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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 voe 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 

between model organisms e meaningful, a simplified 

representation can be a p~~~~~~~~~~~~ 

lJN IVERS I TY ofthr! 
The implementation of tJw · ~l~ 11_ s 1l_~.i :y trated 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 01~f~g~en~e~s~~~~~~e§x~pr~e;ssion for the developmental 

program or diseases such a of genes whose expression 
~115;;111115;;m;iim;~~ 

is biased for tumorigenic xt for the development of 

drugs or vaccines in the ~~~~~~~~~~~~· ficance of this knowledge 

is also evident when comlJil'lli~ ~ l)ilt; ¥h6Jtf~nomes show considerable 

\VF.STERN CAPE . 
overlap. For example, an ortnofogous gene may fie expressed m 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 

xx 
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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 

biological data be annotat~ 1'-f ~f,~ · t:~t \)j'R~ssible to adequately share 

and compare data from d eletti Bi D~oM s~ , fx.periments 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 

XXI 
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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 

Common Anatomy Reference Ontology 

Subcellular anatomy ontology 

Teleost anatomy and development 

C. elegans gross anatomy 

Spider Ontology 

Mouse adult gross anatomy 

Mouse gross anatomy and development 

Amphibian gross anatomy 

Drosophila gross anatomy 

Namespace 

CARO 

SAO 

TAO 

WBbt 

SPD 

MA 

EMAP 

AAO 

FBbt 

Fungal gross anatomy 

Cellular component ::§§~~~~~~:6FAO ~ ~o lR • t• •1• •1• •1• • 
Xenopus anatomy and de~ :@pl! ~nt XAO 

--- ~ 1-. I I- -

Plant growth and developn nta ta! PO 

Plant structure PO 

Spatial Ontology BSPO 

C.elegans development UNIVERSITY of ·hWBls 

Mosquito gross anatomy '\r ES TE RN C .A I · lfGMA 

Drosophila development 

Human developmental anatomy, timed version 

Dictyostelium discoideum anatomy 

Zebrafish anatomy and development 

Tick gross anatomy 

Foundational Model of Anatomy (subset) 

Medaka fish anatomy and development 

Cell type 

Human developmental anatomy, abstract version 

e VOC Expression vocabulary 

FBdv 

EHDA 

DDANAT 

ZFA 

TADS 

FMA 

MFO 

CL 

EHDAA 

eVOC 

xxn 
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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 

uately compare human and 

ti of PheJfective tool to enable the 

ontological comparison bi!WEe · Ifu , B d 610 ill 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 

xxm 
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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 

based system as a consiste ry. The processes required 

to successfully develop a - to: 

UNIVERSITY ofthf! 

1) develop a set ofo bill~e; E RN C.AP £ 

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 

XXlV 
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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 

determine the expression JU>~~ ~ t1'f1 · ~?.~:twp/actors. The investigation 

of the expression profil~\,T tn~IfsEt lie ti& ilin 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 

I was responsible for 

and human developmental ponsible for collecting and 

annotating the mouse and uman c 1 ranes that have been mapped to 
UN IVERS I TY n/ tht! 

the ontologies, as well a\v1£ §'f1JPR.v~edCbA ~eEF 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 

and submission of the manu 

Dr y oshihide Hayashizak{J'1..dr ~E.lt~ ni~fi Rf&vided the request of the 

developmental ontologies T EtMllisli · ~ t ,tfte ENTOM3 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 

Data generated by these 

(Serial Analysis of Gene mri!s " ft, :Wl\SS_flM~sively Parallel Signature 

Sequencing) as well as cD*~Fa;fa1;~~re<;se)i~e~'uence 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., 

UN IVERS I TY ortbt" . 
(MGI), the most comprehensive mouse resource available, uses both ontologies. 

\\irES TERN C.APE 
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 

structure to describe hum velopment and pathology, 

currently consisting of 51 , pectively (August, 2006). 

Th . f h vocUNIVER-"ITY.ufthr! d d. d . l.fi d e aim o t e e project 1s to prov1ae a stan ar 1ze , s1mp 1 1e 
\\lESTERN C.APE 

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. 

5 



https://etd.uwc.ac.za/

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 

temporal and spatial expr fN111: ~!lt~f '"f'f1~ffifJessed in the embryo and 

fetus (Magdaleno et al. , 2006 ..... 'Ii tIDFDNin "]}. i"fi stand 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 

share function when conse and Gibson, 2004). The 

same principle can be app rst step is to find not only 

UNIVERSITY uftht! . 
the orthologs, but the commonly expressea ortho1bgs. We predict that although 

\\i1 ESTERN CAPE 
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 

species. Although useful, · - only spatial anatomy and 

are not temporal. 

We have attempted to ad simplified ontologies that 

. U NIVERS I T.Y or thr! 
allow the companson of gene express10n between human and mouse on a 

\\IESTERN CAPE 
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 

Using the human adult eV ology as a template, terms 

from the Theiler stage 26 mouse eve opmen a s age immediately prior to birth) 
lJNIVERSITY oftht! 

section of the EMAP oll{.~J~~ ~E:IlVe(1: 1~if~ate 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. 

9 
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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 

ontologies, with mappings 

A set of human developme by using the same method 

as was used for mouse. 

the HUMAT ontologies,LtStiilJ'"' §e~~ltY.J1/fifsf 23 Carnegie stages of 
'NESTERN Ci\PE 

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 eVOC 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 

determine the Theiler stag to the lack of a resource 

providing the Carnegie s raries, the human cDNA 

l.b . d U~IVF.R SITY of l b ~ . . 11 .d db 1 ran es were annotate accorumg to ~tne age ariiio ah on ongma y prov1 e y 
\\IESTERN CAPE 

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

obtained from NCBI's Uni Gene (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 ). 
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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 

were determined according the cDNA libraries, and the 

UNIVERSITYo/tht! 

'\TESTERN C.APE 

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 

ontology and has one-to-o e developmental ontology, 

providing a link between !fSEfj~i;ii~iilaiQSii• between the mouse and 

human ontologies. lJNIVERSITY of th~ 

VvrESTERN C1\PE 

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. 
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Figure 1 

MOUSE 
EMAP 

(13730) 

eVOC 
(2840) 

MOUSE 
MA 

(7702) 

710 .•• 237 7465 

335 

HUMAN 
eVOC 
(21 82) 

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
ref erences 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 

term's accession from the e m base cross-reference in the 

evoe ontologies. Figure~31m~mEi5~mise cross-reference is the 

accession of the EMAP teJJ,~It~~ ~ltTi~JMih~ -of the 'Theiler stage 13' 
\\!ESTERN CAPE 

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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10 : EVM:2000137 http: //www.geneontology.org/~ 
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I 
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JEVM.2000152) hindbrain 
[EVM:20001671 ~ninges 
(CVM:200017ll midbr~in 

, [EVM:2()0Q175J ventricular system 

Syn on 

aba se Cross References 
eSymbol 09 Cross Reference 

EVM:2170052 
EVM:2180057 
EVM:Z 190058 
EVM:2200061 
EVM:2210071 
EVM:2220075 
EVM:2230080 
EVM:2240086 
EVM:2250085 
EVM:2260086 
EVM:2270078 
EVM:2280078 

Reference Type 

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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Screenshot of the individual Theiler Stage 13 ontology, visualised in COBrA. The left panel displays the ontology with terms of 
anatomical structures occurring only in Theiler stage 13 of mouse development. The right panel lists the accession of the 
equivalent term in the external ontology as a database cross-reference. 

18 



https://etd.uwc.ac.za/

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 .1 5 4 
~ 

3 6 ~" 

l• •••••• •••••••• 
4 12 ~ 13 11 - - - - -I 

5 9 6 I 

-
6 10 '0 8 

7 11 ~ NlV.t.. . .t< :SI 1- Y l~f' tJ, l" 

8 12 '11{) .E ~ 1 .t. J l~ L.J\.P µ10 8 

5b l l 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 
Stage Terms 

16 93 

17 103 

18 116 

19 134 

20 157 

21 193 

22 209 

23 216 

24 226 

25 234 

26 238 

27 266 

28 266 

TOTAL 2840 

External Carnegie Human 
Reference Stage Terms 

128 13 103 

137 14 122 

155 15 131 

173 16 155 

171 17 170 

239 18 188 

19 199 

299 20 200 

303 

316 

339 

348 -
" t• •.••.. • •••••• 
2 - - -a It- r- 512 

3 [8 1 lfA ~ 2049 

UN IVERS I TY ofthf! 
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External 
Reference 

131 

149 

165 

178 

184 

223 

237 

237 

1951 
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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, 

eVOC and it's reference 

ontology. 

ontologies is mapped to five MAP identifier references 

cardiac muscle of the com1t~l\rl1V1.ER~W~ff.hif 7) and cardiac muscle of 

the rostral half of the bulbils\C~clis1EN11\N3~:1.icqared 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 

and 1 210 mouse cDNA 

libraries from the Cance CGAP) (January, 2006) 

(http// . .h I) UN IVERS I TY of thr! : cgap.nci.m .gov . 
'NESTERN CAPE 

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 

expressed in the heart at T For the purposes of this 

study, we searched for hu expressed in the normal 

postnatal and development\1 ~JiY & ~~I sf eXJt {v1ifere a gene is classified as 
\\lESTERN CAPE 

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 

data that is representative oes however demonstrate 

the usefulness s-spec1es gene expression 

analyses. 

The Gene Ontology (GO) !.ltt'iJr¥ftJitSaJe'\X1H~ ~~fociated with the 90 genes 
\\lESTERN C1\PE 

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 

SIT\16 slh~ 
\\r E S T E R N°~r1°lP T:t 

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 As! 
268 5805 PTS 19286 Pts 
413 353 APRT 11821 Aprt 
1028 1606 DGKA 13139 Dgka 
1290 9275 BCL78 12054 Bcl7b 
1330 857 CAY! 12389 Cavl 
1368 1054 CEBPG 12611 Cebpg 
1871 4760 NEURODl 18012 Neurodl 
1933 5050 PA~ 18476 Pafahl b3 
2212 6182 re - ~c......- Mrpll2 , ,z 

~ <T" ... 'T 

2593 7913 ......... 11111 ~2 Dek 
2880 8835 'Se> ~ - - I !~ 11 33 Socs2 
3476 9197 SL! 3A; I II 6 Slc33al 
4397 8971 Hl l • 24.t 29 Hlfx 
4983 10991 '3LvJOr>.J 1~~~1 Slc38a3 
6535 11062 n l'lllf~·lft RS I TV rlf'Ht>,~ Dus4l 
7199 11054 OGFR 12075 Ogfr - - -
7291 10683 ,., .[9{.)l,31 r.. K l"'ll l_, 1' \J3~ 0113 

7500 5806 PTX3 19288 Ptx3 
7516 389075 RESPl8 19711 Respl8 
7667 1154 CISH 12700 Ci sh 
7717 24147 FJXl 14221 Fjxl 
7922 6150 MRPL23 19935 Mrpl23 
9120 25851 DKFZP434B0335 70381 2210010N04Rik 
9355 51637 Cl4orfl66 68045 2700060E02Rik 
9813 55627 FLJ20297 77626 4122402022Rik 
10026 55172 Cl4orf104 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 Go pc 
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 TRIM47 217333 Trim47 

14157 90416 CCDC32 269336 Ccdc32 

14180 115294 PCMTDl 319263 Pcmtdl 

14667 113510 HEL308 191578 Hel308 

15843 79591 Cl0orf76 71617 913001lEl5Rik 

16890 399664 RKHDl 237400 Rkhdl 

17078 387914 TMEM46 219134 Tmem46 

17523 115290 FBX017 50760 Fbxo17 

18123 140730 RIMS4 241770 Rims4 

18833 143678 LOC143678 75641 17000291l5Rik 

18903 440193 KIAA1509 68339 0610010D24Rik 

19028 146167 LOC146167 234788 Gm587 

20549 4324 MMP15 
~ 

17388 Mmpl5 

21334 10912 r.. _")~~82 Gadd45g 

22818 29850 ... ~ 

Trpm5 •"' ..... ;J= JlTlf lrl l P' -- -
24848 266629 <'T" 4 2.... ~ 183 RP23-81Pl2.8 

~ -
26702 931 09 I T~ 11\M:I ~ ~1 Z' ' )90 Tmem44 

I 

27813 84865 FL l43S 24 ,10 A230058J24Rik 

31656 27000 '7T l "l'l 1 Dnajc2 

32293 51018 Cul-ID o I.,;_, 2810430M08Rik 

32331 51 776 lJ N:JIVERS I TY of{5f>fl1! B230 l 20H23Rik 

32546 64410 
-.: • T .~IJ{µ~T .. ~T ~ ~2QJ'{~2 Klh125 

32633 136647 
._., 
~Turfl tL ........ l. '"4 

.... , ,61'>368' 281002JB07Rik 

35002 93082 LIN CR 214854 Liner 

37917 1293 COL6A3 12835 Col6a3 

40668 9646 SH2BP1 22083 Sh2bpl 

40859 27166 PXl9 66494 2610524G07Rik 

41703 118881 COMTDl 69156 Comtdl 

45198 65117 FLJl 1021 208606 1500011J06Rik 

45867 139189 DGKK 331374 Dgkk 

46116 401399 LOC401399 101359 D330027H 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 
group identifier Entrez 

Gene ID 

64353 126374 

65280 286128 

65318 23361 

65328 7559 

68420 9559 

68934 57016 

68973 1663 

68998 170302 

78698 387876 

81871 56751 

82250 150678 

84799 22835 

Human Entrez Gene Mouse 
Symbol Entrez Gene 

ID 

WTIP 101543 

ZFP41 22701 

ZNF629 320683 

ZNF12 231866 

VPS26A 30930 

AKRlBIO 14187 

DDXll 320209 

ARX 11878 

LOC387876 380653 

BARHLI 54422 

MYEOV2 66915 

ZFP30 22693 

UNIVERSITY of thr! 

VtrESTERN CAPE 

Mouse Entrez Gene 
Symbol 

Wtip 

Zfp41 

Zfp629 

Zfpl2 

Vps26 

Akrlb8 

Ddxl l 

Arx 

Gm872 

Barhll 

Myeov2 

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 

brain (Resp] 8, Gm872, Bar r tissues (see Appendix IV 

for expression profile). T tween an ortholog-pair is 

0.646 (HomoloGene identiJ!e~f ¥1~}~~~IiXegfi[~l:'expression profiles during 
\\rESTERN CAPE 

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 

F ANTOM3 consortium to nd format as the existing 

human e voe ontologies to on f developmental expression 

data between human an mouse. eve opmen al ontologies have been 
UN IVERS I TY of th~ 

constructed by integrating\~)t~if1f~ ~ouE1~af. 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. 

UN IVERS I TY of thr! 

VvTESTERN CAPE 
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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 

points; and UN IVERS I TY ,~f tht!' 

2. Investigate the tisJu~ ~~J's r& ~o~s\Jl If. 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, lOh, 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, lOh) 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 

significantly altered durin In addition, the data 

and computational tools members have been 

provided with it's expresstfN11:"\?-ttJ.'t etl'V~ljo/h8latforms across the time­

series (http://fantom.gsc.ril¥Il.jp8/f ER N C1\P E 

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 

pan of the organism. The 

exact timing of gene expre 

and a slight deviation in ttf~f\78.t,ft'§'j&f~~jth~ene expression that could 

lead to disease or a cell ~l ·:vSIIJ · n · qiv>P{gl} · ~Efevelopmental 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 

given combination of transc · ctivate more than one gene, 

providing a means to con Reid et al., 2009). 

UNIVERSITY o/ th!! 

The efficiency of transcrip MrFft£t r .... MsolVa\ilBlE: 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 

2.4.1 Data generation (J NIVERS I TY o/ tht! 

,\~ESTERN C1\PE 
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) Uni Gene database (March, 2009) 

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

System, Cell Type, Develo gy ontologies were used to 

annotate the genes. The r the annotations of all the 

cDNA libraries in which e!ch~etYfrJ}p~e\~j of th~ 
\\lESTERN C1\PE 

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 'O', creating a binary code for presence (' 1 ') and absence ('O') 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 

To avoid redundant annotatI . pe and Anatomical System 

'lymphocyte' and 'bone mrr n"W'J!.~'1Vi1}1 t1f~ood', 'lymph' and 'bone', 

respectively. Due to ubiq 1®/S Tx itrtl~I ih, fii]}\ tffdi's 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. 
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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 'O' 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 

if a gene pair (A and B) has ent, it indicates that gene A 

is expressed in the same tffi. ~~~~~~~~~~;he time, indicating a high 

degree of co-expression. 
UNIVERSITY o/ thf!' 

'\lESTERN CAPE 

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. 

Pathways Analysis library o ere most significant to the 

set was measured by perftJ!\rfV - i ~1Js_rya8j }9fe calculating a p-value to 

illustrate the probability thili HE h'ss dm · ~eiV!t uRlle 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, 

inconsistency, terms were 

UNIVERSITY o/ thf! 
The merging and remova\~~~JJlf f~~d EA p3f. 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. 

Gene ID 
326 
430 
579 
668 
1032 
1053 
1745 
1746 
1748 
1761 
1961 
1993 
2016 
2020 
2103 
2118 
2294 
2295 
2297 
2302 
2304 
2306 
2623 
2672 
3007 
3008 
3009 
3110 
3198 
3205 
3207 
3209 
3231 
3234 
3642 
3975 
4210 
4656 
4796 
4821 

GeneSymbol 
AIRE 
ASCL2 
BAPXl 
FOXL2 
CDKN2D 
CEBPE 
DLXl 
DLX2 
DLX4 
DMRTl 
EGR4 
ELAVL2 
EMXl 
EN2 
ESRRB 
ETV4 
FOXFl 
FOXF2 
FOXDl 
FOXJl 
FOXEl 
FOXD2 
GATAI 
GFil 
HISTlHlD 
HISTlHlE 
HISTlHlB 
HLXB9 
HOXAl 
HOXA9 
HOXAll 
HOXA13 
HOXDl 
HOXD8 
INSMl 
LHXl 
MEFV 
MYOG 
NFKBIL2 
NKX2-2 

Gene ID Gene Symbol 
8345 HIST1H2BH 
8820 HESXl 
8970 HIST1H2BJ 
9970 NRll3 
10215 OLIG2 
10655 DMRT2 
10794 ZNF272 
11077 HSF2BP 
11281 POU6F2 
25806 VAX2 
26038 CHD5 
26108 PYGOI 
26468 LHX6 

FOXBl 
- r ~< 

30< ~ I TB 
30< ~ I TL 

I 
I • 

51022 GLRX2 
..._ ... ._._ _ _..._.... -- ...--

54626 HES2 
55552 HSZFP36 
55659 ZNF416 
56938 ARNTL2 
56978 PRDM8 
57116 ZNF695 
57332 CBX8 
57343 ZNF304 
57801 HES4 
58495 OVOL2 
60529 ALX4 
63978 PRDM14 
79192 IRXl 
79722 FLJ11795 
79816 TLE6 
79862 ZNF669 
80032 ZNF556 
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Gene ID Gene Symbol Gene ID GeneSymbol 

4861 NP AS I 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 DKFZp7621137 

6474 SHOX2 138474 TAFIL 
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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, 

FOXEJ, 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-

sly expressed transcription 

factors regulate a broad se · cted transcription factors 

. TlNJ VFRSITV: of thfi are responsible for the fine-Tune reglilation w1tfiin-a ce . 
'\lESTERN CAPE 

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 

to activate the transcription ) responsible for the tissue-

specific characteristics of pressed. For example, it 

is feasible that because thPg~Is":f!~}r~1~1Jj, l'"BAPXJ and ZBTB12) co­
''V EST E RN CAPE 

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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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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(b) 2 - Other 
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Figure lb 

5-Stem cell 
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6 - Female reproductive 
system, kidney, lymph, 
stem cell, other 
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lJN IVERS I TY o_fth ~ 
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IDustration 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 

tissue-restricted transcripti n therefore be used to 

computationally predict tr late a set of genes. 

UNIVERSITY of thr:­

\\1 ESTER N CAPE 

2.S.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 

~ 

~ ... ••• ••• ••• •1• •• 

- ,_ - - -

UN IVERS I TY o/ tht! 

\•VESTERN CAPE 

49 



https://etd.uwc.ac.za/

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, 

(Huang da et al., 2009). the Hedgehog pathway is 

significantly over-represent 

regulator of embryonic d ~*'l1V~ ~I,.lf~~thl~mserved from insects to 

mammals. Altered Hedgelk\gE<fjiih~ · t1 t){Ca ~da 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 

~ 

~ 

l• ••• ••• ••• ., . ,. 
- - ,_ ,_ -I 

UN IVERS I TY oftht! 
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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-Ol 
Estrogen Receptor Signaling 6.92E-Ol 
Allograft Rejection Signaling 6.16E-Ol 
T Helper Cell Differentiation 5.95E-Ol 
Autoimmune Thyroid Disease Signaling 5.95E-Ol 
Graft-versus-Host Disease Signaling 5.76E-Ol 
Dendritic Cell Maturation 5.07E-Ol 
ATM Signaling 4.79E-Ol 
TREMi Signaling 4.58E-Ol 
Basal Cell Carcinoma Signaling 4.l IE-01 
PXR/RXR Activation 4.06E-Ol 
Caveolar-mediated Endocytosis 3.71E-Ol 
CTLA4 Signaling in Cytotoxic T Lymphocytes 3.24E-Ol 
Melanocyte Development and Pigmentation Signaling 3.13E-Ol 
Virus Entry via Endocytic Pathways 3.lOE-01 
p53 Signaling 3.02E-Ol 
Glioma Signaling ~ 2. 76E-O 1 
Type I Diabetes Mellitus Signaling " _ 'i, E-0 I 
14-3-3-mediated Signaling .. I 
Glucocorticoid Receptor Signalin 1.11. • • • • • • • • • • • i e- A

1
' i1 O I 

CD28 Signaling in T Helper Cell . .,. "' ~~41 ... 01 

UNIVERSITY ofthf! 

\\IESTERN CAPE 
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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 

dataset. Investigation of th 

factors are involved in such as immune system 

development, embryonic eve opmen an ce a e specification. The Sonic 
UN IVERS I TY of thr! 

Hedgehog Signaling pat\~3E, sWf.E ~rf1ce As. ificantly 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§tem cells. 

The addition of expression 
ll l I I I 111 • I Ill I I II r .~ d 

~- " 11 o• -· .. ataset used here will add 

quality to the results, howev th ~e pd · Jpl' i v l not be affected. We have 

therefore described a rob1~~;_5;a_~~fiii •• ~~~~-ntology-based system to 

bl h .d .fi . fl NIV.ERS I TY of tbf!' h b d ena e t e I entt icatton of'transcnptton !actor c(implexes t at may e use to 
\\IESTERN CAPE 

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: 

, all known human cancer/testis 

genes; 

2. Identify by means of expression 

profiling; 

3. Identify which cadge:NJ(s ·75ig li~\6~ $ited for developing cancer 

drugs or vaccines; all~ ES T E RN CAP E 

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 

start site - TSS). The pip _· _ 

and strand, and subsequent! 

transcription initiation. 

described in Chapter 1, 

initiation events. When c MlJ.i'.tibdT~ 

ccording to chromosome 

e quantitative evidence for 

ro-vides1 tissue-based transcription 
l'. OJ ml"' 

]j , ell)~ ifilary 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 
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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 

3.3 Introduction 
UN IVERS I TY of thr! 

V\'TESTERN CAPE 
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 

cellular growth (Bos, 1989) or the origin of cancer are 

1 1 1 . d 1 UNIVh ERSITY.oftht:" . f . d . c ona evo utton mo e suggests t at a celf acqmres a sen es o mutations unng 
'\lESTERN CAPE 

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 

2006). The immunogenici with their expression in 

immunoprivileged sites an , allows these genes to be 

UNTYERSITYoffh(" . 
considered as drug target candidates~ for tne niihiunotherapeutlc treatment of 

\VESTERN C1\PE 
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 

generation of gene expressio 

with the anatomical, cellul!rN1i\Ji~ , Ia cltlQ.,_Jf>athvlogical terms associated 

with a library if the gene Ja~ f6§uJ ~ i ~p£s~fiif.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 

summing libraries if the a r example, if a gene was 

expressed in three different a normal heart of an adult 

'adultlnormallheart' 

annotation would be 3. lJNIVERSITY o/ tht! 

,\~ESTERN C1\PE 
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) 

thereby easily 

addition, many of the human ific. 

The data filtering process ty~vf'Vft~1j~~;a;w~s where the pathology is 

unclassifiable as well as ~~ rcfiqg ~ elqp)Jiftpa . 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. 

estis/brain- restricted 

lassifitation 

expression in cancer and testis only 

xpression in cancer, testis, placenta, ovary and 
rain-regions only 

expression in cancer, testis and two other tissues 

UNIVERSITY o_f th!! 

'VESTERN C1 PE 
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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 (Jll 3ra2, Ccdc36, Otoa and Magea8). There 

were 0 genes categorised as testis-restricted, 2 classified as testis/brain-restricted 

(Sycel and Tssk6) and 7 classified as testis-selective (Morel , Spa I 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 

Figure 2 illustrates the m as well as the resulting 

e ~)ijt~1~e CT category each gene 

µNsefils· " al 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 refer 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). ··············••"i;;.},.,. 
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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. 

··.··~ 

·- .. ~. Oen~ID 

74075 Sycel testis/brain 93426 

83984 Tssk6 testis/brain 83983 

17450 Morel testis-selective 27136 

20686 Spal7 testis-selective 53340 

50722 Dkkll testis-selective 27120 

56096 Placl testis-selective 10761 

57746 Piwil2 testis-selective 55124 

76486 Ly6k testi~-sMa~~ 54742 

f)i38rl71:13~2~-l~s~sxitb;22--E:=!~ 756 
11. • riu 1rn{ 1rr1 •1• • 
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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. Becaus 

efficacy of a trial drug, it is n exhibited by the mouse 

targeted drug therapy there£ 51f irfiYff~f M~eloped to target a human 

gene should, when tested i f ®.Sf, ·N t~ tlfeE equired 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 
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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. 

understood. The use of a 

model system such as mous to advance our knowledge 

of the cancer/testis genes. e pro em owever, 1s at it has been shown that 
lJNIVERSITY of thf:' 

the temporal and spatial g\~.If:y'lf~<f{ F£ h~~{Y~ 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 

ontologies have been used \.bf&Jn¥j'Jlh - ~Ns~b f human and mouse genes 

in the developing brain. J~~s1-Xn~ ~a~of\h~\[6 ~24 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 

, 

-u -,, nr ~mr 1m unr [J 
cification. Clustering of 

these genes based on co m 
~ . 
ttle ot he'° n profiles revealed tissue-

restricted and tissue-bias ed an rip )Il tct< co pl exes that are potentially 

responsible for the regulaf ef bt,i ig :ffl\9tn}et.S~ lineage differentiation of 

cells. \\TES T E RN CAP E 

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 

mporal and spatial level in 

. . . b .UNTVF.R -~ TY o( thri h d . gene expression, It IS o v10us tfiaf tli'e~aif erenceS' Letween uman an mouse is 
\VESTERN CA E 

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. 

timing and the 

accurately document a gen sed on tissue, disease and 

developmental stage and ·des a method to address 

. UN TVERSITV (•fthf! . 
this. It is noted that the analyses presemea Here used a smgle source of 

'\1ESTERN CA E 
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. 

-

ll• ••• ••• ••• ., . , .. 
- ,_ ,_.... , .......... ........... 
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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 tenn '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 

genom1cs. interpret the genome by 

determining lation of all genes and the 

networks they are mvo ve m. 
UNIVERSITYo/tht! 

2. What effect do y wn 'i"rti D. 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~bSe~c~o~~~~~!a~nn~ot~a;ting the gene according to 

101J~.&.:!ji"Jit;~~'ll&l!Jal1mw~""al state of the originating 

tissue). Bee ed by different individuals 

detail, all alJi~Ji~~ Jfkclivt/iyh<§pen to interpretation and 

\\TESTERN CA E 
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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5. 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? 

th respect to what other 

researchers ta is freely-available it is 

.
1 

UdN IVFRSITY of thtf~ . . . d d . 
not east y un erstanOable - aTmost' as 1 1t 1s Just umpe mto a 

\\!ES TERN C1\PE 
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. 

UN IVERS I TY o/ thr:­

\\1ES TERN CAPE 
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Appendix I Transcriptional landscape of the mammalian 
genome, Science. 

only LKS stations in NH). arc full y consist­
ent with this assumption, particularl y (or the 
tropical stations. In the extratropics there arc 
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 or the heating 
bias, we have computed its impact s.nl on the 
trends at LKS stalions. The LKS f factors. 
unhomogenizcd trends, and trends adjusted 
only for solar heating are given for the middJe 
troposphere and lower stratosphere in Table 2. 
In the stratosphere. our c5 50I 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 wamiing. 
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 
700/o 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 
unrcalisticaHy high in the troposphere , espe­
cially with the B"" adjustment, although thi s 
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 ~.w 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'/o during 1959 to 1997 experienced l!.T 
trends significant at 9:5% level), at such 
modest levels, and of sufficient frequency at 
many stations that many may have been 
undetectable. 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 diwnal temperature 
variations can be a valuable troubleshooting 
diagnostic for climate rccorm. and that the 
WlCcrtainty in late-20th century radiosonde 
trends is large enough to accommodate the 
reported swface wanning. 
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The Transcriptional Landscape of 
the Mammalian Genome 

~l?~~~~~~~~~~?rfr.~~r transcription start and ntified full-length cooiple-
. We identify the ~ and 3' 
ariatton in transcripts arising 
polyadenylation. Thett are 
including 5154 encoding 

of the transaiptome reveals 

~~=:~~~~~~~~~~~~~~~·p~ti:on on both strands, ~ rved. The data provide 
a comprehensive platform for the comparative analysis of mammalian 

Ui\if'V' E . 'S rr )io1,t IFl~rnent. 
The production of RNA from genomic DNA au(m and termination sites (2, J). A detailed 
is <l!T'tedr-hy ~q"'I"' 'ri'lljQllinc tbJe" \4=iP!i°'t?f the data sets geocratcd. mapping 
start\aftd &:ru, ol)rarlscri a~~g in\i.. .4 ..1~tellcs...Eha depth of coverage of the mouse 
mature RNAs. We refer to the pattern of tran· transcriptome is provided in supporting online 
scription control signals. and the transcripts material (SOM) text 1 (Tables I and 2). We 
they generate. as the transcriptional landscape. have identified paired initiation and tcrmi-
To describe the transcriptional landscape of nation sites. the boundaries of independent 
the mammalian genome. we combined full. transcripts. for 181.047 independent tran· 
length cONA isolation(/) and 5'. and 3'..cnd scripts in the transcriptome (Table 3). In 
sequencing of cloned cONAs. with new cap- totat we found 1.32 5' start sites for each 3' 
analysis gene expression (CAGE) and gene end and 1.83 3' ends for each 5' end (table 
identification signature (GIS) and gene sig- SI). Based on these data. the number of 
nature cloning (GSC) ditag technologies for transcripts is at least one order of magnitude 
the identification of RNA and mRNA sc- larger than the estimated 22.000 "genes" in 
qucnces corresponding to transcription initi· 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 lhe 
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 are 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 done 
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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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 

I:! 

iii I j o 

-~-
_j_ 

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. IB). 
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The approach used to isolate full-length 
cDNAs, based oo library subtraction and pre­
viously unidentified S 13' 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 polyadcnylation site 
for eight unconventional alternative polyade­
nylatlon signals (1) (table 53). 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, II). 

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 nonredundant 
set of 51,135 proteins with experimental evi­
dence [isoform protein set (IPS)]. 36,166 of 
which are complete (complete JPS). By com­
parison, the mammalian gene collection (http:// 
mgc.nci.nih.gov) has cloned. as of July 2005, 

0~, -- __ only -16,700 transcripts (11,514 nonrcdun-
L---;::;;;----;~;::.::~::~~~;:=5=:!;:;~==~ ... ~dan~t). In the FANTOM3 data se~ 16,274 pro-

13" 10 l<il•1 tein sequences arc newly described. Their 

Fig. 2. Transcription originating in 3'UTRs. (A) F e variants were grouped together into 
10 equally large subsections of the exon was ,313 TKs. For 9002 of these, a prcviollo;ly 
are prevalently located in the first part of the own sequence maps to the same TK. (locus). 

are uniformly distributed. (Right) Last exons ~~l~;;;~i;;fij~qfj;~;i't 4311 clusters (5154 different proteins) map 
mapping close to the "5 end. (B) Distance to t :r new TKs (SOM text 3). 
expressed TUs that have extreme tag density in There are a total of 32,129 protein-coding 
grouped into tail-to-head (3' exon and downstrea 
downstream TU on opposite strand) configuration1 Ks on the genome, of which 19.197 have only 
TUs with strong 3' transcriptional activity, the di single protein splice fonn, although 2525 of 
expected when the gene pair is in a tail-to-ta osc do have an alternative noncoding splice 

suggesting regulatory mechanisms based on natrt!u~~;;~~;;~~g~~~~;;~~~~n~· ant. The SUPERF AMIL Y analysis of 
~ ural classification of protein database 

Table 1. Data set resources. (SCOP) domain architectures (13) was carried 
out for each sequence. Of the 12,932 TKs that ro!U N I Vu/E { .s I 'J.1e1):1.~ · r r:ix... ~ariation in splicing. 8365 showed vari-

hDranes P1' ';.fi~ m SCOP domain prediction. Of the 
------------------------------ 12.932 variable TKs, 2392 produce proteins 
RIKEN full-length cDNAs 1

56
02 .. !l>U E s T 3 R N Pl''31 p ~tii 

Public (non-RI KEN) mRNAs ()()a f . ~j lb ~ different observed contents of lnterPro 
CAGE tags (mouse) 11,567,973 145 7,151,511 en cs. More than two alternatives were ob-
CAGE tags (human) 5,992,395 24 3, 106.472 served in 439 of the 2392 InterPro-variable 
GIS ditags 385,797 4 118,594 TK.s. Thus, in the majority of variable loci, 
~l~~i~Ts 2,079,652 4 968,201 splicing controls some aspect of domain con-

RIKEN 3'EsTs 17:is6:~o ~~ :~::~ tent or organization. To seek evidence for such 
5'/3'EST pairs of RIKEN cDNA 44s.9s6 264 277,702 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 wi1h 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) otl OS were supported as genuine transcripts and 
phosphatases and kinascs that have been re believed to be ncRNA variants of protcin-
comprchcnsivcly annotated (14) by looking oding cDNAs. 
at domain composition counts (table S4). Many ncRNAs appear to start from initia-
These phosphoregulators could be function- ·on sites in 3' untranslated regions (3'UTRs) 
ally modulated through alteration in thclr in- f protein-coding loci (/6). The normali:lCd 
tracellular location. Among the 2 1 receptor _ · stribution of CAGE tags along annotated 
tyrosine phosphatase loci, we identified s of known transcripts with more than 300 
variant transcripts from 14 loci with predicted arc annotated as non-protein coding RNA mapped tags each is shown in Fig. 2A As 

changes to the subcellular localization a!-T m·..J.4l~. b~Sii~utativ~ . expected, the highest tag density on average 
function of the encoded peptides. Of these. N s e'I!Ji t 11-tmi f / ffurs at the 5' end, but there is also a sub-
identified two noncatalytic classes: secret cD set. Among e A 3 c NA":kt stantial increase of tags in the last one-fifth 
(10) and tethered (J). Furthermore, we idcn- there was additional su~rt from ESTs, of the 3'UTR. Strong evidence of 3' end 
tified two catal~ic classes t.hat lack the e"l.\r di'G\Sts';fr .'ff faN1,""\'fne.s . CJ:lftinp ifiili.ati~n was correl~ted .with a. sh~rt int_er-
traccllular domams: catalytic only (5) ancf bt-rr: llic startmg aJtt"renmnauon s1~s.aror ~1c distance when m ta1l-to-tatl onentation 
tethered catalytic (5). Similarly. among the 77 41.025 cDNAs. of which only 3652 were wi1h a neighboring gene (fig. 28), suggcst-
receptor kinase loci, wc identified 41 variant ncRNAs. This supported ncRNA set includes ing a possible role in an intcrgenic regulatory 
transcripts from 33 loci which encode secreted many known ncRNAs (SOM text 4), and interaction. 
(16), lcthercd (10), catalytic only (7), orother many arc dynamically expressed (SOM text The funclion of ncRNAs is a matter of de-
telhcred catalytic (8) peptides. We !hen ana- 5). following these same criteria. 3012 from bate (17}. Some ncRNAs arc highly conserved 
lyzcd the membrane organization splicing 8961 cDNAsprevio~lyannotatcdastruncatc.d even in distant species: 1117 out of 2886 
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T•ble 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. 

Total number of transcripts 
RIKEN full-length 
Public {non-RtKEN} mRNAs 

GFs 
Framework dusters 
TUs 

With proteins 
Without proteins 

TK 
With proteins 
Without proteins 

Splicing patterns 

Total 

158,807 
102,801 
56,006 
25,027 
31,992 
44,147 
20,929 
23,218 
45,142 
21,757 
23,385 
78,393 

Average 
per TU 
duster 

7.59 

1.20 
1.53 
Z.11 
1.00 
1.11 
2.16 
1.04 
1.12 
3.75 

Average 
per Tl( 

cluster 

7.30 

1.15 
1.47 
2.03 
0.96 
1.07 
2.07 
1.00 
1.07 
3.60 

RNAs have other targets but arc evolving 
rapidly (19, 20). 

New databases have been created for cDNA 

REPORTS 

shown that the set of nonpolyadenylated nu­
clear RNAs may be very large, and that many 
such transcripts arise from so-called intcr­
genic 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 sapi1ms 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. 

Cit.nion; Bajic VB, T<ln SL Christotfefs A, SchOnbach C Lipovich L et aL (2006) Mice and men: Their promoter properties. PloS Genet 2(4): e54. DOI: 10.1371 /journatpgen 
0020054 

3 
The Genome Network 
Project - FANTOM3 
article collection 

pro11) t'I ' 

~~~~~;;;;Wl;;L~;· ;;;;;;;;;;;~~~;;:!h;, ·· ;111<1 (lff\'alun· of lhe 
1'11l' n1mputa1io11al idt·111itiLllio11 and fu11 cti1111<t 

Introduction 

m;inuuali:lll pntuwlt·n; h:i ... 10 dall'. hecn ,.011 ,fr;lined In lhe D\:.\ hl'li" and n111'c<1111..·111h i111l11t'!Kt· llw i111t·rpb,· of 0\:A 

reL,1th.·cl\' .. 111:111 ~lata.;~·~~ ."r t'_Xpt.·rimt·111alh contiiJ1t l~'!r~'f v'T.1:! R'S'1·1"'it i 11 T~Kf/f'~"-"l iption. \\·(· S('f OU( lo 

.. n1p11011 -.1;1rl "Ill" (I ss-.1. ~or l'X;1111pk. pl 0111111~ J. i1'11 ~ lJ1 ~ 
dhl'~S \ffrt' rnTnlly. updatnl with lht• m apping of I ~1~1. I It_} Edtton: Judilh f!lake (lhe Jack..an Lab~ratort. U~J, John Hancock (MRC.Harwell. 

F:\\: rent! 111011 .. l' ft11l-lt·11g:1h ('f)\;,\ '.'>('t (lH'lltT\\1 I ,His tK~ tt ~iRl·NICSf~de ebs (Lawrence Livermore National 

Rl'fSl'q mot1't" !-{t'lt<.'' 11.tj. Funnimul :ma(y.,, . ., of tla·,t• · Labor:~ry: us/:Lt~ether rfh .p S e EiC Wayne Franke! ffhe Jackson 

ma111111ali;111 promorl'r:-. han· hl't'll rc:-.rril'led to .. h.1n·d 1ra11~ 

.. cripti1111 f;ic111r hi1uli11g 'ilc" (l'FBS") hctwt•t·11 h11m:1n ;tml 

11111t1st· d;1t;1.,t·1 .. l~!I. l'sing: rlw ":llIW colkni1111 of promot<·rs 
( 11111;1i1wd in dhTSS .. \en' t.·t al. nuh:trkt.·d 011 a d1;1rac1er­

iI;11iu11 of pn11nolt'r' It\ t·x1t·11di11g their 'twh 10 lho.w1jJhll11 
rlll'ftmol{mln and Fu;:u rnhri/Jt'.\ 1:~1. Furlll<'r d1araC"leriza1io11 ,,f 
mammalian 1nomolers is ckpt•ndl'lll on 111<' <l\<iiLlhilit\ of 

t•Xp<'l'illll'lll:llJ\· \'('l"ifit'd TSS, thal \\'OIJ)d ('0111plellll'lll :llld 

cxlend t'Xi .. 1i11g d;11;1sc1s n'j>H'sc111t·d h\' !ht" F:\\:TO~( 

n1lledio11. dl1TSS, liu· 11·111'·i1;11io11al dat;1h;asc fl I. awl 

._:t,:fb:. PloS Genetics I www.plosgenetics.org 0001 

Received August 15. 2005; A«epted February 27, 2006; Published April 28, 2006 

DOI: 10.1371/Journal.pgen.0020054 

Copyright: 2006 Bajic et al. This is an open-access article distributed under the 
terms of the Creative Commons Attribulion Ucense, which permi1s unrestricted 
use, distribution, and reproduction in any medium, provided the original author 
and source are credited 

Abbreviations: CGI, CpG island; GO, Gene Ontology; lnr, initiator; ORI, over­
representation indek; PE, promoter element TF, transcription factor; TFBS, 
transcription factor binding site; TSS, transcription start site 

•To whom correspondence should be addres~. E-mail: vlad#Silnbi.ac:.za 

April 2006 I Volume 2 j Issue 4 I eS4 

89 



https://etd.uwc.ac.za/

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/usJ 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 classifications 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 biolnformatics and 
genomlcs research that are of interest to a wide range of life 
scientists. 

Promoter Properties 

Table 1. Four TSS Types Defined Based on the GC Content 
Upstream and Downstream of the TSS 

TSS Type 

D 

Upstrum GC Content 

GC-rich 
GC-rich 

Ahich 
AT-rich 

Downstreaim GC Content 

GC-rich 
AT-rich 

GC-rich 

AT-rkh 

GC-rich means G C 50% in rhe considered region AT ·rkh (i.e .. GC--poorJ mean~ G · ( 
50% in the com1dered region. In our ca\£', the upstream region is [ 100 11. and !he 

downstream 1egion is I~ 1, ~ 100] relative to the TSS 
OOI· 10 1~7lljourn<ltp9ffl00200<;4_t001 

1·i.\-dl'lllt'llh in 1110\l'it_' <11ld ht1m;111, and <"tlffl'Lik J"SS pr11ptT­

tit'' wi1h t•xpn·,si1111 d;11;1 thn111gh compari,on ,,·ith (~t·m· 

01110!0~\ ({;()) jl'.!1 and t•\'OC 11'.~I Ltlq~oric.;, li'i'itH' 

t•xpn•,sio11 lihraric.;, aml 'Jlt'<·ifit gt·1101tJt' 11q.{ani1ali1111. 

Results/Discussion 
GC Content and TSS Types 

We n1nsi(kr(_'d TSS prnpt·nics based 011 the GC charadt·r­

istin of th(' seg-mt•111s in11nedi:lld\" 11pst1"<"a1J1 and down,lrcam 

of l'XJ)l'ri11w111;1lly nlimart·d TSSs. We 'IJli1 TSS .. into four 

distinct d;i..-.t•s ba ... t·d 1111 1he CC co111e111 11pstn·;t111 and 

l har;u1t-ritt' tlw rt-ginll'.'t immediatch- ... urrounding- TSS'.'t ha'.'tt'd doWll'.'ttrearn of tlw TSS. as .;,hown in Tahk I !St'l' \bttTials 

1111 , 11,·h tlllllposiiional prop('rti<'s. Our <kkrminalion of and .\kthods). Tht.''-l' four f(_'nfatin· TSS 'YP('' h;.1n· hn·n ust·d 

l<'lllalin· TSS locitions h;i-. ht•t•n hast'CI 011 the LIM' of C:\CF ;1s ;1 tool lo i11n·s1ig:th' dillen·111 prumoler features in llltlll'-t' 

lags I IOJ and di1ag-s I I 11 enri<'hccl wirh addirional indl'pend- and l1111na1L Two TSS ""JH"' do nor differ in <~C rid1tH''.'t' 

'-'Ill pi'-'' cs cit e\·ide1Ke cit transcripr '-'xistt'IH,_:t· induding ?} ll<'lwt·t·n lht.· 11p.,tn·;1m ;ind cl11wnstn·;1111 rq.~-j,,u.., They :in·(~(:­
rich ({;C-GC. t\'pt· .\) 01- AT-rich L\T-,\T. 1ype I>) hoth 

t'Xl>l"t'S'.'tt·d ..,cqm•1u-t· f;1gs, l1111g .Y-S.-\(;(·:. and 1lw '.1' l'nds of up..;tn·:tm and down..,fn·;im. The olh('r twt1 ;ire (;(:-rid1 

fulh- M'CJlh'IJn·d 'l>~.\s from lull-lengrh lihr;1rit·'.'t. upsin-;im ;md .\T-ridi downstream tGC-.\T. type BJ ;rnd. 

In 1hi'.'t s1uch. wt· rl'port snt·ral di s1i11ctin· fr.1run·s in the AT-ri<"h up ... in-.im and (;C-ridi downslream t.\T-

h11urnbrie.., of the 1r;111st·ripti11n i11it i;11i1111 d:: .. ,~, ~§§~~~~~~~;~i~~5j 
ho1h 11111u-;t· ;111d hu111;111. as wdl a-; ddi11t·at ~ 
<h;ir;Kteristi<-, withi111h;.11 ..;pan·.\\'<• rksn-iht· 1.i'i'.i;o,..,.,...1;,1,; .... u;""""~-=""":i.l>l~--o:i.:1.1 
of TSS ''!'""' with 1he initiating di 1111dt·o1id · n·111ai 11s almosl und1;mv;nl if rlw 
hoxt·s. ;md ~111 ('Xf(_'n'in· collct-1 ion o l '.'>Lii i'.'tl it-. 111<1 d o wn'I n·;11J1 rq~ions t·h;mg«' 

a 

UNIVERSITY oftht.-. 

\•VESTERN CAPE 

b 
Figure 1. Transcription Initiation Domains for Mouse and Human 

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, t- 100) regions relative to the TSS. The distribution of TSS locations is more or less 
random when viewed in terms of A t G content (8) 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. Distribution 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 in 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 characteristic of different TSS types. 
DOI: I0.1371/iournal.pgen.0020054.gOOl 
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Figure 3. Distribution of Densities of Selected PEs in Promoters of the Four TSS Types in Mouse 

The density of PEs is 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 (8 and CJ, 
{8) Distribution of selected PEs across all four TSS types, Blue, green, red, and light 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 

hypotlw,is that lhnt· di,1rihution., ;Ht.' !Ill' .;arm· .. .\JI llu·-..· 
h11di11g"' s11ggt· .. 1 rhat up .. 1 n·;1111 awl down .. lrl'am regions 

-.hould he 1·011 .. idered "t'JUL1teh j;t, we do). Tlw rt'<;llif., 

c111pha .. i1_t' enridrnu-ni of diffrre111 PE group' ;i.,.,o,·ialt.'<l wilh 

11pslJ"t';llll ;111d do\\-11.,ll"t'alll regions ill llH' p1omo1ep; of llH' 

lou 1 TSS l\pt•s, 

11hser\'inµ; gloh;1J TSS propnt in, I kn· we <kno1t· a J>E as a 

l"FBS a111l !ht· .. 1rand wht·n· ii 1 .. found. '.\Ltm· Pb.; han· 

prdt·n.·1Ke .. for t"ilhn ( ;c-rid1 11r (;(:-poor rq~·ion" [IL I ~1]. 

For example, tlw wdl-know11 TXL\ box t.•lemenl, IH.'ing .\T-

1frh. will he found 111on· frt·11m·ntl\' in AT-rich rt.·gio11'i. whik 

lht• Spl-hinding :ooi1t·s. hdng- (~(>rich, will he found mort· 

frc11111·111h- in (;(>rich rq{ioll'- Thu ... 1he ll1ur TSS f\-IH'" 1ha1 
wt· cou .. ickr could he <·orrd;itt·d in a global mannn \\°ith ihc Four TSS Types Associate with Different Sets of PEs 
pol<'llli;tl PE .. thal 111 ;1y control 1lu· n·,pt•t'li\·e g-t·m·.,_ Supporl Diflt·n·n1 compo,ilional pn,pt·rtit'' of llw lour TSS ''TX'" 

for 1hc intlw·iH<· of polenria) PE' 011 .,pnitic TSS type-. j., -.ugge'I tl1;11 tlw TSS .. m.1\ ht· 1·01Hrolkd hy "IH't-l;1li1cd 

ohtaincd from rhe di,1rihution., of PE densiiic"i :Fi).,rtll"t' '.~). 1·0Jkt"tion .. oflran .. tTi!Hion fat·1or' (TF .. ). Thu ... W<.' :tllempted 

l>t.·nsit\" distrihurion' of .. dt·necl pi-:, th;it prdi:r (~C-rkh (.\T- to timl 1Jw po1t·111ial TFs tha1 0111ld pby dornina111 rolt'' in 

ridi) drnnaim in 1\-pc B and 1,- 1w c TSS .. an· dcpkt<·d in 1lw l11ur TSS typt·., h\· idcn1ifying (a) llw spn·ihdty of I ht· 111p-
Figun· :t\. \\'e 11 h.;t'f"\t' 1ha1 PF group.; di;mgt• tlwir <IHJtTll- Llllkt·d PEs lrd;ltin· lo O\l'ITl'J>r<""t'nlalion in<kx i<HUI: sn· 
IL1ti 1111 ., ,iguihcuirh- in lr:m.,ition from 111 ,...rn·am 10 down- \(;t1,·rial-. ;111d '.\k1hrnh\ in difft-rt·111TSS1\'pl's, (bJ uniqm· :ind 

.. 1rcam rcgi11 11 .,_ \loreon·r. in Figun· :H~ Wt' JHl''<'lll u1mmo11 molil .. in lht· (;('.-rid1/:\T-rid1 ups1ream/clown-

cli .. 1rihutloth ti:H ,d<·t'lt"cl PEs ;icro .... ;all four TSS irpt·s. Till' 'trt·;11n n.·gion., for clifft.·n·nr TSS t\pcs. and (t') the n10 .. 1 

fn,t hn· Pb iu Figure :rn I +-ZF~i. --,-\!'-'..!. <:!iurdiill. H;R. 'ig11ifica111 l'bffF., ups1n-.1111/clmn1 .. tn'<1111 of TSS .. of ''P''' A. 

;1ml --P<:F'.!1 an· th11.,t• that pn'fn (;(:-ri,·h n·gi(lll" (the plus B. (,,;ind I>. 

;ind minus .-.igns in front of the TFBS ,nnhol..; denoles ilw 1"<1 Lll"JY oul the'e analyse .. we ini1ialh· compared tlw 
.. 1ra11d wht.·n· tht· TFHS i.; tuund)_ II j-.; intncsting 10 uhst'l"\"l.' iucidt·nn· of predined D'."\.\-hinding .,itc., of known Th in 

1hat tlH'"'' PE .. on-ur in high (OJH"<.'lllralion., in dw ''V<' .-\ lhc cliffrrcnt promol<.'r sq.~mt·ni.. in lllllll"-' in tht· four TSS 

group ((~(:-CC). llfflll" in ('onsiderahl\' low<·r conn·niration-. '''Pn agai11 .. 1 those in random tllOll<.it" D'."\A. For llw top L)O 
in type I) (.Yf-AT). and follow rhe diangc of(;(: nmienl in predit-lt'CI 11101it ... ocprt•st·nting approximatdy JO'.; 111 all 

1rpt·s B ;111d L. \\'<.· ohs<·rn· _1he l"oJ~\~.<'~rs~•·~l~· ~•r!~~h~c~i~·~·~·~• ~;~~~· ~111~·1~11~'~f~o~11~11<~l ~i1~1~1lw,<· l'ompari,on") dt·1t·r111i11t.·d h;1 .. t·d 011 
.,t'H'll PF ... whid1 prcl<·r .-\I ·rich regi1 · . . ~1 . ;1k11bted Honfcnoni n1rn·,·1("d /1-\·;1h1t.'"' fo1 

"''gj/;''"' 1ha1 rlw f11ur TSS tYpes .., onsidt'l't'd promorer .. eguwnt ... In 1he 
<liffncnt gTt1lllh of l'Es_ p Ill'_:; of motif.. we r«quired 1h;1t tlH_.,- lw 

.., _ _..., _ _..., _ _...,,,.,,..,..,,,,...l,.\i..i;,.,.."d lO'.; o f !ht• promo1t·1-, in tht' t;11"g:e1 g:nnq,.. 

Upstream and Downstream Region .111 O RI ,·;1l11e 1101 1,_ ...... than 1..>. 111 1lwS<· 

Enrichment by Specific PEs mnd 1ha1 tlu· n1neC"tt·d /1-Yal11,· ,,-,.., t)('lcm 

\\"t· a11;1ly1t·d 1he prd1T<.'ll< 'l" 111 up .. 1 _0.:-1 lo r 1he gn·at majority of c1-.t·s. Tht:"st' 

rq{ion., in lhc four TSS 1\-pe .. for ,jg1 i 1 .1h· 1li;11 11w .. 1 of fill· m111jf., for lht• 

k;1 .. 1 '.S-foldl PEs i11ont·1q!;io 11 "' oppo., pt•s ;m_· highh· "J>edhc rdatin• lo random 

1"11t.' re-.;uJt.; an: pn· .. enll"d in Fi~m"e·~~~~~~~~~g;g~~~;'·~· ~S~~~· 
fo1111cl rh;ll l11r all TSS !\'pt·, th<· 111 ~ 1 · T if promoter .. q~111<.·11h wi1h lhe ... arm· 

tlH' 11p-.fH'<llll l't'j.{ion is lllltd1 hig:lwr lh.111 in rlw down .. rn·.1111 CC richne...., -.hare tlw <; ;t111e .,t'I of PE .... \\'t· n1111pared lht• 

region. In lhree l\'pes (:\. C. a nd DJ t"J,Htfr~J,1·~- f.-1-'~ i 'Ji>. l'S' J1t1l·n~~ n·giJi 111<; ol g-ro up., ,-\ ,.('l""'ll., B and<: n·r"u"' D. ;and 
dow11 ... ll't';tlll region j., 111i11i1ual con ,. rc!d\ h 1h J 1~ 1.:Ef,U h~doi,11s(~,li 11fkt_A11, of gHHlj>" A nT .. us ( and g-1oup., H 
n·gion. Tht· unh t.·xcq>1i11n j , l\'}W B. f11r whid1 fhere .1n· ;i H'r .. 11 .. ll. It 'r! i111<·1T..,ti11g 111 1101(" Illar rhe 11p .. 1n·o1111 ((;(:-rid11 

-.ig-nitic;1111 numh<"r of e.nridwd 1V"-..;ri1 r:;1h.:.ch1"1U ';B N'gioi~~ 1f,1f...'VrY T.tc:I B TSSs do ,!Jan·. a., t'XJH'dt·cl. ;1 suhs<.'I 
n·giou. J'he cl:i1;1 M1ggt·s1 for tq>e _,\ l~-' O.ii~lP inPludlf~· ~ I pr""1 n· li·1L1..t;l- i1l"_h111 <'Mh l\'JW is d1;1ral"fcnzed ;1lso lw a 

PE .. 1ha1 reside 11p .. 1n·;.1111 and pn·kr (;<:-ri( h dorn.1i11 ... whilt· 'P'-'<"iali1t·d colkl"lion of Jllll•llin· hinding silt'" lh;tt do 1101 

for Hp<' C TSS .... ud1 inllut·nn· ]., likeh through Pb th;H ;1n· ;1ppear in llll' 1op I ~,o ra11kt·d .. 11es of du: othn n-pe (fo1 

localt"d upslrt.'<-1111 11f the TSS ln11 pn·ft'I" .\T-rid1 do maim. ('x;1111pk. ETS appt·.ir .. in J>rt1mo1cr .. ofnpl' H TSSs. h111 not in 

Conlran· IO tht· .. t• pall<TllS. pn11nott'I':\ wilh 1ype B rss .. S('l'lll promoh·r .. of tqw ;\ Tss .. , (L1hlt' S'.!). 

lo 111ili1t· a mix of holh (;C-ri<"h·prdt·ni11g: and AT-rich- ht"n 1Jw.,t.• TFs 1h;1f <tit.' found 111 ht• common in thl' 

prdt'ITing Pb .. \ n111du .. io11 CtlllJOI he made lor f\JW n TSS .. 

htT<111.,t· ol lhe H.'I"\" .,mall number of highly enriched dem(·111 .. 

on·rall. ~foreon-r. ;1pph·i11g rhc Chi-Mjllan· fl_•sf !or lht· 

t•qu;ilit\ of di .. 1rih111io11., in !ht' up.,tn·am ;111d dow11 .. lrl'am 

rt'gio11' wt· gct /J ,-= L:H X IO '' 7. whid1 ...irongk n·jni.. the 111111 
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11p.;1n·am parh of hoth 1\pc ,\ and l\")lt' B TSS .. <1ppt'<ff in 

'ignitica111h- diffr·n·n1 pn11H1rli(111-. 11f 1n1111111fcr-.; 11f tht.•st• 

1ypt·"· a' <;u11m1arizrd i11 Fig1irc S~. For t·xamplt". Ei.. (L1hl<-SI J 

;1ppt·ar .. in ,\T-ri<·h clmn1,tn·am "'q.{lllt'llh !IYJI<'" B .111d l>J 
llmH'HT. in IYJ>t' B rss .. ic appear .. in li.m-!•; qf prmno1t·r .... 
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hut 1111h on Ilic 111i11u., 'I rand. while i11 l\'pt· I> ii ;1ppears in 

J:~. HV; of promoler,, hut onh· 011 lhe plus "na11d. 
.\lun·o\t'I'. ii we ('Oll'.'.idc1 uniq11t• motif'- 1ha1 appear in 

difkn·nt g-roup ... the\ ;11c < 11111111011ly prncnl in Ltrgc 

prop11r1io11' of promolt'r' of lho'l' Ltq~cl )!;l'OllJ>"- Fo1 
('Xampk. in lrol!NTif>l!>i i11i1iaC!'<I from lype n TSS,, \ff h11d 
11nh-1wo 1111i1111e l'Es i111he dt1w11s1rt·a111 reg-ion. ()rn· is DBP. a 

1r;111snip1io11;il <H"li\·;1tor i11 hepalic cdb I ISi and 11a·111hn 111 
till' LIEBi' fa111ily. which appt'<.H'.'. in '.,!t)./'j'f( of pro111111ers with 

type ll TSSs and only 011 the minu., '1r;111d. The 0!111'1' 

dc111t·111. '.\°('x, j., t'llll'ri< 111·11ro11 humeohox and ou h as ;111 

aC1i\·;i101· I Pit that j, n•quin·d for proper position;il sp1Tifi· 

Ltlion. diftt.~n·111ia1in· n·ll Lil<-'. and mai111t·11a1Kt' of proper 
hanl'f i1111 ,1f t•111<·1fr m·urnn'.'. f:!O.:! I j. ff i., pn· .. 1·111 in 11. 7':1'.:; 11f 

pro111otn .. with l~pt• n TSSs and onh Oil tlw plus .. trand. 

Sinn· am· rwo of 1h1· lour TSS rypcs could differ in tlll·ir CC 
nH11t•111 in tlw t1psrn·;11J1. d(1wn ... 1n·a111. j)J' l)(1th rq.~i11n..;. and 

H•ll"<'ljllt.'nlh h<arhor difh-rcnl '"'' ol sig11ific1111 motils, wc 
t ondude 1h;11, oH·rall. TSS 1ypcs l'Olllain St'h of signihcmt 

sig11;1111rc motifs tde11111t·d hy a plus ..;ig,111wxt 1111heORI ,-;due 

in Tahle SI and a plu., 'ig-11 i11 Tahk s~11ha1 po11·n1ialh- n1;1\ 

co111rih1111· to orie111;11i1111. ;111d ;ire likd\ 111 i111cr;u·1 \\ilh 

di,.,:linn .. t'I of Th. Thi., t'OIK!lrs \fith 1Jw resull., of the 

prt'n·ding lwo Mlhs<·nions and suggt'sl., on·rall diffrrcnt 

IL1t1Scrip1i1111;il pn1g-r~1111s ('n'st'lll in the 1ra11scrip1., 11f lhne 

rss rypt·s. Lists of llw 1110 .. 1 ... ig11ihla111 Pb 1h;t1 ;1pp1·;ir ill llH· 

l'SS groul" an· pro\·idt'd in Tahk S'.~. 

The Initiating Dinucleotide and Its Environment 
\\'1· ;111;.1lned in moLht' awl hu111:..111 cL\1;1'.'.t't.. 1ht• i11i1Lt1i11g­

di11t1d('olidt'. 1ha1 is. lhl' 011c 1ha1 on·upics p11si1io11' 1--1. ~I I 
rcti1 in· to 1Jw TSS. \\'e found 1h;i1 a 1u1mh1·r of diffen·m 
ini1i:11iug di11t1(·ko1idcs ;1n· s1a1i .. 1i1 ;illy siguilic1111 .1n11 .. s 

Promoter Properties 

rq~ion., '111To111Hli11g: lht.· TSS. L1hk :! ..;how .. for moLl'•l' ;rnd 

human data all s1atis1ic1lly sig:nificml c1st.·s ha,('d 011 rlt(' /1-
\<thw oh1ain<·d ll\ th<:" right-,i<kd FislJ('r·s cx:H'I l<·s1 and 

< orre('h'd lor 111ullipli<·i1y ll'..,ting- II\ lh<· Ho11krr11ni method. 

l'IH' association ol initialing dinw kotick 111 TSS propc._Ttie' j, 

HT\ 'P('(·ific It is i111cn.·s1ing 10 JIOll' 1ha1 fl](· i11i1i;lli11g 

di1111dt·111ide T,\ j.., signili<·an1ly t·nridwd In TSS l\V<'' rlut are 

AT-rirh up .. 1re;1m. down.;tn._-am. or both in. C. ;and DJ. while 

din11ckotidt•_..; th;11 _.,LHI with g:11ani11e ({~,-\ or (;(;I ;1rc._· 

signiti1·;1ndy euridwcl iu TSS n-pe' 1h;11 •tr<' _\T-rid1 .. pelif­
j,·ally dow11sl1Tam (I\ ~rnd DJ. Type .\ TSSs ;trt' .. ig11itic1111h 

<·nridu·d J<n· <ii111u·k(1tidt._·s 1h;1l s1:1n wilh ("\''''"int_·<('.(:.<:<~. 

and CrJ. llo\H'\·er. 1lw 1·;11111nictl i11i1ia1i11g di11udeo1idl' C.-\ 

.1ppl'ar., s1.11i..iic;.dl\ .. ig:11ihl,111l 11nh tl.11 TSS C\pn.1h.111·hangt_• 

(;C ridlllt'""' (I\ and CJ. Finalh. the TSS l\p<· (: g-roup n1nL.1in" 

.\(; and TC di1111d1·01idt·s al a s1;11is1i1·aJh- "i).{11ili1·a111 kn:I. 
whik 1h1• .. e do nol appe;ir sig11ilic1111 in <Ill\ ollwr TSS f\'IH'. 

n1is n•mpw•itional !H'ttpcrty of l~l(' initiating clin11d1·111ide 

li1.·ing- (ink('d in ;t statisliciJ!v .,ignifiLllll llMIJllt'I lo !lit'(;(: 
pn1perrie .. 11l 1lw upstream and d1nn1 .. 1rea111 r1·gi1•11s would 

11111 ht· possihk 111 disn·rn if 1lw TSS gri111p .. w1·n· IHlllJ)('d. \\'e 

..;cc rhat these propenies char;u 11-rizc .,jg-nifo ;ml numlwrs of 

l'SS'.'. in our llUJllS<' d;iLlSt'I. ll<IJJll'ly. 10 . ."•47 CW.1'iW1; ). 8~N 

(Ii]. 7y; ). I .:17:! (ill.Iii'-; ). ;md ."d J {'.~ l.~l."1 1 ; ) ol TSSs of typl'. .\, 

B, ( .. ;111d D. n· .. p1·1·1in·h. and lhu, 1hn do nol <1pp1·.ir lo ht• 

;1r1ifa<·1., 11f 1he 1>n1p(~"'·<I ·1·ss ,.1;i,..,iflc11i1111 rh;1t wt· han· 

introduced. Th<-· 1·01Klu,ion j, thal the initi~1fi11g din11deo-

1id1·s show 'pn·itit pn·fen.·m-cs ;11 s1;i1j,1ic1lh' 'i).{11ihL111I Jt.·,·<-·b 

lo dilkn·111 TSS em·iro111J1t'llh ;md thal a sig11ihLllll porlion 

ol TSS..; i11 11\11' <L11;1s1·ts ;1n· d1;1raneri1ed h,- lh<'"l' i11i1iati1114 
din11dt·11tidt•..;. \loreoHT. ;1l11111st all of lht'lll ;irl'. tliff1·n·111 

lrolll lhc Clllt11lic1J (:.\ dinudcolide. 

This Lisi oh..;t·n·;1tion kad .. us lo hyporlwsizt• 1ha1 dit'krenl 
\';tJ'IO\I..; !'SS IYJ>t'" Ollld fh; ll 

rd;ah·d 111 tile(;(: n111lt'lll 
--""""-'-'J'SS 1~pn 111.1y lie n11 11rolll'd hy diff<·n·111 i11i1i;11or (111r) 

~~~~~~~~~;~;;~""ij. ~F~ig~11~1ti· ~~~d:l'pin ' thl' 'luih· dill<·n·11110111po.,i1ion ot ··11"h- 'urrounding tl'nL.1tin~ TSS ... Tht· Iur 
appear hiologicall\' 1"l°1('.\';1J1f for th<'S(' 

"~"'t...,ol~r./';,,,.,..,.;r .. <J f'E-..~--alr .... rndl 11\·l'rb p TSS, and ma\- he qu;1lif;ili\d~ 

" . 
" 

I_ I 

;::jl·;l~~!:i;~-i;;~~~?.:;it~\'ili·renl TSS f\'J>t'"· Dilft:n·nt ini1ia1i11g di1111-
s1.i1i .. 1ilalh· signitic11H l'll1"id111u·111 "upp(1rf 

poil1 a11<l. ;1 1 tht· '<llllt' timl', tht• \·ariabilit\' of !he 

1g- din udt·olidt·s nmld t·:xpbin 1h1.· 11011-

l 'wn 1 111s1· of 1lw on;1111cr lnr de111c111 !~'..!!. \\'e h;l\t' 

hser '- inil; 

1
1.·m·r ·I "I'll I t't' logo .. ol tlH' TSS s11rro111uling-s I :1. •_.-,]in 

~;;g;;;;g;;;;g~:~g~~~~nan. and JH"<""l'lll 1hc111 in Figun· _.-,_\. \\'e = col idt· di,trihutions for l\'J't" .-\ (CC-CCJ 
fSS..; art' ahoul tht• '.'.;lllH' in lllOU .. <' and ht1lll<ll1. lfo\H'H'L fi11 

N IVERS J f1"'~h jl <t. ]\l '[i. ll. 1lwn· ;, nid1·111 difln1·11n· 111 111<·,c 
- drltril"11i1(f! it ff{, region s111Toundi11g 1he TSS. whid1 don 

1101 n1111r.ulil'I 11111- h~1 111thesi .. of potentlalh- diffen·111 lin 

r Es 'TE R N ·le1_1e .. . ~1r l~f¥· nt rss 1ypt'S. Figtff(' ."1B show'.\ logos of 
regioll'.'. f-- ~l. +-l<Jt-'tor tlw frnff TSS r~-JH·s ill llHHISt' and 

• • 
Figure 4. Distribution of Selected Groups of PEs That Are Highly 
Enriched (at Least 3-Fold) Upstream or Downstream of the TSS 

humau .. \g;1i11. \H' oh .. t-rn· 'i)!;11ilit·;1111 .,Jmilarit\· het\n·1·11 1h1.· 

spnies in the composition of Ill<' r«J,!;ion for l\pt· .\ TSS ... 

\\'hik llH' otlwr TSS ''P"' ..;how .,/g11ifo·;1111h· 111on· \';ll'iahilit\·. 
J'his ma\' Sll).{).{l''I sp('ci1·..;-.,JH't iii<- organi1alion of 1111' t'OH' 

pro11101<T" for tlu·.,<-· 111i11oril\· lSS 1ype ... tit ( :. ;uul DJ. 

The upstream region considered covers (-100, --1), while the down­
stream region covers [ + 1, + 100] relative to the TSS. In all TSS types, the 
upstream region contains significantly more enriched PEs than the 
downstream region. 
001: I 0.13 71 /journal.pgen.00200S4.g004 

:f:j_". PLoS Genetics I www.plosgenetics.org 0006 

Relation of TSS Types to TATA Box Elements and CpG 
Islands 

\\'t· ;111ah1<'d thl' four TSS ''P''"' in 1111111st· and in h11ma11 

( L1hks :~ ;rnd I) tor 1he pn·,c1Ke 111 T.\T.\ hox dt·m1·111' am! 
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Table 2. Starting Dinucleotide [ 1, · 1 J for Various TSS Types in Mouse and Human Datasets 

Org•nism Starting TSS 
Oinucleotlde Type 

Mou~e AG 
CA 
CA 
cc 
CG 
CT A 
GA 8 
GA D 
GG 
GG D 
TA 
TA 
TA D 
TG c 

Humiln AA D 
CG 
GG D 
TA B 
TA 

We show only ~t.afotically ~;gnific.anl c.a~s 
DOI: 10.1371/jOl.Jrn<'l!.pgen.0020054.tOOZ 

Number of Number of TSSs 
Cases with Starting 

Oinucleotide 

172 1,943 

458 J,440 
558 1,943 

1,299 34,245 

8.669 34.245 
579 34,245 

J6 1.440 
15 1,528 

264 1,440 

350 1,528 
151 1,440 
187 1,943 

169 1.528 

455 1,943 

J2 385 
2,777 9.269 

85 385 
25 244 

35 357 

;1s~1da1ion wi1h c:c~ls. C:lohally. lhl'I'(" ;1n· .. imilariril''.\ in tht''l' 

propcrlil'' of TSS l~pc' helwet'll 1he"" 1wo "l>l'< it'"· ln11 tlu_.re 
;1n· also "i~nihcllll difft'l"t'IK(''· Thi' mo11 .. t·-h11111;111 co111p;ir­

i.,011 mus! he Healed with somt· cauri1111 . .;inn· the rnou"<-' ;111d 

l11111i;i11 da1ast'I" ;ire.· ha,ed upon a11aJ~·,j.., ol di .. lill(I 1i .. s11l·s. 

and tlw ln1111;1n :-.t·t j, proh;1h l\' lt·,s < omprdH·n,Jn· Jn 'onw 

Total Number Total Multlplkity p-Value Bonferroni 
of TSSs In Number Correction Corrected 
the Same of TSSs Factor p-Value 
TSS Group 

2.524 39,156 J6 L41 10 ~ 2-25 JO • 

10,000 39,156 J6 3_25 " 10 II 5.20 JO ' 
10,000 39,156 J6 609 JO ·I 9J5 . JO ' 

1,410 39,156 J6 7.17 • JO 'I 1.15 • 10 ! 

9,076 39,156 J6 106 IQ )II' 1.69 ' JO ' 11
' 

635 39,156 J6 L80<10 3 2.88 JO ' 
J71 39.156 J6 6.09 JO ' 9-75 10 • 

171 39,156 16 2.99 x 10 3 4.79 ,, 10 l 

2,952 39.156 16 1.32, 10 \} 2.12' 10 " 
2,952 39,156 J6 8.28 . 10 ~~ 1-33, 10 l'P 

2,703 39,156 J6 1.86 -, JO ! 2.97 10 " 

2,703 39,156 J6 2.30 10 {> 368 10 '> 

2,703 39,156 J6 7.82 JO 10 1.25 , 10 t 

7.381 39,156 J6 1.55 JO ' 2.48 ,. JO • 

88 10.255 J6 L03 · JO ' 1.65 , JO 

2,878 10,255 J6 2.37--10% 3.79 " 10 45 

578 10.255 J6 4.28 10 }'! 6.85 10 )~ 

575 10,255 J6 2-55 JO 4.07 10 l 

575 10,255 J6 .... JO • 1.39 • JO ' 

dnm·111 ti>( :t:J 12!1.:~0J. It \\ollhl ht· of i111t•n·,r to irl\'nligatt' 

llwir jff<-'"'llle around nia111rn;1lia11 TSSs. ( ' nfonunaleh-. ..;uch 

;111 an;il\-..;i, repn·,.enh a "lwh- 011 ii.. own ;111d requin·, rdi;1hk 
111;11rix mt1(ld' <11' the,<· t·knw111:-. in m~•mmal" lhal al'c 11111 \l'I 

;tLJiiaJik. 

me;1sure.1he dist inn ion" m;1y al'o r~~t~,J~e~J~»~d~"~P~Jl~H~>I~~~;~~~~~~~~~ in the two 'lll"l'it·"· Jlo\\·cn·r. 'inn· Wt'< wil'I 
< alh· Lirg:t• Jllllllhl'I" ol wl'il-d di1H'd . o;u l exprt·s,io11 t att·gories. \\'t· ust'd 

n!l.J~tliJ and in h11m;111 (1 0 .:1.-l.-l), I . nip!' with dilfr•l't·IH (;() 11:11 and e\'()(, 

hcl\H'l'll th<-· 1wo :-.pt·cic.·" ft'as ihle. " wd l ;i, F.-\~T< )\U li"llc <'XPl"<'S,ion 

Jh,ecl 011 Bo11kno11i n1rrenecl /J- .tl·d !heir TSS distrihulion ;uro" the lot11 
1111111st· and hu111aJJ cL11a .. ds d ifkr ,jgni \'hilt· it is 11111 po"ihlc 10 malt· dctinirt· 

prnn101n k;1111n·' (rahles : ~ .md t). 'l' of i1Ko111ple1<· (;O. e\'OC. 1i .. s11l' lihran. 

'ig:11ilic11111\· t'llridwcl ill tal thc.· m1111 la.\\·,. \n·re ;iliJ,· lo l111d a 1111mher of da"'"' 
;assm·i:i1edwi1h<:c;J,inTSS1,pt'!'i,\an 1h :-.pnifit· TSS 1\-pn in ;1 sLtli,li<alh 
111rnilwr ol L\T.\-k,:-. 1no1110 1cr' in r (T.1h l"" .'.'>. il. SI. and s.:11. \fon•t1\l'L wt· 

11umlwr ol 1nt1molt"rs 1ha1 h.in· 0 IL lll'lTipt groups in mou..;t_' and human 

;tSSO(-i;lf('cl with cc;i..: and (cl) flH' nu111lwr ol L\T\-lns who'l' promollT' )lH''l't·n· t•1nich11H'lll ill 'l)(.("ih<" TSS f\'jJl'' 

JffOIHOhTS nul. <l'"ilH"iat,<•d wi th (:(;J~ llf .~'°': g'r~\lr_ i-:?'''i'~B_c i '#-fMtJ_Lt_ :t pn·i,f' (Jf.1h(l···S ! ). l'11tlcr .Jl.ll'.t"llUdilioll"i of Olli St.11d~ 
;111d on·r.tll. Lomn:-.ch. h11 m;111 pn'twh 11:~ .!l.J· ,, ).{rfll.f~d Jw':i fo°l!Hll f'1if J fl: I JI_.; ol C<) t ~11ego1 in ''ho'" 111.1ppcd 

l'lllidlt'd ill (;.1) tlw 1111mh<-·r ol )HOlllOll'I'' ·"'ociatt'd with <:(;b 11 ;111!'.t 1 IJ>I' C' 111;t11;1lt' 1101 11 I\ pt· U I SS:-. jlll''«IH' tlwir l'lll'h h· 

in TSS "V<"S .\and B. and 11\"('1".lll: ti"''.ti<n1\l~l(1'f , 'Il\1 N lt_'IHc· liJi ..... '1:'W-' f _111· l)tf i of(;() Llll'g-ol'ic .. ;!"iSO( i;tlecl with 
hox-n1111;1ini11g: prn111ol('I'' i11 TSS t\.,.,J .\J.if'I Jt; iJll<' r 1111 .~ .. a ~-pc - . jrS. ;lliti lt;'J! XW { of(;() 1·a1q.~ori''' a"'o<·ia1t·d wi1h 

l"AT.-\-hox-n1111aini11)!; promo hT<> a.;sodatt·d with CGb in TSS 1ype D Tss,. The'e n_·..;11 )1' su~)!;t'sl 1hal ht.'l\H't'll 11u11M_· .and 
1ypt'"i A B. awl C. and O\Trall: and (d) 1lw lllllllhn of T.\T.\- h11111;i11 lht· TSS d1ar<1ch-r wi1hi11 lht· CO t-;11egorit'' is L1q.~eh 

Je,, promol('l"S ;.1s .. od<1ll·cl wilh cca .. in TSS l~(>l'S ,-\and B. (llllSt'l'H'd. n1 .. 1rihu1io11 .. of ~111 lllilll'.\t' Tss, •llTO" llw fou1 

;i11<l on·rall. Tht''l' d;11;.1 "ll~t'SI 1ha1 lht'l't' <tH' "Jlt·cin-,pnifi< l"SS l\'J'l'" lf1r (;() c11c.·g1nfrs .111<1 F.\:'\T<l\U li,.;ue lilnari<-''i 

.. ol111i1111' 1i1r 1ra11,<-ripti1111al i11i1ia1i1111 in 1111111se and hum;rn an· pH1Yicled in Tahlc S:-1. 

tor 1lw analyzl'd TSS 'YP'''· \\'e funlwr a11;1l\'/.t'<I '''wral spcrilil" LlSl''· For mam· (;() 

Thcf'l• ;1n· a lllllllhl'r of HIT'l' PE' ollwr 1h;111 TATA hoXt'!<i c1lq{orit'' Wl· found rhal 1r;i11,nip1' ""m·i;ih·d wilh lhcm 

;md lnr clt·11w111,, such as lh<-· dow11s1rca111 JHomotl'r dcnw111 

d>l'EJ j2:~-261. lht· l"f'llB re.;pon'c l'll·na'JJI tBRFJ [271. the 

molit f('ll dc111t·111 (\ITEJ ['281. ;incl thl' dmrn,lrc;1m 

-.~@_: PLoS Genetics I www.plosgenetics.org 0007 

prdn ')HTilic (;(>rid1/(;(:-prn1r 1ra11 .. t·rip1io11 i11ili<11i1111 

fr;1mt·work" (L1hk ~11. 1-"or t•xample, !11<· immlllll' n·,pon..;e 
group (( ~( ):OOOl-i~l).)1 tFigun· Iii appc;ll':-. wilh L1S-. 1.s:i-. awl 
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A 

x~x~~~x?j~£ 

B 

Figure 5. Sequence logos 
(A) Sequence logos for lnr in human (left) and mouse (ri9ht) 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. 
(8) 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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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 (1757) [lj 363 (18.68) Ill 9 (0.59) 111 27,651 (70.62) Ill 

No CGl 7,219 (21.08~ !l.74 10 ' 1
] l, 187 {82.43) 14.87 ·' 10 '] 1,580 (81.32) [9.58 . 10 2

] 1.519199.41) 18.81 , 10 ·'1 11.SOS (29.38J [6.26 · 10 
TATA 2,539 (7.41) [1] 188 (13.06) [1] 567 (29.18) [I] 434 (28.40) [1] 3, 728 (9.52! ! I j 
TATA-less 31. 706 (92.59) [ 1.63 10 1.252 (86.941 [1.43 j 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) [1) 33 (2.29) [1] 58 (2.99) [J] 1 (0.Q7) fl] 1,705 (4.35) Ill 
CGI TATA less 25,413 (74.21) [lj 220 (1528) [lj 305 (15-70) 11] 8 10.52) 11] 25.946 (66.26) [I] 

No CGI TATA 926 (2.70) [2.19 10 1
] 155 \10.76) [1] 509 (26.20) [1 J 433 (28.341 11 J 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 'J 1,071 (55.12) jl] L086 l71.07l !I' 9.482 (24.221 [2-11 10 ''I 

We pJe'.>t'nt for t>ac:h catt"(]ory ((GI, no CGl. etc) the number of ca~ for each TSS type. the pt:'rcenl (in p.:1rentheses) of the total popul<1t1on in that TSS type, and the Bonfermni corre<led 
p-value (in bfac:k.eh) calculated from a right-sided Fisher's ex.let 1est based on the hypergeometric distribu1ion 
DOt: 10.137\f}ourna! pgen.0020054.1003 

~~.:~:i-tuld IWIH' 1ra11snip1s h;n·i11g rss .. of(\')>(' H. ('., ~111d I>. gt'llOnlit' 11rgalli1ati1111 111 gt'IH'S wi1h TSSs of l\')>t' (,in thi' (;() 
rcspn·tin·ly, than one would expen h~1sccl 011 lh<· propor1io11 group. Thu!<>, l'SS propcnies ma\ inllucnn_· genomic org;111-

of 1ra11sn·iph in 1Jw,e groups in our rdt'H"IKt." rno11sc <bt;1. i1;1tio11. 
1"11e l'nrid1rnen1 in 1\pt.· C and I) TSSs t .. sra1is1icdl\ ln Tahk ."1. om· crn 'ct· 1!1<11 (;(>rilh TSS .. rdak 10 gc..·1ws 

siJ..{11ihcmf (Bonkrroni-t-orrel'll·d righl-si<kd Fi,ht-r's t"X<KI n·,ponsihk for ,-arious hi11di11g ;iml protdn lr;tnspon 

I<'''· p :::::- l.~t~ X JO 1·" and /1 ~.I)() X JO 1. n·sp<Tlin_·h-J. Based acti,·i1ics. Thcs(' h111<-1io11s 11s11alh- onur in dilfrrc111 H·gions 

oil lhi!», wt· rondudt· chat the 1r;mscrip1 group C0:0006~1.-);-1 is ol liw (·di and ;are rdknt·d in 1Jw din-r,t· n1111p;.ir1mt·n1s 1hat 

dur~1nnif(·d hy im·n·a ... ed participation 111' 1ra11',,nipts trom arc enriched tor l\'l>t' .\ TSS:-. .. \T-rid1 TSSs oypc" C ;111d Ill. 

TSS l\'IH'' that art' .\T-rid1 ups1re;1111 or dow11,trc;1111. \\'t· 1111 tht· orlll'r hand. ;ll"l' t·11rid1t·d in pro("("S!»t·s rl'lating 111 

anal\/cd in morl· detail thl· gt·110mi<· organiza1ion of Im i ddt.·nsl' n·..;po11"4.'S 10 tht· ('ll\·ironmt·nL TSS, of the nwmhr;am• 

t'orrespo1uli11g to g('llt'S from !he mrn;I ovcrrt·pn·..,t·JJl(.'d TSS al lack complex ((;();OOO:,:i7~1). dd't·nsc rt'sponst• 

1ype ll~pt· CJ for this(;().\\'(' found !hat TSSs of l\-jH' (: 111;1p ({;();00111)~1:1'..!). ;111d i11111111111· rnpo11M· t<;O:OOOli~1;,;,, <ll't' 

l<• '.hi 11011rL'du11d;1111 gt·lll''· of which 1wo ;fft· in hidircnion;il e11rid1ed in 1ypt• ll TSS,. ''hik till' (;i,1 1w11 of lhest• ukfrn"4.· 

prum11ft•r, (:!/:{fl). whid1 111c;111' thnt• ;!l'c 1111denepn·scnll'cl ;11ul i111111111u· H'sponst') :111d n·1oi·i1w ;u-riYil\ ((~0:000'."d'.FH 

I in "'"npkx (CO:ooo:,x:~:~i ar(_' t·nridwd in tYpt· B ~is~~~r~11,~·1~·"~'~"~,·~··~· ~~"i";· ~··~11~ri~<1~"~··~1 ~i1~1 ~"~I'~<· c r ss .... <;1ohi11 group (<;o:rn10F,~ 11 awl 
lht'!oo(• g<'llt:S ;trt' highh tl\C ITl"j>l'l''i. 1g .. 'i ll~gt'S( ;I prdt'rt'JKC of difft·n·nl 

rt'blin· 10 riH' genolll(' ;iwrot).!;t'. Fi , f? gro up' for .,peciti(' TSS l\-fWS. 

lSS"i Jun· !»Jll<ill gl·110111i< sp;m: :q out 1 an..,ni p t gn111p., hast·d on t•\'OC rcrms. \H' 

long-. \\·hich i., ;1gain 11Hfft' fha 11111w wo t'kr C(:-rid1 nr (;(>poor 11·arhtTiptio11 

gt·1111111(· an:r<tJ..{t· . .\lo!»t gt·nt·s i11 th<· ct rk!». d q >t·udi11g oil 1ht· t'\.0(: Llf«gon. For 

.. )i11n (tlw maj<;riry ;1n· a1·t11a lly lt·s, th. ,.,pn·....,nl 1ra11"·rip1s tE\".\l:'..!'..!711lHl:~ a111I 

wi1h ollwr 111c..·111l)('r' of 1ht· s;1111e I 1 1hk ill seem lo prder l'ilher 1\-fH" .-\ or I> 

hidin·t"1io11;tlh· lransn·illt'd. T hi., an;1h thl· case for 1ra11..,nipts d:1ssifo·d affording-

Table 4. Basic Statistics on Relation Transcripts 

Category TSS Type 

Type A 

Number of promotf'rS 9,269 

CGI 7,887 (85.09) [2.74 

No CGI 1,382 (14.91) [1] 

TATA 791 { 8.53) !1.63 

TATA·tes~ 8,478 (91.47) {1] 

CGI TATA 574 ( 6.19) !7.00 
CGI TATA Jess 7.313 178.90\ fl 62 
No CGI TATA 217 ( 2.34) [I) 

No CG! TATA-less 1,165 i12.57J Ill 

IT NIVER SI TV of tb~ 
Type B Type C - Type D 

\•VE.STERN CAPE., 
10 ~ 1 j 74 (30_33) f4_87 ' JO ~) $6 (24.09) (9.58 JO 1J 8 ( 2.08) [8.82 X 10 1

) 

10 )J 

10 ~ ] 

10 ·'") 

170 169.67) [1] 271 (75.91) Ill 377 t9 7.92J Pl 
45 (18.441 (1-43 10 1

] 

199 (81.56) [1] 

16 ( 6.56) [7.01 10 ll 

ss (23.771 p_so · 10 1
] 

29 (1 l.89J Ill 
141 {57.79) [1] 

106 (29.69) l 1 J 

251 (70.31) fl] 
22 ( 6.16) [2.99 

64 (17.93) !ll 
84 (23.53) [I] 

187 (52.38) [1) 

10 )] 

101 (26.23) [I) 

284 (73.77) fl! 

0 ( 0.00) [1] 

8 ( 2.08) 15.64 

101 (26.23) [\] 

276 (71.69) !1] 

10 :•1 

Overall 

10.255 
8,055 (78.SS) [6.26 10 ~-JI 

2.200 (21.45) [1] 

1.043 110.17) [2.02 .. 10 1
) 

9,212 (89.83) [1) 

612 ( 5.97) [1.05 • 10 
7.443 (72.58) [4.31 10 

431 ( 4.20) [1] 

1.769 11725) [1] 

We present for each e<1teqory (CGI. no (GI, etc.J the number of case~ for each TSS type. the percen1 (in parentheses) of the total population in th.at TSS type, ,md the Bonft'rroni corr~ted 
p-value (in brackets) calculated from a right·sided Fishe(s exact te~I based on the hypergeometric disiribution 
DOI: 10 I 371/journat.pgt-n,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 ( 

Cellul<ir component 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 " 
G0:0005634 Nucleus 6.15 10 1: 

G0:0005737 Cytoplasm 3.25 JO ' 
G0:0005739 Mitochondrion 1.13 10 •) 

GO:OOOS829 Cytosol 2.28 JO 1 1 

Molt>cular func lion G0:0001524 Globin 1.74 ' 10 
GO:OOOS125 Cytokine activity J 1.98 ' 10 

G0:0003677 DNA binding 1-63 10 ' 
G0:0003723 RNA binding 3-38 • 10 .' 

G0:0003925 Small monomeric GTPase activity 139 , 10 

G0:0005524 ATP binding 4.48 10 7 

GO:OOOSS25 GTP binding 1.62 10 ' 

G0:0008S65 Protein transporter ac:1iv1ty 2.11 10 7 

G0:0016301 Kinase activity 6.82 10 

G0:0016740 Transferase activity 3.19 10 • J 
Biologic.ii process G0:0006935 Chemotaxis 1.32 JO 

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 transduction 2.76 10 ' 
GO:OOl 5031 Protein transport 3.36 10 " 

The Llb1e !.hows some statistic.ttly SignJtk.tnt ex.tmples of biased distribution of transcnpts from differenl GO c.i1eqories in ~c1fic TSS grO\Jp<; from all mouse d.ita 
DOI: 10. I 371/journatpgen.0020054.tOOS 

D 

J 
1.24 10 

2.09 JO 

J.36 IO.! 

5.11 10 1 

2.60 . 10 

tu l·ardim·;1sn1br funnion (F\'.\f:'.l~SOO:~i ;ind E\'.\l:'.lr)oo F1) 

(L1lik I)). 

Conclusions 

;111d obst•ned f1111<b111,·111al .. imibri1J, ... in tlw fLl!lstTiplion 

ini1ia1io11 adin.· dom.1i11s i11 the l\\O spt·t·ies. L11okl11g 

st'p;1ralt·h· ,ll lht· ( ~(: collh'lll 11ps1 rra111 awl downs! rt'alll ol 

'~~:~~~~~~~~~~~·~·J~"~' ~i<~lc~' ~·J~liJ"~·hil p aradig:m 10 \-icw n·nain pht·nonwna \\'(· h;1n· i111rod11(·(•d a diflen•n1 w;l\ lu~dt. . -,..fi:~~- rnc;111i11gl11l 11u1111t'r. \\"t· found cha1 1wo 

whid1 t'IHlllt'< '" TSS propcn ics lo i&.ohLh 1 • -- l'\ C a11d I>. posse" posilionalh· n·n· wdl 

i111111t·dia1ely upslrearn and d owustrea1 fl ti.1;10,ll." 'J'" ~f,lUl!lf · • 1ck1 111i¥:~fn\1T 1ii(lf rq.~ion s j .. :~~t. '.201 rebli\t• 10 lilt' TSS. 

ilh link .. !ht• TSS 1\pt· wirh P Es lh;tl ;1 t' resu1111~ 111 Ill<.' I :"I:"! .. ll~J!nl111g llJL' "i' 11ific11 ll 101<.' ot .\T·rid1 S("t(llt'llll"'i s11d1 ;is 

m·ig:hhorhood. \\'e wne ahk lo ch~l'l' ";th' i:t 11.,ni l 111 .\T.\ tOXl"" ·he c11 111rol of TSS\ of llwse l\pt·'· Our 

i11i1ia1io11 at:iin· d1t111ains ill llH• 111011' ~ 1; ~ t ~ ; ~ c ~ ' ., 1ha1 \'<tl'iou' i11i1iati11g: di111u leo1idt•., 'how 

Table 6. Enrichment of TSS Types in Sel t d e~ Cate r. es ar ~ssue qi . ' . ane 1 Mouse 

EVOC ID or 
TiHue Library 

Terms the TSS Types 

EVM:ll80168 
EVM:2120010 
EVM:2270063 

EVM:2280037 
EVM:2280087 
EVM:2280063 
EVM.-2250045 

14 

18 
24 
C7 

UI\ IVERS I TY llf tht' 
Lung, male. adult 2.22 1 O 1 1 

Whol• body. m"'""' ~'11'.;' s· T E 
Thymm. mixture. em~ L ~ 
Aorta and vein, male, adult 
Cortex. miii:ture, embryo 
Thymus, mi)(ture 

Heart. mixture, embryo 
Blastocyst 
Osteod<ist-like cell 
LPS-treated bone marrow. macrophage 

ES cell 
Liver, lumor, adult 

9.28 
3.43 
I.SO 
4.99 

4.85 
8.20 

N ' Ci\:PE 
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10 ' 
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10 ' 
10 ·l 

Some ex.tmples of statistically signffkant enrichment of different TSSs types in eVOC categories and tissue hbraries from all mouw data 
001. 10.1371ij0uroal.pgen0020054.t006 
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Type 
Cit A 
C.11 B 
C.ttC 
C.11 0 

"' D 

GO 10 Dncriplion 

Total 
Number In 

c.a1egory 

Ov~reprewn~ GO 10. GO 000&955 

4.8~ 

D 
G0;0006955 

Percent 
i-;o oe 

5 ~d 

11 l:lb 

Change 
DfiH 

1 7'H 

4 "" _iy, 

Promoter Propert~s 

\\'c hcli('\t' thal lhl' n·,ult' 11f1his a11ah.;j_, will hdp i11 lw11cr 

u11dl'rsL1nding rhc g:t·ner;.il rran"-riprion re~ub1io11 proper­

Ii<'"' of 111;1111mall~1n promol<·rs, and pron· U.,,l-ful for fur1he1 

dcn·lopmenl and t'llhall('('ltlClll of promoter and ~<·rw 

pn·dinion 1001'. 

Materials and Methods 
TSSs. \\'l, 1011 .. 11w1t·d l\\•1 hiv;hh ;u l ur;lle "''h (111a· !lir 1111111 .. t· and 

<Jiil° ID1 l111111;111) "' rss .. and of flu: p10111nkl .. ,·.1111·11n· .. ( O\tTinv; ilw 
'pan 1- 100. · JtJfll rda1in· 1•11lw'c TSSs. I ht.,•;t· 1Ltt;l'•<"I' a11·;1\.1ibhk;tt 
h11p:l/\\\\\\, .. ;mhi.011.1;1 ;11111 \H'JC oh1ai1u·d ;1' lnll1m .. II tlu· lir .. 1 Y 
11tKkolilk nl 1lt1· ( :.\( ;F uv; nr ~,' di1.1~ ih1tp://l;L11fo11i:l l p.~.,, xiLl'n.jp/ 
c1g1·_;111;dni.,/expol"I) n1i11t id1·d \•ith llw lii-.. 1 ~,· 111wko1i1k ,,j 1lu-
foll-k11i.;1!1 1 If\.\ (h11p:llLt11111111.).:"''-.1ikt·11.v;(1j111d11\•t1l<1.11l.h1111IL clw 
JSS ck11·1111i1u·1l 11• 1l1i.., 1;1!!, ''·'' 'dnlnl. .\I'''· i11 l:l'l"' \•l11·11 fhi' 

111111li1ic111 1li1I w•I h••ld. \H' ,d1·111·1l ·1ss .. l1;1M·d 1111 tl1e f•1llo1\•i11v; 
l<'ljt1in-111e11h: !he TSS i .... 1 tt'jlH-.;t·11uti\l' TSS loc11iu11 from .1 LI~ 
d11"'llT lh:11 h:I' at lt·a"'t fl·11101~ ... 11ic n·1•n''l'llLt1in· TSS i"' .;11pp•11·1t•d In 

al lt·:l'il .,,j_x 1:1g .... ancl tlu·n· j.,, ~II k.u.1 •flU- orluT pi(_'tt' of IJ.lll'l 1ipli•111al 
t'\'itlem t' a"••t ialnl wi1h 1l1i"' lag; 1·111 ... 11·1 c1·xprn'it'll 'it''1llt·11n· lag. !1111-
k·ngth <I>:\".\. or long S.-\(;E: J111p:llL111!<>111.g ... 1.1i~1·11.~n.1p/do\\lllu.1d 
h1111IJ. lt1 1lii"' \\;t\, \\t' 10111pi!t-d ;1 tu<•ll'it' 1·dl·1n1n· promolt'I ..,d of 
'.)~1.l.~,fi pn1m••lt'l'i ;u11I a ln1111;111 rc·l1·rt·1111· p1•1m•>ltT ..,,., ol lu.:!:-,:-, 
pron1011·r-;. 1'111'..,t' 1\111 "'t'h :1n· tl'it'd 101· otll our ;111;1h"'t''i. 

R;11ulc1111I~ ..,dt·lte<I ))~.\ ..,t·q111·1111·.., ft<11L1mou""·111·11· t1"'1·d ;1"' 1lu· 
had;.~Tound ..,,.! ln1 ;111;1h.,,i~ of ·1 F himlin).\ ..,jlt', in llHHIM' Jll1>1J1oh·1·.., 
lht•\(' ll"t\.\ "''lllt'IH"I'"' \H'lt' :!HO hp ln11)..( and ... dn 11·tl LL11t\0111h ln1111 

:ti! mou ... c t hro1110 ... 011w"'. 11·i1h Ille 11umh1T of "''''jllt'llt ,., ilom 1·;1d1 
t ht,111111..,01111' prop•>nioual 10 llil' l1·11g;1lt ol thc d11111110"'0111t'. 111 1111;1! 
w1· -..;•ll·• l('d 11.000 ... ud1 1:111clo111 IY\.\ "''queue n dht:1"'l'I SI 1 

TSS 1ypes. \\"l· dl'lnminnl lh<· (;(: 1 011h·111 of thl' I· IOU. 11 rq,:ion 
:md du· I ··I. · J00] 1t·giu11 rd;t1i\1' 111 l'SS Int ;11iu11 !(11 t',lt h i1111i1idu.1I 
ISS. TIL1· TSS j, <011sicl1-rnl 111 Ii(' h1·1\nT11 po..,i1io11s ··I a111l •·I, llw 
up'itn·am 111 do\\1i...1n·;1111 "'t'~lllt'lll l•:L'i tldint·tl :t'i {;(:-1"id1 ii(; ... ,.> 
.-,w; in !ht· 1q,:io11. <hlHT\\ist'. 1Jw 1q!,i•111 \\:1 .. dd11wd 01.., .\l-1i1h 

Figure 6. Distribution of TSSs for Transcripts Related to Immune Foui l\p•·" .,f tss .. " 1-11· ddi1w<I h;i...1~d 011 11\t' t;c· 1·id11u·..,.., in 111<' 

Response through G0:0006955 up"'r ream ,u1d 110\\ mt n«1111 "'").:lllt'llh :1' follows ( Lthk I/: I\ p1· .\. CC-
There are 1.SS-, 4.85-, and 3.35-fold more transcripts having TSS types B. 1i1h up ... 1~·t·.11n .11111 dom 11 ... 11c.1111 (( ;( :-(;( :1: ''I)(-. H. < ;( -1 id1 up ... 111·:1111 

(,and D than one would expect based on the proportion of transcripts •1,111! .\I -11d1 dm1·11 .. 1n-;1111 t<.·< .-,\I .1: r' 1w < ... \I -11d~ sqmn-.1111 .md < ,( .-
in these groups in our reference mouse data. Enrichment is statistica lly nd1 ti<m11 .. 1n·;1111 <.\ 1-C< .J:. anti ''P<' IJ .. \ l-nd1 111r.1n·;111~ and 
significant for types (and O based on Bonferroni corrected p_~v Uel~dm1n,11t-.1111 c.\1-.\l f. l-.;u h ISS cm lw 1:qn1·.,(·u1nl "'.;1 pomr .".'. 

obtained by the right-sided Fisher's exact ~e~st~(T~ab~le~5~§~;;~2~-i~1~Li~115e.~"~h~··~n~· '~(' nnc·,po1Hh 1° 1tw t ,( · 
1

on1t·n1111,...11·•·.
1

111 ;111111 DOI: 10.1371/journal.pgen.0020054.9006 . ~ . !1iiil.1J.L (;(: 11111 1rn1 1l_1•11m1n·a111 ••I 1!11· 1.•1mulcTl'tl ISS 
1·01 1 ~~ 1hnc di.,,1nh1111n11' .11c· 1lt-pi11nl 111 h~un· I.\. 

m m :..Jlllt.'11 romo ters. \\".:· 1M'd all ;n;1iL1hk marri\ 111oclel"' 
in 1111· IR\,SL\<: 1'1ok..,..,i.,11al in·1..,ion S.f) 

1ppt'cl 1Ju·11110 lili' t·xrr;u·h'd snp11·111t· ... \\'t· u"'t'd 
lf'-...,.-~~-"""..,.-'T"""1'1Sl _.,..;mi_"4ft 1ht· 11 11 1·.,holcl 11! lhl' 111:111 ix mmlcl.., 'ii11n· !lu·w 

I • '!P-11 I ·d 1111 n hold \;dm·' f.11Elu·1 on' :111d matrix s1·•111·., 

f 111 "I ' ' :11:1~l.'111111:1,~~.~~' .1/,~, .. 1';;~~( '.' .. ::i''1.:1'!:' '.',:•~·11//,1:111 ~!:;~ 
l•11 t 1111i11t' l hl'11\cJTt'Jffi'"''·111.11i1111111'.ll·US.., f1•11rnl in 

I j,\e ... "ll1i., s11~~es1 .. I hl' P' 11 c:nl ial prl' ;~:·:: 11 '.'.:: '. 1 :11 :~1•1.11
1:.11 1'.:: 1 ~:.:1/i~ 1.:~:.,j11 ~ ,~/ -~: L:~~ll ,;~~!\~: 

dem1·111 .... 1ha1 mm· hl· i:·harat"l erislk ft Eij. h ll" <HU I 111 do..,1· to 1hi., \:dtH', du-n· i"' 
a11d """ol btl'd wi1h ditfrn·m mu_:kt 1tlu ·1110111 i11flu·1;11~1·1pr1111101tT1-:ro11p. \\'1· 

"urn iu nd in~ '11' main. . . . . :'t·~' •. ,~;:1i~1 \';:;:'I ,'.111·~~ ;.,·1~·1:11:; •: '.: ~1: ;~ ,;;:';;;::1i111'.~ ,~:u:~; ~1,~-~~s.:.;:'.,: ·l111~·t'. .a ii~~·,'. 
\\"t· han· shuw11 thal. d1l. h- n·111 r.~ 5f'sy 1, 1y.· t)Il· \ Is J11fifl1\'il!1i hl'si~"'. ~"'.'. ! h.11 tlw proponiou ol "''lucnn·.., in 1h" 1:11~1·1 ..,,., 

dilkrent Pt~'· 1h;11 rt'J.{11111., up,rn· n} ; 11 l c'L 1 \!(1 .,1.~ 1 1 . 111..,l hi<'.fi .Li t ~ 1ojtJJ1f..iT•i-. \1;1.., !<J1111d \1,1 .. tlu· .... mu-~,.., 1h,11 111 thl· 

difft·n·111 ·1-ss I \'JH'' an· <'hara< l<·ri1<·cl 11\· diffru·111 n 1lk<·1it111' ~~~~ll~~1:~1 u:.'~'.u~'·';, . ..,:~ 11 ·,,.~:~;; ' 1 ::·,~ ~:·~·;,:·T~·;'.,':,::~::~,i·~.1 1111;:11;7111 :·,1 ~'1::~""'11 ;~:~ 
ol PF ... and 1_h;11_ lhl· p111atin· PE ('OI ''i~ fE!r 4llt' qr ar; u 1'.·l 1_ii.:;i1t.i11- \&111·llc· C 11hj1·1 fi•d lo Ho11Jnro11i C'OIH'(fion lor 11111ili-

1'E ... ) of 1lw rss 'lllTllU!Hlin~ ... ~('flt' a~ \" AiHl"tl ft ~ 11ft.J I~·~ .... l tu 11~~1.fn~~ 1 J.11Lc ·~'l'hn- 1t "d /M.1[111· ol •Iii· p:1llt"111 ."·I" 1101 ~n·.111·1 
f\')H'"· :\II lll<'St' fiudin~s su~gcsl likeh ('Olllrol of lilt" 111:111 fUl?1. \H' pl;uc·d a phi' '1~11 :1lln tlu· ORI \aliw 111 lht· prmulnl 

1.dutl .11" ••·p11n ... . 
rcsp<Tlin· 1ra11snip1s In· cliffen·n1 n1lledic1ns 11f signihc1111 

Pb l'l'"idin~ upsrn•;im or downstn-;1111 of rhe TSS. Our re,ult., 

011 TSS prop<Ttit•.; rdarin· lo (;(;I.,, T:\T.\ hoxe ... and Im 
dt"na·nh in mou .. e ;incl h11111;i11 '11gg:t.·s1 ")H't·ie"'-"Jlt'ciht 

;1daptation. Finalh". we han· "'hown a numher of exampln 
ol rranscTipt ~ro111"' oh1;1in<"d 011 llH' hasis of diffrrenl 

oJJtolo~it'"' or li., .. Ut. lihrotril·., 1hat h;1n· .,ta1i .. 1ically signiht·;ml 
<·11rirhlll('llf i11 at k;tst 01a· of till' TSS typl' ... This ha., pro\·i<kd 
a link hcl\H'Cll TSS d1;1raneristics and cxpn·s.;ion data. 

·:@.'. PloS Genetics I www.plosgenetics.org 0011 

Most significant PE.•. For c11h of 1111' TSS l\fH'~ ill 11101hc. \It' 

;111.1l\1t·d liu- 1:-,0 111p-1.111kt·d l'F., 1h.1,c·d nn 1lw '~1lun .. 1 ()RI). I hi.., 
rq)H''l'lll' ;1hout Jo•:; ol all (LI:!~! l'F"' ;111ah1.1·1l. w,. ;tl;.o rrq11in·d 1ha1 
tilt· l'E.., li.111· .111 (>RI ol .1! lc-.1 ... 1 J .:-• ;rnd lhal tht· l'E h1· found in al 11·;1" 
10'·; ol lhe 1ar),{t'I '"-''llll'lltn. lk1ail.., ;1n· c·xplaint·d in TahJc., Sl-S:~ 

TATA boxt"S. Jiu· T.\T.\ Im:\ 111udd 11-..;·d \1·:is h:i...t·d 011 tlur ol 
BuduT l:!:!j. Th(' 1hn·..,h11ltl ll"'t•d na.s O.i?1. whik "'·on· \1·:is 11onn;ili11·'l 
h1·t111TJ1 11·10 ;111d 011t· L111alo~ou.., 10 lhji1 1·1 ;11. 1:t111 .. \ T.\ I.\ hox 11:1.., 
con,itll'n·d dl'H'•'ll'cl ii tlu· 111<txi11111111 ,,dut' ol ihc ~011t• i11 Ilic 1 :-.,(I_ 
-11 H'g'i••ll 11:1.., hi1-:l11·1 lh,111 tilt' 1h1t·..,hold ()111\ onu· L\T.\ h11x \l";\s 

;i"111m·d in the ! :-10. I I rq{irn1 
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eVOC, GO, and tissue expression libraries. 111 onlt-r In .1 .. ""·'~ th .. 
hiolo~ic;il 'i;.:11iltt ;uu_t· 111 0111 TSS 1 l;1:-. .. iht ;i1ion "'\'h'lll. l\l' a .... igncd 
rss .. ;11 ('llHli11~ lo difft'H'lll (;()awl c·\'( )(: c11q~nrin. a .. 11dl ;i .. 11, ... 11.· 
Jihr:t1il· .. i11 F.\:'\TO\U 1·olll·n io11 d111p:llL11110111.g'{ _, iken gn.Jpf 
duwnl11atl.h1mlL (;()-F.\:'\'J"()\I 111;1ppi11g 1L11a wa"' dow1ilo;u!t-d ln1111 
1h1· W.IK.E:'\ Wd1 .. i11· tllp://Lt111•1111.g .... 1-il..1·11.j1)/F.\:'\l<>\l:\1;111rn11.11i•111/ 
L111ln11111!1-:l.O/a111ulata.lxl.gl/. Tiu· 1•\'0(: "''"'lt'lll 1011"i"I' nl ;1 "'l'I nJ 
111th•1go11al (Ol)fll11lnl \Ot;ih11b1i1· .. 1h;11 1111ih j.{Clll" ,.,,111· .... i1111 1LtL1 
h1 mapping lw1w1T111lu· g1·11n11u· M'11111·w c· ;ind 1·xpn· .. ..,io11 ph1·11ol~JH' 
i11fon11;11io11. The t•\'0(: h11111.111 an;iloim 0111nlng1 I U! ;ind th1· m·hh 
'l1·\d•11H·d 111•1u,1· ad11l1 a!lll 1k\dc1p1111·111al •111l11l11git'' tl111p:l/ww1\. 
t'\·rn·o11tol11g-1 .oq.~) h<l\T htTll mappt•d lo 1ht· F.\:'\ I (}\I'.\ lihra1' 
'k"" ri111 i•lll"'. p111\i1linj..\ ;1 hi1·1 ;1H hit al 11·11n·""·11t;t1 i1111 •11 t i .... 11n. t<"ll 
l\Jk''· and 1k\dop11w111al 'la)..:t" i11lnr111:11io1L I hi"' otllo1\"' lrff ;1 

'L111cl.trdi1c·d <111alni"' nf ~··1u· 1·xpn·""io11 ;111cl p10111ohT profik, 
i111lq>t·11dnJ1 of Iii(' n1ig:i11al a1111111;11in11 \t1t ahul.11~ 11't·d in 1'11' 
11rig-i11.tl1b1a .. 1·1 

Fo1 1!u· g1·11<·1;11io11oJ1111· 11· .. ull.; l"''"'(·1111·ol in J;1hk "tJ. \\t" lht'll 

011l1nlog ~1·111· g1011ps lwl\l('t'll mous1· and 1111111;111 :t<,; ddim·d al J'tp:// 
lquuhi.11ihgo\/p11h/H1111111l11(;,.lll._ l"ahk S."111111rn•11""·1bfa 1•1111.1im 
'lalislin ol ;111 (;() ;111d 1i .... 111· cxpn~"ion lihr:ffit·' lr11111 F.\:'\lf>\t:I. 
1 '1rnplc·111n11<·d h\ 1h1· Ko11J(·n1111i 1 on1·nt·d /1-\alul' 11ig-l11· .. i1kd 
Fi .. Ju·1·, t•,;111 Int ha,l'd 011 II\ pngt'•111w11i1· di .. 11 ihu1i11111f41r1lw 111111 
h\'poll11·"i' 1h;11 Ill(: proponion ol TSS .. of ;1 "'P'·1ilk 11\H' i11 tlu· 
1 011sidrred ( ;()lti .. ..iw lihr;in j, lilt' "';11111· .t~ 1111.11 '11u· l an c'\pet I li;hl'd 

011 llu· di .. 11ihu1iu11 ol 1lu~"''' TSSs i11 111011 .. c·. 
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Promoter Properties 

Table> S2. < :0111111011 ;111d Spt·1 iii( TFI\S, in tl11· Fotu- ISS h !k., 

l'Es <111· 1 •1mp.11nl rdatin· to 1hc ... mu:(;(: ridm<·"'"' and s;i111e l•1Ltli•111 

(lll""l1t·;1m or d111'11'1n·.1111J in dillnn11 TSS 11pc,_ lilt· "'i!!:ll~ plu' 01 
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\1lw11 ci1111p;11etl 1\ilh 1h1· ,;11111· UJ)'lll';11111111l11\\ll'ln·;1111 "'l').!;llH·111 111 
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ISS 

\\'t• t 011,itil'Jl'tl 011IJ tho._l. JSS .. who"'I· gt'lll'Ltlt'd ILlll._•·riph hdo11~ I" 
1lu~ "'~11111' liomoln)!;\ gn111p ;1' ddim·d 011 lht· .'\< :nl \\'di .. 11c· !flp:llflp 
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I SSs .ttTO'' tlu' Four !SS T\ pn• in ~lou .. c 

lht' 1.1hk ptnt"lll' Ilic 1111.11 11t1111ht_·1 c1I TSS, :1'"'1ia1nl \\illt 1111· 
J\11w. )..\"H't'll. n·tl. ;ind light hluc co1T<''1'"'1cl 10 TSs .. ol ,, p(· .\. It c .. ··;1h·g:on ((;() 01 n;pn· .... io11 Jiltr;11YJ. rlu- 1111111h(T of TSS, 111' i11di, idual 
.111d u. n· .. pcniH·h. h11111 i.:1aph .. iu tlu· fj,,, nm \H' uh .. tT\C 1h;11 I SS ''Pl'. clu· \U'HTJll,LJ.:t' ol rss .. i11 1h;1! TSS f\jM.'. 1·111id1111n\\ ol 

,,hn1 1tw k11gli1 of 1/u· rq4i•111 to11,id1·11·d 1h;111g1·'· 1/u· 1111mlt1·1s 111 ISS .. i111Jw !'SS 11p1· rd;11i11· 10 ''""' 1,111 h1· c·xp1·11t'll IM't·d 1111 tlw 
ISSs ol 1lu· diflt-11·111 hpc' n·111;ii11 ahno'I 1111d1;111g1·1!. \\'1• 1/J;111~1·d di•arih11li•n1 of .ill TSS' in 111011,c· :in·•1v• ;di 111111 TSS l\pn. ;mcl 
ilu· ll'llj41h ol up .. ln-;1111 ;1111! i!u,,11 .. 1n·a111 n·gio11 .. lrom I .\. I [anti j-, I. Ho11k1rn11i • onn ll·cl /1-\;dt1t'"' {;ikul;unl h;1""·d 011 ri)!;lll·._i,kd Fi .. 11. 
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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. 

Homo lo- 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 T"" ~ <>5.7vv -1 in mouse, 

1• ••• I ...... ,. I expressed in 
all tissues 

-rl ~ -· -- -
27813 84865 FLJl 97 43 0 j rno58J24 Rik 0.646 

16890 399664 RK;..:- . -~~ '"" 1 - cl I 0.548 

2880 8835 8°0'NIVE R1S¥TY ~ f? s2 0.531 
' 11!' 

1933 5050 PAt1 i , 3T] : f~ Ci i.. IP'fE1b3 0.531 

55434 1289 COL5Al 12831 Col5al 0.519 

7291 10683 DLL3 13389 0113 0.471 

84799 22835 ZFP30 22693 Zfp30 0.471 

7667 1154 CISH 12700 Ci sh 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 I 0.408 
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Homo lo- 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 Go pc 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 AKRlBlO 14187 Akrlb8 0.258 

65280 286128 ZFP41 22701 Zfp41 0.258 -
22818 29850 T"m 56i:s4_, 5 0.258 

• fTH T T f ~HT T •II 

10663 57171 D01 u;.1 ... l l<' ~pl 0.251 
- - - ,....., .... -

45867 139189 DGI K 331 14 0 kk 0.240 

17523 115290 FS- ~ ~- "' • 17 0.207 

4397 8971 H fNIVE li~fty ( t111tf~ 0.207 

2212 6182 M ~li2S TI w Ci~ 12 0.194 

11980 84262 MGC10911 66506 1810042K04 0.167 
Rik 

26702 93109 TMEM44 224090 Tmem44 0.149 

56571 26503 SLC17A5 235504 Slcl 7a5 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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Homo lo- 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 LOC40l399 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 281002lB07 -0.050 
Rik 

7922 6150 MRPL23 Mrpl23 -0.050 

1290 9275 BC!':~~~ n• l 1.ll"-'ff'fl •n ~1! 1b -0.050 

9355 51637 Cl4<' 16~ 1- p80 I ~ 0060E02 Rik -0.077 

40668 9646 SH2 ':1 1 l 020 . ~ ~ bpi -0.101 

40859 27166 PA1::1 VV"T 7 "T ..:.u1uJ24G07 -0.113 

UN IVE RSI TY I {'f11~ 
10494 58516 F~.6 STJ ~ . 3 ' [' ,, , -O.ll3 

~ I ~ i. L 

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 4921525Ll7 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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Homo lo- 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 DKFZP434BO 70381 2210010N04 -0.372 
335 Rik 

15843 79591 Cl0orf76 7161 7 913001 1El5 Rik -0.372 

::;: -
3476 9197 SL ~ 11410 -~al -0.389 

l TI ru-. -. ~ 

21334 10912 GA~ l4.)' 38 d45g -0.389 
- - .......... r"""il -

19028 146167 LOC 611 >34 ~8 ( 587 -0.408 

10518 84273 C4 r .fl024Gl4 -0.411 
KlK 

TT 1'.TT"l7T.' nC'T'T"'U r I 

35002 93082 LI~R"' .L."'. :l t'-48'5 .t .L :1u&f -0.411 
"IUT.'\,." ."rl 'TI 'lllt. T ,.... T1I r. 

12444 84902 FLil'4~d-' .... .. ' 7Z1M 
__ ... 

"' 1"611J507L03 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 0 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 t'rj z ] .... r:.;. 
'""""' ~ = < 3 -= r-l 'ii -~ 

,Q .... :1 u 'ii c e t'fj ~ t: ~ i... ;s' ell 00 e ;>-. u 
;>-. = .... ~ 00 .s Q 00 "' ~ 

~ ~ = ~ 00 ""' = ""' ell = e = .... ~ 

~ .c ..:ic = ~ .... = = "Cl ~ = ~ e ~ ~ ·u - "' ~ :.; ~ = ~ .... 
= = ~ z .. .. 

~ ~ 
~ .c - "' = ~ ~ Q.. z: z: z: Q Q Q Q Q Q :c c c 00 ~ -· "' 

Q.. Q.. Q.. Q 

413 353 APRT Human ~ . -
'" ~ l'1 1 1 1 1 1 0 1 1 1 1 

32 435 ASL Humaii' ::t 1 11 ~ 1 1 0 1 1 0 1 1 0 1 
55599 669 BPGM Humane ~ 

..,... -.-- 1 1 0 1 1 1 1 1 1 1 
1330 857 CAVl Humai'it"J r:.I 1 1 1- 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 l 1 0 1 
68973 1663 DDXll Human 1 0 1 1 1 1 0 1 l 1 l 1 1 1 
20549 4324 MMP15 Human 1 1 0 0 0 1 0 1 1 0 0 1 l l 
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 l 1 1 0 1 1 1 1 1 1 l 
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Q .... 
~ -= -= .c ~ 

Qi -
~ 

CJ Qi e t: ~ 00 ~ 
00 = ... ~ e CJ 

..s ~ = ~ = .... ~ 00 Q 00 "' = ~ 
'Cl > = ~ 00 ... = ... ~ = e c .... ~ :.;;! = ~ .... = ell 'Cl ~ = ~ ~ ·;; ~ -= = - "' ~ ~ ~ 

~ e = = ~ -= :.;;! = .... 
~ z z z - "' c ~ ~ c. z z z z Q Q Q Q Q Q :c: tJ tJ 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 Huma~ ~ ~1\ 0 1 0 0 0 0 1 1 1 1 
55918 6882 TAFll HumaJ!c:I ~ ) 1 U\ 1 1 0 0 1 0 1 1 1 1 
65328 7559 ZNF12 Humav; J..; - l~ 1 1 0 1 1 1 1 1 1 1 
2593 7913 DEK Humafi""l u::: 11 0 ' 1 1 0 1 1 1 0 1 1 1 
2880 8835 SOCS2 Humafi"J ~ 

,,.. 
1 1 0 1 1 0 1 1 1 1 

4397 8971 HlFX Humai'fWI rJn .0 0 1 1 0 1 1 0 1 1 1 1 
3476 9197 SLC33Al Humaiil': ~ ~ 1 1 0 1 1 1 1 1 1 1 
1290 9275 BCL7B Human-. "Tl. 0 1 ' 1 1 0 0 1 0 1 1 1 1 
68420 9559 VPS26A Humait.J 'J ... fl · ·--- ,J 1 1 0 1 1 1 1 1 1 1 
40668 9646 SH2BP1 Humat'L. Fl.. 11 0 [I/ 1 1 0 0 1 1 1 1 1 1 
7291 10683 DLL3 HumaU: * - .i, 0 1 0 1 1 0 0 0 1 1 
21334 10912 GADD45G Human · 1 0 0 - 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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Q ..... 
~ = -= .Q ... ~ -~ (,I ~ 

" e t: ~ 

~ 
... 

00 = ... i=.11 e .... ~ 
(,I 

= Q ... 
"' = = 'Cl ~ = 00 ... = ... i=.11 00 e = 00 ~ ~ ~ 

~ = ~ = ..... ~ ~ .c: :; = .... = 'Cl = ~ e ~ ~ ·o - "' ~ :; ~ .E! ~ .... 
= = ~ z z ~ .c: "' = ~ ~ =- z z z z z Q ::c " " 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 Hum a~ !!--i . 1 1 0 1 1 1 1 1 1 1 
56774 54751 FBLIMl Humairl .1(; [ 1 1 1 0 1 1 1 1 1 1 1 
10026 55172 C14orf104 Humaril" '8 . 1 1 0 1 1 0 1 1 1 1 . I, 

9813 55627 FLJ20297 Humarn . r::: D 1 I"" 1 1 0 1 1 1 1 1 1 1 
81871 56751 BARHLl HumaRTJ ,[),.j '" "' 0 0 0 1 1 1 1 1 1 0 
68934 57016 AKRlBlO Huma~ ;.~ p 1 I 1 1 0 1 1 1 1 1 1 1 
10774 57045 TWSGl Humalll: ~ -·· .... A f J 1 1 0 1 1 0 1 1 1 1 
10695 57120 GOPC Human_ 'T1 D 1 ~( ~ f 1 1 0 1 1 0 1 1 1 1 
10663 57171 DOLPPl Humait __ J 

,..... ) · 1 n I• 1 0 0 1 1 0 1 1 1 1 
10494 58516 FAM60A HumaU::. ~ D 1 1 1 0 1 1 1 1 1 1 1 
32546 64410 KLHL25 Human.'.'.:'.'. ~ 0 1 0 1 1 0 0 1 1 1 
45198 65117 FLJl 1021 Humat'i: ' '"f 0 1 I 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 CDCA7 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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Q -~ "E -= .c ~ 
'ii -~ y 'ii c e t: ~ 00 ~ 

~ = .. 1:)1) e y 

= ~ Ill ~ = t: ~ 00 Q "' 'Cl = ~ = .. 1:)1) e "E 00 ~ .:: ~ 
~ = - ~ !2 = - Ill 'Cl ~ = ~ .: ~ 

~ e ~ ~ 'c::i - - "' ~ !2 ..: ~ -= = ~ z z ~ .: "' = ~ ~ ci. z z z z z Q Q Q Q Q ::c c c 00 =- =- =- =- =- =- =- Q Q 

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 I 0 I 1 1 1 0 1 1 0 1 1 1 0 
35002 93082 LIN CR Human 0 0 0 0 1 1 0 1 1 1 1 1 1 0 
26702 93109 TMEM44 HumaS re 0 0 I I 0 1 1 0 l 1 1 1 
14667 113510 HEL308 Huma~ '.;l I V " 1 1 0 1 1 1 1 1 1 1 
17523 115290 FBX017 Humabf'; ~ Lo i' 0 1 0 0 1 0 1 l 1 1 
14180 115294 PCMTDl Huma&i '~l .. IV 1 \ 1 1 0 1 1 0 1 1 1 1 
41703 118881 COMTDl Hum~ 

1J h ~ , ~ ~\ 1 l 1 0 0 0 0 l I 0 
12418 124056 NOXOl Huma'!:l::l r-"' 0 u· .. ~ ll 0 1 0 1 1 0 0 1 1 1 T ._ 

64353 126374 WTIP Huma'!)ii' 1 ;~ - -*' 11 1 l 0 1 l 1 1 1 1 1 -
32633 136647 C7orfl 1 Human 1-H 0 cy , 

1 1 0 1 1 0 1 1 1 1 
45867 139189 DGKK Huma'n l I~ tV·- -4 MI . 0 0 0 l 1 1 1 1 1 1 
18123 140730 RIMS4 Huma!rf°' · e 0 0 l 1 0 0 l 0 0 l 1 1 
49899 143282 C10orfl3 Humanw ::fl. ·~ ' Q 0 1 0 1 1 0 l 0 0 1 
18833 143678 LOC143678 Huma~l r:t) 0 0 O' 0 0 0 1 1 l 1 1 1 0 
19028 146167 LOC146167 Human 0 0 0 0 0 l 0 1 l 1 I 1 1 0 
82250 150678 MYEOV2 Human I 0 0 0 1 l 0 l 0 0 1 1 l 1 
68998 170302 ARX Human l 0 0 0 1 l 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 l 0 0 0 0 0 0 0 1 
78698 387876 LOC387876 Human 0 0 0 0 0 0 0 1 l 1 1 l 1 0 
17078 387914 TMEM46 Human 0 0 0 1 I 0 0 l I 1 1 1 1 1 
7516 389075 RESP18 Human 0 0 0 0 0 0 0 1 I 1 1 1 1 0 
16890 399664 RKHDl Human 1 0 0 0 1 1 0 1 1 I 1 I 1 1 
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Q -<lol = -= .c ..... 'ii -<lol CJ 'ii 
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= - <lol <lol :; = ~ .... =: cos "Cl <lol = r... -= <lol e <lol <lol 'c:i - "' <lol :; ~ .: ~ .... 
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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 Mo us~ ~ 

~ 

0 1 0 1 1 0 0 0 1 0 
1290 12054 Bcl7b Moust!Tl ""~ lJ 1 1 0 1 1 1 1 0 0 0 
55599 12183 BDlzm Mousµ" 'I: . 

1 1 0 1 1 1 1 0 1 0 . 
1330 12389 Cavl Mouse-i ..i.:: 1 11 f'I 1 1 1 1 1 1 1 1 0 0 
1368 12611 Ce bog Mous~ ~ 

,.,. 
~ 1 1 0 0 1 1 1 0 1 1 

7667 12700 Cish Mous&""' rln 1 11 I 1 1 0 0 1 0 1 0 0 0 
55434 12831 Col5al Mouse:L ~ I rJ 1 1 0 0 1 0 1 0 1 1 
37917 12835 Col6a3 Mouse- Tl. p 11 1.1 ' j f 0 1 0 1 1 0 1 0 1 0 
1028 13139 Dgka Mousa__~ )"< ri 11""'11 I 0 1 1 0 0 0 0 0 0 0 
7291 13389 Dll3 Mous<C:... ~. ~ O] If.Ill 0 1 0 0 0 0 0 0 0 1 
68934 14187 Akrlb8 Mouse.;: :if .. - .111 1 1 0 0 0 0 0 0 1 0 
7717 14221 Fixl Mouse · '1 0 0 o~ 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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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 Mous~ 4--i ' 1 1 1 1 1 1 1 1 0 0 I 

17523 50760 Fbxol7 Mous~ ~ J l ~ \ 0 0 0 0 0 0 0 0 0 0 
81871 54422 Barhll Mouse:.t: ~ 

' r l\ 0 0 0 0 0 0 0 0 0 0 
2212 56282 Mrpll2 Mouse-; J::: 1 1 \' 1 1 0 1 1 1 1 0 1 1 
10494 56306 Tera Mous~ ~ IJ' l 1 1 1 1 1 1 0 1 1 1 
10518 56412 2610024Gl4Rik MoustYwi ~ , 1 1 . o 1 1 0 0 0 0 0 1 0 
22818 56843 Trpm5 Mouse.t"". • ,., 1 - ~ - "" 

1 0 0 0 0 1 1 1 0 
10663 57170 Dolool Mouse._ 'Tl 1 1 1 1 1 0 1 0 1 1 1 1 
10774 65960 Twsgl Mous<:_ J rt-.. I ~ 1 1 1 1 1 1 1 1 1 1 
32331 65964 B230120H23Rik Mouse -'=!-, 11 II !< 1 1 1 1 0 0 1 0 1 1 
11920 66098 Chchd6 Mouse "" ;t. I • 1 1 1 0 1 0 1 0 0 1 
32633 66308 2810021 B07Rik MouseL-• 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 l 810042K04Rik 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 1 1 1 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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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 492 l 525Ll 7Rik Mouse 0 0 0 0 0 1 1 0 0 0 0 0 0 0 
15843 71617 9130011E15Rik Mouse 1 1 1 0 0 0 1 0 0 0 0 0 0 1 
12418 71893 Noxol MousS: -r. () 1 ~ ~ 0 1 0 1 0 0 I 1 1 0 
6535 71916 Dus41 Mou~ 21. -~ =::: 0 0 1 0 0 0 0 0 0 I v v 

7199 72075 Ogfr Mouslf: -jl _t 1 .. ;: ' 0 1 0 0 1 1 1 0 1 I 
12444 72140 2610507L03Rik Mous@-j ""O l ~ .. = L\ 0 l 1 1 0 0 0 0 l 1 
49899 72514 2610306Hl5Rik Mou~ 

•j 
.(\ - -1\,. c: :>, 0 0 0 0 I 0 0 0 1 0 

56774 74202 Fbliml Mousier::! 
,., 

l 1 - l ' l 1 0 1 1 l 1 1 0 1 
18833 75641 17000291l5Rik Mous'!?' - ' I= 11 0 l 0 0 0 0 0 0 0 0 "' 
4983 76257 Slc38a3 Mouse H: 0 I '· 1 0 0 1 0 0 0 0 0 0 0 
9813 77626 4122402022Rik Mouse) ~ WI 

.. 
"" ~ 

' . 0 1 1 1 1 1 0 1 l l 
10695 94221 Go pc Mouse' · ~ 0 0 - 0 1 l 1 1 0 0 0 1 I 
46116 101359 D330027Hl8Rik Mousew :::.1 " '"'i I 0 0 0 0 1 0 0 0 0 0 
64353 101543 Wtip Mouse'J ~ 1 0 ~ 1 0 0 0 l 0 0 l 0 0 
10026 109065 l 110034A24Rik Mouse 0 l 1 1 0 l 1 1 1 1 1 0 1 l 
32 109900 Asl Mouse 1 l 1 1 1 1 l l l 1 1 0 l 1 
2593 110052 Dek Mouse l 1 l 1 0 l 1 0 1 l 1 0 0 l 
14667 191578 Hel308 Mouse 0 0 l 0 0 0 1 0 0 0 l l 0 0 
32546 207952 Klhl25 Mouse l 0 1 0 0 l 1 1 l l 0 l 0 l 
45198 208606 1500011J06Rik Mouse l 0 l l l 1 1 l l l 1 0 1 1 
35002 214854 Liner Mouse l 0 1 0 l 0 l 0 0 0 0 0 0 0 
2880 216233 Socs2 Mouse l 1 1 1 l l 0 1 l l l 1 l l 
14128 217333 Trim47 Mouse l l 1 l 1 l l 0 l 0 l 0 1 0 
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Appendix V The individual mouse developmental ontologies 

TSOl 

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 moruru2~§~~~~~~!S~$i inner cell mass~ 
germ layers 

trophectoderm ~•&TL:li•&•1&r•5;1' 
mural 
polar tr 

second polar body 
unclassifiable 
zona pellucida 

blastocoelic cavity 
embryo 

UNIVERSITY o/ thf! 

\VESTERN C1\PE 

inner cell mass 
germ layers 

trophectoderm 

unclassifiable 

mural trophectoderm 
polar trophectoderm 

blastocoelic cavity 
embryo 

epiblast 
germ layers 

primitive endoderm 
trophectoderm 

unclassifiable 

mural trophectoderm 
polar trophectoderm 
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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 tr 1 

polar t~~~~~~~~~~;;g~ 
primitive streak 
proamniotic cavity 
unclassifiable 
yolk sac cavity 

allantois 
embryo 
germ layers 

ectoderm 
endoderm 
mesoderm 
trophectoderm 

lJN IVERS I TY oftht! 

'\iTESTERN C.AP£ 

mural trophectoderm 

primitive streak 
unclassifiable 
yolk sac 

allantois 
amnion 
anatomical site 

polar trophectoderm 
ectoplacental cone 
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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 
caroti artery 

heart 

vem 
endocrine system 

dorsa~p TIVERSITY o/ tht! 

COnullQ\{ i N C.AP £ 
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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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 
commo tri 

me so~~~~;;~;;~~~;;~~ 
myocar mm 

p~mi~ e tivlf.RSITY of th!!' 
smus venosus -

vem \\lESTERN CAPE 
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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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 b~nlllriil•iil•iiiil•m•~ 
head 
posterior limb ri 
tail 
trunk 
whole body 

branchial arch 
cardiovascular system 

UNIVERSITY o_fth!! 

artery \\.7 Es T E RN c A p £ 

heart 

vem 
endocrine system 

carotid artery 
dorsal aorta 

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 
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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} 

intraretinal space 
optic stalk 

respiratory system 
lung 
nose 

i~ 
l• 

~ 

••• ••• ••• ••• ,. 
tracheal divert 

unclassifiable 
urogenital system 

mesonephros 

- - ,_ - -

nephric cord 
nephric duct 

alimentary system 
diverticulum 
intestine 

UNIVERSITY of thr:­

'\rESTERN CAPE 

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 

heart 

vein 
dermal system 

dermis 

carotid artery 
dorsal aorta 

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 ~r.=:n;;m5;i115;;iill5irillll5~ 
cartilage conden a ion 
pre-cartilage co 

nervous system 
centralnervou.~~~~~~;;~~~~~~ 

brain 

U 1t b\flERSITY o/ tht! 
diencephalon 

\\T E S T tftti'Nial l\ .AP £ 
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} 

121 



https://etd.uwc.ac.za/

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 

comm~~n~b~i~le~~~~~~~~~:;i' cystic 
gall bl_l'i.._. ..... ._. ..... _1.a....&1.._Alol 

hepati~~erw•5n•iiiil•mll5~ 
liver 

mesentery 
oesophagus 
oral cavity 

tongue 
pancreas prim<f91 IVERS I TY o_f tht! 

\•VESTERN CAPE 
pharynx 
stomach 

anatomical site 
anterior limb bud 
head 
posterior limb bud 
tail 
trunk 
whole body 

branchial arch 
cardiovascular system 

artery 

heart 

carotid artery 
dorsal aorta 

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 
fore brain 

diencephalon 
telencephalon 

hindbrain 
metencephalon 

~~i~§~~~;!e~ll~uim~pprimordium 

t ir ventric e 

floor lltNIVERSITY o/ tht! 
future spinal cord 

''V tt ' rJU~ RN C1\P E 
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 

123 



https://etd.uwc.ac.za/

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 
mandi 

lli-i:o;..i:;.~i;;..;,o~ ...... ILl,l! ...... LLIL...;i1."4 

tongue 
pancreas prim~~~~;;~;;~~~~~~ 
pharynx 
stomach UNIVERSITY o_fth!! 

anatomical site 
anterior limb lJ 
head 

ESTERN CAPE 
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 
fore brain 

diencephalon 
telencephalon 

hindbrain 
hypoglossal XII 
metencephalon 

ellum primordium 

1 Sftf1¥ of th t! 

r ERN C.AP:E 
neural tube 

notochord 
peripheral nervous system {PNS} 

auditory apparatus {ear} 
external ear 
future tympanum 
internal ear 

membranous labyrinth 
saccule 
utricle 

osseous labyrinth 
semicircular canal 

middle ear 
ganglion 

sympathetic ganglion 
olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 

cornea 
lens vesicle 
optic stalk 
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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 bili~~ry's~y~s~te~m!~~~~~~5~$' com 
cystic 

gall bll~~"'m-iiilllinllll&r•n;i 
hepatic 
liver 

mesentery 
oesophagus 
oral cavity 

mand' 1'1P(lf~e RS I.TY o/ tht! 
mandible pnmorchum 

maxil~~ ~es ERN C.AP £ 
maxilla 

pancreas 
pharynx 

tongue 
premaxilla 

nasopharynx 
stomach 

anatomical site 
anterior limb 
head 
posterior limb 
tail 
trunk 
whole body 

cardiovascular system 
artery 

heart 

carotid artery 
dorsal aorta 

atrium 
mesocardium 
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vem 

myocardium 
pericardium 
smus venosus 
valve 
ventricle 

vena cava 
inferior vena cava 

dermal system 
appendages 

vibrissa 
skin 

endocrine system 

dermis 
epidermis 

pituitary gland 
thymus primordium 
thyroid 

germ layers 
mesenchyme 

hematological system 
blood 

lymphoreticular system 
musculoskeletal system 

bone 
cartilage 
cartilage cond 
pre-cartilage c 0 

nervous system 
central nervou 

brain 
s ,te11 

ore 

~ 

•
1 
•••••• •I• ;•I 

,c"l" ,~ , .......... .......... 

~in 

e ithalamus p 

UNIVERSJ~t~t' 
thalaml:ls • • • • 

\\r ES T ~l~OOtal 1\ P E 
cerebral cortex 
corpus striatum 

hindbrain 
medulla oblongata 

hypoglossal Xll 
vagal X 

metencephalon 
cerebellum primordium 
pons 

facial Vll 
trigeminal V 
vestibulocochlear VIII 

midbrain 
oculomotor III 

ventricular system 
fourth ventricle 
lateral ventricle 
third ventricle 

floor plate 
notochord 
spinal cord 
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peripheral nervous system {PNS} 
auditory apparatus {ear} 

external ear 
auricle 
external acoustic meatus 

future tympanum 
internal ear 

membranous labyrinth 
saccule 
utricle 

osseous labyrinth 

middle ear 
ganglion 

cochlea 
semicircular canal 

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 sy 

genit.~~~~;;~;;~;;~;;~~ 
gona 

urinary systent.J NIVERS I TY o/ tht! 
mesonepbfos 

meta Al s TERN CAPE 
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 
omen tum 
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lesser omentum 
oral cavity 

jaw 
mandible 
maxilla 
premaxilla 
tooth 

molar 
salivary gland 

sublingual gland primordium 
submandibular gland primordium 

pancreas 
pharynx 

tongue 

nasopharynx 
stomach 

anatomical site 
anterior limb 
head 
posterior limb 
tail 
trunk 
whole body 

cardiovascular system 
artery 

carotid artery 
dorsa 

heart 

peric.~~~~~~~~~~~ 
valve 

vem 
ventnt!FN IVERS I TY of tht! 

vena ' LV£ s T ER N c .A p £ 

dermal system 
appendages 

vibrissa 
skin 

inferior vena cava 
superior vena cava 

dermis 
epidermis 

endocrine system 
pituitary gland 
thymus primordium 
thyroid 

germ layers 
mesenchyme 

hematological system 
blood 

lymphoreticular system 
musculoskeletal system 

bone 
cartilage 
cartilage condensation 
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joint 
ligament 

muscle 
skeletal muscle {striated muscle} 

pre-cartilage condensation 
tendon 

nervous system 
central nervous system {CNS} 

brain 
fore brain 

diencephalon 
epithalamus 
hypothalamus 
thalamus 

telencephalon 
cerebral cortex 

olfactory I 
corpus striatum 
olfactory lobe 

hindbrain 
medulla oblongata 

hypoglossal XII 
vagal X 

metencephalon 
cerebellum 

s 

m1 ram 

UNIVF>~ T¥1o/ thr-
ventncuTar system 

\\1ES T rR_r" aq e,,, tp E 
fourth ventricle 
lateral ventricle 
third ventricle 

floor plate 
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 

middle ear 

cochlea 
semicircular canal 

130 



https://etd.uwc.ac.za/

joint 
ligament 

muscle 
skeletal muscle {striated muscle} 

pre-cartilage condensation 
tendon 

nervous system 
central nervous system {CNS} 

brain 
fore brain 

diencephalon 
epithalamus 
hypothalamus 
thalamus 

telencephalon 
caudate nucleus 
cerebral cortex 

olfactory I 
corpus striatum 
lentiform nucleus 
olfactory lobe 

hindbrain 
medulla oblongata 

hypoglossal XII 
vagal X 

on 

~-iiil•ml•nllll&iPT"'"~~ucent VI 
ial VII 
eminal V 
tibulocochlear VIII 

UNIVE~ fer' Y of th!! 
pia mater 

'\r r'ifnE RN CAPE 
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 
external acoustic meatus 

future tympanum 
internal ear 

membranous labyrinth 
saccule 
utricle 
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osseous labyrinth 

middle ear 
ganglion 

cochlea 
semicircular canal 

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 ~!!~~~~~~~~~~=;i' reproductive s 
femal 

genit•~~~~~;;~~;;;;~;;;;~ 
male repro uct1ve system 

lJ 'e o . I:!f!}i}tS1f1~··\If1JJ~t} 
testis 

''VEST tN stf!E .. ·r~ s tubule 
urinary system 

bladder 
degenerating mesonephros 
metanephros 

nephron 

nephric duct 
ureter 

alimentary system 
intestine 

large intestine 
anus 

glomerulus 

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 
fore brain 

corpus s na um 

U NIVERS I llb" ·10flP Pnl_leus 
Olfactory f obe 

\\l ~flirERN ,APE 
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 

middle ear 

cochlea 
semicircular canal 

sympathetic ganglion 
olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 

choroid 
come 

respiratory system 
bronchus 
diaphragm 
larynx 
lung 

UNIVERSITY o/ thf! 

\VESTERN C1\PE 
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 
testis 

primitive seminiferous tubule 
vas deferens 

urinary system 
bladder 
metanephros 
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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 
omen tum 

greate~~o~m!e~n~tu!~~;~~~~=;I' lesser 
oral cavity 

JaW 

. UN TVF nsITY n/ tht! 
salivary glanCl 

''V®~ .ll_lg N C1\P E 

pancreas 
pharynx 

tongue 

sublingual gland 
submandibular gland 

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 
hair follicle 
vibrissa 

skin 
dermis 
epidermis 

endocrine system 
adrenal gland 

adrenal cortex 
adrenal medulla 

pineal gland 
pituitary gland 
thymus 
thyroid 

111.• ••• 

~ 

• • . , . ... ,_ . 
germ layers 

mesenchyme 
hematological system 

blood 
lymphoreticular system 

lymph sac 
spleen 

- - - ,_ -
I 

musculoskeletal system 
bone 

cartilage lJNIVERSITY of tht! 
cartilage condensation 

joint ''VEST E RN C.AP £ 
ligament 

muscle 
skeletal muscle {striated muscle} 

pre-cartilage condensation 
tendon 

nervous system 
central nervous system {CNS} 

brain 
fore brain 

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 

mtema ear 

abducent VI 
facial VII 
trigeminal V 
vestibulocochlear VIII 

lJNIV~ np~1l\~rn~ 
saccule' ··· 

'\1 ESTER Nu~Cll_f\. P E 
osseous labyrinth 

middle ear 

cochlea 
semicircular canal 

ganglion 
sympathetic ganglion 

olfactory apparatus 
peripheral nerve 
visual apparatus {eye} 

respiratory system 
bronchus 
diaphragm 

choroid 
cornea 
eyelid 
lens 
optic chiasma 
optic stalk 
retina 
sclera 
vitreous humor 
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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 
glans 

testis 
primitive seminiferous tubule 

vas deferens 
urinary system 

bladder 
metanephros 

=~n~e§p~h~r~~~~~~~~~~, ~ e 

alimentary system 
intestine 

large~~ evERSITY o/ tht!' 
anus 

\\1~,I · eta RN CAPE 
colon 
rectum 

small intestine 
duodenum 
jejunum 

liver and biliary system 
common bile duct 
cystic duct 
gall bladder 
hepatic duct 
liver 

mesentery 
oesophagus 
omen tum 

greater omentum 
lesser omentum 

oral cavity 
jaw 

gum 
mandible 
maxilla 
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premaxilla 
tooth 

molar 
salivary gland 

parotid gland 
sublingual gland 
submandibular gland 

pancreas 
pharynx 

tongue 

nasopharynx 
stomach 

anatomical site 
anterior limb 
head 
posterior limb 
tail 
trunk 
whole body 

cardiovascular system 
artery 

aorta 
carotid artery 

heart 
atrium 

endoc~~a~rd~i!u~m~~~~~~~~~:;ri meso.~ 
myoca ~· w;.~ ......... &&_. ......... i...m~ .... 

pericar;~~"'niillliiill&rill~ill~ 
valve 
ventric 

vein 

dermal system 
LT P P i\11i1E~ ar'Y of thl! 

appendages '"'TE S T E RN C 1\ P £. 
hair 
hair follicle 
vibrissa 

skin 
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 

muscle 
ligament 

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 

·form nucleus 

XII 

metencep 

U NIVERS I ~r¥e}}fPh !! 
pons 

VvES TERN C.A ucentv1 

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 

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 

respiratory system 
bronchus 
diaphragm 
larynx 
lung 

nose 
alve0 MNIVERSITY o/ th!! 

pleura {pleuraW~ T ER N 
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 

C1\PE 

primitive seminiferous tubule 
vas deferens 

urinary system 
bladder 

seminal vesicle 
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TS27 

metanephros 
nephron 

ureter 
urethra 

alimentary system 
intestine 

large intestine 
anus 

glomerulus 
renal convoluted tubule 

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~-IJ'l:limf:~ilc;;:;i•~·~-5;~ 
lesser o , 

oral cavity 
Jaw 

mandible 
U NJi1YERSITY oftht:" 

VtfE~a~1E RN C1\ PE 
molar 

salivary gland 

pancreas 
pharynx 

tongue 

parotid gland 
sublingual gland 
submandibular gland 

hypo pharynx 
nasopharynx 
oropharynx 

stomach 
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 

skin 

hair follicle 
sebaceous gland 
sweat gland 
vibrissa 

dermis 
epidermis 

~ 

endocrine system 
adrenal gland 

adren 
adren 

parathyroid 

m ~.O~ u;; , • ••• ••• •1• , • 
a 

pineal gland 
pituitary gland 
thymus 
thyroid 

.. - ,_ - -
s 

hematological system LT N IVERS I TY o/ thl! 
blood 
bone marrow \\>TESTER N C1\P £. 

lymphoreticular system 
lymph node 
spleen 
tonsil 

lingual tonsil 
palatine tonsil 

musculoskeletal system 
bone 
cartilage 
joint 

muscle 

tendon 
nervous system 

ligament 
synovium 

skeletal muscle {striated muscle} 
smooth muscle 

central nervous system {CNS} 
brain 

fore brain 
diencephalon 
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epithalamus 
hypothalamus 
thalamus 

hippocampus 
telencephalon 

hindbrain 

caudate nucleus 
cerebral cortex 

olfactory I 
corpus striatum 
lentiform nucleus 
olfactory lobe 
temporal lobe 

medulla oblongata 
hypoglossal XII 
olivary nuclei 
vagal X 

metencephalon 
cerebellum 
pons 

meninges 

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} 

respiratory system 
bronchus 
diaphragm 
larynx 
lung 

alveolus 

choroid 
ciliary body 
conjunctiva 
cornea 
eyelid 
ms 
lacrimal gland 
lens 
optic chiasma 
optic stalk 
retina 

sclera 

fovea centralis 
macula lutea 

vitreous humor 

nose ~~!i1~~~==~~!;;=::=;::::. pleura {pleura~ 
sinus {hindbraii'1Tco1'i\'Tl'C111W"..,,.,...,. ..... .,l"l'I"" 
trachea 

unclassifiable 
urogenital system 

reproductive sys 

fem al~~~~~~~~~~~ 
ammon 

LT pe s "TERSITY ofthl! 
mammary gland 

'"'T <El\% T E RN c 1\ p £. 
oviduct 
placenta 
uterus 

vagina 
vulva 

cervix 
endometrium 
myometrium 

male reproductive system 
epididymis 
penis 

urinary system 
bladder 
kidney 

prostate 
testis 

foreskin 
glans 

seminiferous tubule 
vas deferens 

seminal vesicle 
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TS28 

nephron 
renal corpuscle 

glomerulus 
renal tubule 

loop of Henle 
renal collecting duct 
renal distal convoluted tubule 
renal proximal convoluted tubule 

ureter 
urethra 

alimentary system 
intestine 

large intestine 
anus 
colorectal 

cecum 
colon 
rectum 

small intestine 
duodenum 
ileum 
jejunum 

liver and biliary system 
duct 

~ 

bile 
cysti 
gall b 
hepa 
liver 

li Je1 • •• ••• ••• ••••• 

mesentery 
oesophagus 
omen tum 

ti~ ii<>t 
- -

greater omentum 

- - -
~ 

lesse{__~n \l"' ERS I TY o/ thf! 
oral cavity 

pancreas 
pharynx 

stomach 

jaw \\l Es TERN C1\P E 
gum 
mandible 
maxilla 
premaxilla 
tooth 

molar 
salivary gland 

tongue 

parotid gland 
sublingual gland 
submandibular gland 

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 
vibris sa 

-
is t•• ••• 

,, 

-

••• ••• ••• ,. I derm 
epide 

endocrine system 
adrenal gland 

adren 
adren 

parathyroid 

- .......... , .......... , .......... .......... 

al irte 

pineal gland UN IVERS I TY n/ th!! 
pituitary gland 

thymus ''VEST ERN C1\P E 
thyroid 

hematological system 
blood 
bone marrow 

lymphoreticular system 
lymph node 
spleen 
tonsil 

lingual tonsil 
palatine tonsil 

musculoskeletal system 
bone 
cartilage 
joint 

muscle 

tendon 
nervous system 

ligament 
synovium 

skeletal muscle {striated muscle} 
smooth muscle 
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central nervous system {CNS} 
brain 

fore brain 
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 

UNIVIt:!ffariy o/ tht! 
\V~c s t ,APE 

spinal cord 

cerebral aqueduct 
fourth ventricle 
lateral ventricle 
third ventricle 

peripheral nervous system {PNS} 
auditory apparatus {ear} 

auditory ossicle 
auditory tube 
external ear 

auricle 
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 

sclera 

fovea centralis 
macula lutea 

vitreous humor 
respiratory system 

bronchus 
diaphragm 
larynx 
lung 

nose 
pleura {pleural ity 
sinus 
trachea 

unclassifiable 

urogenital system . UN IVERS I TY o/ thr! 
reproductive system 

femaWe d1 _µ1fi e ft>tN1 C.AP E 
ammon 
breast 

ovary 
oviduct 
placenta 
uterus 

vagina 
vulva 

mammary gland 

cervix 
endometrium 
myometrium 

male reproductive system 
epididymis 
penis 

prostate 
testis 

foreskin 
glans 

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 b;l,:a~d~d~erSp~n~· m§o~==~§;;=:;;;;;:::. hepat~ u 
liver 

mesentery ~rn:~rn;~i;;;-;;ir;;•5;;•~ 
dorsal" 

oesophagus 
omen tum 

great"e";~~~~g~~~~~g~ 
Jesse~ 

oral cavity 
jaw lJNIVERSITY o/ thf! 

\Vt~JieERN C1\PE 

pancreas 

maxilla 
premaxilla 
tooth 

molar 
mandibular process 

mandible primordium 
maxillary process 

maxilla primordium 
salivary gland 

tongue 

parotid gland 
sublingual gland 
sublingual gland primordium 
submandibular gland 
submandibular gland primordium 

pancreas primordium 
pharynx 

hypo pharynx 
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 

cardiaac~v~al~v~e~~~~~~~§§~;t' en do; 
mesoc_~~...,,,. .... .-..1&...-. ..... --. .... _...,. 

pericar 
primiti 
sinus v ' su 

valve~~~~§~§~~~~~~ 
ventnc e 

lJNIVERSITY o/thf!' 
vena cava 

\\.r ficgio VFn N C 1\ P E 
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 ~~~~~~~~~~~~:;ri spleen primor 
tonsil 

lingua~pisi·~-~-mll5rill5i~ 
pal a tin 

musculoskeletal system 
bone 
cartilage 
cartilage condensation 

joint UN IVERS I TY o/ thr! 
ligament 

syno~ ITTES TE RN C.AP E 
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 

abducent VI 
facial VII 
trigeminal V 
vestibulocochlear VIII 

meninges 
arachnoid 
dura mater 
pia mater 

midbrain 
oculomotor III 
tegmentum 
trochlear IV 

ventricular system 

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 
ins 
lacrimal gland 
lens 
lens vesicle 
optic chiasma 
optic stalk 
retina 

fovea centralis 
macula lutea 

notochordal plate 
one-cell stage 
primitive streak 
proamniotic cavity 
respiratory system 

bronchus 
diaphragm 

~=x UNIVERSITY oftht:" 
alve sESTERN C1\PE 

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 
seminal vesicle 

urinary system 
bladder 
degenerating mesonephros 

kidne:~y=~~~~~~~~~=:fi . 
...,..._. ..... ..._....:::.;..;;:~~J;ill;l;~....-le 

~~g~g~g~~~~~~ duct 
rena 1sta convoluted tubule 

U NIVER S I ifn¥ 1Uf"i1P& convoluted tubule 
mesonephros 
meta STERN CAPE 
nephric cord 
nephric duct 
primitive ureter 
ureter 
ureteric bud 
urethra 

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; TSO?} 
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; TS16} 
Theiler Stage 17 {TS 17; TS 17} 
Theiler Stage 18 {TS 18; TS18} 
Theiler Stage 19 {TS 19; TS19} 
Theiler Stage 20 {TS 20; TS20} 
Theiler Stage 21 {TS 21; TS2 l} 
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} 

UNIVERSITYo/thr:­
\\1ESTERN CAPE 
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Appendix Vila 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 

I
~ 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 

i! both necessary and sufficient to drive the differentiation process • ... 
i:: 

~ Development, organogenesis and homeostasis in multicellular 
~ systems involve the proliferation of precursor cells, - "'-- analysis strategy 
fi growth arrest and t~e ac~uisiti~n of a · e Ra lol~~~.a~ubsetofcell~~~der~oes~wtharrest 
u phenotype. Upon stimulation wlth p -mrr1 akl-attta~~--.;::ro mtze the sens1hvtty m this study, we J (PMA), human THP-1 myelomonocytic le m~a eel tas P. 1 ti f u oneO P-1 cellsinwhichthelargemajorityofcells 
_ liferation. become adherent and differentia rue to PMA (Supplementary Fig. 1 online). 
! cyte- and macrophage-like phenotypel.2. eepCAGE, which identified active TSSs at 
~ understand the transcriptional network u , and simultaneously measured their time-
:i and differentiation in mammalian cells u 1 sing normalized tag frequency) as cells 8 model system. to PMA. The same RNA was subjected to 
N Most existing methods for regulatory on an lllumina platform. lbe differentia-
0 collect genes into coexpressed d usters and nt from the large increase in expression of 

with regulatory motifs or pathways {fo such as CD14 and CSFJR detected by 
k-1.'~ Alternatively, one can model the expre · rray in all replicates (Supplementary 
~ explicitly in terms of predicted regulatory sites in promoters and the Fig. 2 online). 

· post-translational activities of their cogJa' Msfh~~n ~~ ~ gb)et"iifn1P19~9'lrJii1otif Activity Response Analysis (MARA) 
(TFs)6-8, Although this approach is challenlmg ih ·~mfple~eul!;rtcA~ ~ er,f-PrJmotlyl JJ! fidined as local dusters of coexpressed 
genomes owing to large noncoding regions, ChIP-chip data9 indicates TSSs and promoter regions as their immediate flanking sequences 
that the highest density of regulatory sites1tl~iili\>eif:,~oi[) (J11il,T la,Jir.'fo~ transcription regulatory dynamics we 
start sites (TSSs) and regulatory regions orif nl'ally-\tfohglit ~~ -be"'ittJL"-rJtiild e.Jlrel t;ip8taticlial methods"-8 by incorporating compara­
may often be alternative promoters10•11 . Precise identification of TSS tive genomic information and each TF's positional preferences relative 
locations is thus likely to be a crucial factor for accurate modeling of to the TSS in the prediction of regulatory sites. Binding sites for a 
transcription regulatory dynamics in mammals. comprehensive and unbiased collection of mammalian regulatory 

In this study, we extend our previous observations of genome-wide motifs were predicted in all proximal promoter regions (Fig. le) and 
TSS usage by Cap Analysis of Gene Expression (CAGE)12 and using the observed promoter expression profiles (Fig. Id) were combined 
deep sequencing to identify promoters active during a time course of with the predicted site-counts (Fig. le) to infer time-dependent 
differentiation and quantify their expression dynamics. DeepCAGE activity profiles of regulatory motifs (Fig. If). We inferred individual 
data are used in combination with cDNA microarrays, other genome- regulatory interactions (edges) between motifs and promoters by 
scale approaches, novel computational methods and large-scale siRNA comparing the promoter expression and motif activity profiles 
validation to provide a comprehensive analysis of growth arrest and (Fig. lg). Rigorous Bayesian probabilistic methods were developed 
differentiation in the THP-1 cell model. for all steps of the computational analysis. Finally, a core network was 

1A full list of authors and affiliations is provided at the end of this paper. 
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ARTICLES 

a 

b 

c 

CAGE-tag counts 

PWoOh 
P~1h 

PMA4h 
PMA 12h 
PMA24h 
PIM96h 

Promoter regions 
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MouM ••• 
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~· 
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Figure l Motif Activity Response Analysis (MARA). (a) CAGE tags are mapped to the human genome and their expression is normalized; vertical lines 
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 into promoter regions. (c) A window of 300 to +100 flanking each promoter region is extracted, 

Z
ii multiply aligned and the MotEvo algorithm is used to predict binding sites for known motifs. (d-f) Observed expression of all promoters (d) and predicted 

site-cou.nts (e) are used to infer motif activities (f). (~.The st.atistica~b - regulatory edge from motif to promoter is calculated based on 
en correlation of the promoter expression and motif actrv1ty ~ 

~ 
@ constructed by selecting the motifs that exp 'ned=the- omoters 84% (24,984) were within l kb of 

tion of the expression variance, obtaining all p!eiJii:t<.i,mo'giilaklOji;elf!!jo<l.-ll..,,._,_..<llliJOOl.mdtW'!<:ripts and 81% (24,327) could be associated 
~:1:i, between TFs corresponding to these moti pproximately half of the remaining pro-
~ ulatory edges that had independent experim I kb away from the loci of known genes 

~, approach, we reconstructed the transcriptio - e). These newly identified promoters are 
associated with cellular differentiation in h ls, suggesting that they are true transcription 
validated a subset of predicted regulatory int own transcripts (Supplementary Fig. S 

of 24,327 promoters with 9,452 Entrez 
DeepCAGE quantification of dynamic T ·dence of alternative promoter usage11-in 
CAGE tags generated from mRNA harveod11! al e31IiJi1oe1••jo1 were \iijgle cell type (Supplementary Table I 
mapped to the human genome. Promoters were defined as dusters of online)-and demonstrates that promoter regions frequently contain 
nearby TSSs that showed identical expresfor K_ofilT· (ivtth~ tWip~~!11. ote.rsf:1Ji_~istinguishable expression profiles (Supple-
surement noise) and were substantially exth~~ ci. I~ Qfil.t&. &tal!i Talle f~r_liiiJlll\ddition, for genes with known multiple 
point (Fig. Ia,b). Using these criteria we identified 29,857 promoters promoters dcepCAGE frequently identified only one promoter to be 
expressed in THP-1 cells containing 381Yir5ru'li~u\..=r~ · ionRa~vy in ~T1if-lff1Jtla; (Supplementary Fig. 6 online). Hence, 
(which is a subset of the nearly 2 million T~Jraet~l\ le.It om;e i ®:~lJCAG&saml)~ .aistili''1 aspect of transcriptional activity that can 
THP- l )_ These promoters were contained within 14,607 promoter and does vary independently of mRNA abundances as measured by 
regions (separated by at least 400 bp; Methods and Supplementary hybridization to representative microarray probes. 
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 

Promoter expression 
Using the normali7.ed 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 
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figure 2 Statistical significance and consistency across replicates of the 
inferred motif activity profiles. Each dot corresixmds to a motif. The 
significance of each motif in explaining the observed expression variation is 
quantified by the z value of its activity profile (horizontal axis, see MethOOs). 
The consistency of the inferred activity profile of each motif is quantified 
by the fraction of the variance (FOVJ in the activity profile across all six 
replicates (three biological replicates for both CAGE and lllumina), which 

ARTICLES 

there is an (unknown) motif adivity An,,. which represents the timc­
dependent nuclear activity of positive and negative regulatory factors 
that bind to the sites of the motif (for example, the E2~ activity 
will depend on nuclear E2fl-8, and DPl-2 levelc;, as well as RBI 
phosphorylation status). As in previous wor~.2 1 , motif activities 
were inferred by assuming that the expression tpr 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 Nf;. Assuming that the devia­
tions of the predicted expression levels e~ = constant+ L:m N,...,A..,, 
from the observed leveLc; tp, are GauMian distributed, and using a 
Gaussian prior on 1he activities, we detcnnine fitted activities A;,, 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 

'ti the top motifs are extremely reproducible across replicates and 

I~ different measurement technologies (Figs. 2 and 3a and Supplem.m.-

is reproduced in each replicate (vertical axis, see MethOOs). 

- exp~ion measurements were comparatively noisy {Supplementary tary Fig. 9 online). It should be stressed that, although motif activities 
Fig. 7a). Neverthd~ the median Pearson correlation between the are inferred by fitting the expression profiles of all promoters, the 

.c_; reparolunicadte
0
-a.

7
ve
2

ra(Sguedppelxpemenresstaryion PF:fi1
7
esb)o, fwhiCAcGhEi·sancodmmpaicrorabarrale toy twashat model cannot be expected to predict expression profiles of indMdual 

_ ,,... genes from the predicted TFBS in proximal promoters alone. The 
~ observed with other deep transcriptome sequencing datasets15• As effects of chromatin structure, distal regulatory sites, nonlinear inter­
d predicted, the correlation is lower for genes with multiple promoter actions between regulatory sites, and the contribution of the large 
.E regions (Supp&anm.tary Fig. 7b and discussed further in Supple- numbers of human TFs for which no motif is known, are not 
If mentary Note). considered. Furthermore, especially for gen"' that are dynamically 
- regulated, matur~ mRNA abundance can be dynamically regulated 
j Comprehensive regulatory site predidion independently of transcription initiation and promoter activity 
C Known binding sites from the JASPAR and TRANSFAC databases16·17 through selective mRNA elongation, processing and degradation. 
! were used to construct a set of201 regulatory motifs (position-specific Our aim is not to predict expression profiles of individual genes but 

Z~ weight matrices. WMs), which represent the DNA binding specificities rather to predict the key regulators and their time-dependent activ-
of 342 human TFs. We predicted transcription factor bindi ich can be inferred from integration of global expression 
(TFBSs) for all motifS within the proximal promo tern undergoing dynamic change. We validated 

+100 bps) of all CAGE-defined promot<l!:f:!!!!!i~~~!~~=i~~~~~~!$lted activity profiles by comparing the 
promoter regions beyond the - 300 to +l ; 1gnal' (expression variance minus rcpHcate 
quality of the fitted model described bel.o by the modd, compared to randomized 

M-~ contrast to previous approaches that used s· fold cross-validation test (Supplementary 
~ incorporated information from orthologou ained expression signal is highly significant 

mammals and used a Bayesian regulatory-s maintained under tenfold cross-validation 
that uses explicit models for the cvolutio the highly peaked positional profiles of 
(Fig. le and Methods). Notably, different ig. 8) suggest that knowing the exact TSS 
highly specific positional preferences with e TFBS prediction. Indeed, the predicted 

mc:ntary Fig. 8 online), extending a previ. ters explain substantially more of the 
Positional preferences were incorporat ys than pm.iicted TFBSs of the asso~ 
assigning each site a probability that it is under selection and correctly ciated RefSeq promoters (Supplementary Fig. 10). We observe that 
positioned. This analysis generated apprCJiriJa~.CW"J5Ellig Qh~IWter Pf:dft the expression profiles of those promoters 
TFBSs for the 201 motifs genome-wide.i{f.Jr .blh .fro~ot.£.rnl'Af. ~I. ar.lmofe stfd~gt)ll~&Led, more reproducible across replicates, 
combination, the TFBS prediction was summarized by a oount Npm• and have higher eipression variance (Supplementary Fig. 11 online). 

whi~h rc~rescnts the estimated total nu~~~f1gtc:U.Qnatjl1f ~RS~~·;uty,;P"l~~ at~C(~tart and end o~ the diff~nt~tion t~me 
mobf m m promoter p. Tbc TFBS pred.ic'\~s -~~m1lm chutSe ar~tel.pldict(d., than those at mtermed1ate time points 
published high-throughput protein-DNA interaction datasets (ChIP- (Supplementuy Fig. 12 online), possibly because individual cells 
chlp) and predicted target genes were significantly {P values ranged differentiate at different rates and leave the ceU populations less 
from 0.02 for ETSI to 6.60E-263 for GABPA) enriched among genes homogeneous at intermediate time points. 
for which binding~ observed (Supplemmtary Table 3 online). Motif activities that were independently inferred from all l l,995 

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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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 

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 
lysosomal 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 lysosomal 
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/repres.sed motifs, 
ATFS_CREB3, FOXOl,3,4 and SRF, and the repressed pair of 0Cf4 
and FOX!l,)2 motifs. 

.!! inferred from CAGE (left) and microarray (right) data. The three biological Validation of edge predictions 
'& replicates are shown in red, blue and green. (b) The 30 most significant d 
'i:: motifs with consistent activity profiles across all replicates (CAGE and THP-1 cells, even in an 'undifferentiated.' state, are clearly a myeloi 
C microarray) were clustered into nine sets of motifs with similar dynamics. cell line. In seeking to validate the transcriptional network, we noted 

u .s 
Each panel shows the activity of the members of the cluster (colOfed that there was a large set of TF genes expressed constitutively in the 
curves), the names of motifs contributing and the cluster average activity cells that were rapidly downregulated in response to PMA, of which 

~ profile (black). MYB is an example, and another set that was expr~ but further 
-;:: upregulated during differentiation. It is technically difficult to apply 
~ siRNA knockdown to genes that are only expres.sed later in the 
c( variation (red dots in Fig. 2) and segregated their activity profiles differentiation. 10 validate predicted edges empiricaUy, we therefore 
! using a Bayesian procedure into nine dusters (Fig. 3b and Methods), chose to carry out siRNA knockdowns in undifferentiated THP-l cells 

Z
'i including three dusters of upregulated motifs, three dusters of down- for genes encoding 28 TFs that are expressed in the undifferentiated 

regulated motifs and three dusters rontaining single rrm~o~ti~;e:i;~;n~d~foir which we have associated motifs. "fo assess whether 
profiles involving different transient dynamics. in ~ carried out in the undifferentiated state is appro-
of target promoters for each of the motifs t increase expression during the time 
in Methods. 1be significance of each regulatb e technically more difficult experiment of 
a putative target promoter (containing a pr ined with PMA treatment for SPIJ (more 

&~:.l tifi.ed by the z value of the correlation literature as PU. I). All knockdowns were 
~ profile and the promoter's expression pmfil 'plicate and qRT-PCR was used to confirm 

Core transcriptional regulatory network 
The final aim in reconstructing transcriptio 
to infer not only the key regulators and their 

ich in most cases was greater than 8()')0 
online; in addition, protein-level knockdown 
in blot for 14 siRNAs, see Supplementary 
in gene expression caused by TF knockdown 

the way in which the actions of these key microarrays. For each knocked-down TF 
For this purpose, we collected all 199 of predicted regulatory targets for the 
(z value ~ l.5) between the 30 core motifs. Recognizing that the associated motif and divided the microarray probes into predicted 
prediction of individual regulatory edg~sTstjlf..PrCJiet? ~r;mt C_a efSfi1n8i-~1ionta~etf rfor a range of z-value thresholds. Higher­
constructed a rore regulatory network (Pig.-'4j..- ~ 5' hlJhl~ruA1A. ..:!onfidlnce'.larJ~inlgl1eCtJ show greater expression changes upon 
edges by filtering the predicted edges according to experimental knockdown {Fig. ~Sa shows the example TF genes MYB, SNAJ3, EGRJ 

validation, either within our data or in"'xis!inJ1it~tllfT(StwltfJ andT RU!'fX7~ ~di '.1J.uarrtples are shown in Supplementary 
mentary Tables online). In addition, for ere~ co~f wl-exlaftt~.'\.. Fi~ 14 o~ne4 .. 1'=o ~ SPlil.,.leven in the absence of PMA treatment 
the set of predicted target genes (z value ~ 1.5) and checked for siRNA knockdown caused significant downregulation of predicted 
enrichment of gene ontology tenns. A selection of significantly SPI I targets, but the effects were much stronger when knockdown was 
enriched terms is shown as oval nodes in Figure 4 (full set of GO combined with I h or 24 h of PMA treatment (Fig. Sb), confirming 
enrichments are available as Supplementary Table 6 online). that PMA causes upregulation of SP/I activity. A good correlation 

Whereas our method infers the key regulators ab initio, the between target confidence (z-value cut-off) and average log expression 
majority of factors within this core network are known to be ratio was observed for the large majority of experiments (Fig. Sc). For 
important in the monocyte-macrophage lineage, thereby validating an intermediate cut-off of z = 1.5 we quantified the difference in log 
the method. In addition the predicted targets of these motifs expression ratio of predicted targets and nontargets (Fig. 5d) 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 

~ MYB knockdown being the most significant {Supplementary Fig. 15 

u 
.E 

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 I see Supplementary Fig. 14a). Together these results pmvide compel­
..... ling experimental validation of our predicted regulatory edges. 
! 

• 
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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 associated 
with motif Y has a predicted regulatory edge 
for motif X (z value ;::.: 1.5) and the edge has 
independent experimental 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,0), GREB 
IATF5_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 

i Single TF knockdowns affect multiple motif activities downregulated with PMA, respectively. In addition the cells became 
Besides validating predicted targets, the siRNA knockdowns (Supplementary Fig. 16 online) and began to express the 

@~ be used to assess the effects of the knockdi~wni:!o~fis~i~~~~~!~ii~.C~D~l l!B[(ITGAM), CD54 (!CAMI), CD14, APOE .... motif activities of other TFs. In additio Fig. 2), three of which we confirmed by 
above, we included a further 24 TFs tha tary Table 10 online). lbis development 
naturally repressed during PMA differentiati ed to the GO enrichment for cytoskeleton· 

~.'":,lt.1 to have a role in myeloid differentiation or I MYB targets noted above. Given these 
't:j1 Table 8 online). onder whether MYB is a master regulator 

· The motif activity inference method was and whether stronger and longer knock-
changes in activities of all motifs upon knoc uced the complete differentiation observed 
To assess the role of each TF in differen eral observations argue strongly against 
differentiative overlap between a TF gene perturbed by MYB and by the other pro-

time course as the fraction of all motifs tha only partially (Supplementary Table 11 
activity in the same direction upon TF n er pro-differentiative TF genes only two 
PMA differentiation (Methods). By far the largest differentiative (CEBPG and GFil) are affected by MYB knockdown. Both these facts 
overlap (69%) was observed for the M1Jf~CJVi1t~ D Q!i.4fallT'~}the .cfte.IJ!TO-differentiative TF genes are not simply 
only affected MYB motif activity, but also'™! ab?fit)!,oflhoslmot~ 1o.-'1olnstl.eanloff'1f~·i 1tl'il!, M YB downregulation does not occur 
in the core network, with the most significant activity changes aU in until after the second hour of the PMA time course (Fig. 3b), which is 
the same direction as in the PMA time ''\IM(fll! 61Z~ Kqctc~ a~4ds v;tht tht idgot~YB sitting at the top of the regulatory 
of 13 other TF genes generated an overlaiJ,ea~ha~ thlnefarivl'.hie~rchy."it-~ ~~ .JOrthl;oting that THP-1 cells harbor a leukemo­
control (Supplementary Table 9 online), and Figure 6 shows three genie fusion23 between MLL (mixed-lineage leukemia) and MLLT3 
further examples (E2FJ, HOXA9 and CEBPG). (MLL translocation partner 3) and that the MLLT3 siRNA targets this 

As for MYB, E2Fl knockdown reproduced some of the down- leukemogenic fusion (note that full-length MLLT3 does not seem to be 
regulation of MYB and E2F activity observed upon PMA stimulation, expressed in THP-1 as there is no CAGE S' signal for this gene). Our 
but it failed to reproduce the upregulation of SREBFl,2, PU.I, data indicate that this fusion interferes with differentiation and that 
NFATCl-3 and FOS,B,Ll_JUNB,U activity (Fig. 6b). Similarly, the neither PMA treatment nor MYB knockdown affects MLL-MLLTJ 
activity changes that HOXA9 knockdown induced were mostly in the levels, suggesting these stimuli can bypass the differentiative block. 
same direction as in the PMA differentiation; however, the SNAI 1-3 Conversely, MLLT3 knockdown had no effect on MYB levels. lbese 
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Figure 5 Validation of predicted target promoter sets using siRNA knockd Difference in the average log expression ratio upon knockdown between 
predicted target promoters and predicted nontargets ( e cut-off on target prediction (hOfizontal axis, more stringent g cut-offs are on the right) for knockdown of the TF EGR 1 (light blue). (b) As in a but now for 

N knockdown of SP/l followed by 1 h without t MA treatment (orange) and 24 h of PMA 
9 treatment (red). All straight l ines are linear regrliii rage log expression ratio difference of targets 

and nontargets and the cut-off on target predicti~.lo!l!i~lllill.ll~~~~W!!!!o.iiii;llU!m~~~ts larger than 0 .75 in absolute valiR; green 

~
• bat's, absolute values between 0.5 and 0.75; and ifference in log expression ratio between 
~ predicted targets and nontargets (cut -off z -= 1. ue (number of standard errors). Red bars 

- ~ correspond to significant changes, th at is. great 
1 

d 2 standard erJors; and blue bars, cha~ 
less than 1 standard error. siRNA knockdowns by qRT-PCR (Su~rnenbry Ta~e 7}. 

results agree with previous RNAi studies rtant in these cells. Of the 610 expressed Tf·s 
regulation of MLL leukemogenic fusion p essed in the undifferentiated and 34 in the 
arrest but is not required for termin · ·on, 101 TFs were transiently induced or 
individual TF gene knockdowns affect the activities of multiple repressed during differentiation. 10 elucidate the connection of these 
motifs and elicit different, but overlappillJ> 1u~ ·tf \5"'CE-'taw if· ttyth~~fe~. .. n1.1I'?rk, we compared the predicted regulatory 
changes observed in the PMA time courLtilki'll tlgetl)h,Jill .Hiil utdi>f <i.-re{B~teJJ>Jllb~ts of TFs with the predicted regulatory 
indicate that the independent perturbation of expression of multiple inputs of the set bf all 610 expressed TFs. 

TFs .in ~spon5': t~ PMA is both neceSS'lf&'r¥.uffi£i.en, to W!tiah ~her~"'?o i'otfsrrr~v~presented amo~g inputs of ~tatically 
partial d1tferent1allon. '\' t L t;~ L ~ ~~ssedlr.Ji6,JJ\1tuf.Of dfiHirrucally expressed TFs showed ennchment 

Many TFs are invol•ed 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 Jist26 of 
1,322 human TFs, 610 ""'"' dct«:ted by both CAGE and microarray in 
at Least one time point (Supplaneotary Table 12 online); however, 
only l 55 of these are covered by weight matrices, suggesting that other 

. ')58 

for a subset of motifs. TFs downregulated from 0 to 96 h PMA were 
most enrich~ for three downregulated motifs of the core network; 
OCT4 (3.4 x), GA"li\4 (33 x) and NffA,B,C (2.2x) (Supplementary 
Table Ua online). Similarly, TFs upregulated from 0 to 96 h were 
most enriched for core network motifs that increase activity during 
differentiation: SNAll-3 (4.6x ) and TBP (5.2 x ) (Supplementary 
Table 13b). Finally, transiently regulated TJ.'s were enriched for the 
SR~ (3.Sx) and NHLHl,2 (3 x ) motif; (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 motif activity changes that have 
B :Sd~~;e~~~lve overlap with the PMA time course of more than 50%, The corresponding motif activity changes observed in the PMA time course are shown 

l c Notably, Tfs that are predicted targets ofSRF are mostly induced in by detailed examination of individual loci. For example, the osteo­
; the first hour of PMA-induced differentiation. During this first hour pontin gene (SPPI) is massively induced from 12 h of differentiation 

Z
Ci 55 of the 57 genes whose expression was perturbed are induced and (Supplementary Note). Our predictions confirm RUNX and PU.1 as 

CJ) 30% encode Tfs (Supplementary Fig. 17a online). Th:;e~r!e~~~~~~o~rs~an~d~s~u;pp~o~rt~a previous analysis in mouse implicating the 
o inputs of these early-induced TFs are enriched fo ~ dition our ana1ysis identifies NFAT, STAT, NKX6.2 
~ and FOSU (Supplementary Table 13 i"1 omeobox proteins as candidates for 
0 known PMA-responsive TFs27- 30• Among 

correspond to upreguJated core network ntillll:"'1>oliMil!lw.._l'&E>lli-.Ll.limilljlol..J>llt..~.aJ.illf' ·man promoters, TF motifs, genome-wide 
jj.~~ EGRl -3 and SNAii) and two (M AFB and E sites and their predicted effects on the 
~¥ pro-differentiative changes31•32. It is a1so wo promoters are available through the Swiss-

downregulation did not occur until the interface, allowing researchers to automati-
require both early induction of transcriptio ·ry Response Analysis (MARA) of their own 
degradation proteins BTG2 and ZFP36 (tris of our genome-wide predictions ofTFBSs, is 
mentary Fig. 11b). 'Jbgether, these results ulon. 

SRF target genes in the first hour ii isd~~~~~:~~~~~~~~~~~~ 
differentiativc program and is requir~ mt 

the undifferentiated state are downregulated (Supplementary We have devised a new integrated approach that combines genome­

Fig. 171>.c). T. "'T N. Iv ER c.wtfertfat~.i!at~ion ofJ '?.§s and their time·depend~t .expression with 
L . ..3:olipJta.ti<li.a1 elln(;lt&'reoonstruct the transcnptional regulatory 

Web interface to ~ta and analysis results dynamics of a di erentiating human cell line. The CAGE tag sequcn-
To facilitate the use of the data and anal~ .P.hdlJJts caias51rlo h i "£) N!:iusedJt« c j terfqjd}l~per than in previous studies11

, and this is 
provide an online tool, EdgeExpres.sl>B, aslptn cf'-the~NtoMf..wE\.. t'.hf?fli. rst ftudyl t obr k£tedge to quantitativdy monitor dynamic 
resource, which aJlows users to explore our annotatK>ns of the expression changes of individua1 TSSs genome-wide. Using this data 
structure, expression and regulation of promoters genome-wide. we developed a new computational method in which promoter 
It also integrates published TF-promoter interactions, the siRNA expression profiles were modeled directty in terms of the TffiSs 
perturbations and genome-wide chromatin immunoprecipitation occurring in their proximal promoter regions. This method allowed 
experiments. Our complete set of regulatory-interaction predictions us to infer which regulatory motifs are most predictive of expression 
provides a large collection of hypotheses that can be targeted for changes and the time-dependent activities of the corresponding TFs 
validation, for example, through chromatin immunoprecipitation, gel ab inirio. We identified more than two dozen different regulatory 
shift assays or reporter assays. The value of this resource is illustrated 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 sc 00, the probe is flagged as 

'marginal' (M) 

• for flag detection sco e is flagged as 'absent' (A) 

time-point. This resulted i 'r\t 7P'Io1J_r .MPe probe identifiers were 

converted to EntrezGene i\'ti "ti rsr Nf ~~ 11! 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 0 hr. 

• to determine the change x in the expression over time for each probe 

relative to the expression level at point 0 hr, subtract the 0 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 0 to 

infinity. A fold-change value between 0 and 0.5 indicates that the expression of 

the probe is half or less of what it was originally (at 0 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 0 hr) and we considered it to represent a significant up­

regulation of the gene. ~ 

l• ••• ••• •••••• 1• I 

- - - - -
Clustering 

The transformed data was binned into the following categories for clustering: 
UN IVERS I TY lifth!! 

• Down-regulated: al Ta& · 1i . a ge A=IXE= 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) 

Table 1: Clustering catego · 
of genes to LPS stimulation. 

on the time of the response 

Ea.tty· G~t 
Re . 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 
Cate 0 10 Down Down Down 2 
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Figure 1 
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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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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 0 (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). 
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5076 PAX2 0 0 0 0 0...J (Jl!::j 
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5077 PAX3 0 0 0 0 (ft; @.LJ () ,II ...... IC 0 1 0 0 0 0 0 1 0 0 1 
5079 PAX5 0 0 0 0 °"7'i Y"'"' v -11 ':::; 0 I 0 0 0 0 0 1 0 0 0 1 
5081 PAX? 0 0 0 0 ~ O!: {\ 

~I I ~ 1 0 0 0 0 0 0 0 0 0 0 0 
5453 POU3Fl 0 0 0 0 0 @,..;j 1 '" 11 .. I ~ 0 0 0 0 0 0 0 I 0 0 1 
5454 POU3F2 0 0 I 0 en ~ ~ ::; 0 0 0 0 0 0 0 I 0 0 1 ~ 

5455 POU3F3 0 0 0 0 o> ti:= l ' -, I :;::; 0 I 0 0 0 0 0 I 0 0 0 
5462 POU5FIP1 0 0 0 0 O"'tl (4.' ~ 

::::::' 0 0 0 0 0 0 0 0 0 0 1 
5992 RFX4 0 0 0 0 Q"'r1 ~ 0 ' 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 I 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 I 0 0 0 0 0 1 0 0 0 1 
6877 TAF5 0 0 0 0 0 0 0 0 I 0 1 1 0 0 0 0 0 1 0 0 1 
6899 TBXI 0 0 0 0 0 I 0 0 0 0 0 I 0 0 0 0 0 I 0 0 1 
6913 TBX15 0 0 0 I 0 0 1 0 0 0 0 I 0 0 0 0 0 0 0 0 1 
7023 TFAP4 0 0 0 0 0 1 0 0 0 I 0 0 0 0 0 0 0 I 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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10655 DMRT2 0 0 0 0 0 1 1 I 0 0 0 0 0 0 0 0 0 0 0 0 I 
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 I 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 
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cancerfTestis <en genes, noomally expressed in genn line ceUs but expression proftle information frequently limited to the original 
also actlvaled in a wide range of cancer types, often encode defining articles. In some cases, e.g., ACRBP, the original 
antigens that are lmmunogenic in cancer patients. and present CT-restricted expression in normal tis.sues could not be con-
potential for use as biomarkers and targets for immu-rapy. ftrmed by subsequent experiments (1). Partially due to this lack 
Using multiple in silico gene expression analysis technologies, of a clear and broadly applicable definition, or "type specimen," 
including twke the number of expressed sequence tags used in for a CT gene, it has become increasingly challenging to identify 
previous studies, we have Pffformed a comprehensive genome- the CT genes that are most suitable for cancer vaccine devel-
wide survey of expression for a set of 153 previously described CT opment. Moreover. this incoherent classification increases the 
genes in normal and cancer expression libraries. We find that risk of pursuing unsuitable clinical targets. However. with more 
although they are generally highly expressed in testis, these genes expression data becoming available, CT gene transcripts of genes 
exhibit heterogeneous gene expression profiles. allowing their originally thought to have the CT expression profile are being 
dassification into testis-restricted (39), testis/brain-res1ricted (14), detected in additional tissues (1), resulting in the more stringent 
and a testis-seledive (85) group of genes that show additional "testis-restricted" description being altered to one of "testis-
expression in somatic tissues. The chromosomal distribution of preference." Based on a compilation from the published liter-
these genes confinned the previously observed dominance of X ature, the CT database now lists > 130 RefSeq nucleotide 
chromosome location, with CT-X genes being significantly identifiers as CT genes that belong to 83 gene families (www. 
testis-restricted than non-X CT. Applying this core .· An analysis of the human X chromosome has also 
a genome-wide survey we identified > 30 CT as 10% of the genes on this chromosome 
them, PEPP-2, OTOA, and AKAP4. iven this increasing number of CT and 
restricted or 18Stis-selective using RT-PCR mprehensive classification based on ex-
frequencies observed in a panel of cancer ~l'll-~i:kla:iilill!r'aL...J.Pil:siiod..lllillii.:...J.11,tssential for our understanding of their 
tion provides an objective ranking for po Jation of expression. 
useful in guiding further identif"Kation Ive this and to identify new CT antigens, 
these potentially inportant diagnostic a ico approach to produce a comprehensive 

gene index ) prediction 
ression profiles by combining expression 
xisting corpus of >8,000 cDNA libraries 
depth and resolution provided by mas-

c ancerrrestis (C!I) genes are a heter e sequencing (MPSS) expression libraries 
normally expressed predomin ne Expression (CAGE) libraries (18), 

trophoblasts, and yet are aberrantly 0 ....,,.-u• antitative .reverse-transcription PCR 
various types of cancer types (1). A subset of the CT genes has (RT-PCR) on a panel of 22 normal tissues. As a result, we have 
been shown to encode antigens that a ~.!!llOfeJ\qalQ'el!Sit S ""alfd "i',Phere,et jii¥Sifteat1on of CT genes, and new CT genes 
humoral and cellular immune respon •·'inlc'lin~r jliiti.Ailli~ hi.ve.heeiiidcm\jftel!Jliilti well-informed, structured prediction 
Because of their restricted expression profile in normal tissues and confirmation crttena. 
and because the testis is an immlllll'Jl.'ivile.i:e •Sit.,...~-, a.I.. ~ "llil4'aitl;' 
antigens are emerging as strong ca1ttlitla*1.. tltra~t~ i Tlts . .1 ~ • • • 

cancer vaccines, as revealed by early-phase clinical trials (3-10). CT class catfOn. CT genes were classified mto 3 groups, testJs-
Biologically, the CT genes provide a model to better understand restricted, testis/brain-restricted and testis-selective, based on 
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 er 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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fi9. 1. Merged expreuion profiles of CT-X from RT-PCR and cDNA. MPSS and CAGE libraries 
from tissues source-s annotated~ normal a , 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 strnng support from at least 3 
sources (for~ normal tissue panel) with a total score ~3) or 2 sources {the c.ancer.g.an~ lacking RT-PCR data}, respectively. The most abundant expres.sion (red) 
is seen in testis for most genn, partkularly'(i: ttielho~-~~.u'Dx'Dsi'2v1uaN"ei1~loripllf. l!q.«j\a,_~r-gene basis relatNe to tllle combined normal 
testis/placenta expression confidence (Lowek'thle 15ur1e olihJJ~hl~r ·•prlsiorl:on{i(lf_~.!CiJ.0,dei). The 3 CT annotation groups (testis-restricted, 
testis/brain-restricted and te-stis-selective) are highlighted. See llc1t<1 '" ' \3 for the full list of CT clahifkations. 

their expression profiles obtained from a manually curated 
corpus of cDNA, MPSS, CAGE expression libraries and RT­
PCR (see D:11 "'" ' SI 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 asoociated with the cDNNEST expression 
libraries, the high sensitivity of CAGE/MPSS and the ability to 

HofrnMln •t iJI. 

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 er 
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 

PNAS I Decembe.-23, 2008 I 'JOI . 105 I no. 51 I 20423 
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F"19- 2. RT-PCR an~ysis of selec~ CT geiws in the testis-restricted category (MAGEA1, GAGE, SSX2, NY-£50-1, MAGEC1, and SPAN)(). Expression profile are 
shown for a range of 22 normat tissues (Leffl .and 31 cancer cell line-s (Right) . 
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of cancer/testWbrain (CI'B) antigens (27). However, despite the CT Candidate Prediction. Prediction of CT candidates based on 
bioinformatic evidence, we have not been able to confirm the their expression profiles in cDNA, MPSS, and CAGE libraries 
expression of selected CT genes (MAGEA9, MAGEC2, PASD 1, resulted in 28 genes supported by 2 expression platforms in the 
and GAGE) in tissue samples from total brain, cerebellum, testis- or testis/brain-restricted category, including 10 known CT 
caudate nucleus, thalamus, frontal cortex, occipital cortex, pons. genes and 18 novel CT candidates (I il! . s .~ and I )a 1:1 -.. l·t )h). An 
or amygdala by RT-PCR (data not shown), and whether these additional, less stringent screen for CT-X genes identified 47 
genes arc expressed in brain remains to be proven. genes in the same categories, including 34 known CT genes and 

13 novel candidates. After manual curation, the list of novel 
Distrllutlon of CT Genes In cancer nu..es. Our ranking by the candidates was extended to include the highest scoring testis-
number of differcnl cancer types and anatomical sites of CT selective CT-X candidates, TKlLl and NXF3, the latter being 
genes expressed in cancer-annotated libraries distinguishes CT- a known CT gene, a member of the NXF2 CT !amity (28). 
'"rich" and CT-"poor" tumors based on the in silico analysis Of33novelCTcandidategenes, 12mostpromisinggeneswere 
obtained from cDNA, CAGE, and MPSS libraries (Fig. I and manually selected for experimental validation by RT-PCR based 
Il a"""' S5). The broadest distribution of CT genes was found in on an evaluation of available gene expression data in human 
germ cell tumors, melanomas and lung carcinomas, adenocar- cancer. Of the 5 X- and 7 non-X-chromosomaJ candidates, 11 
cinomas and chondrosareomas. Breadth of cancer expression transcripts could be amplified, whereas transcripts from VCX2 
was uncorrelated with tissue restriction in normal tissues (r = were not detected in any of the 23 normal tissue RNA samples. 
0.18 for CT-X genes, r = 0.02 for non-X CT genes using Three of the amplified gene transcripts exhibited testis-restricted 
Spearman rank correlation); for instance, the fully testis- (AKAP4) or testis-selective (PEPP-2, OTOA) expression (data 
restricted CT genes, such as MAGEA2/A2B and CTAG2, were not shown). RT-PCR products of these genes were also detected 
found to be present in a variety of different tumor tissues. in samples from a panel of 30 cancer cell lines. 

Melanoma, non-small<ell lung cancer, hepatocelluar carci- PEPP-2, an X-linked human homeobox gene, encodes a 
noma and bladder cancer have been identified as high CT gene transcriptional factor with similar cancer/testis restricted expres-
expressors, with breast and prostate cancer being moderate and sion patterns in both human and mouse (29); it is also a member 
leukemi:Vlymphoma, renal and colon cancer low expressors (1). of a top 50 list of genes under strong positive selection between 
Our in silico analysis confirms this distinction, in particular for human and chimpanzee (30). Otoancorin (OTOA) was reported 
tumor tissues well represented by the available libraries, showing to be specific to sensory epithelia of the inner ear (31), but has 
a broad distribution of CT genes expressed in cancers of skin also been as.sociated with ovarian and pancreatic cancer due to 
including melanoma (43% of CT genes with cancer expression its homology with mesothelin, a cancer immunotherapy target 
were found in al least one melanoma library), lung (37%), and (32). AKAP4 (CT-X), identified in the 2-platform screen, ex-
liver (34% ). Strong presence of CT expression found in the hibits weak expression in different cancer cell lines and encodes 
present study but not by previous RT-PCR studies includes a kinase anchor protein (33) involved in the cAMP-reguJation of g 
tumors from germ cells (39%), stomach (28%), and cartilage motility (34) and was recently suggested as a CT gene in an " 
( chondrosarcomas, 26% ). One reason for this discrepancy could independent study (35). _I 
be the lack of RT-PCR data for certain tumors, e.g., gastric All 3 confirmed genes are candidates for immunotherapy ~ 
cancer is much rarer than other carcinomas in the Western based on their restricted expression, and further investigation of 
world, and mesenchymal tumors are also not well represented in their mRNA and protein expression in various tumors is war-
many of the RT-PCR studies to date. Our in silico information ranted and ongoing. Given the comprehensive nature of our 
may thus serve as a guide for fu ture experimental investi · and the limited number of confirmed novel CT candidates, 
especially useful for recently described number of true CT genes matching the criterion 
in great detail. Discrepancies are also · ed expression profile bas reached a 
potential inclusion of cancer cell line 
unlike normal tissue samples explicitly a as that the CT designation has been inap-
often not diistinguished from primary tilmor samp es. large number of genes with wide normal 
reason for this observed discrepancy w less evident how precisely the term CT 
resulted from differences in library n ere is no difficulty with CT genes whose 
tumor type: for instance, ovarian c e a classic CT pattern; we estimate - 39 
but not evident from our in silico study, category and --90% of them reside on the 
number of available ovarian cDNA lib allenge for the remaining CT genes, most 
cancer, a CT-poor tumor, was correc ed. is that they are expressed in testis and 
frequency of CT genes despite the pressed in a limited number of normal 
libraries in the databases, and this w signaled Cf? Perhaps the best solu-
ence in library numbers may not have been a significant factor. lion at ts pomt wo to as.semble further information about 
Last, the in silico fmding of high Bl~ ~· _g~s CT ~nes and their products, including function, binding part-
tumor represents a special situation th c e 1 · e ~l:s, vdii.fiop,?fY felt<U>n (36), contro~ of gene expression, 
reasons. One 1s that a subset of CT gen rl th · - ...:JjJCnt catlon 'bfr'extirHsliig normal somatic cells, aberrant non-
CTs, encode proteins with known specific functions in germ cells, lineage expression in cancer, and immunogenicity, before estab­
and their expr.ession ~ germ ce~ tuJlt~S ifi'~nfnt nO · g ¥Unifi

1 
m~tion of CT genes. 

served expression of lineage-specific .Wati<ei\=Lra~e .. th -<itil' '--' ~ r L 
errant gene activation, conceptually similar to the expression of Methods 
thyroglobulin by thyroid cancer or prostate specific antigen by ~· of er ca.a.. A total of 153 er 9@~ (200 unique- RefSeq transcript 
prostate cancer. The other reason wouJd be that the germ cell 1dentif1en) were selected from the CT Antigen DB (http:Jtwww.cta.lno:.br) 

tumors from which the m~A expression l?rofiles were derived ::!t~w~:tu;!,:::~;;,~~~i::~~e;!:~0~~n:~c::,~~~!:~ 
co~d have. been ~ntamma~ed by the adjacent or entrapped Biote<hno~ Information Retseq nudeottde identifters (Dn i<1s.• I '> J). Addi-
tes~ar tissue, which provides the source for CT gene tran- tion.al gene identifiers were obtained from RefSeq r~ease 11 (37). tPI version 
scnpts when the germ ceU tumor was actually negative for the CT 3.29 (l8); genomic coordinat~ were taken from the University of California. 
gene in question. Santa Cruz Genome Browser hg18 human genome build (39). Of these 153 
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genes, 83 that encode 107 Retseq transcripts were mapped to the X chromo­
some (CT-X genes) whereas 70 genes were on autosomes {non-X CT genes). 
SubceUular locaUzation was based on predictions in the human version of the 
LOCATE system (40}. SEREX information w~ obtained from the Cancer lm­
munome Database website (http://ludwig-sun5.unil.ch/Cancerlmmu­
nomeDB). Ambiguities were resolved by manual curation. 

Sowte of ExpNtlloll I......._ 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 ac:ross 22 normal tissuesamP'es. 
Source materials were annotated with regards to the anatomical site and patholog­
ical status of their SOI.Ice tissues. In cases vf'here the anatomical SOI.Ice was unclassi­
fiable, ceU type information was used. Bone marrowAJ!ood 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 tnsue sources were ignored, and pooled samples were 
kept as long as the pathok>gical and anatomkal status was kJentical for all donors 
(Sff Datd'>d S 1 for annotated libraries). 

in placenta, brain, testis, and developing ovary; their testis/placenta tissue 
specificity; their X vs. non-X chromosomal status; membership in a gene 
family; subceHular 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 CriterA for er candidnes. 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 
ESTkONA 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 
supported independently by 2 platforms. Identified candidates were ranked 
using the same approach used to classify known CT genes. To increase coverage 
of CT-X genes, a second genome-wide search was conducted requiring support 
from only a single platform. Candidates were selected for RT-PCR validation by 
manual curation, removing hypothetical proteins, predicted genes and candi­
dates with multiple publications indicating expression in somatic tis.rues. 

~ Expression information was organized into "pseudoarrays" ~=hR:n~ ~~=:ti;~r::;e:::~nc~~:i~i~;';:! :::=.: ~ 
~:::~~7ne::;:0;1 ~:~~:!i;~!~~n;:;:;~~~R~:~~-~~:1uci~~ {Qiagen)andwereusedtopreparecDNAforRT-PCR.Atotalof1.0µgofRNAwas 

~1;::'.:~f~~~~!~~r:~~=:.~~2:!~;~~;~~~::;~~~ ~~jfa';~T~~:~2"2~~:;:~;;~~~";7i~;:i 
cancer or unclassified) combined with pathological state and anatomical site. primers specific to each analyzed gene in a final volume of 25 µ.I... Primers used for 
To evaluate the relative levels of CT expression we converted expression PCRamplificationweredesignedtohaveanannealingtemperature-60 °Cusing 
signals from the 4 sources into "expression evidence": For CAGE- and MPSS- Primer3 software (www.genome.wi.mit.edu/cgi-binlprimer/primer3www.cgi) 
based expression data, expression evidence was based on detected tags per and were chosen to encompass intrans between exon sequences to avoid ampli-
million (TPM), with matches <3 TPM (-1 transcript per cell) filtered out. fication of genomic DNA. DNase treatment was undertaken before cONA syn-
Normalized and subtracted EST libraries prevent quantitaton of expression thesis to analyze intronless genes. Primers were designed to target all known 
stnmgth based on EST counts, therefore expression evidence is represented by variants of a gene in RefSeq and their specificity was confirmed by aligning with 
the number of cDNA libraries in which a given transcript was identified. the National Center for Biotechnology Information seq~e databases using 
RT~PCR results were manually binned into S groups of expression, ranging BtAST (www.ncbi.nlm.nih.gov.lblastlblast.cgi). Primer sequences and amplicon 
from 0 {not expressed) to 4 (strongty expressed}. For each expression source, sizes are provided in Ddtd,,,t \/. 
evidence values were normalized on a per-transcript basis by setting the JumpStart REDTaq ReadyMix (Sigma Aldrich) was used for amplification 
highest expression evidence in normal tissues to a value of 1, reflecting relative according to the manufacturer's instructions. Samples were amplified with a 
changes in expression levels across tissues and pathological states. Pseudoar- precyding hold at 95 •c for 3 min, followed by 35 specific cycles of denatur-
rays from the 4 expression sources were merged by summing the individual ation at 95 "C for 15 seconds, annealing for 30 seconds{10 cycles at 60 °C, 10 
expression evidence scores for a given transcript from each platform. Expres- cycles at 58 °C and 15 cycles at 56 •() and extension at 72 °C for 30 seconds 
sion profiles for multiple transcripts associated with the same gene were followed by a final extension step at 72 •c for 7 min. JJ-actin was amplified as 
mergedintoasinglerepresentation,keepingthehighestexpressionscoref control. PCR products were separated on 1.5% agarose gels stained with 
overlapping annotations. In arrays where annotation was "mer .... ~mide. For semiquantitative PCR anatysis, RT-PCR products were 

columns based on theirdass(e.g., all cancerexp~~essi~·io;~~·;~~if~i~~~jm;nlll'lf11~~·v~e)~t~o 4 (strongest signal) based on the intensity of the expression score across all annotated libraries od fr.iMR1 UMU ~a-stained gels. 

VisAliiatioll aMI Rallldng.. Genes were divided in e thank Dmitry Kuznetsov for providing access to the 

~a8;i!~e~7n~~a:er;~~8!i~~ ~;:::~::7,~ ::~~=-;;~;.;;,;;;;:;~~;;..._;~ genes and Erik~=!~~=: ~!~:O°:e~= 
only (testis-restricted); (ii) expression in testis, pl was supported by the South African 
(testis/brain-restricted), and (iii} all other genes ( nal Institutes of Health Stanford-South 
within each category was obtained by sorting r Global Health Grant TW-03-008; Atlantic Phil an· 

normal tissue specificity as measured by the c ~;::~~= ~~~ 0~~~'::c!~on~:i~~~~ 
expression evidence divided by all normal ex pre y of the Japanese Government (to Y. H.); and a 

visualized using MeV 4.0 {www.tm4.org). Cj~~~;;~~;;;~~;;~Eil§~!ei~tworl<i:Projectfrom the Ministry of Education, Culture, 
, Japan. This work was conducted as part of the 

Clltstertag Methods. Associations between ·s Initiative, funded by the Conrad N. Hilton 
tion were investigated by recording their assigned dass; presence or absence Foundation and the Ludwig Institute for Cancer Research. 
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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 is no anatomical 

system information 

• Exception: keep ~-~~~~~~i§f~ anatomical system for 

'fibroblastlsynoviulnii;;mlftil•Til111T•n:i11Srl' 

Remove column if annotalJiNslrr 
7 ~ ~alllf thf! 

\\1ESTERN C1\PE 
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 

189 



https://etd.uwc.ac.za/

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 

' j 

3 
~ -
' ' 

' 
j _. 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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