 0 1 1 
32 109900 As! Mouse 1 1 1 1 1 1 1 1 1 1 1 0 1 1 
2593 110052 Dek Mouse 1 1 1 1 0 1 1 0 1 1 1 0 0 1 
14667 191578 Hel308 Mouse 0 0 1 0 0 0 1 0 0 0 1 1 0 0 
32546 207952 Klhl25 Mouse 1 0 1 0 0 1 1 1 1 1 0 1 0 1 
45198 208606 15000 l 1J06Rik Mouse 1 0 1 1 1 1 1 1 1 1 1 0 1 1 
35002 214854 Liner Mouse 1 0 1 0 1 0 1 0 0 0 0 0 0 0 
2880 216233 Socs2 Mouse 1 1 1 1 1 1 0 1 1 1 1 1 I 1 
14128 217333 Trim47 Mouse 1 1 1 1 1 1 1 0 1 0 1 0 1 0 
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Appendix V The individual mouse developmental ontologies 

TS0l 

TS02 

TS03 

TS04 

TS05 

TS06 

TS07 

first polar body 
one-cell stage 
second polar body 
unclassifiable 
zona pellucida 

second polar body 
two-cell stage 
unclassifiable 
zona pellucida 

4-8 cell stage 
compacted morula 
second polar body 
unclassifiable 
zona pellucida 

blastocoelic cavity 
embryo 

compacted morula 
inner cell mass 

germ layers 
trophectoderm 

mural trophectoderm 
polar trophectoderm 

second polar body 
unclassifiable 
zona pellucida 

blastocoelic cavity 
embryo 

inner cell mass 
germ layers 

trophectoderm 
mural trophectoderm 
polar trophectoderm 

unclassifiable 

blastocoelic cavity 
embryo 

epiblast 
germ layers 

primitive endoderm 
trophectoderm 

mural trophectoderm 
polar trophectoderm 

unclassifiable 

114 

http://etd.uwc.ac.za



TS08 

TS09 

TSlO 

TSll 

embryo 
epiblast 

germ layers 
endoderm 
trophectoderm 

mural trophectoderm 
polar trophectoderm 

ectoplacental cone 
unclassifiable 
yolk sac cavity 

embryo 
epiblast 

germ layers 
ectoderm 
endoderm 
trophectoderm 

mural trophectoderm 
polar trophectoderm 

ectoplacental cone 
unclassifiable 
yolk sac cavity 

embryo 
germ layers 

ectoderm 
endoderm 
mesoderm 
trophectoderm 

mural trophectoderm 
polar trophectoderm 

ectoplacental cone 
primitive streak 
proamniotic cavity 
unclassifiable 
yolk sac cavity 

allantois 
embryo 
germ layers 

ectoderm 
endoderm 
mesoderm 
trophectoderm 

mural trophectoderm 
polar trophectoderm 

ectoplacental cone 
primitive streak 
unclassifiable 
yolk sac 

allantois 
amnion 
anatomical site 
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TS13 

hematological system 
blood island 

nervous system 
central nervous system {CNS} 

floor plate 
future brain 

future midbrain 
future prosencephalon 
future rhombencephalon 

future spinal cord 
neural tube 

neural crest 
notochord 

peripheral nervous system {PNS} 
auditory apparatus {ear} 

internal ear 
visual apparatus {eye} 

primitive streak 
unclassifiable 
yolk sac 

alimentary system 
diverticulum 
intestine {gut} 
mesentery 

anatomical site 
head 
trunk 
whole body 

branchial arch 
cardiovascular system 

artery 
carotid artery 
dorsal aorta 

heart 

vem 
endocrine system 

common atrial chamber 
mesocardium 
myocardium 
primitive ventricle 
sinus venosus 

thyroid primordium 
germ layers 

ectoderm 
endoderm 
mesenchyme 

hematological system 
blood 

nervous system 
central nervous system {CNS} 

floor plate 
future brain 

future midbrain 
future prosencephalon 
future rhombencephalon 

future spinal cord 
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TS14 

neural tube 
neural crest 
notochord 

peripheral nervous system {PNS} 
auditory apparatus {ear} 

internal ear 
olfactory apparatus 
visual apparatus {eye} 

primitive streak 
unclassifiable 
urogenital system 

nephric cord 
presumptive nephric duct 

alimentary system 
diverticulum 
intestine {gut} 
mesentery 

anatomical site 
anterior limb bud 
head 
tail bud 
trunk 
whole body 

branchial arch 
cardiovascular system 

artery 

heart 

carotid artery 
dorsal aorta 

common atrial chamber 
mesocardium 
myocardium 
primitive ventricle 
sinus venosus 

vem 
endocrine system 

pituitary gland 
thyroid primordium 

germ layers 
ectoderm 
endoderm 
mesenchyme 

hematological system 
blood 

nervous system 
central nervous system {CNS} 

floor plate 
future brain 

future forebrain 
future diencephalon 

future midbrain 
future rhombencephalon 
prosencephalon 
ventricular system 

fourth ventricle 
third ventricle 
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TS15 

future spinal cord 
neural tube 

neural crest 
notochord 

peripheral nervous system {PNS} 
auditory apparatus {ear} 

internal ear 
olfactory apparatus 
visual apparatus {eye} 

primitive streak 
respiratory system 

nose 
unclassifiable 
urogenital system 

nephric cord 
nephric duct 
pronephros 

alimentary system 
diverticulum 
gall bladder primordium 
intestine {gut} 
mesentery 

dorsal meso-oesophagus 
oral cavity 
pharynx 

anatomical site 
anterior limb bud 
head 
posterior limb ridge 
tail 
trunk 
whole body 

branchial arch 
cardiovascular system 

artery 
carotid artery 
dorsal aorta 

heart 

vem 
endocrine system 

atrium 
common atrial chamber 

mesocardium 
myocardium 
primitive ventricle 
sinus venosus 

pituitary gland 
thyroid primordium 

germ layers 
ectoderm 
endoderm 
mesenchyme 

hematological system 
blood 

musculoskeletal system 
pre-cartilage condensation 

119 

http://etd.uwc.ac.za



TS17 

nervous system 
central nervous system {CNS} 

floor plate 
future brain 

future forebrain 
diencephalon 
telencephalon 

future midbrain 
future rhombencephalon 
ventricular system 

fourth ventricle 
third ventricle 

future spinal cord 
neural tube 

neural crest 
notochord 

peripheral nervous system {PNS} 
auditory apparatus {ear} 

internal ear 
otocyst 

ganglion 
olfactory apparatus 
visual apparatus {eye} 

respiratory system 
lung 
nose 

intraretinal space 
optic stalk 

tracheal diverticulum 
unclassifiable 
urogenital system 

mesonephros 
nephric cord 
nephric duct 

alimentary system 
diverticulum 
intestine 

large intestine 
anal region 

small intestine 
liver and biliary system 

cystic duct 
gall bladder primordium 
hepatic duct 
liver 

mesentery 
oesophagus 
oral cavity 
pharynx 
stomach 

anatomical site 
anterior limb bud 
head 
posterior limb bud 
tail 
trunk 
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whole body 
branchial arch 
cardiovascular system 

artery 
carotid artery 
dorsal aorta 

heart 

vein 
dermal system 

dermis 

atrium 
common atrial chamber 

mesocardium 
myocardium 
primitive ventricle 
smus venosus 
valve 

epidermis 
endocrine system 

pituitary gland 
thyroid primordium 

germ layers 
ectoderm 
endoderm 
mesenchyme 

hematological system 
blood 

lymphoreticular system 
musculoskeletal system 

cartilage condensation 
pre-cartilage condensation 

nervous system 
central nervous system {CNS} 

brain 
forebrain 

diencephalon 
telencephalon 

hindbrain 
trigeminal V 

midbrain 
ventricular system 

fourth ventricle 
lateral ventricle 
third ventricle 

floor plate 
future spinal cord 

neural tube 
notochord 

peripheral nervous system {PNS} 
auditory apparatus {ear} 

external ear 
internal ear 

otocyst 
middle ear 

ganglion 
olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 
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TS18 

respiratory system 
bronchus 
lung 
nose 
trachea 

unclassifiable 

intraretinal space 
optic stalk 

urogenital system 
reproductive system 

gonadal component 
urinary system 

mesonephros 
nephric cord 
nephric duct 

alimentary system 
diverticulum 
intestine 

large intestine 
anal region 

small intestine 
duodenum 

liver and biliary system 
common bile duct 
cystic duct 
gall bladder 
hepatic duct 
liver 

mesentery 
oesophagus 
oral cavity 

tongue 
pancreas primordium 
pharynx 
stomach 

anatomical site 
anterior limb bud 
head 
posterior limb bud 
tail 
trunk 
whole body 

branchial arch 
cardiovascular system 

artery 
carotid artery 
dorsal aorta 

heart 
atrium 

common atrial chamber 
mesocardium 
myocardium 
pericardium 
primitive ventricle 
sinus venosus 
valve 
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vem 
dermal system 

dermis 
epidermis 

endocrine system 
pituitary gland 
thyroid 

germ layers 
ectoderm 
endoderm 
me sen chyme 

hematological system 
blood 

lymphoreticular system 
musculoskeletal system 

cartilage condensation 
pre-cartilage condensation 

nervous system 
central nervous system {CNS} 

brain 
forebrain 

diencephalon 
telencephalon 

hindbrain 
metencephalon 

cerebellum primordium 
facial VII 
trigeminal V 

myelencephalon 
midbrain 
ventricular system 

fourth ventricle 
lateral ventricle 
third ventricle 

floor plate 
future spinal cord 

neural tube 
notochord 

peripheral nervous system {PNS} 
auditory apparatus {ear} 

external ear 
internal ear 

otocyst 
middle ear 

ganglion 
sympathetic ganglion 

olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 

respiratory system 
bronchus 
lung 
nose 
trachea 

cornea 
lens vesicle 
optic stalk 
retina 
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TS19 

unclassifiable 
urogenital system 

reproductive system 
gonad primordium 

urinary system 
mesonephros 
metanephros 
nephric duct 
ureteric bud 

alimentary system 
diverticulum 
intestine 

large intestine 
anal pit 

small intestine 
duodenum 

liver and biliary system 
common bile duct 
cystic duct 
gall bladder 
hepatic duct 
liver 

mesentery 
oesophagus 
oral cavity 

mandibular process 
mandible primordium 

maxillary process 
maxilla primordium 

tongue 
pancreas primordium 
pharynx 
stomach 

anatomical site 
anterior limb bud 
head 
posterior limb bud 
tail 
trunk 
whole body 

branchial arch 
cardiovascular system 

artery 

heart 

vein 

carotid artery 
dorsal aorta 

atrium 
mesocardium 
myocardium 
pericardium 
smus venosus 
valve 
ventricle 

vena cava 
inferior vena cava 
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dermal system 
dermis 
epidermis 

endocrine system 
pituitary gland 
thyroid 

germ layers 
ectoderm 
endoderm 
mesenchyme 

hematological system 
blood 

lymphoreticular system 
musculoskeletal system 

cartilage condensation 
pre-cartilage condensation 

nervous system 
central nervous system {CNS} 

brain 
forebrain 

diencephalon 
telencephalon 

hindbrain 
hypoglossal XII 
metencephalon 

cerebellum primordium 
facial VII 
trigeminal V 

myelencephalon 
vagal X 

midbrain 
ventricular system 

fourth ventricle 
lateral ventricle 
third ventricle 

floor plate 
future spinal cord 

neural tube 
notochord 

peripheral nervous system {PNS} 
auditory apparatus {ear} 

external ear 
future tympanum 
internal ear 

membranous labyrinth 
saccule 

ganglion 

utricle 
osseous labyrinth 

semicircular canal 
middle ear 

sympathetic ganglion 
olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 

cornea 
lens vesicle 
optic stalk 
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TS20 

respiratory system 
bronchus 
lung 
nose 
trachea 

unclassifiable 
urogenital system 

retina 

reproductive system 
genital tubercle 
gonad primordium 

urinary system 
mesonephros 
metanephros 
nephric duct 
ureteric bud 

alimentary system 
diverticulum 
intestine 

large intestine 
anal pit 

small intestine 
duodenum 

liver and biliary system 
common bile duct 
cystic duct 
gall bladder 
hepatic duct 
liver 

mesentery 
oesophagus 
oral cavity 

mandibular process 
mandible primordium 

maxillary process 
maxilla 
premaxilla 

tongue 
pancreas 
pharynx 

nasopharynx 
stomach 

anatomical site 
anterior limb 
head 
posterior limb 
tail 
trunk 
whole body 

cardiovascular system 
artery 

carotid artery 
dorsal aorta 

heart 
atrium 
mesocardium 

126 

http://etd.uwc.ac.za



vem 

myocardium 
pericardium 
smus venosus 
valve 
ventricle 

vena cava 
inferior vena cava 

dermal system 
appendages 

skin 

endocrine system 

vibrissa 

dermis 
epidermis 

pituitary gland 
thymus primordium 
thyroid 

germ layers 
mesenchyme 

hematological system 
blood 

lymphoreticular system 
musculoskeletal system 

bone 
cartilage 
cartilage condensation 
pre-cartilage condensation 

nervous system 
central nervous system {CNS} 

brain 
forebrain 

diencephalon 
epithalamus 
hypothalamus 
thalamus 

telencephalon 
cerebral cortex 
corpus striatum 

hindbrain 
medulla oblongata 

hypoglossal Xll 
vagal X 

metencephalon 
cerebellum primordium 
pons 

facial VII 
trigeminal V 
vestibulocochlear VIII 

midbrain 
oculomotor III 

ventricular system 
fourth ventricle 
lateral ventricle 
third ventricle 

floor plate 
notochord 
spinal cord 
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TS21 

peripheral nervous system {PNS} 
auditory apparatus {ear} 

external ear 
auricle 
external acoustic meatus 

future tympanum 
internal ear 

membranous labyrinth 
saccule 
utricle 

osseous labyrinth 

ganglion 

cochlea 
semicircular canal 

middle ear 

sympathetic ganglion 
olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 

cornea 
lens vesicle 
optic chiasma 
optic stalk 
retina 

respiratory system 
bronchus 
lung 
nose 
trachea 

unclassifiable 
urogenital system 

reproductive system 
genital tubercle 
gonad 

urinary system 
mesonephros 
metanephros 
nephric duct 
primitive ureter 

alimentary system 
intestine 

large intestine 
anal pit 
colorectal 

rectum 
small intestine 

duodenum 
liver and biliary system 

common bile duct 
cystic duct 
gall bladder 
hepatic duct 
liver 

mesentery 
oesophagus 
omentum 
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lesser omentum 
oral cavity 

jaw 
mandible 
maxilla 
premaxilla 
tooth 

molar 
salivary gland 

pancreas 
pharynx 

sublingual gland primordium 
submandibular gland primordium 

tongue 

nasopharynx 
stomach 

anatomical site 
anterior limb 
head 
posterior limb 
tail 
trunk 
whole body 

cardiovascular system 
artery 

heart 

vem 

carotid artery 
dorsal aorta 

atrium 
endocardium { endocardial tissue} 
mesocardium 
myocardium 
pericardium 
valve 
ventricle 

vena cava 
inferior vena cava 
superior vena cava 

dermal system 
appendages 

skin 

endocrine system 

vibrissa 

dermis 
epidermis 

pituitary gland 
thymus primordium 
thyroid 

germ layers 
mesenchyme 

hematological system 
blood 

lymphoreticular system 
musculoskeletal system 

bone 
cartilage 
cartilage condensation 

129 

http://etd.uwc.ac.za



joint 

muscle 
ligament 

skeletal muscle { striated muscle} 
pre-cartilage condensation 
tendon 

nervous system 
central nervous system {CNS} 

brain 
forebrain 

diencephalon 
epithalamus 
hypothalamus 
thalamus 

telencephalon 
cerebral cortex 

olfactory I 
corpus striatum 
olfactory lobe 

hindbrain 
medulla oblongata 

hypoglossal XII 
vagal X 

metencephalon 
cerebellum 
pons 

meninges 
arachnoid 
dura mater 
pia mater 

midbrain 
oculomotor III 

ventricular system 
cerebral aqueduct 
fourth ventricle 
lateral ventricle 
third ventricle 

facial VII 
trigeminal V 
vestibulocochlear VIII 

floor plate 
spinal cord 

peripheral nervous system {PNS} 
auditory apparatus {ear} 

auditory ossicle 
external ear 

auricle 

ganglion 

external acoustic meatus 
future tympanum 
internal ear 

membranous labyrinth 
saccule 
utricle 

osseous labyrinth 
cochlea 
semicircular canal 

middle ear 
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joint 

muscle 
ligament 

skeletal muscle { striated muscle} 
pre-cartilage condensation 
tendon 

nervous system 
central nervous system {CNS} 

brain 
forebrain 

diencephalon 
epithalamus 
hypothalamus 
thalamus 

telencephalon 
caudate nucleus 
cerebral cortex 

olfactory I 
corpus striatum 
lentiform nucleus 
olfactory lobe 

hindbrain 
medulla oblongata 

hypoglossal XII 
vagal X 

metencephalon 
cerebellum 
pons 

meninges 
arachnoid 
dura mater 
pia mater 

midbrain 
oculomotor III 
tegmentum 
trochlear IV 

ventricular system 
cerebral aqueduct 
fourth ventricle 
lateral ventricle 
third ventricle 

floor plate 
spinal cord 

peripheral nervous system {PNS} 
auditory apparatus {ear} 

auditory ossicle 
external ear 

auricle 

abducent VI 
facial VII 
trigeminal V 
vestibulocochlear VIII 

external acoustic meatus 
future tympanum 
internal ear 

membranous labyrinth 
saccule 
utricle 
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TS23 

ganglion 

osseous labyrinth 
cochlea 
semicircular canal 

middle ear 

sympathetic ganglion 
olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 

choroid 
cornea 
eyelid 
lens 
optic chiasma 
optic stalk 
retina 
vitreous humor 

respiratory system 
bronchus 
diaphragm 
larynx 
lung 
nose 
trachea 

unclassifiable 
urogenital system 

reproductive system 
female reproductive system 

mammary gland 
Mullerian tubercle 
ovary 
paramesonephric duct {Mullerian duct} 

genital tubercle 
male reproductive system 

urinary system 
bladder 

mesonephric duct { wolffian duct} 
testis 

primitive seminiferous tubule 

degenerating mesonephros 
metanephros 

nephron 
glomerulus 

nephric duct 
ureter 

alimentary system 
intestine 

large intestine 
anus 
colorectal 

rectum 
small intestine 

duodenum 
jejunum 

liver and biliary system 
common bile duct 
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pineal primordium 
pituitary gland 
thymus primordium 
thyroid 

germ layers 
mesenchyme 

hematological system 
blood 

lymphoreticular system 
lymph sac 
spleen primordium 

musculoskeletal system 
bone 
cartilage 
cartilage condensation 
joint 

ligament 
muscle 

skeletal muscle { striated muscle} 
pre-cartilage condensation 
tendon 

nervous system 
central nervous system {CNS} 

brain 
forebrain 

diencephalon 
epithalamus 
hypothalamus 
thalamus 

telencephalon 
caudate nucleus 
cerebral cortex 

olfactory I 
corpus striatum 
lentiform nucleus 
olfactory lobe 

hindbrain 
medulla oblongata 

floor plate 
hypoglossal XII 
vagal X 

metencephalon 
cerebellum 
pons 

meninges 
arachnoid 
dura mater 
pia mater 

midbrain 
oculomotor III 
tegmentum 
trochlear IV 

ventricular system 
cerebral aqueduct 

abducent VI 
facial VII 
trigeminal V 
vestibulocochlear VIII 
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spinal cord 

fourth ventricle 
lateral ventricle 
third ventricle 

peripheral nervous system {PNS} 
auditory apparatus {ear} 

auditory ossicle 
external ear 

auricle 

ganglion 

external acoustic meatus 
future tympanum 
internal ear 

membranous labyrinth 
saccule 
utricle 

osseous labyrinth 
cochlea 
semicircular canal 

middle ear 

sympathetic ganglion 
olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 

choroid 
cornea 
eyelid 
lens 
optic chiasma 
optic stalk 
retina 
vitreous humor 

respiratory system 
bronchus 
diaphragm 
larynx 
lung 
nose 
pleura {pleural cavity} 
sinus {hindbrain} 
trachea 

unclassifiable 
urogenital system 

reproductive system 
female reproductive system 

mammary gland 
Mullerian tubercle 
ovary 
paramesonephric duct {Mullerian duct} 

genital tubercle 
male reproductive system 

penis 

urinary system 
bladder 

testis 
primitive seminiferous tubule 

vas deferens 

metanephros 
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TS24 

ureter 
urethra 

alimentary system 
intestine 

nephron 

large intestine 
anus 

glomerulus 

colorectal 
colon 
rectum 

small intestine 
duodenum 
jejunum 

liver and biliary system 
common bile duct 
cystic duct 
gall bladder 
hepatic duct 
liver 

mesentery 
oesophagus 
omentum 

greater omentum 
lesser omentum 

oral cavity 
Jaw 

gum 
mandible 
maxilla 
premaxilla 
tooth 

molar 
salivary gland 

parotid gland 
sublingual gland 
submandibular gland 

tongue 
pancreas 
pharynx 

nasopharynx 
stomach 

anatomical site 
anterior limb 
head 
posterior limb 
tail 
trunk 
whole body 

cardiovascular system 
artery 

aorta 
carotid artery 

heart 
atrium 
endocardium { endocardial tissue} 
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vein 

mesocardium 
myocardium 
pericardium 
valve 
ventricle 

vena cava 
inferior vena cava 
superior vena cava 

dermal system 
appendages 

hair 

skin 

hair follicle 
vibrissa 

dermis 
epidermis 

endocrine system 
adrenal gland 

adrenal cortex 
adrenal medulla 

pineal gland 
pituitary gland 
thymus 
thyroid 

germ layers 
mesenchyme 

hematological system 
blood 

lymphoreticular system 
lymph sac 
spleen 

musculoskeletal system 
bone 
cartilage 
cartilage condensation 
joint 

ligament 
muscle 

skeletal muscle { striated muscle} 
pre-cartilage condensation 
tendon 

nervous system 
central nervous system {CNS} 

brain 
forebrain 

diencephalon 
epithalamus 
hypothalamus 
thalamus 

telencephalon 
caudate nucleus 
cerebral cortex 

olfactory I 
corpus striatum 
lentiform nucleus 
olfactory lobe 
temporal lobe 
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hindbrain 
medulla oblongata 

floor plate 
hypoglossal XII 
vagal X 

metencephalon 
cerebellum 
pons 

meninges 
arachnoid 
dura mater 
pia mater 

midbrain 
oculomotor III 
tegmentum 
trochlear IV 

ventricular system 
cerebral aqueduct 
fourth ventricle 
lateral ventricle 
third ventricle 

abducent VI 
facial VII 
trigeminal V 
vestibulocochlear VIII 

spinal cord 
peripheral nervous system {PNS} 

auditory apparatus {ear} 
auditory ossicle 
external ear 

auricle 
external acoustic meatus 

future tympanum 

ganglion 

internal ear 
membranous labyrinth 

saccule 
utricle 

osseous labyrinth 
cochlea 
semicircular canal 

middle ear 

sympathetic ganglion 
olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 

choroid 
cornea 
eyelid 
lens 
optic chiasma 
optic stalk 
retina 
sclera 
vitreous humor 

respiratory system 
bronchus 
diaphragm 
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TS25 

larynx 
lung 
nose 
pleura {pleural cavity} 
sinus {hindbrain,sinus} 
trachea 

unclassifiable 
urogenital system 

reproductive system 
female reproductive system 

mammary gland 
Mullerian tubercle 
ovary 
oviduct 
vagina 

genital tubercle 
male reproductive system 

penis 

urinary system 
bladder 

glans 
testis 

primitive seminiferous tubule 
vas deferens 

metanephros 
nephron 

glomerulus 
renal convoluted tubule 

ureter 
urethra 

alimentary system 
intestine 

large intestine 
anus 
colorectal 

colon 
rectum 

small intestine 
duodenum 
jejunum 

liver and biliary system 
common bile duct 
cystic duct 
gall bladder 
hepatic duct 
liver 

mesentery 
oesophagus 
omentum 

greater omentum 
lesser omentum 

oral cavity 
jaw 

gum 
mandible 
maxilla 

141 

http://etd.uwc.ac.za



premaxilla 
tooth 

molar 
salivary gland 

parotid gland 
sublingual gland 
submandibular gland 

tongue 
pancreas 
pharynx 

nasopharynx 
stomach 

anatomical site 
anterior limb 
head 
posterior limb 
tail 
trunk 
whole body 

cardiovascular system 
artery 

heart 

vein 

aorta 
carotid artery 

atrium 
endocardium { endocardial tissue} 
mesocardium 
myocardium 
pericardium 
valve 
ventricle 

vena cava 
inferior vena cava 
superior vena cava 

dermal system 
appendages 

hair 

skin 

hair follicle 
vibrissa 

dermis 
epidermis 

endocrine system 
adrenal gland 

adrenal cortex 
adrenal medulla 

pineal gland 
pituitary gland 
thymus 
thyroid 

germ layers 
mesenchyme 

hematological system 
blood 

lymphoreticular system 
lymph sac 
spleen 
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musculoskeletal system 
bone 
cartilage 
cartilage condensation 
joint 

ligament 
muscle 

skeletal muscle { striated muscle} 
smooth muscle 

pre-cartilage condensation 
tendon 

nervous system 
central nervous system {CNS} 

brain 
forebrain 

diencephalon 
epithalamus 
hypothalamus 
thalamus 

hippocampus 
telencephalon 

caudate nucleus 
cerebral cortex 

olfactory I 
corpus striatum 
lentiform nucleus 
olfactory lobe 
temporal lobe 

hindbrain 
medulla oblongata 

floor plate 
hypoglossal XII 
vagal X 

metencephalon 
cerebellum 
pons 

meninges 
arachnoid 
dura mater 
pia mater 

midbrain 
oculomotor III 
tegmentum 
trochlear IV 

ventricular system 
cerebral aqueduct 
fourth ventricle 
lateral ventricle 
third ventricle 

spinal cord 
peripheral nervous system {PNS} 

auditory apparatus {ear} 
auditory ossicle 
external ear 

abducent VI 
facial VII 
trigeminal V 
vestibulocochlear VIII 
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auricle 
external acoustic meatus 

internal ear 
membranous labyrinth 

saccule 
utricle 

osseous labyrinth 
cochlea 

middle ear 

spiral organ of Corti 
semicircular canal 

tympanum primordium 
ganglion 

spinal ganglion 
sympathetic ganglion 

olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 

choroid 
ciliary body 
cornea 
eyelid 
iris 
lens 
optic chiasma 
optic stalk 
retina 
sclera 
vitreous humor 

respiratory system 
bronchus 
diaphragm 
larynx 
lung 

alveolus 
nose 
pleura {pleural cavity} 
sinus {hindbrain,sinus} 
trachea 

unclassifiable 
urogenital system 

reproductive system 
female reproductive system 

mammary gland 
Mullerian tubercle 
ovary 
oviduct 
vagina 

genital tubercle 
male reproductive system 

penis 
glans 

testis 
primitive seminiferous tubule 

vas deferens 
seminal vesicle 

urinary system 
bladder 
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TS27 

metanephros 
nephron 

glomerulus 
renal convoluted tubule 

ureter 
urethra 

alimentary system 
intestine 

large intestine 
anus 
colorectal 

cecum 
colon 
rectum 

small intestine 
duodenum 
ileum 
JeJunum 

liver and biliary system 
bile duct 
cystic duct 
gall bladder 
hepatic duct 
liver 

mesentery 
oesophagus 
omentum 

greater omentum 
lesser omentum 

oral cavity 
Jaw 

gum 
mandible 
maxilla 
premaxilla 
tooth 

molar 
salivary gland 

parotid gland 
sublingual gland 
submandibular gland 

tongue 
pancreas 
pharynx 

stomach 

hypopharynx 
nasopharynx 
oropharynx 

anatomical site 
anterior limb 
head 
posterior limb 
tail 
trunk 
whole body 

cardiovascular system 
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artery 
aorta 
carotid artery 

capillary 
heart 

vein 

atrium 
cardiac valve 
endocardium 
myocardium 
pericardium 
ventricle 

vena cava 
inferior vena cava 
superior vena cava 

dermal system 
appendages 

hair 
hair follicle 
sebaceous gland 
sweat gland 
vibrissa 

skin 
dermis 
epidermis 

endocrine system 
adrenal gland 

adrenal cortex 
adrenal medulla 

parathyroid 
pineal gland 
pituitary gland 
thymus 
thyroid 

hematological system 
blood 
bone marrow 

lymphoreticular system 
lymph node 
spleen 
tonsil 

lingual tonsil 
palatine tonsil 

musculoskeletal system 
bone 
cartilage 
joint 

ligament 
synovium 

muscle 

tendon 
nervous system 

skeletal muscle { striated muscle} 
smooth muscle 

central nervous system {CNS} 
brain 

forebrain 
diencephalon 
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epithalamus 
hypothalamus 
thalamus 

hippocampus 
telencephalon 

caudate nucleus 
cerebral cortex 

olfactory I 
corpus striatum 
lentiform nucleus 
olfactory lobe 
temporal lobe 

hindbrain 
medulla oblongata 

hypoglossal XII 
olivary nuclei 
vagal X 

metencephalon 
cerebellum 
pons 

meninges 
arachnoid 
dura mater 
pia mater 

midbrain 
oculomotor III 
tegmentum 
trochlear IV 

ventricular system 
cerebral aqueduct 
fourth ventricle 
lateral ventricle 
third ventricle 

spinal cord 
peripheral nervous system {PNS} 

auditory apparatus {ear} 
auditory ossicle 
auditory tube 
external ear 

auricle 

abducent VI 
facial VII 
trigeminal V 
vestibulocochlear VIII 

external acoustic meatus 
internal ear 

membranous labyrinth 
saccule 
utricle 

osseous labyrinth 
cochlea 

middle ear 

spiral organ of Corti 
semicircular canal 
vestibule 

tympanum { tympanic membrane} 
ganglion 

spinal ganglion 
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sympathetic ganglion 
olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 

choroid 
ciliary body 
conjunctiva 
cornea 
eyelid 
ms 
lacrimal gland 
lens 
optic chiasma 
optic stalk 
retina 

fovea centralis 
macula lutea 

sclera 
vitreous humor 

respiratory system 
bronchus 
diaphragm 
larynx 
lung 

alveolus 
nose 
pleura {pleural cavity} 
sinus {hindbrain,sinus} 
trachea 

unclassifiable 
urogenital system 

reproductive system 
female reproductive system 

ammon 
breast 

mammary gland 
ovary 
oviduct 
placenta 
uterus 

vagina 
vulva 

cervix 
endometrium 
myometrium 

male reproductive system 
epididymis 
penis 

foreskin 
glans 

prostate 
testis 

seminiferous tubule 
vas deferens 

seminal vesicle 
urinary system 

bladder 
kidney 
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TS28 

nephron 
renal corpuscle 

glomerulus 
renal tubule 

ureter 
urethra 

alimentary system 
intestine 

large intestine 
anus 
colorectal 

cecum 
colon 
rectum 

small intestine 
duodenum 
ileum 
jejunum 

liver and biliary system 
bile duct 
cystic duct 
gall bladder 
hepatic duct 
liver 

mesentery 
oesophagus 
omentum 

greater omentum 
lesser omentum 

oral cavity 
jaw 

gum 
mandible 
maxilla 
premaxilla 
tooth 

molar 
salivary gland 

loop of Henle 
renal collecting duct 
renal distal convoluted tubule 
renal proximal convoluted tubule 

parotid gland 
sublingual gland 
submandibular gland 

tongue 
pancreas 
pharynx 

stomach 

hypopharynx 
nasopharynx 
oropharynx 

anatomical site 
anterior limb 
head 
posterior limb 
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tail 
trunk 
whole body 

cardiovascular system 
artery 

aorta 
carotid artery 

capillary 
heart 

vem 

atrium 
cardiac valve 
endocardium 
myocardium 
pericardium 
ventricle 

vena cava 
inferior vena cava 
superior vena cava 

dermal system 
appendages 

hair 

skin 

hair follicle 
sebaceous gland 
sweat gland 
vibrissa 

dermis 
epidermis 

endocrine system 
adrenal gland 

adrenal cortex 
adrenal medulla 

parathyroid 
pineal gland 
pituitary gland 
thymus 
thyroid 

hematological system 
blood 
bone marrow 

lymphoreticular system 
lymph node 
spleen 
tonsil 

lingual tonsil 
palatine tonsil 

musculoskeletal system 
bone 
cartilage 
joint 

ligament 
synovium 

muscle 

tendon 
nervous system 

skeletal muscle { striated muscle} 
smooth muscle 
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central nervous system {CNS} 
brain 

forebrain 
diencephalon 

epithalamus 
hypothalamus 
thalamus 

hippocampus 
telencephalon 

caudate nucleus 
cerebral cortex 

olfactory I 
corpus striatum 
lentiform nucleus 
olfactory lobe 
temporal lobe 

hindbrain 
medulla oblongata 

hypoglossal XII 
olivary nuclei 
vagal X 

metencephalon 
cerebellum 
pons 

meninges 
arachnoid 
dura mater 
pia mater 

midbrain 
oculomotor III 
tegmentum 
trochlear IV 

ventricular system 
cerebral aqueduct 
fourth ventricle 
lateral ventricle 
third ventricle 

spinal cord 
peripheral nervous system {PNS} 

auditory apparatus {ear} 
auditory ossicle 
auditory tube 
external ear 

auricle 

abducent VI 
facial VII 
trigeminal V 
vestibulocochlear VIII 

external acoustic meatus 
internal ear 

membranous labyrinth 
saccule 
utricle 

osseous labyrinth 
cochlea 

spiral organ of Corti 
semicircular canal 
vestibule 
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middle ear 
tympanum { tympanic membrane} 

ganglion 
spinal ganglion 
sympathetic ganglion 

olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 

choroid 
ciliary body 
conjunctiva 
cornea 
eyelid 
iris 
lacrimal gland 
lens 
optic chiasma 
optic stalk 
retina 

fovea centralis 
macula lutea 

sclera 
vitreous humor 

respiratory system 
bronchus 
diaphragm 
larynx 
lung 

alveolus 
nose 
pleura {pleural cavity} 
sinus 
trachea 

unclassifiable 
urogenital system 

reproductive system 
female reproductive system 

ammon 
breast 

mammary gland 
ovary 
oviduct 
placenta 
uterus 

vagina 
vulva 

cervix 
endometrium 
myometrium 

male reproductive system 
epididymis 
penis 

foreskin 
glans 

prostate 
testis 

seminiferous tubule 
vas deferens 
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Appendix VI The merged mouse developmental ontologies 

Mouse developmental ontology 
4-8 cell stage 
alimentary system 

diverticulum 
intestine 

large intestine 
anal pit 
anal region 
anus 
colorectal 

cecum 
colon 
rectum 

small intestine 
duodenum 
ileum 
jejunum 

liver and biliary system 
bile duct 
common bile duct 
cystic duct 
gall bladder 
gall bladder primordium 
hepatic duct 
liver 

mesentery 
dorsal meso-oesophagus 

oesophagus 
omentum 

greater omentum 
lesser omentum 

oral cavity 
jaw 

gum 
mandible 
maxilla 
premaxilla 
tooth 

molar 
mandibular process 

mandible primordium 
maxillary process 

maxilla primordium 
salivary gland 

tongue 
pancreas 

parotid gland 
sublingual gland 
sublingual gland primordium 
submandibular gland 
submandibular gland primordium 

pancreas primordium 
pharynx 

hypopharynx 
nasopharynx 
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allantois 

oropharynx 
stomach 

anatomical site 
anterior limb 
anterior limb bud 
head 
posterior limb 
posterior limb bud 
posterior limb ridge 
tail 
tail bud 
trunk 
whole body 

blastocoelic cavity 
branchial arch 
cardiovascular system 

artery 

capillary 
heart 

vein 

aorta 
carotid artery 
dorsal aorta 

atrium 
common atrial chamber 

cardiac valve 
endocardium 
mesocardium 
myocardium 
pericardium 
primitive ventricle 
sinus venosus 
valve 
ventricle 

vena cava 
inferior vena cava 
superior vena cava 

chorion 
dermal system 

embryo 

appendages 
hair 

skin 

hair follicle 
sebaceous gland 
sweat gland 
vibrissa 

dermis 
epidermis 

compacted morula 
epiblast 
inner cell mass 

endocrine system 
adrenal gland 

adrenal cortex 
adrenal medulla 

parathyroid 
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pineal gland 
pineal primordium 
pituitary gland 
thymus 
thymus primordium 
thyroid 
thyroid primordium 

first polar body 
germ layers 

ectoderm 
endoderm 
mesenchyme 
mesoderm 
primitive endoderm 
trophectoderm 

mural trophectoderm 
polar trophectoderm 

ectoplacental cone 
hematological system 

blood 
blood island 
bone marrow 

lymphoreticular system 
lymph node 
lymph sac 
spleen 
spleen primordium 
tonsil 

lingual tonsil 
palatine tonsil 

musculoskeletal system 
bone 
cartilage 
cartilage condensation 
joint 

ligament 
synovium 

muscle 
skeletal muscle 
smooth muscle 

pre-cartilage condensation 
tendon 

nervous system 
central nervous system 

brain 
forebrain 

diencephalon 
epithalamus 
hypothalamus 
thalamus 

hippocampus 
telencephalon 

caudate nucleus 
cerebral cortex 

olfactory I 
corpus striatum 
lentiform nucleus 
olfactory lobe 
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temporal lobe 
hindbrain 

medulla oblongata 
floor plate 
hypoglossal XII 
olivary nuclei 
vagal X 

metencephalon 
cerebellum 
cerebellum primordium 
pons 

myelencephalon 
meninges 

arachnoid 
dura mater 
pia mater 

midbrain 
oculomotor III 
tegmentum 
trochlear IV 

ventricular system 
cerebral aqueduct 
fourth ventricle 
lateral ventricle 
third ventricle 

future brain 
future forebrain 

abducent VI 
facial VII 
trigeminal V 
vestibulocochlear VIII 

future diencephalon 
future midbrain 
future prosencephalon 
future rhombencephalon 
prosencephalon 

future spinal cord 
neural tube 

neural crest 
notochord 
spinal cord 

peripheral nervous system 
auditory apparatus 

auditory ossicle 
auditory tube 
external ear 

auricle 
external acoustic meatus 

future tympanum 
internal ear 

membranous labyrinth 
saccule 
utricle 

osseous labyrinth 
cochlea 

spiral organ of Corti 
semicircular canal 
vestibule 
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otocyst 
middle ear 
tympanum 
tympanum primordium 

ganglion 
spinal ganglion 
sympathetic ganglion 

olfactory apparatus 
peripheral nerve 
visual apparatus 

choroid 
ciliary body 
conjunctiva 
cornea 
eyelid 
intraretinal space 
lTIS 

lacrimal gland 
lens 
lens vesicle 
optic chiasma 
optic stalk 
retina 

fovea centralis 
macula lutea 

sclera 
vitreous humor 

notochordal plate 
one-cell stage 
primitive streak 
proamniotic cavity 
respiratory system 

bronchus 
diaphragm 
larynx 
lung 

alveolus 
nose 
pleura 
smus 
trachea 
tracheal diverticulum 

second polar body 
two-cell stage 
unclassifiable 
urogenital system 

presumptive nephric duct 
pronephros 
reproductive system 

female reproductive system 
amnion 
breast 

mammary gland 
Mullerian tubercle 
ovary 
oviduct 
paramesonephric duct 
placenta 
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yolk sac 

uterus 
cervix 
endometrium 
myometrium 

vagina 
vulva 

genital tubercle 
gonad 
gonad primordium 
gonadal component 
male reproductive system 

epididymis 
mesonephric duct 
penis 

foreskin 
glans 

prostate 
testis 

primitive seminiferous tubule 
seminiferous tubule 

vas deferens 

urinary system 
bladder 

seminal vesicle 

degenerating mesonephros 
kidney 

nephron 

mesonephros 
metanephros 
nephric cord 
nephric duct 
primitive ureter 
ureter 
ureteric bud 
urethra 

renal convoluted tubule 
renal corpuscle 

glomerulus 
renal tubule 

loop of Henle 
renal collecting duct 
renal distal convoluted tubule 
renal proximal convoluted tubule 

yolk sac cavity 
zona pellucida 

Theiler Stage 
adult 

embryo 

Theiler Stage 27 {TS 27; TS27} 
Theiler Stage 28 {TS 28; TS28} 

Theiler Stage 01 {TS 01; TSO!} 
Theiler Stage 02 {TS 02; TS02} 
Theiler Stage 03 {TS 03; TS03} 
Theiler Stage 04 {TS 04; TS04} 
Theiler Stage 05 {TS 05; TS05} 
Theiler Stage 06 {TS 06; TS06} 
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fetus 

Theiler Stage 07 {TS 07; TS07} 
Theiler Stage 08 {TS 08; TS08} 
Theiler Stage 09 {TS 09; TS09} 
Theiler Stage IO {TS 10; TSIO} 
Theiler Stage 11 {TS 11; TS 11} 
Theiler Stage 12 {TS 12; TS 12} 
Theiler Stage 13 {TS 13; TS13} 
Theiler Stage 14 {TS 14; TS14} 
Theiler Stage 15 {TS 15; TS15} 
Theiler Stage 16 {TS 16; TS 16} 
Theiler Stage 17 {TS 17; TS 17} 
Theiler Stage 18 {TS 18; TS 18} 
Theiler Stage 19 {TS 19; TS19} 
Theiler Stage 20 {TS 20; TS20} 
Theiler Stage 21 {TS 21; TS21} 
Theiler Stage 22 {TS 22; TS22} 

Theiler Stage 23 {TS 23; TS23} 
Theiler Stage 24 {TS 24; TS24} 
Theiler Stage 25 {TS 25; TS25} 
Theiler Stage 26 {TS 26; TS26} 

Theiler Stage Unclassifiable {TS UN; TSUN} 
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Appendix VIia The transcriptional network that controls growth 
arrest and differentiation in a human myeloid leukemia cell line. 
Nat Genet. 

ARTICLES 

nature . 
genetics 

The transcriptional network that controls growth arrest 
and differentiation in a human myeloid leukemia cell line 
The FANTOM Consortium and the Riken Omics Science Center1 

Using deep sequencing (deepCAGE), the FANTOM4 study measured the genome-wide dynamics of transcription-start-site usage 
in the human monocytic cell line THP-1 throughout a time course of growth arrest and differentiation. Modeling the expression 

,:; dynamics in terms of predicted cis-regulatory sites, we identified the key transcription regulators, their time-dependent activities ~
1 

and target genes. Systematic siRNA knockdown of 52 transcription factors confirmed the roles of individual factors in the 
regulatory network. Our results indicate that cellular states are constrained by complex networks involving both positive and 
negative regulatory interactions among substantial numbers of transcription factors and that no single transcription factor is 

f both necessary and sufficient to drive the differentiation process . ... 
,:: 

~ Development, organogenesis and homeostasis in multicellular 
~ systems involve the proliferation of precursor cells, followed by 

growth arrest and the acquisition of a differentiated cellular 
lf phenotype. Upon stimulation with phorbol myristate acetate J (PMA), human THP-1 myelomonocytic leukemia cells cease pro­
- liferation, become adherent and differentiate into a mature mono­
! cyte- and macrophage-like phenotype1•2• This study aimed to 
~ understand the transcriptional network underlying growth arrest 
:i and differentiation in mammalian cells using THP- l cells as a 
8 model system. 
N Most existing methods for regulatory network reconstruction 
O collect genes into coexpressed clusters and associate these dusters 

with regulatory motifs or pathways {for example, see refs. 3-5). 
~~ Alternatively, one can model the expression patterns of all genes 
~ explicitly in terms of predicted regulatory sites in promoters and the 

· post-translational activities of their cognate transcription factors 
(TFs)6-8. Although this approach is challenging in complex eukaryotic 
genomes owing to large noncoding regions, ChIP-chip data9 indicates 
that the highest dem,ity of regulatory sites is found near transcription 
start sites (TSSs) and regulatory regions originally thought to be distal 
may often be alternative promoters10,ll. Precise identification of TSS 
locations is thus likely to be a crucial factor for accurate modeling of 
transcription regulatory dynamics in mammals. 

In this study, we extend our previous observations of genome-wide 
TSS usage by Cap Analysis of Gene Expression (CAGE)12 and using 
deep sequencing to identify promoters active during a time course of 
differentiation and quantify their expression dynamics. DeepCAGE 
data are used in combination with cDNA microarrays, other genome­
scale approaches, novel computational methods and large-scale siRNA 
validation to provide a comprehensive analysis of growth arrest and 
differentiation in the THP-l cell model. 

1A full list of authors and affiliations is provided at the end of this paper. 

RESULTS 
Outline of the analysis strategy 
In most cell line models, only a subset of cells undergoes growth arrest 
and differentiation. To maximize the sensitivity in this study, we 
identified a subclone ofTHP-1 cells in which the large majority of cells 
became adherent in response to PMA (Supplementary Fig. 1 online). 
Our strategy began with deepCAGE, which identified active TSSs at 
single-base-pair resolution, and simultaneously measured their time­
dependent expression ( using normalized tag frequency) as cells 
differentiated in response to PMA. The same RNA was subjected to 
cDNA microarray analysis on an lllumina platform. lbe differentia­
tion of the cells was evident from the large increase in expression of 
macrophage-specific genes such as CD14 and CSFJR detected by 
both deepCAGE and microarray in all replicates (Supplementary 
Fig. 2 online). 

Figure I summarizes our Motif Activity Response Analysis (MARA) 
strategy. Promoters were defined as local dusters of coexpressed 
TSSs and promoter regions as their immediate flanking sequences 
(Fig. la,b). To reconstruct transcription regulatory dynamics we 

refined earlier computational methods6-8 by incorporating compara­
tive genomic information and each TF's positional preferences relative 
to the TSS in the prediction of regulatory sites. Binding sites for a 
comprehensive and unbiased collection of mammalian regulatory 
motifs were predicted in all proximal promoter regions (Fig. le) and 
the observed promoter expression profiles (Fig. Id) were combined 
with the predicted site-counts (Fig. le) to infer time-dependent 
activity profiles of regulatory motifs (Fig. If). We inferred individual 
regulatory interactions (edges) between motifs and promoters by 
comparing the promoter expression and motif activity profiles 
(Fig. lg). Rigorous Bayesian probabilistic methods were developed 
for all steps of the computational analysis. Finally, a core network was 
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Figure l Motif Activity Response Analysis (MARA). (a) CAGE tags are mapped to the human genome and their expression 1s normalized; vert1cal Imes 
represent TSS posItIons, and their height Is proportional to the normalized expression. (b) Mapped tags are clustered into promoters on the basis of their 

~ relative expression, and neighboring promoters are Joined mto promoter regions. (c) A window of 300 to +100 flanking each promoter region is extracted, 

j :t~!~~1in!~~;~r:0:~:et:~!~0~~~::t~~!~e~~ ~~p;~~i~!a~:~i~:~ :,•~:f1fi~n::0:tt:0~:-u1C::~ ~=~me:~~~np~!~~t~;~;~:~:!e~ni~:d~~ted 
a, correlation of the promoter expression and motif activity profiles. 

~ 
@ constructed by selecting the motifs that explained the greatest propor­

tion of the expression variance. obtaining all predicted regulatory edges 
~~ between TFs corresponding to these motifs and selecting those reg­
~ ulatory edges that had independent experimental support. Using this 

", approach, we reconstructed the transcriptional regulatory dynamics 
associated with cellular differentiation in human THP-1 cells, and 
validated a subset of predicted regulatory interactions. 

DeepCAGE quantification of dynamic TSS usage 
CAGE tags generated from mRNA harvested at each time point were 
mapped to the human genome. Promoters were defined as dusters of 
nearby TSSs that showed identical expr~ion profiles (within mea­
surement noise) and were substantially expressed in at least one time 
point (Fig. Ia,b). Using these criteria we identified 29,857 promoters 
expressed in THP-1 cells containing 38 l, 145 unique TSS positions 
(which is a subset of the nearly 2 million TSSs detected at least once in 
THP- l ). These promoters were contained within 14,607 promoter 
regions (separated by at least 400 bp; Methods and Supplementary 
Fig. 3 online). The deepCAGE data was validated using genome tiling­
array ChlP for markers of active transcription. Of the promoters 
identified, 79% and 78% were associated with H3K9Ac and RNA 
polymerase II, respectively (both markers of active transcription13•14), 

compared to 18% and 27% for inactive promoters (Supplementary 
Note online). 

554 

Among the identified promoters 84% (24,984) were within l kb of 
the starts of known transcripts and 81% (24,327) could be associated 
with 9,452 Entrez genes. Approximately half of the remaining pro­
moters were more than l kb away from the loci of known genes 
(Supplementary Fig. 4 online). These newly identified promoters are 
conserved across mammals, suggesting that they are true transcription 
starts of currently unknown transcripts (Supplementary Fig. S 

online). 'lbe association of 24,327 promoters with 9,452 Entrez 
genes extends previous evidence of alternative promoter usage11-in 
this case even within a single cell type (Supplementary Table I 
online)-and demonstrates that promoter regions frequently contain 
multiple promoters with distinguishable expression profiles (Supple­
mentary Table 2 online). In addition, for genes with known multiple 
promoters deepCAGE frequently identified only one promoter to be 
active in the THP-1 samples (Supplementary Fig. 6 online). Hence. 
deepCAGE samples a distinct aspect of transcriptional activity that can 
and does vary independently of mRNA abundances as measured by 
hybridization to representative microarray probes. 

Promoter expression 
Using the normalized tags per million (tpm) counts assigned to the 
promoters, we tested reproducibility among the three biological 
replicates and compared the outcome to the Illumina array 
from the same samples (Supplementary Fig, 7 online). DeepCAGE 

VOLUME 41 I NUMBER 5 ! MAY 2009 SM\IIU <.t--.all(', 

162 

http://etd.uwc.ac.za



1.0 

,}f/!-: 
·,;t) 
't ~ a 

10 12 14 16 
Z-valuemollf 

Figure 2 Statistical significance and consistency across replicates of the 
inferred motif achv1ty profiles. Each dot corresponds to a motif. The 
s1gmf1cance of each motif in explaming the observed expression variation is 
quantified by the z value of its activity profile (horizontal axis, see Methcxls). 
The consistency of the inferred activity profile of each motif is quantified 
by the fraction of the variance (FOV) in the act1v1ty profile across all six 
replicates (three bmlog1cal replicates for both CAGE and lllumina), which 
is reproduced in each replicate (vertical axis, see Methcx:1s). 

~ ! expression measurements were comparatively noisy (Supplementary 
J! Fig. 7a). Neverthdess, the median Pearson correlation between the 
'& replicate-averaged expression profiles of CAGE and microarray was 

'C around 0.72 (Supplementary Fig. 7b), which is comparable to that 
~ observed with other deep transcriptome sequencing datasets15• As 
d predicted, the correlation is lower for genes with multiple promoter 
.!: regions (Supplementary Fig. 7b and discussed further in Supple­

ri mentary Note). 

} Comprehensive regulatory site prediction 
C Known binding sites from the JASPAR and TRANSFAC databases16•17 

! were used to construct a set of201 regulatory motifs (position-specific 

Z
i weight matrices. WMs), which represent the DNA binding specificities 

of 342 human TFs. We predicted transcription factor binding sites 
(TFBSs) for all motifs within the proximal promoter regions (-300 to 
+100 bps) of all CAGE-defined promoters. Extending the proximal 
promoter regions beyond the -300 to + l 00 window decreased the 
quality of the fitted model described below (data not shown). In 

&~ contrast to previous approaches that used simple WM scanninlf', we 
~ incorporated information from orthologous sequences in six other 

mammals and used a Bayesian regulatory-site prediction algorithm 
that uses explicit models for the evolution of regulatory sites18

•
19 

(Fig. le and Methods). Notably, different motifs had distinct and 
highly specific positional preferences with respect to TSS (Supple­

mentary Fig. 8 online), extending a previous genome-scale analysis2°. 
Positional preferences were incorporated in the TFBS prediction by 
assigning each site a probability that it is under selection and correctly 
positioned. This analysis generated approximately 245,000 predicted 
TFBSs for the 201 motifs genome-wide. For each promoter-motif 
combination, the TFBS prediction was summarized by a count Npm• 

which represents the estimated total number of functional TFBSs for 
motif m in promoter p. The TFBS predictions were compared with 
published high-throughput protein-DNA interaction datasets (ChIP­
chip) and predicted target genes were significantly (P values ranged 
from 0.02 for ETSJ to 6.60E-263 for GABPA) enriched among genes 
for which binding was observed (Supplementary Table 3 online). 

Inferring key Tfs and their time-dependent activities 
The details of our Motif Activity Response Analysis (MARA) are 
described in Methods. Briefly, for each motif m and each time point t, 
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there is an (unknown) motif activity Amt> which represents the time­
dependent nuclear activity of positive and negative regulatory factors 
that bind to the sites of the motif (for example, the E2f activity 
will depend on nuclear E2fl-8, and DPl-2 level,;, as well as RBI 
phosphorylation status). As in previous work6--"8.2 1, motif activities 
were inferred by assuming that the expression ep1 of promoter p 
at time t is a linear function of the activities Amr of those motifs that 
have predicted sites in p. Additionally, the effect of motif m on the 
expression of promoter p is assumed to be proportional to the 
predicted number of functional sites N{:. Assuming that the devia­
tions of the predicted expression levels e~ = constant+ I:m NpmAm, 
from the observed level-. ep, are Gaussian distributed, and using a 
Gaussian prior on the activities, we determine fitted activities A~1 that 
have maximal posterior probability (Methods). 

The inferred motif activities were validated using a number of 
internal tests. First, our Bayesian procedure quantifies both the 
significance of each motif in explaining the observed expression 
variation as well as the reproducibility of its activity across replicates 
(Fig. 2 and Supplementary Table 4 online). The activity profiles of 
the top motifs are extremdy reproducible across replicates and 
different measurement technologies (Figs. 2 and 3a and Supplemen­
tary Fig. 9 onhne). It should be stressed that, although motif activities 
are inferred by fitting the expression profiles of all promoters, the 
model cannot be expected to predict expression profiles of individual 
genes from the predicted TFBS in proximal promoters alone. The 
effects of chromatin structure, distal regulatory sites, nonlinear inter­
actions between regulatory sites, and the contribution of the large 
numbers of human TFs for which no motif is known, are not 
considered Furthermore, especially for genes that are dynamically 
regulated, mature mRNA abundance can be dynamically regulated 
independently of transcription initiation and promoter activity 
through selective mRNA elongation, processing and degradation. 
Our aim is not to predict expression profiles of individual genes but 
rather to predict the key regulators and their time-dependent activ­
ities, which can be inferred from integration of global expression 
information in a system undergoing dynamic change. We validated 
the significance of the inferred activity profiles by comparing the 
fraction of the 'expression signal' (expression variance minus replicate 
noise) that is explained by the model, compared to randomized 
versions, and under a tenfold cross-validation test (Supplementary 
Fig. IO online). The explained expression signal is highly significant 
and this significance is maintained under tenfold cross-validation 
(Methods). In addition, the highly peaked positional profiles of 
TFBSs (Supplementary Fig. 8) suggest that knowing the exact TSS 
is important for accurate TFBS prediction. Indeed, the predicted 

TFBSs from CAGE promoters explain substantially more of the 
expression signal in microarrays than predicted TFBSs of the asso­
ciated RefSeq promoters (Supplementary Fig. 10). We observe that 
the model better predicts the expression profiles of those promoters 
that are more strongly exp~d, more reproducible across replicates, 
and have higher expression variance (Supplementary Fig. II online). 
Similarly, samples at the start and end of the differentiation time 
course are better predicted than those at intermediate time points 
(Supplementary Fig. 12 online), possibly because individual cells 
differentiate at different rates and leave the ceU populations less 
homogeneous at intermediate time polllts. 

Motif activities that were independently inferred from all 11,995 
expressed microarray probes were combined with the inferred motif 
activities from all CAGE and microarray replicates into a final set 

of time-dependent motif activities (Methods). From these, we selected 
30 'core' motifs that contribute most to explaining the expression 
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Figure 3 Inferred time-dependent activities of the key regulatory motifs. 
(a) The time-dependent activity profile of the E2Fl-5 regulatory motif as 

!! inferred from CAGE (left) and microarray (right) data. The three bmlogical 
'& repflcates are shown in red, blue and green. (b) The 30 most significant 
.::: motifs wtth consistent activity profiles across all replicates (CAGE and 
C microarray) were clustered into nine sets of motifs with similar dynamics. 

u .s 
t 
l 

Each panel shows the activity of the members of the cluster (colOfed 
curves), the names of motifs contributing and the cluster average act1v1ty 
profile (black). 

c( variation (red dots in Fig. 2) and segregated their activity profiles 
! using a Bayesian procedure into nine dusters (Fig. 3b and Methods), i including three dusters of upregulated motifs, three clusters of down-

regulated motifs and three dusters rontaining single motifs with 
profiles involving different transient dynamics. The genome-wide set 
of target promoters for each of the motifs was determined as described 
in Methods. 1be significance of each regulatory 'edge' from a motif to 
a putative target promoter (containing a predicted TFBS) was quan-

&::J . .\l tifi.ed by the z value of the correlation between the motifs activity 
~ profile and the promoter's expression profile (Fig. le). 

Core transcriptional regulatory network 
The final aim in reconstructing transcriptional regulatory networks is 
to infer not only the key regulators and their target gene sets, but also 

the way in which the actions of these key regulators are coordinated. 
For this purpose, we collected all 199 predicted regulatory edges 
(z value ~ l.S) between the 30 core motifs. Recognizing that the 
prediction of individual regulatory edges is still prone to error, we 
constructed a core regulatory network (Fig. 4) of 55 highly trusted 
edges by filtering the predicted edges according to experimental 
validation, either within our data or in existing literature (Supple­
mentary Table 5 online). In addition, for each rore motif we extracted 
the set of predicted target genes (z value ~ 1.5) and checked for 
enrichment of gene ontology tenns. A selection of significantly 
enriched terms is shown as oval nodes in Figure 4 (full set of GO 
enrichments are available as Supplementary Table 6 on1ine). 

Whereas our method infers the key regulators ab initio, the 
majority of factors within this core network are known to be 
important in the monocyte-macrophage lineage, thereby validating 
the method. In addition the predicted targets of these motifs 

55& 

arc enriched for biological processes known to be involved in 
differentiation of the monocytic lineage. 

The gene ontology enrichments can broadly be divided into four 
groups. Downregulated motifs E2Fl-5, NFYA,B,C and MYB are 
associated with cell cyde--related terms, consistent with the growth 
arrest observed during PMA-induced differentiation and the specific 
downregulation of numerous genes required for DNA synthesis and 
cell cycle progression within 24 h of PMA addition. Notably, MYB 
targets are also enriched specifically for microtubule-cytoskeleton­
associated genes. Conversely, target-. of upregulated motifs are asso­
ciated with the terms immune response, cell adhesion, plasma 
membrane, vacuole and lysosome, all of which are consistent with 
differentiation into an adherent monocyte-like cell. The targeting of 
lysosomaJ genes by cholesterol-regulated SREBFs (sterol regulatory 
element-binding transcription factors) is of note, as lipid homeostasis 
is important in the macrophage in atherosclerosis and lysosomaJ 
storage diseases22• We also saw enrichment of signal transduction 
genes among targets of the early induced motifs EGRl-3 and TBP. 
Finally, there is a set of motifs whose targets are enriched in TFs. 
These motifs correspond to the transiently induced/repressed motifs, 
ATF5_CREB3, FOXOl,3,4 and SRF, and the repressed pair of 0Cf4 
and FOXll,)2 motifs. 

Validation of edge predictions 
THP-1 cells, even in an 'undifferentiated' state, are dearly a myeloid 
cell line. In seeking to validate the transcriptional network, we noted 
that there was a large set of TF genes expressed constitutively in the 
cells that were rapidly downregulated in response to PMA, of which 
MYB is an example, and another set that was expres.-.ed but further 
upregulated during differentiation. It is technically difficult to apply 
siRNA knockdown to genes that are only expres.sed later in the 
differentiation. 10 validate predicted edges empirically, we therefore 
chose to carry out siRNA knockdowns in undifferentiated THP-1 cells 
for genes encoding 28 TFs that are expressed in the undifferentiated 
state and for which we have associated motifs. "fo assess whether 
siRNA knockdown carried out in the undifferentiated state is appro­
priate to address factors that increase expression during the time 
course, we carried out the technically more difficult experiment of 
siRNA knockdown combined with PMA treatment for SPIJ (more 
commonly known in the literature as PU. I). All knockdowns were 
carried out in biological triplicate and qRT-PCR was used to confirm 
RNA-level knockdown, which in most cases was greater than 8()1¾, 
(Supplementary Table 7 online; in addition, protein-level knockdown 
was confirmed by protein blot for 14 siRNAs, see Supplementary 
Fig. 13 online). Changes in gene expression caused byTF knockdown 

were measured by lllumina microarrays. For each knocked-down TF 
gene, we obtained the list of predicted regulatory targets for the 
associated motif and divided the microarray probes into predicted 
targets and nontargets for a range of z-value thresholds. Higher­
confidence targets in general show greater expression changes upon 
knockdown (Fig. Sa shows the example TF genes MYB, SNA13. EGRI 

and RUNXI; additional examples are shown in Supplementary 
Fig. 14 online). For SPII, even in the absence of PMA treatment 
siRNA knockdown caused significant downregulation of predicted 
SPI l targets, but the effects were much stronger when knockdown was 
combined with I h or 24 h of PMA treatment (Fig. Sb), confirming 
that PMA causes upregulation of SPII activity. A good rorrelation 
between target confidence (z-value cut-off) and average log expression 
ratio was observed for the large majority of experiments (Fig. Sc). For 
an intermediate cut-off of z = l.5 we quantified the difference in log 
expression ratio of predicted targets and nontargets (Fig. Sd) and 
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found significant changes (z-value larger than 2) for 23 of 33 cases 
with SPIJ knockdown combined with 24 h of PMA treatment and 

ci 
u 
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.g, MYB knockdown being the most significant {Supplementary Fig. 15 
online shows the entire distribution of log expression ratios of targets 
and nontargets for eight example TFs). Notably, for the TF genes 
LM02, MXI I and SP 1, the knockdown led to a significant upregula­
tion of their targets, suggesting that the three encoded TFs act 
primarily as repressors in undifferentiated THP-1 cells (Fig. Sd, also 
see Supplementary Fig. 14a). Together these results pmvide compel­
ling experimental validation of our predicted regulatory edges. 

lf 

l 
! 

Z
i Single TF knockdowns affect multiple motif activities 

Besides validating predicted targets, the siRNA knockdowns can also i be used to asse~ the effects of the knockdown of one TF gene on the 
.... motif activities of other TFs. In addition to the 28 Tfs perturbed 
0 above, we included a further 24 TFs that lacked motifs but were 

naturally repressed during PMA differentiation, or had been reported 
~.'':,la.1 to have a ro!e in myeloid differentiation or leukemia (Supplementary 
~ Table 8 onlme). 

· The motif activity inference method was used to determine the 
changes in activities of all motifs upon knockdown of each TF gene. 
To assess the role of each TF in differentiation, we defined the 
differentiative overlap between a TF gene knockdown and the PMA 

time course as the fraction of all motifs that significantly changed their 
activity in the same direction upon TF gene knockdown as in the 
PMA differentiation (Methods). By far the largest differentiative 
overlap (69%) was observed for the MYB knockdown, which not 
only affected MYB motif activity, but also the activity of most motifs 
in the core network, with the most significant activity changes aU in 
the same direction as in the PMA time course (Fig. 6a). Knockdown 
of 13 other TF genes generated an overlap greater than the negative 
control (Supplementary Table 9 online), and Figure 6 shows three 
further examples (E2FJ, HOXA9 and CEBPG). 

As for MYB, E2Fl knockdown reproduced some of the down­
regulation of MYB and E2F activity observed upon PMA stimulation, 
but it failed lo reproduce the upregulation of SREBFl,2, PU.I, 
NFATC!-3 and FOS,B,Ll_JUNB,U activity (Fig. 6b). Similarly, the 
activity changes that HOXA9 knockdown induced were mostly in the 
same direction as in the PMA differentiation; however, the SNAI 1-3 
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Figure 4 Predicted core regulatory network of the 
30 core motifs. An edge x-v is drawn whenever 
the promoter of at least one of the TFs assocrated 
with motif Y has a predicted regulatory edge 
for motif X (z value ~ 1.5) and the edge has 
independent expenmental support. The color of 
each node reflects its cluster membership and 
the size of the node reflects the significance of 
the motif. Edges confirmed in the literature, 
by ChlP or by siRNA are shown In red, blue and 
green, respectively. In cases where there are 
multiple lines of support only one evidence type 
Is shown. Supplementary Table 5 shows all 
predicted edges and their experimental support. 
GO terms significantly enriched among target 
genes are shown as white nodes with black 
edges. FOS/JUN (FOS,B,Ll_JUNB,O), GREB 
(ATF5_CREB3), GABPA IELKl,4_GABPA,B2). 

and IRFl,2 motif activities failed to be 
induced and the GATA4 and TBX4,S motif 
activities failed to be downregulated (Fig. 6c). 
Notably, knockdown of CEBPG, encoding 

one of the PMA-downregulated factors, for which we do not have a 
motif, also generated activity changes that significantly overlapped 
those observed in response to PMA (Fig. 6d). Finally, instead of 
comparing the motif activity changes that different knockdowns 
induced, we can also directly compare the expression changes of all 
genes with the expression changes observed in the PMA time course . 
We round that MYB, HOXA9, CEBPG, GFIJ, CEBPA, FLIJ and MLffJ 
knockdowns all generated changes in gene expression that reiterated 
some of those observed with PMA treatment (Supplementary 
Table 8). MYB knockdown was exceptional, as it induced 35% 
(340/967) and repressed 19% (172/916) of the genes upregulated and 
downregulated with PMA, respectively. In addition the cells became 
adherent (Supplementary Fig. 16 online) and began to express the 
monocytic markers CDl!B (ITGAM), CD54 (!CAMI), CD/4, APOE 
and CSFJR (Supplementary Fig. 2), three of which we confirmed by 
flow cytometry (Supplementary Table 10 online). This development 
of adherence could be linked to the GO enrichment for cytoskeleton­
associated genes among MYB targets noted above. Given these 
observations one might wonder whether MYB is a master regulator 
of the differentiation process and whether stronger and longer knock­
down would have reproduced the complete differentiation observed 
under PMA treatment. Several observations argue strongly against 
this. First, the gene sets perturbed by MYB and by the other pro-

differentiative TFs overlap only partially (Supplementary Table II 
online). Second, of the six other pro-differentiative TF genes only two 
( CEBPG and GFJ 1) are affected by MYB knockdown. Both these facts 
indicate that the other pro-differentiative TF genes are not simply 
downstream of MYB. Third, MYB downregulation does not occur 
until after the second hour of the PMA time course (Fig. 3b), which is 
at odds with the idea of MYB sitting at the top of the regulatory 
hierarchy. It is also worth noting that THP-1 cells harbor a leukemo­
genic fusion23 between MLL (mixed-lineage leukemia) and MLLT3 
(MLL translocation partner 3) and that the MLLT3 siRNA targets this 
leukemogenic fusion (note that full-length MLLT3 does not seem to be 
expressed in THP-1 as there is no CAGE S' signal for this gene). Our 
data indicate that this fusion interferes with differentiation and that 
neither PMA treatment nor MYB knockdown affects MLL-MLLT3 
levels, suggesting these stimuli can bypass the differentiative block. 
Conversely, MLLT3 knockdown had no effect on MYB levels. 1bese 
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i Figure 5 Validation of predicted target promoter sets usmg siRNA knockdowns. (a) Difference m the average log expression ratio upon knockdown between 
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N knockdown of SP/1 followed by 1 h without treatment (light blue), 24 h without treatment (dark blue), 1 h of PMA treatment (orange) and 24 h of PMA 
@ treatment (red). All straight lines are linear regression fits. (c) Pearson correlation coeff1c1ents between the average log expression ratio difference of targets 

and nontargets and the cut--off on target predictions (horizontal axis). Red bars indicate correlation coeff1c1ents larger than 0.75 in absolute valLE; green 

I~
;,-~ bars, absolute values between 0.5 and o_ .75; and blue bars, less than 0.5. (d) Signif1c~nce (zvalue) of the difference in log expression ratio between 

predicted targets and nontargets (cut-off z----= 1.5) for all 28 TFs associated with a motif, measured as a z value (number of standard errors). Red bars 
. correspond to s1gmf1cant changes, that 1s, greater than two standard errors; green bars, changes between 1 and 2 standard errors; and blue bars, changes 

less than 1 standard error. siRNA knockdowns were camed out m biological triplicate and knockdown was assessed by qRT-PCR (Supptementary Table 7). 

results agree with previous RNAi studies that conclude that down­
regulation of MLL leukemogenic fusion proteins can promote growth 
arrest but is not required for terminal differentiation24•25• Thus, 
individual TF gene knockdowns affect the activities of multiple 
motifs and elicit different, but overlapping, subsets of the regulatory 
changes observed in the PMA time course. Taken together, the data 
indicate that the independent perturbation of expression of multiple 
TFs in response to PMA is both necessary and sufficient to initiate 
partial differentiation. 

Many TFs are involved in the differentiation process 
The network predictions and the siRNA results above suggest that 
upregulation and downregulation of the activities of multiple co­
operating TFs is required for differentiation. Of a curated list26 of 
1,322 human TFs, 610 were detected by both CAGE and microarray in 
at least one time point (Supplementary Table 12 online); however, 
only 155 of these are covered by weight matrices, suggesting that other 

.'i58 

factors may well be important in these cells. Of the 6 IO expre~ TFs 
64 were most highly expressed in the undifferentiated and 34 in the 
differentiated state. In addition, 101 TFs were transiently induced or 
repressed during differentiation. 10 elucidate the connection of these 
TFs to the inferred network, we compared the predicted regulatory 
inputs of co-regulated subsets of TFs with the predicted regulatory 
inputs of the set of all 610 expressed TFs. 

Whereas no motifs are overrepresented among inputs of statically 
expressed TFs. inputs of dynamically expressed TFs showed enrichment 
for a subset of motifs. TFs downregulated from O to 96 h PMA were 
most enriched for three downregulated motifs of the core network: 
OCT4 (3.4x), GA1i\4 (3.3x) and NFYA,8,C (2.2x) (Supplementary 
Table 13a online). Similarly, TFs upregulated from O to % h were 
most enriched for core network motifs that increase activity during 
differentiation: SNAll-3 (4.6x) and TBP (5.2x) (Supplementary 
Table 13b). Finally, transiently regulated TFs were enriched for the 
SRF (3.Sx) and NHLHl,2 (3x) motifs (Supplementary Table 13c). 
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~ Figure 6 Most significant motif activity changes (as measured by z value, red bars) for four TF gene knockdowns that induce motrf acttVrty changes that have 

ft ~d~~=e=~~ive overlap with the PMA time course of more than 50%. The corresponding motif activity changes observed in the PMA time course are shown 

I 
" Notably, TFs that are predicted targets ofSRF are mostly induced in 
; the first hour of PMA-induced differentiation. During this first hour 
j' 55 of the 57 genes whose expression was perturbed are induced and 
0> 30% encode TFs (Supplementary Fig. 17a online). The regulatory 
~ inputs of these early-induced TFs are enriched for the motifs SRF, TBP 
.... and FOSL2 (Supplementary Table 13d), which all correspond to 
0 known PMA-responsive TFs27- 30• Among the early-induced TFs, five 

correspond to upregulated core network motifs themselves (FOSB, 
.f::~ EGRI-3 and SNAIi) and two (MAFB and EGRI) are known to induce 
~•if pro-differentiative changes31,32. It is also worth noting that significant 

downregulation did not occur until the second hour, and this may 
require both early induction of transcriptional repressors and the RNA 
degradation proteins BTG2 and ZFP36 (tristetraprolin)33,3<1 (Supple­
mentary Fig. 17b). 'Ibgether, these results suggest that induction of 

SRF target genes in the first hour is critical to establishing the 
differentiative program and is required before factors maintaining 
the undifferentiated state are downregulated (Supplementary 
Fig. 17b,c). 

Web interface to data and analysis results 
To facilitate the use of the data and analysis of results amassed here, we 
provide an online tool, EdgeExpressDB, as part of the FANTOM4 web 
resource, which allows users to explore our annotations of the 
structure, expression and regulation of promoters genome-wide. 
It also integrates published TF-promoter interactions. the siRNA 
perturbations and genome-wide chromatin immunoprecipitation 
experiments. Our complete set of regulatory-interaction predictions 
provides a large collection of hypotheses that can be targeted for 
validation, for example, through chromatin immunoprecipitation, gel 
shift assays or reporter assays. The value of this resource is illustrated 
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by detailed examination of individual loci. For example, the osteo­
pontin gene (SPPJ) is massively induced from 12 h of differentiation 
(Supplementary Note). Our predictions confirm RUNX and PU.las 
regulators and support a previous analysis in mouse implicating the 
TGIFI factor. In addition our analysis identifies NFAT, STAT, NKX6.2 
and LIM domain and homeobox proteins as candidates for 
further testing. 

Finally, our set of human promoters, TF motifs, genome-wide 
annotation of TF-binding sites and their predicted effects on the 
expression of the target promoters are available through the Swiss­
Regulon website. A web interface, allowing researchers to automati­
cally perform Motif Activity Response Analysis (MARA) of their own 
expression data in terms of our genome-wide predictions ofTFBSs, is 
also available at SwissRegulon. 

DISCUSSION 
We have devised a new integrated approach that combines genome­
wide identification ofTSSs and their time-dependent expression with 
computationa1 modeling to reoonstruct the transcriptional regulatory 
dynamics of a differentiating human cell line. The CAGE tag sequen­
cing used here is tenfold deeper than in previous studies11 , and this is 
the first study to our knowledge to quantitatively monitor dynamic 
expression changes of individual TSSs genome-wide. Using this data 
we developed a new computational method in which promoter 
expression profiles were modeled directly in terms of the TFBSs 
occurring in their proximal promoter regions. This method allowed 
us to infer which regulatory motifs are most predictive of expression 
changes and the time-dependent activities of the corresponding TFs 
ab inirio. We identified more than two dozen different regulatory 
motifs that significantly change their activity during PMA-induced 
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Appendix Vllb: Clusters of genes from Illumina microarray 
expression experiment with early, mid and late response 
characteristics 

Data selection 

For each time-point, the Rank Invariant normalization values, as well as the Flag 

Detection scores for each probe, were extracted from the files supplied by the 

Consortium. The Flag Detection scores are determined as follows: 

• for each probe, the bead standard deviation ( defined as the 'average 

standard deviation associated with bead-to-bead variability for the sample 

in the group' - Illumina BeadStudio User Guide) was divided by the 

intensity value to determine the variance of the measurements, yielding the 

flag detection score 

• for flag detection scores equal to 1, the probe is flagged as 'present' (P) 

• for flag detection scores between 0.99 and 1.00, the probe is flagged as 

'marginal' (M) 

• for flag detection scores less than 0.99, the probe is flagged as 'absent' (A) 

We excluded from consideration all probes that were flagged as 'absent' at any 

time-point. This resulted in a total of 9 187 probes. The probe identifiers were 

converted to EntrezGene identifiers. Many of the probe identifiers did not have a 

corresponding gene identifier and were excluded from further analysis. This 

filtering step finally yielded 7 932 genes associated with the probes. 

Data transformation 

The 7 932 genes selected were subjected to the following transformation steps: 

• add a value of 50 to all data-points to eliminate negative values 

• perform a log2 transformation on the dataset 

• normalize the data of the Ohr by making zero mean and standard deviation 

of 1 
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• transform all other time point values usmg the mean and standard 

deviation determined for Ohr. 

• to determine the change x in the expression over time for each probe 

relative to the expression level at point O hr, subtract the O hr value from 

all the other time-point values for each probe 

• to calculate the fold-change in expression for each time-point relative to 0 

hr, calculate 2Ax for each time-point value x. 

The result of the data transformation is a fold-change value varying from O to 

infinity. A fold-change value between O and 0.5 indicates that the expression of 

the probe is half or less of what it was originally (at O hr), and therefore the 

respective gene is considered significantly down-regulated. A fold-change value 

of 2 or more indicates that the expression of the probe is 2 or more fold greater 

than it was originally (at Ohr) and we considered it to represent a significant up­

regulation of the gene. 

Clustering 

The transformed data was binned into the following categories for clustering: 

• Down-regulated: all values in the range O <= X <= 0.5 

o clustering value = -1 

• No regulation: all values in the range 0.6 < X < 2 

o clustering value = 0 

• Up-regulated: all values >= 2 

o clustering value = + 1 

The tool used to perform clustering was TIGR MultiExperiment Viewer (version 

3.1), which is freely available from http://www.tm4.org. For clustering we 

applied a Hierarchical Clustering algorithm using the Euclidean distance metric 

and average linkage clustering. 
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Selection of clusters 

Of the transformed 7 932 genes, 1 807 genes were not regulated throughout the 

time-points, 710 genes were down-regulated at the 24h time-point only, and 5 220 

genes were up-regulated at the 24h time-point only. These three clusters of genes 

were not selected. 

The remaining clusters were visually inspected and divided into 10 categories 

based on their regulation over time as presented in Table 1 (see Figure 2 for 

graphical representation). In Table 1 we used the following classification of the 

time intervals in the gene response: 

• early regulation refers to the first four time-points (0.5h, lh, 2h, 3h) 

• middle regulation refers to the next three time-points ( 4h, 8h, 1 Oh) 

• late regulation refers to the last three time-points (12h, 18h, 24h) 

The heat-map of the selected clusters is depicted in Figure 1. 

Table 1: Clustering categories for Illumina data based on the time of the response 
of genes to LPS stimulation. 

Early Middle·. \ ','. tae GeneCQunt ,, 

Re2Ulatioat1,.i:' rew1atioa.· ' ."/ ;\, < 

.. =on ,, 

Category 1 Up Up Up 4 
Category 2 Up None Up 40 
Category 3 Up None Down 5 
Category 4 None None Up 38 
Category 5 None Down Up 36 
Category 6 None Down None 15 
Category 7 None Down Down 15 
Category 8 Down None Up 31 
Category 9 Down None Down 7 
Catej?;ory 10 Down Down Down 2 
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Figure 1 

...---category1 o 
➔:, Category1 

•◄~;: . ..,...__Category2 

_.. __ Category3 

a-;,.,. __ Category8 

~ategory6 

1['.:' Category? 

Clustering image from TMeV. Clusters were selected based on the visual 
inspection of expression profiles. Each cluster was classified into an 
expression category based on their expression over time. 
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'· Category 1 

■ Category 2 

Category 3 

■ Category 4 

■ Category 5 

■ Category 6 

11 Category 7 

Category 8 

■ Category 9 

■ Category 10 

Average expression profiles for the expression categories. The average expression profile for each category was plotted along the 
time-points. Values in the graph range from -1 (down-regulated) through O (no regulation) to 1 (up-regulation). 
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Appendix VIII Expression profile of transcription factors showing tissue restriction 

The expression profile of the 145 transcription factors expressed in 25% of tissues. (FRS - female reproductive system; MRS -
male reproductive system). 

-= 
~ -= ~ = = -= = ~ = 1Z 0 = i'ii e - "' ""' ~ "' ""' "' = ... ... QI = = - ~ ~ -; > e = ~ ""' "' -= - 00 ... -= "' 

QI -; = = C,I = ·= QI QI = -= -= - QI =- 00 0 ""' - e ""' = = QI 0 0 QI QI 00 
""' = ""' ~ C,I C,I QI ·; QI e ""' QI 

""' 0 .s = = = = -= QI = e = = = = QI ... ... -= QI QI -= 0 0 QI > = - is. QI 

C C :c ~ ~ = ... ~ e ·a ·a - -= -= -= ~ ~ ~ -= ·- =- 0 - - - "' "' - -
326 AIRE 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 
430 ASCL2 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 
579 BAPXl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
668 FOXL2 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1032 CDKN2D 0 0 0 0 0 1 0 0 0 1 1 1 0 0 0 0 0 0 0 0 1 
1053 CEBPE 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
1745 DLXl 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 
1746 DLX2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
1748 DLX4 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 
1761 DMRTl 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
1961 EGR4 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
1993 ELAVL2 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 
2016 EMXl 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
2020 EN2 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2103 ESRRB 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 1 
2118 ETV4 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 1 0 0 1 
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2294 FOXFI 0 0 0 0 0 I 0 I 0 I 0 I 0 0 0 0 0 0 0 0 0 
2295 FOXF2 0 0 0 0 0 0 0 I 0 0 0 I 0 0 0 0 0 0 0 0 I 
2297 FOXDI 0 0 0 0 0 0 I I 0 0 0 I 0 0 I 0 0 0 0 0 I 
2302 FOXJI 0 0 0 0 0 0 0 1 0 I 0 0 0 0 0 0 0 I 0 0 0 
2304 FOXEI 0 0 0 0 0 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 I 
2306 FOXD2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 I 
2623 GATAI 0 0 0 0 I 0 0 0 0 I 0 0 0 0 0 0 0 0 0 0 0 
2672 GFII 0 I 0 0 0 0 0 0 0 0 I 0 0 0 0 0 I 0 0 0 I 
3007 HISTIHID 0 I 0 0 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 I 
3008 HISTIHIE 0 0 0 0 0 0 0 I 0 0 I 0 0 0 0 0 0 0 0 0 0 
3009 HISTIHIB 0 0 0 0 0 I 0 0 0 0 I 1 0 0 0 I 0 0 0 0 1 
3110 HLXB9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 I 
3198 HOXAI 0 0 0 1 0 0 0 I 0 0 0 I 0 0 0 0 0 I 0 0 0 
3205 HOXA9 0 0 0 0 0 I 0 I 0 0 0 I 0 0 0 0 0 0 0 0 I 
3207 HOXAll 0 0 0 I 0 I 0 0 0 0 0 I 0 0 0 0 0 0 0 0 I 
3209 HOXA13 0 0 0 0 0 1 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 
3231 HOXDl 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 I 0 0 0 I 
3234 HOXD8 0 0 0 0 0 I I 1 0 0 0 I 0 0 0 0 0 0 0 0 I 
3642 INSMI 0 0 0 0 0 0 0 0 0 0 I 0 0 0 0 I 0 I 0 0 0 
3975 LHXI 0 0 0 0 0 I 0 I 0 0 0 I 0 0 0 0 0 1 0 0 I 
4210 MEFV 0 I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4656 MYOG 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4796 NFKBIL2 0 I 0 0 0 0 0 0 0 0 I 1 0 0 0 0 0 I 0 0 I 
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4821 NKX2-2 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
4861 NPASl 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 0 0 1 0 0 1 
4901 NRL 0 1 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1 0 0 1 
5013 OTXl 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 
5076 PAX2 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 1 
5077 PAX3 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 1 
5079 PAX5 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 
5081 PAX? 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
5453 POU3Fl 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 1 
5454 POU3F2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 
5455 POU3F3 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 
5462 POU5F1Pl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
5992 RFX4 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 0 1 1 
6474 SHOX2 0 0 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 
6493 SIM2 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 1 
6496 SIX3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
6664 SOXll 0 0 1 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 
6689 SPIB 0 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 1 
6877 TAF5 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 1 0 0 1 
6899 TBXl 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 
6913 TBX15 0 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 
7023 TFAP4 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 1 0 1 1 
7161 TP73 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0 1 0 0 1 
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7291 TWISTl 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 
7310 U2AF1Ll 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 
7546 ZIC2 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 
7621 ZNF70 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
7673 ZNF222 0 1 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 
7675 ZNF121 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
7710 ZNF154 0 0 0 0 0 1 1 0 0 0 1 0 0 0 0 0 0 1 0 0 1 
7768 ZNF225 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 1 0 0 1 
8092 CARTl 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 
8193 DPFl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
8320 EOMES 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 1 0 0 1 
8345 HIST1H2BH 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 1 0 0 0 
8820 HESXl 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
8970 HIST1H2BJ 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 1 
9970 NR1l3 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 1 
10215 OLIG2 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 
10655 DMRT2 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 
10794 ZNF272 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0 1 0 1 0 
11077 HSF2BP 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 1 0 0 1 
11281 POU6F2 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 1 1 
25806 VAX2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 
26038 CHD5 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 
26108 PYGOl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 
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26468 LHX6 0 0 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 1 0 0 1 
27023 FOXBl 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 1 0 0 1 
27164 SALL3 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 1 
27288 HNRNPG-T 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
27439 CECR6 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 0 1 
30009 TBX21 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 
30012 TLX3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
50805 IRX4 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 1 
51022 GLRX2 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 1 
51402 LW-1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 
51450 PRRX2 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 
54626 HES2 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 
55552 HSZFP36 0 0 0 0 0 1 1 0 0 1 0 1 0 0 0 0 0 1 0 0 0 
55659 ZNF416 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 1 1 
56938 ARNTL2 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 1 
56978 PROMS 0 1 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 
57116 ZNF695 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 
57332 CBX8 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 0 0 1 0 0 1 
57343 ZNF304 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 
57801 HES4 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 
58495 OVOL2 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 1 0 0 1 
60529 ALX4 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0 1 0 0 1 
63978 PRDM14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 
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79192 IRXl 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0 0 1 0 0 1 
79722 FLJl 1795 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 1 0 0 0 1 
79816 TLE6 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 1 
79862 ZNF669 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 
80032 ZNF556 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
84127 RUNDC2A 0 0 0 0 0 1 1 0 1 0 0 1 0 0 0 0 0 0 0 0 1 
84911 ZNF382 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 0 1 0 0 1 
85409 NKD2 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 1 0 0 1 
85446 ZFHX2 1 0 0 0 0 1 1 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
89870 TRIM15 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 
90649 ZNF486 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 1 0 0 1 
94039 ZNF101 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 1 0 1 
94234 FOXQl 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 0 1 
116448 OLIGl 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 
126295 LOC126295 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0 1 0 0 0 
129025 SUHWl 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 1 
136051 DKFZp762I137 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 
138474 TAFlL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
140883 SUHW2 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 0 0 1 
142689 ASB12 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
146434 ZNF597 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0 1 0 0 1 
148268 ZNF570 0 0 0 0 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
148979 GLISl 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 1 0 0 1 

181 

http://etd.uwc.ac.za



-= -= = :f; = = -= II .c II ~ = "E'AI e "E'AI "' ""' = 
"' ""' "' 

II 
t' -;;,.. ~ II "E'AI i= -; ... e II II ~ "' -= 00 ;;,.. ~ II - = .c "' ""' -; = u = ·s ~ ~ -= -= ~ ~ 00 .... ~ =- 00 = u .... 

~ e ""' = = ~ = = ""' = ""' Oil u ~ ·; e ""' ~ 

""' = = = II ~ e = = ~ 
~ ~ = = -= = = = .... - ~ 

;;,.. ;;,.. .c 
{J {J -= ::c ::c = = i;. ~ :.; ~ = ~ ~ e II ·a ·a =- .... .c .c .... 

II .c .c .c - =- "' "' .... .... = 
161253 FLJ38964 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 
162979 ZNF342 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0 0 0 0 1 
163059 ZNF433 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0 
163071 ZNF114 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 
170302 ARX 0 0 1 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
171392 ZNF675 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 
221527 ZBTB12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
245806 VGLL2 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 
253738 EBF3 0 1 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 
283078 MKX 0 0 0 0 0 1 0 0 1 1 0 1 0 0 0 0 0 0 0 0 1 
285676 ZNF454 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 
339416 ANKRD45 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
339488 TFAP2E 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
341405 ANKRD33 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
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Appendix IX Genome-wide analysis of cancer/testis gene 
expression. Proc Natl Acad Sci US A. 
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Contributed by Lloyd J. Old, October 28, 2008 (sent for review June 6, 2008) 

cancer/Testis (CT) genes, noomally expressed in genn line cells but 
also activated in a wide range of cancer types. often encode 
antigens that are lmmunogenic in cancer patients, and present 
potential for use as biomarkers and targets for immu-rapy. 
Using multiple in silico gene expression analysis technologies, 
including twice the number of expressed sequence tags used in 
previous studies, we have performed a comprehensive 98""""'" 
wide survey of expression for a set of 153 previously described CT 
genes in normal and cancer expression libraries. We find that 
although 1hey are generally highly expressed in testis, 1hese genes 
exhibit heterogeneous gene expression profiles. allowing their 
dassification into testis-ras1ricted (39), testis/brain-restricted (14), 
and a testis-seledive (85) group of genes that show additional 
expression in somatic tissues. The chromosomal distribution of 
these genes confinned the previously observed dominance of X 
chromosome location, with CT-X genes being significantly more 
1esds-res1rictad than non-X CT. Applying this core dassif'ication in 
a ge11011N>-wide survey we identified > 30 CT candidate genes; 3 of 
them, PEPP-2, OTOA, and AKAP4. were confinned as testis­
- or-..selective using RT-PCR, with variable expression 
frequencies observed in a panel of cancer cell lines. Our classif'oca-­
tion provides an objective ranking for potential CT genes, which is 
useful in guiding further identif"Kation and characterization of 
these potentially Important diagnostic and therapeutic targets. 

gene index ) prediction 

C ancertrestis ( C/I") genes are a heterogeneous group that are 
normally expressed predominantly in germ cells and in 

trophoblasts, and yet are aberrantly activated in up to 40% of 
various types of cancer types (1). A subset of the CT genes has 
been shown to encode antigens that are immunogenic and elicit 
humoral and cellular immune responses in cancer patients (2). 
Because of their restricted expression profile in normal tissues 
and because the testis is an immunoprivileged site, the CT 
antigens are emerging as strong candidates for therapeutic 
cancer vaccines, as revealed by early-phase clinical trials (3-10). 
Biologically, the CT genes provide a model to better understand 
complex gene regulation and aberrant gene activation during 
cancer. 

Any gene that exhibits an mRNA expression profile restricted 
to the testis and neoplastic cells can be termed a CT gene. 
Existing definitions of C'T genes vary in the literature, from 
genes expressed exclusively in adult testis germ cells and malig­
nant tumors (1, 11) to dominant testicular expression (12). 
possible additional presence in placenta and ovary and epige­
netic regulation ( 13), or membership of a gene family and 
localization on the X chromosome (14). Reflecting this lack of 
a consensus definition, an increasing number of heterogeneous 
CT candidates have appeared in the literature, with available 
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expression profile information frequently limited to the original 
defining articles. In some cases, e.g .• ACRBP, the original 
CT-restricted expression in normal tissues could not be con­
firmed by subsequent experiments (1). Partially due to this lack 
of a clear and broadly applicable definition. or "type specimen,"' 
for a CT gene, it has become increasingly challenging to identify 
the CT genes that are most suitable for cancer vaccine devel­
opment. Moreover. this incoherent classification increases the 
risk of pursuing unsuitable clinical targets. However. with more 
expression data becoming available, CT gene transcripts of genes 
originally thought to have the CT expression profile are being 
detected in additional tissues (1), resulting in the more stringent 
"testis-restricted" description being altered to one of .. testis­
prelerence." Based on a compilation from the published liter­
ature. the CT database now lists > 130 RefSeq nucleotide 
identifiers as CT genes that belong to 83 gene families (www. 
ctalncc.br). An analysis of the human X chromosome has also 
suggested that as many as I 0% of the genes on this chromosome 
may be CT genes (15). Given this increasing number of CT and 
CT-like genes, their comprehensive classification based on ex­
pression profdes is essential for our understanding of their 
biological role and regulation of expression. 

In an attempt to resolve this and to identify new CT antigens. 
we have taken an in silico approach to produce a comprehensive 
survey of CT gene expression profiles by combining expression 
information from an existing co,pus of >8,000 cDNA libraries 
( 16) together with the depth and resolution provided by mas­
sively parallel signature sequencing (MPSS) expression libraries 
(17), cap-analysis of Gene Expression (CAGE) libraries (18), 
and a survey using semiquantitative reverse-transcription PCR 
(RT-PCR) on a panel of 22 normal tissues. As a result. we have 
created a coherent classification of CT genes, and new CT genes 
have been identified using well-informed, structured prediction 
and confirmation criteria. 

Results and Discussion 
CT dassfflcation. CT genes were classified into 3 groups. testis­
restricted, testis/brain-restricted and testis-selective, based on 
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Ftg. 1. Merged expression profiles of CT-X {left array) and non-X CT genes (Right) based on expression data from RT-PCR and cDNA. MPSS and CAGE libraries 
from tissues sources annotated as normal and "adult" (lower)°' "cancer." Expression in normal testis, placenta, and selected tissues is marked. Color reflects 
the support for the expression of a CT genes in a given anatomical site {blue for low combined expression evidence ~ 1, red for strong support from at least 3 
sources (for the normal tissue panel) with a total score ~3) or 2 sources {the cancer panel lacking RT-PCR data}, respectively. The most abundant expression (red) 
is seen in testis for most genes, partk.ularly in the non-X CT group. Expression values were normalized on a per-gene basis relatN'e to the combined normal 
testis/placenta expression confidence (Lower) or the source of the highest cancer expression confidence (Upper). The 3 CT annotation groups (testis-restricted, 
testis/brain-restricted and testis.selective) are highlighted. See l)c1td'•'t \3 for the full list of CT classifications. 

their expression profiles obtained from a manually curated 
corpus of cDNA, MPSS, CAGE expression libraries and RT­
PCR (see Data,cl , I for MPSS and CAGE library annotation 
and http://evocontology.org for the cDNA annotation). By merg­
ing expression information using different technology platforms, 
we were able to leverage their individual strengths-the breadth 
of tissue coverage as.sociated with the cDNNEST expression 
libraries, the high sensitivity of CAGE/MPSS and the ability to 

Hofmann et al. 

custom-tailor PCR primers. Of 153 genes, 39 with transcripts 
present only in adult testis and no other normal adult tissue 
except for placenta were classified as testis-restricted; 14 CT 
genes with additional expression in other adult immuno­
restricted sites (all regions of the brain) were classified as 
testis/brain-restricted, and 85 genes, designated as testis­
selective, were ranked by the ratio of testis/placenta expression 
relative to other expression in normal adult tissues ( see Fig. 1 for 
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F'19,, 2. RT-PCR analysis of selected CT genes in the testis-restricted category (MAG EA 1, GAGE, SSX2, NY-ESO-1, MAGEC1, and SPAN)(}. Expression profile are 
shown for a range of 22 normal tissues (Leffl and 31 cancer cell lines (Right). 

the expression array, Fig, 2 for the PCR panel of selected 
testis-restricted CT genes, and I ig. SI and I ):11,t'-L't S.:'. for arrays 
from individual expression sources). 

An uneven chromosomal distribution of the CT genes was 
observed, with 83 of 153 genes (54%) being on the X chromosome, 
and 70 on non-X chromosomes (I ig. '>2). Furthermore, 35 CT-X 
genes were classified as testis-restricted, whereas only 4 non-X CT 
genes belong to this group. An additional 12 CT-X genes were 
found to be testis/brain-restricted, compared with 2 non-X testi&/ 
brain-restricted CT genes. CT-X gene family members thus appear 
to be under more stringent transcriptional restriction in somatic 
tissues, whereas non-X CT genes are more broadly expressed. 1bis 
validates the CT gene classification into CT-X and CT non-X 
groups, with the CT-X group being of particular interest for 
therapeutic approaches. 

Twenty-six CT-X and 59 non-X CT genes belong to the 
testis-selective category, and 36 of these genes (5 CT-X and 31 
non-X CT) had >50% of the expression evidence derived from 
non-testis or placental libraries, indicating that these might not 
qualify as CT genes. 

Seven CT genes were not identified in any library at all (2 CT-X 
and 5 non-X CI). An additional 8 CT-X genes (SPANX-Nl, 
PAGEl, CSAGI, SSXS/6{7/9, and CT45-2)were not present in any 
testis-annotated library. Of these, SSXS and SSX7 have been shown 
to be expressed in testis by RT-PCR (19), suggesting a likely 
discrepancy in mapping short sequence tags to their genomic 
counterparts, an expected phenomenon for large and highly ho­
mologous gene families like SSX. In contrast, the absence of 
testicular expression of SSX6 and SSX9 was confirmed in that study, 
indicating that some of the currently recognized CT genes could 
either be silent or expressed at extremely low levels in testis. The full 
list with classification and raw expression scores across the merged 
expression array can be fmmd in I )aLl'>L'l S \ 

Associations between different CT gene properties and their 
assigned classification were analyzed using the APRIORI algo­
rithm. Besides being more likely testis-restricted, CT-X genes 
were found to be more often members of multigene families than 
non-X CTs. In addition, Gene Ontology terms showed CT-X 
genes to be more often in the "molecular function unknown" and 
"biological process unknown" categories, whereas the non-X 
CTs are associated with known functions such as meiosis, sexual 
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reproduction, and gametogenesis (see l ):11a-.,c1 S--1 for all at­
tributes and annotations). 

While the description of CT-X genes such as NY-ESO-1 (20), 
SSX2 (21), and MAGE-Al (22) match our classification-all are 
in the testis-restricted category-not all CT genes were found to 
be as testis-restricted as described in the literature. BAGE, 
SPOll, LIP!, LDHC, and BRDT, considered to be testis­
restricted based on a tissue panel of 13 non-gametogenic normal 
tissues (1), fall into the testis-selective category in our screen, 
most likely due to a larger amount of expression sources 
sampled. Despite the broader coverage we could not confirm an 
expression of MAGE-Al, MAGE-Cl, and NY-ESO-1 at low 
levels in the pancreas reported in the same study. In agreement 
with the study in ref. I, we found IL13RA1, ACRBP, and SPA17 
to be expressed in a wide variety of tissues, falling into the lower 
end of the testis-selective category. 

In the present study, we have ranked the testis-selective genes 
based upon the ratios of their expression evidence in testis and 
placenta relative to other somatic tissues, rather than using fixed 
thresholds and the number of somatic tissues in which a CT 
candidate is allowed as the distinguishing criteria for CT versus 
non-CT genes (2). Genes without any somatic expression have 
unique potential for cancer vaccines and other therapeutic 
approaches to cancer. From past work involving screening of 
larger sets of genes (23), a cutoff was introduced that defined CT 
candidate genes as genes with 2-fold higher expression evidence 
in testis and placenta relative to all other somatic normal tissues. 
This approach was complementary to our current one and will 
not require updated thresholds as the number of sampled tissue 
sources increases. 

Intriguingly, a number of CT genes were found to be expressed 
in no somatic tissues except for brain, suggesting the presence of 
a distinctive transcriptional control mechanism that functions 
with tissue specificity in germ cells and in brain. There have been 
relatively few studies of CT gene expression in different ana­
tomical regions of normal brain and similarly not many in brain 
tumors (24, 25), except for NXF2, which was shown to be 
expressed in normal brain (26). Our in silico study has discovered 
a broader subset of CT genes with brain expression, among them 
members of the otherwise fully testis-restricted GAGE and 
MAGE families, found to be expressed in the hippocampus and 
cerebral cortex. A previous study has similarly identified a group 
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of cancer/testis/brain (CI'B) antigens (27). However, despite the 
bioinformatic evidence, we have not been able to confirm the 
expression of selected CT genes (MAGEA9, MAGEC2, PASD 1, 
and GAGE) in tissue samples from total brain, cerebellum, 
caudate nucleus, thalamus, frontal cortex, occipital cortex, pons, 
or amygdala by RT-PCR (data not shown), and whether these 
genes are expressed in brain remains to be proven. 

Dlstrl>utlon of CT Genes In cancer Tissues. Our ranking by the 
number of different cancer types and anatomical sites of CT 
genes expressed in cancer-annotated libraries distinguishes CT­
"rich" and CT-"poor" tumors based on the in silico analysis 
obtained from cDNA, CAGE, and MPSS libraries (Fig. 1 and 
I lat a sc· t S<). The broadest distribution of CT genes was found in 
germ cell tumors, melanomas and lung carcinomas, adenocar­
cinomas and chondrosarcomas. Breadth of cancer expression 
was uncorrelated with tissue restriction in norrnal tissues (r ~ 
0.18 for CT-X genes, r ~ 0.02 for non-X CT genes using 
Spearman rank correlation); for instance, the fully testis­
restricted CT genes, such as MAGEA2/A2B and CTAG2, were 
found to be present in a variety of different tumor tissues. 

Melanoma, non-small-cell lung cancer, hepatocelluar carci­
noma and bladder cancer have been identified as high CT gene 
expressors, with breast and prostate cancer being moderate and 
leukemia/lymphoma, renal and colon cancer low expressors (1). 
Our in silico analysis confirms this distinction, in particular for 
tumor tissues well represented by the available libraries, showing 
a broad distribution of CT genes expressed in cancers of skin 
including melanoma (43% of CT genes with cancer expression 
were found in at least one melanoma library), lung (37% ), and 
liver (34% ). Strong presence of CT expression found in the 
present study but not by previous RT-PCR studies includes 
tumors from gerrn cells (39% ), stomach (28% ), and cartilage 
( chondrosarcomas, 26% ). One reason for this discrepancy could 
be the lack of RT-PCR data for certain tumors, e.g., gastric 
cancer is much rarer than other carcinomas in the Western 
world, and mesenchymal tumors are also not well represented in 
many of the RT-PCR studies to date. Our in silico information 
may thus serve as a guide for future experimental investigations, 
especially useful for recently described CT genes not yet analyzed 
in great detail. Discrepancies are also likely to occur due to the 
potential inclusion of cancer cell line samples in the survey that, 
unlike normal tissue samples explicitly labeled as norrnal, are 
often not diistinguished from primary tumor samples. A third 
reason for this observed discrepancy could be the bias that 
resulted from differences in library numbers studied for each 
tumor type: for instance, ovarian cancer is CT-rich by RT-PCR 
but not evident from our in silico study, possibly due to the low 
number of available ovarian cDNA libraries. However, colon 
cancer, a CT-poor tumor, was correctly shown to have low 
frequency of CT genes despite the large number of colon 
libraries in the databases, and this would argue that the differ­
ence in library numbers may not have been a significant factor. 
Last, the in silico fmding of high CT expression in germ cell 
tumor represents a special situation that can be explained by two 
reasons. One is that a subset of CT genes, particularly the non-X 
CTs, encode proteins with known specific functions in germ cells, 
and their expression in germ cell tumors represents the pre­
served expression of lineage-specific markers-rather than ab­
errant gene activation, conceptually similar to the expression of 
thyroglobulin by thyroid cancer or prostate specific antigen by 
prostate cancer. The other reason would be that the germ cell 
tumors from which the mRNA expression profiles were derived 
could have been contaminated by the adjacent or entrapped 
testicular tissue, which provides the source for CT gene tran­
scripts when the gerrn cell tumor was actually negative for the CT 
gene in question. 

Hofmann et al. 

CT Candidate Prediction. Prediction of CT candidates based on 
their expression profiles in cDNA, MPSS, and CAGE libraries 
resulted in 28 genes supported by 2 expression platforms in the 
testis- or testis/brain-restricted category, including 10 known CT 
genes and 18 novel CT candidates (I ig. ~~and I ),tl;i...,,·t \(1). An 
additional, less stringent screen for CT-X genes identified 47 
genes in the same categories, including 34 known CT genes and 
13 novel candidates. After manual curation, the list of novel 
candidates was extended to include the highest scoring testis­
selective CT-X candidates, TKlLI and NXF3, the latter being 
a known CT gene, a member of the NXF2 CT family (28). 

Of 33 novel CT candidate genes, 12 most promising genes were 
manually selected for experimental validation by RT-PCR based 
on an evaluation of available gene expression data in human 
cancer. Of the 5 X- and 7 non-X-chromosomal candidates, 11 
transcripts could be amplified, whereas transcripts from VCX2 
were not detected in any of the 23 norrnal tissue RNA samples. 
Three of the amplified gene transcripts exhibited testis-restricted 
(AKAP4) or testis-selective (PEPP-2, OTOA) expression (data 
not shown). RT-PCR products of these genes were also detected 
in samples from a panel of 30 cancer cell lines. 

PEPP-2, an X-linked human homeobox gene, encodes a 
transcriptional factor with similar cancer/testis restricted expres­
sion patterns in both human and mouse (29); it is also a member 
of a top 50 list of genes under strong positive selection between 
human and chimpanzee (30). Otoancorin (OTOA) was reported 
to be specific to sensory epithelia of the inner ear (31), but has 
also been associated with ovarian and pancreatic cancer due to 
its homology with mesothelin, a cancer immunotherapy target 
(32). AKAP4 (CT-X), identified in the 2-platform screen, ex­
hibits weak expression in different cancer cell lines and encodes 
a kinase anchor protein (33) involved in the cAMP-regulation of 
motility (34) and was recently suggested as a CT gene in an 
independent study (35). 

All 3 confirmed genes are candidates for immunotherapy 
based on their restricted expression, and further investigation of 
their mRNA and protein expression in various tumors is war­
ranted and ongoing. Given the comprehensive nature of our 
study and the limited number of confirmed novel CT candidates, 
it seems that the number of true CT genes matching the criterion 
of stringent testis-restricted expression profile bas reached a 
plateau. 

Although it is clear that the CT designation has been inap­
propriately given to a large number of genes with wide normal 
tissue expression, it is less evident how precisely the term CT 
should be applied. There is no difficulty with CT genes whose 
expression profile have a classic CT pattern; we estimate =39 
genes presently in this category and =90% of them reside on the 
X chromosome. The challenge for the remaining CT genes, most 
of which are non-X coded, is that they are expressed in testis and 
cancer, but are also expressed in a limited number of normal 
tissues. Should these be designated Cf? Perhaps the best solu­
tion at this point would be to assemble further inforrnation about 
CT genes and their products, including function, binding part­
ners, evolutionary selection (36), control of gene expression, 
identification of expressing normal somatic cells, aberrant non­
lineage expression in cancer, and immunogenicity, before estab­
lishing a uniform classification of CT genes. 

Methods 
s.ktctlo■ of a 6-es. A total of 153 CT genes (200 unique RefSeq transcript 
identifiers) were selected from the CT Antigen DB (http://www.cta.lncc.br) 
and by manual curation of the literature. Genes were annotated with their 
most current gene identifiers and merged based on shared National Center for 
Biotechnology Information RefSeq nucleotide identifiers ([latas,•t 'il). Addi­
tional gene identifiers were obtained from RefSeq release 11 (37), IPI version 
3.29 (38); genomic coordinates were taken from the University of California, 
Santa Cruz Genome Browser hg18 human genome build (39). Of these 153 
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genes, 83 that encode 107 RefSeq transcripts were mapped to the X chromo­
some (CT-X genes) whereas 70 genes were on autosomes {non-X CT genes). 
SubceUular locaization was based on predictions in the human version of the 
LOCATE system (40}. SEREX information was obtained from the Cancer lm­
munome Database website (http://1udwig-sun5.unil.ch/Cancerlmmu­
nomeDB). Ambiguities were resolved by manual curation. 

Soau of ExpNl,lloll ,........_ Gene expression profiles were determined 
based on 4 different sources: 99 CAGE libraries from the RIKEN FANTOM3 project 
{18), 47 MPSS libraries (17, 23, 41}, a collection of S401 cDNAexpression libraries from 
the eVOC system (16), and semiquantitative RT-PCR across 22 normal tissuesamP'es­
Source materias were annotated with regards to the anatomical site and patholog­
ical status of their source tissues. In cases VYhere the anatomical source was undassi­
fiable,ceU type information was used. Bonemarrow,,blood libraries were designated 
bone marrCNJ, and all combinations with mucosa (colon, stomach) were merged into 
"mucosa." Libraries not ~idtty annotated as "normal" 'Nl?f'e considered as ln:las­
sified. Libraries from pooled ti,sue sources were ignored, and pooled samples were 
kept as long as the pathok>gical and anatomkal status was kJentic.al for all donors 
(see Datd;..t S 1 for annotated libraries). 

Psacloanays. Expression information was organized into "pseudoarrays" 
based on expression information obtained from CAGE-, MPSS-, and cDNA­
libraries in the case of cancer expression and merged with RT-PCR results in the 
case of normal tissue expression. Columns reflect the class of library in which 
a CT transcript was identified and rows represent individual RefSeq tran­
scripts. Annotation was based on the general library class description (normal, 
cancer or unclassified) combined with pathological state and anatomical site. 
To evaluate the relative levels of CT expression we converted expression 
signals from the 4 sources into "expression evidence": For CAGE- and MPSS­
based expression data, expression evidence was based on detected tags per 
million (TPM), with matches <3 TPM (-1 transcript per cell) filtered out. 
Normalized and subtracted EST libraries prevent quantitaton of expression 
strength based on EST counts, therefore expression evidence is represented by 
the number of cDNA libraries in which a given transcript was identified. 
RT~PCR results were manually binned into S groups of expression, ranging 
from O {not expressed) to 4 (strongty expressed}. For each expression source, 
evidence values were normalized on a per-transcript basis by setting the 
highest expression evidence in normal tissues to a value of 1, reflecting relative 
changes in expression levels across tissues and pathological states. Pseudoar­
rays from the 4 expression sources were merged by summing the individual 
expression evidence scores for a given transcript from each platform. Expres­
sion profiles for multiple transcripts associated with the same gene were 
merged into a single representation, keeping the highest expression score for 
overlapping annotations. In arrays where annotation was "merged" into single 
columns based on their dass (e.g., all cancer expression information), the highest 
expression score across all annotated libraries was kept for each gene. 

Visualimtiollaad Ruldng. Genes were divided into CT-X and non-X CT panels, 
then individually ranked by their expression properties in normal tissues and 
classified into the following 3 categories: (1) expression in testis and placenta 
only (testis-restricted); (ii) expression in testis, placenta and brain-regions only 
(testis/brain-restricted), and (iii) all other genes (testis-selective). Final ranking 
within each category was obtained by sorting based on decreasing level of 
normal tissue specificity as measured by the combined testis and placenta 
expression evidence divided by all normal expression evidence. All arrays were 
visualized using MeV 4.0 {www.tm4.org). 

Clltstertng Methods. Associations between CT annotation and their dassifica­
tion were investigated by recording their assigned class; presence or absence 

1. Scanlan MJ, Simpson AJG, Old U aooc) The cancef'ltestis genes: Review, standardiza­
tion, and commentary. C•ncer lmmun 4:1. 

2. Simpson AJG, CaballeroOL, Jungbluth A, Chen YT, Old U (2005) Canrerftestisantigens, 
gametogenesis and C.JflWf. N•t Rev C•ncer 5:61S-62S. 

3. Marchand M, et al. (1999) Turno, regressions obseJved in patients with metastatic 
melanoma treated with an antigenic peptide encoded by gene MAGE-3 and presented 
by HlA-A1. Int J CancerS0:219-230. 

4. Davis ID, etal. (2004) RecombtnantNY..fS0-1 protein with isoomatrixadjuvant induces 
broad integrated antibody and CD4( +) and CD8( +) t cell responses in humaM. Proc 
Natl Acad Sci USA 101:10697-10702. 

5. Jliger E, et al. (2006) Recolri>inant vacdnialfowlpox NY-ES0-1 vaccines induce both 
humor al and cellular NY-ES0.1--specific immune rMpOnses in cancer patifflts. Proc. N.Jtl 
Ac/Jd Sci USA 103:14453-14458. 

6. Valmori D, et al. (2007) Vaccination with NY-ES0-1 protein and CPG in montanide 
induces integrated antibody/th 1 responses and CD8 t cells through crou-priming. Proc 

Natl Acad Sci USA 104:8947-8952. 
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in placenta, brain, testis, and developing ovary; their testis/placenta tissue 
specificity; their X vs. non-X chromosomal status; membership in a gene 
family; subcellular localization; and evolutionary status (36) followed by an 
analysis with the APRIORI algorithm (42), which identifies association rules 
matching a predefined threshold of support (30%) and confidence (2: 0.8) 

Search Criteria for er candidates. CT candidates were identified using the same 
in silko expression sources, but with no filters for minimum TPM value and 
satisfying the following criteria:{,) exhibit expression in testis and at least one 
cancer-associated tissue at 10 TPM (CAGE, MPSS) or presence in at least one 
EST/cONA library with testis and cancer annotation; (ji} not be present above 
those levels in any other tissue except for placenta, ovary, and brain; and (ji1) be 
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Appendix X: Manual curation steps applied in filtering the 
expression array generated for the investigation of 63 potential 
mouse cancer/testis genes 

Remove column if annotation is: 

• Unclassifiable pathology 

• Pooled from different tissues 

• Non-cancer pathology 

• Whole body, head, neck, trunk, anatomical site, maxillary process, anterior 

limb or diaphragm 

Remove developmental stage information from annotation 

Remove cell type information from annotation unless there 1s no anatomical 

system information 

• Exception: keep cell type and discard anatomical system for 

'fibroblastlsynovium' 

Remove 'unclassifiable _AS' from annotation (unclassifiable anatomical system) 

Remove column if annotation is now only 'normal' 

Merge: 

• Carcinoma = adenocarcinoma, teratocarcinoma 

• Bone = bone marrow 

• Brain = cerebellum, cerebral cortex, corpus striatum, diencephalon, 

hippocampus, hypothalamus, lateral ventricle, medulla oblongata, 

midbrain, olfactory lobe 

• Intestine = cecum, colon, small intestine 

• Visual apparatus= choroid, retina 

• Auditory apparatus= internal ear, spiral organ of Corti 

• Blood = B-lymphocyte, erythroblast 

• Lymphoreticular system= lymph node 
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For all annotations that are identical, merge them into one column and sum the 

values in each column for every gene. 
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Appendix XI Expression profile of mouse orthologs of human cancer/testis genes 

i 

The gene expression profile of 63 mouse orthologs for which expression evidence is available. The red squares within the array 
indicate a gene is expressed in a particular tissue, whereas black squares indicate there is no evidence of expression in that tissue. 
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