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SUMMARY

Summary

The every day response of our immune system is a delicately balanced system
between protecting the body of foreign pathogens, such as worms, viruses,
infections and other intruding particles on the one side and tolerating the
cells of our body on the other side. This balance is conducted by educating
the T cells of the immune system during their development in the thymus
upon their specific T cell receptors (TCRs) on MHC molecules of the thymic
stroma cells. During their development T cells undergo two checkpoints,
the positive selection in the cortical part of the thymus on ctecs (corticular
thymic epithelial cells) and the negative selection in the medullary part of
the thymus on mtecs (medullary thymic epithelial cells).

While in the first step the TCR is tested to react at all to self MHC molecules
on ctecs, in the second step the TCR is outselected if it reacts too strong to
self MCH molecules loaded with self antigens on mtecs. This is an important
step in order to make sure that T cells and with them the immune system
tolerates self antigens and does not attack the body itself. This way it learns
how to discriminate between self and foreign in order to ensure a healthy
life of the individual. The peptides loaded to the self MHC molecules on
mtecs are called tissue-restricted antigens (TRAs) and represent all tissues
of our body.

If this presentation and selection procedure is disturbed, the individual suf-
fers of severe autoimmune diseases, in which the immune system attacks the
body. Therefore the study of TRAs is most important for the medical study
of autoimmunity. In former times it was thought that TRAs are located on
chromosomes in a random fashion and are also randomly presented upon
surface molecules on mtecs such as MHC molecules. In this thesis we could
prove that the localization on a chromosomal level of TRAs is not at all ran-
dom, but rather organized in so called TRA clusters and furthermore also
other genes of a common function are not randomly scattered but ordered
in a chromosomal context. We could also show that the gene order is not
only due to gene duplication, which was often argued in the past and might
give insight into gene regulation in general.

One of the regulatory elements of TRA expression is known as the autoim-
mune regulator (AIRE). We calculated overlaps of AIRE regulated genes
with our TRAs and found out that some, but not all TRAs are AIRE regu-
lated, which highly suggests that there might be more transcription factors
besides AIRE involved in the formation of central self tolerance.

With this thesis I could contribute to the elucidation of more knowledge
about central self tolerance, tissue-restricted antigens, gene order and gene
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SUMMARY

expression in terms of chromosomal clustering of functionally related genes
in general and TRA-DB is a useful tool which can also be used in the de-
velopment of an immune therapy against cancer, since the problem of au-
toimmunity is a severe danger in the immunotherapy treatment in cancer
patients.
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ZUSAMMENFASSUNG

Zusammenfassung

Jeden Tag in unserem Leben hat unser Immunsystem die Aufgabe, das fein
ausbalancierte System zwischen dem Schutz unseres eigenen Körpers gegen
Pathogene, wie Würmer, Viren, Infektionen und anderen Fremdpartikeln
auf der einen Seite und der Toleranz unseres eigenen Körpers, unserer eige-
nen Zellen und unserer eigenen Gene auf der anderen Seite zu führen. Diese
Balance zu halten wird dadurch erreicht, dass T-Zellen unseres Immunsys-
tems während ihrer Entwicklung im Thymus aufgrund ihres spezifischen
T-Zell Rezeptors (TCR) anhand der umliegenden Thymus-Stroma-Zellen
selektiert werden. Während ihrer Entwicklung durchlaufen sie zwei Check-
points, den der positiven Selektion auf kortikalen Thymus-Epithel-Zellen
(cTECs) und den der negativen Selektion auf medullären Thymus-Epithel-
Zellen (mTECs), anhand derer sie sowohl auf Reaktivität (positive Selek-
tion) als auch auf Selbst Toleranz (negative Selektion) aussortiert werden.

Bei der positiven Selektion auf cTECs wird der spezifische T-Zell Rezep-
tor auf selbst MHC Molekülen getestet, ob er überhaupt reagiert und bei
der negativen Selektion wird er auf selbst-MHC Molekülen getestet, die mit
Selbstantigenen beladen sind. Dieser zweite Schritt der negativen Selektion
ist essentiell, um sicher zu gehen, dass unsere eigenen T-Zellen und damit
unser gesamtes Immunsystem unsere eigenen Gewebe toleriert und nicht an-
greift. Damit wird auch sichergestellt, dass unser Immunsystem den Körper
beschützt, aber selbst nicht als fremd erkennt und hierzwischen unterschei-
den lernt. Die Gene, die hierzu nötig sind, heissen gewebe-spezifische Anti-
gene (TRAs). Sie repräsentieren sämtliche Gewebe des eigenen Körpers und
werden auf medullären Thymus-Epithelzellen auf selbst-MHC geladen und
den sich entwickelnden T-Zellen präsentiert.

Wenn in diesem Selektionsprozess irgendetwas falsch läuft, können schwere
Autoimmunerkrankungen die Folge sein. Während man früher davon aus-
gegangen ist, dass Gene generell und insofern auch TRAs eher zufällig im
Genom verteilt sind, so geht man heutzutage davon aus, dass Gene, die funk-
tionell gekoppelt sind gruppiert vorliegen und daher gemeinsam reguliert
werden können. In dieser Arbeit konnten wir zeigen, dass gewebe-spezifische
Gene chromosomal gruppiert vorliegen, in medullären Thymus-Epithelzellen
insofern gemeinsam reguliert werden können und die Natur einzelner dieser
TRA-cluster im Detail dargestellt. Ferner konnten wir zeigen, dass auch
andere funktionell gekoppelte Gene gruppiert vorliegen und dies eine all-
gemeine Genorganisation darstellen könnte. Während einer der Transkrip-
tionsfaktoren, AIRE, bekannt ist, so scheint er aber nur einen Teil der hier
gefundenen gewebe-spezifische Antigene zu regulieren. Es wäre interessant
zu untersuchen, ob noch weitere Faktoren hier involviert sein könnten.
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ZUSAMMENFASSUNG

Die systematische Untersuchung gewebe-spezifischer Antigene hat es uns in
dieser Arbeit möglich gemacht, weitere für Autoimmunerkrankungen wichtige
Gene herauszufinden, ebenso wie das Auffinden weiterer wichtiger Gene, wie
der Cancer-Testis Antigens (CTAs), die für eine Immuntherapie in Krebs
wichtig sein können. Das Verständnis der zentralen Selbsttoleranz ist auch in
diesem Kontext von grosser Wichtigkeit, da man nicht gegen ein Gen impfen
kann oder das Immunsystem stimulieren, das bereits eine ausgeprägte Selb-
sttoleranz aufweist. Dies hat in der Vergangenheit zu einigen Fehlschlägen
in der klinischen Anwendung bekannter CTAs geführt, wie im Falle von
MUC1, ebenso wie in CEACAM6.

Ich konnte mit dieser Arbeit einen weiteren Schritt aufklären, wie die zen-
trale Selbsttoleranz funktioniert, welche Gene hier involviert sind, wie diese
reguliert sein könnten und somit zur weiteren Aufklärung von Autoim-
munerkrankungen beitragen, und hoffentlich später auch klinisch relevante
neue Faktoren (Gene) finden, um Autoimmunerkrankungen in der Zukunft
zu heilen.

v



LIST OF ABREVIATIONS AND GLOSSARY

List of Abbreviations and Glossary

ACKR4 atypical chemokine receptor 4
adaptive im-
mune system

aquired immune system after the birth, including lym-
phocytes, B cells, T cells and NK cells.

Affymetrix
chips

Affymetrix microarrays by Affymetrix, Santa Clara,
CA.

AIRE autoimmune regulator
antibody secreted form of B cell specific BCR, immunglobulin,

in 5 different allotypes, IgG, IgM, IgE with different
effector functions.

APC antigen presenting cell
APECED autoimmune polyendocrinopathy candidiasis ectorder-

mal dystrophy syndrom
autoimmunity phenomenon, where the immune system attacks the

body, illness.
autoimmune
disease

Illness, where the immune system attacks the body.

B cells immune cells, which derive in the bone marrow with
their specific B cell receptor, and diferentiate upon
stimulation to antibody producing plasma cells, B
memory cells or regulatory B cells.

BCR B cell receptor
Bioconductor Bioconductor is an open software project for biol-

ogists, statisticians and bioinformaticians, supplying
the CRAN network with biological applications.

BM bone marrow is the place, where all precursors of the
immune system derive, develope and outmigrate at
one point in their life.

Brainarray platform for microarray annotations.

CBP creb binding protein
CCL17, 19, 22 chemokine C-C ligand 17, 19, 22
CCR4 C-C chemokine receptor type 4, 7
central self tol-
erance

self tolerance of T cells established through the nega-
tive selection of T cells in the thymus.

cell cycle genes genes of the cell cycle, used as a control group for
chromosomal clustering of TRAs.
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LIST OF ABREVIATIONS AND GLOSSARY

chromosomal
clustering

chromosomal clustering is here refered to as a gene
order in direct neighborhoods of genes, which is orga-
nized in a higher manner, than random gene lists of
the same length.

CLP common lymphoid progenitor cell
CMP common myeloid progenitor cell
conservation of
TRAs

TRAs and clustering of TRAs is evolutionary con-
served among different species.

cTECs corticular thymic epithelial cells

DC dendritic cells, immune cells specialized for antigen
uptake

DLL4 delta ligand 4
DN double negative state (T cells)
DNA desoxy ribonucleic acid, the four letter code of the

genome, consisting of the four bases A, C, G and T
DP double positive state (T cells)

Ensembl
Biomart

Ensembl Biomart - annotation server for gene anno-
tation by the Ensembl database.

ETP early thymic progenitor cell
evolutionary
tree

TRA clustering was also tested down the evolutionary
tree

FasL fas ligand
FOXP3 forkhead box protein P3

gene duplica-
tion

chromosomal clustering of TRAs is not only due to
gene duplication

GEO, gene
annotation
omnibus

database to store microarray data.

GMP granulocyte megacaryocyte progenitor cell
granulocytes granulocytes belong to the native immune system.

They stimulate the adaptive immune system and re-
act to infected cells, inflammations and intruding
pathogens.

GTEX The GTEX dataset is a human NGS dataset provided
by the GTEX consortium, here used as the prepro-
cessed RPKM values

hematopoesis hematopoesis is the blood forming system in which for
example the immune cells develope.
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LIST OF ABREVIATIONS AND GLOSSARY

HSC The hematopoetic stem cell, is the pluripotent precur-
sor cell of all blood cells and all cells of the immune
system.

housekeeping
genes

housekeeping genes is the opposite of tissue specific
genes, genes which are expressed basically in all tissues
used for housekeeping functions.

intrahuman
variability

The intrahuman variability reflects the variation in
gene expression between human individuals, very
nicely shown in the GTEX dataset.

lymphocytes white blood cells, T cells, B cells and NK cells

MEP megakaryocyte erythrocyte progenitor cell
microarrays gene chips, where extracted RNA is transverted into

cDNA, labeled with flourescent dyes and measured
upon gene expression

MHC major histo compatability complex, surface protein on
cTECs, mTECs and other cells of the body

MHC I MHC I proteins
MHC II MHC II proteins
MHC loading
prediction

netMHC and netMHCpan are MHC loading predic-
tion tools, programmed by binding affinities on the
basis of neuronal networks

MHC locus gene locus with a highly diverse type of MHC accoci-
ated genes

MPP myeloid pluripotent progenitor cell
mTECs medullary thymic epithelial cells
myeolocites immune cells of the myeloid lineage, granulocytes, ery-

throcytes

negative selec-
tion

selection procedure where T cells are selected upon
self MHC plus self antigen, which in case of too strong
binding are induced to undergo apoptosis.

NIK NFκB inducing kinase
NK cells natural killer cells, belong to the adaptive immune sys-

tem
Novartis
dataset

The Novartis foundation provided the here used hu-
man, mouse and rat microarray dataset

macrophages macrophages are cells of the innate immune system,
which phagocyte pathogens as well as cells, which are
out of function, in an healthy individual for example
cancer cells as well as infected cells.
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LIST OF ABREVIATIONS AND GLOSSARY

Illumina chips Illumina microarrays, bead arrays with labeled cDNA
on beads, here preprocessed by the bead studio, an
Illumina internal program for preprocessing

immunglobulin Ig, protein of the antibodys, secreted form of the B
cell receptor

Lattin dataset The Lattin dataset is a murine microarray dataset,
published by Lattin et al. 2008

LPS lipopolysaccharide

pathogens pathogens are worms, bacteria, viruses, funghi and
parasites.

peripheral tol-
erance

peripheral tolerance is induced through stimulation of
T cells to Treg cells, suppressing the immune answer
to the specific antigen.

Perl Perl is a free and platform independent scripting lan-
guage, which can be easily used for biological applica-
tions, for example with packages, like bioperl.

positive selec-
tion

selection procedure of T cells upon self MHC molecules
in the corticular part of the thymus, which in the pos-
itive effect leads to a survival signal and further devel-
opment of T cells.

R, CRAN R is an open source programming language under the
GNU licence for statistical data analysis, which can
be downloaded from the CRAN home page, CRAN
stands for the Comprehensive R Archive Network, R
packages can be sustained by Bioconductor packages,
see above

RNA ribonucleic acid, four letter code, A, C, G, U
RMA normal-
ization

rma normalization, first normalization method devel-
oped for the normalization of microarrays

Roth dataset The human Roth dataset is a microarray dataset used
in this study

SCF stem cell factor
self tolerance self tolerance is the system where the immune system

protects the body and does not attack its tissues or
cells.

shell script shell scripts are little programs, which can be run on
the unix shell and direct other programs, such as R,
Perl and Python

SIR sphingosine-1-phostphate receptor
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SP single positive state (T cells)
T cells immune cells, which derive from the bone marrow and

further develope in the thymus
TCR T cell receptor
thymus organ behind the heart, where T cells are selected
TLR toll like receptor
TRA tissue-restricted antigens
TRA-DB TRA-DB is database with tissue-restricted antigens
TRAF6 TNF receptor associated factor 6
Treg regulatory T cells, which suppress the immune answer

in the peripheral self tolerance [203].

vsn normaliza-
tion

variance stabilization normalization, developed by Hu-
ber et al. for microarrays
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1 INTRODUCTION

1 Introduction

1.1 The immune system and autoimmunity

The subject of immunology, the science of the human and vertebrate im-
mune system, came into focus when Edward Jenner performed in 1796 the
first vaccination against smallpox. He vaccinated a human with the cowpox
virus and could this way start a process that finally proved to erase the
illness of smallpox [176]. In 1876 Robert Koch discovered that microbes can
cause diseases. In 1876 he found Bacillus anthracis, and in 1882 Mycobac-
terium tuberculosis. In 1878 Paul Ehrlich described the first immune cells,
the mast cells, in his doctoral thesis [332, 42]. Over the years, immunology
became widely accepted.

The human immune system is composed of the innate immune system, which
is fully established at birth, and the adaptive immune system, which has to
be acquired after birth. While cells of the innate immune system recognize
conserved structures, for example components of bacterial cell walls, the
adaptive immune system is regulated through stimulation of its cell surface
receptors, such as T cell and B cell receptors. In 1890 Emil von Behring
could demonstrate the first antibody activity opening up the field of humoral
immunity [192]. In 1961 Mac Farlane Burnet found out that antibodies are
the secreted B cell receptors which resolved a long standing discussion be-
tween two groups of scientists over many years [79].

The cells that make up the adaptive immune system are lymphocytes, which
derive from a common hematopoietic stem cell (HSC) in the bone marrow
(BM), to differentiate into T cells, B cells, and natural killer cells (NK cells).
Cells of the innate immune system are dendritic cells (DCs), macrophages,
granulocytes and also a subgroup of natural killer cells, which can be counted
to both systems [201]. While B cells remain for their final development in
the bone marrow, T cells migrate to the thymus and further differentiate
there. Both T cells and B cells have their individual surface receptors which
are highly variable and can thus recognize foreign antigens.

While the immune system has to protect our body from intruding pathogens,
such as worms, bacteria, viruses, fungi and parasites, it has to tolerate on
the other side our body and its own tissues. This requires that the adaptive
immune system learns and understands how to discriminate between foreign
and self [214]. If this learning of so-called self-tolerance is not well function-
ing, the individual will suffer from multiple autoimmune diseases, which are
in many cases very harmful. There are two main tolerance mechanisms, the
central self-tolerance, where potentially autoreactive T cells are eliminated
in the thymus, if they react and bind too strongly to self-antigens, and the
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peripheral tolerance, where autoreactive T cells are induced to become inert
or develop into regulatory T cells. These two main mechanisms stabilize the
human immune system in order to protect our self [408].

In order to detect and destroy auto-reactive T cells, auto-antigens need to
be presented in the thymus. This is mediated by key mechanisms. The auto
immune regulator AIRE promotes promiscuous gene expression in medullary
thymic epithelial cells (mTECs). Tissue-restricted antigens (TRAs) can also
be cross-presented in the medullary part of the thymus on thymic dendritic
cells (DCs). Both result in presentation of self-antigens to developing T cells
for negative selection of potentially autoreactive T cells [214, 102].

Promiscuous gene expression of tissue-restricted antigens means that other-
wise tissue-specifically expressed genes are commonly expressed in mTECs
in the thymus and are presented to developing T cells. In case of a too
strong binding of the antigen-specific T cell receptor (TCR), T cells are co-
stimulated by an apoptosis signal and are selected out before being released
into the peripheral blood [214].

T cells are also positively selected in the cortical part of the thymus, where
they are presented to self antigens bound to MHC ligands and receive a co
stimulatory survival signal in case of strong enough binding [204]. Only 5%
of all developing T cells survive both selection procedures [214]. The com-
mon hematopoietic stem cell (HSC) in the bone marrow gives not only rise
to T cells, B cells or other immune cells, but also to erythrocytes as well
as platelets. While erythrocytes are important for oxygen transport in the
blood, platelets are needed for blood clotting and wound healing. For an
overview of the hematopoietic system please refer to Fig. 1.1.

1.1.1 Hematopoiesis

Hematopoiesis is the formation of the blood cells which constitute a major
part of the immune system. It occurs during embryonic development as well
as during the adult life [175]. It starts with the development of the totipo-
tent and self-renewing hematopoietic stem cell (HSC) in the bone marrow,
which differentiates into all immune cells as well as into erythrocytes and
platelets [201]. In all vertebrate species the hematopoiesis starts already in
early embryogenesis. It involves two waves of developing blood cells, the
primitive wave and the definitive wave [124]. The primitive wave involves
erythroid progenitor cells, which give rise to erythrocytes and macrophages
whose purpose is to produce red blood cells in order to oxygenate the em-
bryo [279]. The primitive wave is only transitory, and soon replaced by the
definitive wave, its progenitor cells are not pluripotent and do not renew
themselves in contrast to the hematopoietic stem cell of the adult organism.
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In humans hematopoiesis is starting in the yolk sac, continuing in the liver
and finishing up in the bone marrow and thymus. The hematopoietic stem
cell (HSC) is, in contrast to its offspring, the only self-renewing immune cell
and is present in close proximity to endothelial cells [379].

In primitive hematopoiesis the main transcription factor is GATA1, which
drives the development of the HSC into the lymphoid lineage, while the
transcription factor PU.1 propagates the development into the myeloid lin-
eage. Both indirectly supress the other line of development [55, 345]. In the
adult hematopoiesis Runx1 is a transcription factor which is needed for the
development of both the myeloid as well as the lymphoid lineages. While the
hematopoietic stem cell is the last self-renewing cell, its offsprings are further
differentiated and lineage-commited cell lines. Both Wnt as well as Notch
signalling may play a role in the self renewal of HSCs. While the influence
of Notch signalling is well perceived, the role of Wnt signalling is still under
debate. Besides these two signalling pathways also the microenvironment
plays a major role in hematopoiesis of HSCs, and the bone marrow seems
to be a suitable niche for the development of the blood forming system [175].

The first offspring of the hematopoietic stem cell is the multipotent pro-
genitor cell (MPP) (Fig. 1.1). It has, in contrast to the hematopoietic stem
cell, only a limited repopulating capacity as well as a finite self-renewing
potential. The MPP can commit either to the lymphoid or the myeloid line
[201]. First MPPs loose their commitment to the megakaryocyte/erythro-
cyte lineage (MEP) megakaryocyte-erythrocyte progenitor cell, next they
loose their commitment to the myeloid line (CMP and GMP), the com-
mon myeloid progenitor cell, as well as the granulocyte-macrophage progen-
itor cell and last it differentiates into the common lymphoid progenitor cell
(CLP), which gives then rise to T cells, B cells and NK cells. The differenti-
ation step between B cells and T cells is mainly influenced by transcription
factors. The feed-forward regulatory cascade of the B cell development is
mainly driven by PU.1, E2A, EBF1 and Pax5. EBF1 is the main transcrip-
tion factor of the B cell line, regulated through IKAROS, E2A and PU.1
and extrinsic IL-7 signaling, and represses the myeloid genes while ensuring
a stable B cell commitment [315].

While the determination of the B cell lineage is defined early in their de-
velopment, the differentiation of the T cell line is more dependent on envi-
ronmental factors of the thymic microenvironment. In the case of T cells
the main lineage commitment is driven by Notch receptor signaling which is
stimulated by Delta-like 1 and 4 expressing cortical thymic epithelial cells
(cTECs). Through its signaling, lymphocyte progenitor cells (LMPPs, lym-
phocyte multipotent progenitor cells) are turned into the pro T cell devel-
opmental program, which activate the typical T cell genes GATA3, TCF7,
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while suppressing EBF1, E2A and PU.1 of the B cell line and ID2 of the
NK cell line [315]. Whether or not lineage commitment is unidirectional is
still an ongoing question [340].

1.1.2 T cell development in the thymus

The thymus is the final site of T cell differentiation. It is located right
behind the heart. Lymphoid progenitor cells are attracted to the thymus
via chemokine signalling. The seeding of T cells both in the fetal thymus
as well as in the adult thymus is occuring in waves and conducted mainly
by the expression of CC-chemokine ligands CCL21, CCL25 and its equiv-
alant receptors CCR7 and CCR9 on lymphoid progenitor cells [377]. In the
adult thymus the thymic seeding of T cells is also guided through the ex-
pression of P-selectin and its PSGL1 ligand on thymic endothelial cells [326].

After entering the thymus, developing T cells go through different stages,
starting with the double negative (DN) CD4– CD8– state. They show, be-
sides CD4– and CD8– during this time, a CD25+ CD44– phenotype, the
DN3 state, and move attracted by chemokine signalling from the cortico-
medullary junction to the subcapsular zone [377]. This movement is guided
by Notch-mediated signaling, binding to Delta ligands, as well as by IL-7.
During this developmental step they rearrange their TCR beta chain, and
only T cells with an in-frame rearrangement can go on in their development.
It is a two-sided interaction of signalling and development between thymic
epithelial cells and developing thymocytes which helps them to differentiate
and to interact. Also the immune cells help the cortical thymic epithelial
cells (cTECs) to differentiate by expressing keratin 5 and keratin 8, which
are important for the maturation of cTECs [377].

During the outward movement of T cells to the subcapsular zone the chemokine
receptors CXCR4, CCR7 and CCR9 play a role, and the assembly of the
TCR beta chain together with the pre-TCR alpha chain forms the pre-TCR
complex. Double negative T cells go over into the double-positive state ex-
pressing a TCR alpha beta antigen receptor [377]. Through a low-avidity
interaction between DP T-cells and cortical thymic epithelial cells (cTECs),
T cells get positively selected and can move on into the medullary part of
the thymus [43]. About 3-5% of all cells survive this positive selection pro-
cedure [110, 138].

After the positive selection T cells develop into CD4+ CD8– or CD4– CD8+,
single-positive (SP) T cells. Through the expression of the chemokine re-
ceptor 7 (CCR7) they are attracted to the medullary part of the thymus,
completing their journey and final development. Besides the interaction
with thymic epithelial cells, mostly mTECs, they interact also with accom-
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Figure 1.1: Hematopoiesis: All immune cells derive from a common
hematopoietic stem cell (HSC) in the bone marrow, which then further dif-
ferentiate into a common myeloid progenitor cell (CMP) and a common
lymphoid progenitor cell (CLP). While the CLP gives rise to cells of the
adaptive immune system, such as T cells (TCs), B cells (BCs) and NK
cells, the common myeloid progenitor cell differentiates into a granulocyte
macrophage progenitor cell (GMP) and a megakaryocyte erythrocyte pro-
genitor cell (MEP). The GMP gives rise to the cells of the innate immune
system, such as granulocytes and macrophages, the MEP forms into platelets
for blood clotting as well as wound healing and into erythrocytes, which are
important for the oxygen transport in the body. (Figure taken from King
et al. 2011 [201], reprinted with permission by Springer Nature).
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panying stromal cells, such as dendritic cells (DCs) and macrophages. In
addition to the above cited chemokines other factors, such as NFκB, the
lymphotoxin-β-receptor (TRAF) and NFκB inducing kinase (NIK) play a
critical role [377, 37, 9].

During this journey developing thymocytes spend about twelve days only in
the medulla, highlighting the fact that the interaction with thymic epithelial
cells is very critical. Besides CD4+ and CD8+, developing thymocytes also
express the L-selectin CD62L as well as the P-selectin CD69. While CD4+
T cells later on in their development develop into T helper cells, CD8+ cells
develop into cytotoxic T cells. Besides these two subgroups the third major
subgroup of T cells are the Foxp3+ regulatory T cells. These are also at-
tracted to medullary stroma cells such as DCs and Hassals’s corpuscles via
chemokine signalling, mainly by CCL17 and CCL22 binding to the surface
receptor CCR4 [119, 10, 249]. The role of regulatory T cells is in contrast
to T effector cells such as CD4+ and CD8+ T cells is to down-regulate the
immune system, rather than to stimulate it (Fig. 1.2).

1.1.3 Central self tolerance

During their journey through the thymus, T cells reshuffle their T cell re-
ceptor. Through a recombination of different genes, the potential T cell
specificity is very high. This has a drawback to create also T cell recep-
tors without the right specificity for self-MHC as well as to the potentially
overreact towards self-antigens. In order to ensure a sufficiently diverse T
cell pool, but avoid autoimmune diseases, T cells undergo two checkpoints,
the positive selection in the cortical part of the thymus and the negative
selection in the medullary part of the thymus. Only 5% of all T cells survive
this selection procedure [377].

While T cells are tested upon self MHC in the positive selection, they are
selected upon self-MHC-self antigen ligand in the negative selection. In case
of not binding strongly enough to self MHC on cTECs, T cells do not get a
survival signal and undergo a death by neglect. In case of too strong bind-
ing to self-MHC-self-antigen on medullary thymic epithelial cells, T cells
get an apoptosis signal and are induced to undergo apoptosis or are turned
into regulatory T cells. In addition to the central-self tolerance there is also
peripheral tolerance outside the thymus, where T cells can be induced to
become inert.

In the process of negative selection tissue-restricted antigens are expressed
“ectopically” in the thymus representing otherwise externally expressed tissue-
restricted antigens. This “promiscuous gene expression” was first detected
in 1994, where the first self-antigen was found to be expressed in the thy-
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Figure 1.2: Developing T cells in the thymus: After entering through
blood vessels, the developing T cells are migrating through the thymus.
They undergo two main checkpoints, the positive selection in the cortical
part of the thymus, and the negative selection in the medullary part of the
thymus. During this time the T cells are reshuffling their T cell specific T
cell receptors (TCRs), passing by corticular thymic epithelial cells (cTECs),
dendritic cells (DCs) as well as medullary thymic epithelial cells (mTECs).
During this time the T cells pass different stages by the presence or absense
of their surface receptors, the double-negative stage (DN, CD4– CD8–), the
double-positive stage (DP, CD4+ CD8+), and the single positive stage (SP)
depending on their specificity CD4+ for the T helper cells, or CD8+ for
the cytotoxic T lymphocytes. After passing the journey through the thymus,
the differentiated T cells are released into the peripheral blood. (Figure
taken from Klein et al. 2009 [204], reprinted with permission from Springer
Nature).
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mus (Pugliese et al. 1994). This finding of the first rat insulin important
in autoimmune diabetes type 1 was followed by the finding of more tissue-
restricted antigens in the following years. Among them are the insulin gene
(INS) in the mouse, glucagon (GLC), the pancreatic polypeptide (PP), so-
matostatin, trypsin as well as the elastase tissue-specific for the pancreatic
islet cells [184], the myelin basic protein (MBP), albumin, GABDH, the
thyreoglobulin (TG), the thyroid peroxidase (TPO) [366], the acetylcholine
receptor (ACHR), IRBP, CRP and the SAP gene, the myelin oligodendro-
cyte glycoprotein (MOG), and IA2 gene [333, 202, 98].

Through finding of the proteolipid protein PLP expressed in the thymus,
which is tissue-specific for the central nervous system and involved in mul-
tiple sclerosis, alternative splicing came into the focus of tissue-specific gene
expression [203]. The finding of the autoimmune regulator AIRE finally
explained how this gene regulation of tissue-restricted antigens in the thy-
mus might be regulated, since AIRE regulates many TRAs in the thymus
[265, 4, 99, 16].

In 2004 Gotter et al. found that tissue-restricted antigens are clustered on
a chromosomal level. They described that most TRAs represent different
tissue-types of the body. In 2005, Derbinski et al. found that in the differ-
entially expressed genes between mTECs and cTECs most genes are colo-
calized in chromosomal clusters. Three of these gene clusters of size up
to sixteen genes in a cluster were studied in further detail. This includes
the kallikrein cluster on chromosome 7 in the mouse, the S100 cluster on
chromsome 3 in the mouse and the casein locus on chromosome 5 in the
mouse. Many of these genes they found to be AIRE -regulated. Also John-
nidis et al. 2005 found chromosomal clustering of genes controlled by AIRE
[144, 99, 182].

1.1.4 The autoimmune regulator (AIRE)

The autoimmune regulator AIRE has been first discovered by the Finnish-
German APECED Consortium in 1997 [1]. AIRE has been linked to the
failure of central self-tolerance and thus the establishment of multiple au-
toimmune diseases. Mutations in AIRE have been reported to be linked
to APECED (autoimmune polyendocrinopathy-candidiasis-ectodermal- dys-
trophy) as well as to APS-1 (autoimmune polyendocrine syndrome type 1),
an autoimmune failure in many different tissues of the body [265]. The
murine equivalent AIRE has been found in 1999 by positional cloning with
three different splice variants [409], and it was found to be expressed in the
thymus [33]. Also the authors noticed its gene expression to be an important
factor in hematopoiesis [260]. In addition, the gene expression of AIRE has
also been found in other immunological relevant tissues, such as the lymph
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nodes, spleen as well as in the fetal liver. A role of AIRE in the induction
of immune tolerance has been suggested [155, 205].

AIRE is a transciption factor, whose encoding gene is 500kb long [265],
including two zinc finger domains and one SAND domain [131]. It is a
chromatin-associated protein, which remodels chromatin folding [131]. AIRE
interacts with many other associated proteins, such as the common tran-
scriptional coactivator CREB-binding protein (CBP). It recruits further
transciption factors such as Jun, Fos, NFκB and STAT and this way en-
hances transcriptional regulation [299]. Heino et al. found 42 different mu-
tations in the AIRE protein in 200 APECED patients, which caused ad-
dison’s disease, hypoparathryroidism and type-1 diabetes [156]. In 2001
Kumar et al. suggested that recombinant AIRE oligomerizes spontaneously
upon phosphorylation with the cAMP dependent protein kinase A or C and
forms dimers [213].

Through systematic studies on AIRE knock-out mice both Anderson et
al. 2002 as well as Derbinski et al. 2001 found that the transcription factor
AIRE regulates a battery of tissue-restricted antigens, whose failure results
in multiple autoimmune diseases. They suggested for this the role of AIRE
in the negative selection of T cells in the thymus [16].

In the last couple of years AIRE has been intensively studied, it acts in
concert with several other proteins, such as CBP, the poly ADP ribose
polymerase 1 (PARP-1), the topoisomerase 2a (TOP2A), the positive tran-
scription elongeation factor (p-TEFb) and many others (Fig. 1.3).

1.2 Tissue-restricted antigens (TRAs)

Tissue-restricted antigens (TRAs) are genes which are highly expressed in
a few tissues of the body in comparison to other tissues. They stand in
contrast to housekeeping genes, which are expressed in many tissues of the
body. Tissue-restricted antigens are important to characterize the protein
content of certain tissues, but also in understanding autoimmune diseases.
TRAs are “promiscuously” expressed in the thymus and presented to T cells
on MHC II molecules by medullary thymic epithelial cells (mTECs). T cell
depletion is taking place under the influence of apoptotic signals and will
remove all autoreactive T cells [214, 102].

In case of AIRE deficiency, or other regulatory problems of the negative
selection, e.g. a destructive disorder of the thymic microenvironment or de-
ficiencies in other transcription factors affecting the TRA expression, such
as Sirt1, autoimmunity is the result. The first to detect the expression of
tissue-restricted antigens in the thymus was the group of Jolicoeur et al. in
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(a)

(b)

Figure 1.3: The autoimmune regulator AIRE: (a) The autoimmune
regulator AIRE upregulates the transcription of tissue-restricted antigens in
medullary thymic epithelial cells (mTECs). It binds to ummethylated Lys4
of histone H3 (H3K4me0) on the chromatin and interacts with a group of
chromatin-bound proteins which promote transcriptional elongeation (P-
TEFb) and DNA double strand breaks (DNA-PK). The Protein Sirt1
deacetylates lysine in AIRE and this way promotes TRA expression, while
CBP, the CREB binding protein acetylates AIRE and opposes the TRA
transcription. AIRE works together with the DNA dependent protein ki-
nase (DNA-PK), the RNA polymerase, RNA Pol2, the topisomerase 2a
(TOP2A). (Figure taken from Peterson et al. 2015 [294], reprinted with kind
permission from Springer Nature). (b) The variety of tissue-specificity of
TRAs that are regulated by AIRE. (Figure taken from Kyewski et al. 2004
[214], reprinted with permission from Springer Nature).
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1994. They found the expression of a Tag antigen in pancreatic β cells in the
thymus and could also show that the insulin gene involved in diabetes type I
is virtually expressed in thymic epithelial cells. From this they conclude that
gene expression of tissue-restricted antigens in the thymus could generally
play a role in the selection of autoreactive T cells and prevent autoimmune
diseases [184].

Further tissue-restricted antigens have been found to be expressed in the
thymus in the following years, for example the human C reactive protein
(hCRP), as an acute phase protein of the hepatocytes. For this they also
discovered that a certain threshold in order to eliminate autoreactive T
cells is necessary (avidity model) [202, 203]. This finding was providing the
importance of central-self tolerance versus peripheral tolerance for the dele-
tion of autoreactive T cells. Gene expression of the C reactive protein in
the thymus in their study led to the physical elimination of the autoreac-
tive T cell. This clonal deletion of T cells is of major importance for the
establishment of central self tolerance. Furthermore they observed a recep-
tor down-regulation as well as a functionally inactivation of the responding
T cells. Tissue-restricted antigens were presented to T cells on MHC II
molecules on medullary thymic epithelial cells as well as on dendritic cells
through cross-presentation [202, 203].

Visan et al. could show this phenomenon for another tissue-restricted anti-
gen in 2004, the myelin protein zero, which is over-expressed in the thymic
periphery, and its gene expression is coupled to the autoimmune disease of
motor sensory neuropathy, a disorder of the peripheral nervous system lead-
ing to severe neurological disabilities [404]. In the meantime Anderson et
al. as well as Klein et al. found that the myelin proteolipid protein (PLP) in-
volved in multiple sclerosis (MS) is also expressed ectopically in the thymus
[203, 14].

All these observations taken together led to the conclusion that the expres-
sion of tissue-restricted antigens (TRAs) in the thymus is a physiological
property of the thymus, especially in the medullary part of the thymus and
particularly in medullary thymic epithelial cells (mTECs) [214]. Derbinski
et al. found more self antigens, such as GAD65, S100, Insulin and other
molecules to be expressed “ectopically” in the thymus as well as being in-
volved in autoimmune diseases [98].

Knock-out of the transcription factor AIRE in mice led to the detection
of all genes up- and down- regulated in mTECs [16, 99]. Furthermore the
“terminal differentiation model” proposed by Derbinski et al. [98, 214] has
been shown to be true in terms of tissue-restricted gene expression by MHC
II hi, CD 80 hi mTECs versus MHC II lo, CD 80 lo mTECs [297]. The
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number of genes upregulated as well as the number of AIRE upregulated
genes raises from cTECs to mTECs and within the mTEC pool from MHC
II lo CD 80 lo towards MHC II hi CD 80 hi most differentiated mTECs [297].

Velculescu et al. found the first tissue-restricted antigens. Some of them have
been annotated already during this time to be tissue-specific for the colon,
such as the guanylate cyclase activator (GUCA2B) [401], the pregnancy-
specific beta 1 glycoprotein 6 (PSG6), tissue-specific for the placenta, the
aquaporine 8 (AQP8), tissue-specific for the large intestine, and placenta,
the alkohol dehydrogenase 1 (ADH1A), tissue-specific for the liver, LY6H
tissue-specific for the central nervous system, the myelin-associated oligo-
dendrocytic basic protein (MOPB) tissue- specific for the central nervous
system, the Ll-cadherin (CDH17) tissue-specific for the large intestine as well
as the calmodulin-stimulated phosphodiesterase (PDE1B1), tissue-specific
for the central nervous system [401].

1.3 Housekeeping genes

Housekeeping genes are genes which are expressed in many if not all tis-
sues and thereby stand in contrast to tissue-restricted genes. Housekeeping
genes are thought to fullfill housekeeping functions [52]. Housekeeping genes
have several times been tried to be defined. She et al. found 1,522 house-
keeping genes and defined them as genes with a low variance [348]. Lercher
et al. declared housekeeping genes to be strongly clustered in human and
showed that housekeeping genes evolve much slower than tissue-restricted
genes due to evolutionary pressure [222, 455]. Vinogradov et al. stated in
2004 that housekeeping genes are much shorter than tissue-restricted genes
[402].

Several groups have made an attempt to characterize housekeeping genes.
They define housekeeping genes in different ways. Weber et al. 2011 define a
housekeeping gene as a gene, which is expressed in fourteen out of fourteen
tissues [418]. What they mean by “is expressed” is not further explained.
In 1998 Werdelin et al. stated that the number of tissue-restricted genes ex-
pected in the genome was probably higher than the number of housekeeping
proteins [424]. But what they exactly meant by either of them, was not clar-
ified. Eisenberg et al. found in 2003 575 housekeeping genes by identifying
housekeeping genes as genes, which are expressed constitutively [111]. They
used for their calculations however the same dataset by Su et al. 2002 and
Su et al. 2004 [371, 372] as we have used in this work. Zhang et al. defined
in 2004 a housekeeping gene as a gene, which is always expressed in any
tissue and is there in order to maintain cellular functions [455]. Watson et
al. wrote in 1965 about housekeeping genes, but did not further specify a
definition. Lercher et al. 2002 defined a housekeeping gene as a gene that
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is expressed in 9 out of 14 different tissues [222], without saying what the
term “is expressed” means, and Zhang et al. specified this definition in 2004
into the definition that a housekeeping gene is a gene which is expressed in
at least 19 out of 60 tissues [455, 222].

Butte et al. state that a housekeeping gene is a gene, which is “constitu-
tively expressed” and is there to “maintain cellular function”[52]. Veculescu
et al. identified a first “starter set” of housekeeping genes in 1999 [52, 401].
Warrington et al. find 535 “maintenance genes” as “likely candidates for
housekeeping genes” [52, 415]. They state, that housekeeping genes are
“consitutively expressed” [52]. Hsiao et al. identified any gene expressed in
19 tissues as “housekeeping” or “maintenance” genes [52, 160]. They found
451 genes to be maintenance genes, coding for proteins mediating cellular
functions, such as transcription, translation as well as signaling [52]. A pre-
cise definition of a housekeeping gene was not given and differentiated to a
tissue-specific gene, which would be a housekeeping gene of tissue-specific
function.

Velculescu et al. posed the question “how many human genes are expressed
ubiquitously, in all human tissues, and how many are expressed in a tissue-
specific pattern” [401]. they analyzed 3.5 million transcripts from 19 normal
and diseased tissue types and found 43,500 genes to be expressed in only
a single cell type and 1,000 genes in all cell types. As tissues they studied
the gene expression of colon epithelium, breast epithelium, lung epithelium,
melanocytes, prostate, kidney epithelium, cardiomyocytes as well as the
brain. Many of these genes had not been fully annotated at this time [401].

1.4 Chromosomal clustering and gene organization

Chromosomal clustering of functionally related genes and a non random
distribution of genes has been shown by many groups [167]. The common
regulation of functionally related genes can be organized through common
open chromatin domains, the same transcriptional regulator elements, or
by methylation. The distribution of genes plays a major role, as well as
the arrangement of common genes on the chromatin level. Also in higher
dimensions after chromatin folding, condensation and decondensation play
a role [343, 137].

According to Lercher et al. the human genome is a mosaic on many struc-
tural levels, which comprise cytogenetic bands, GC-rich areas, isochores, as
well as gene clusters. For an optimal gene regulation, housekeeping genes
should be concentrated on transcriptionally active chromosomal domains
and associate these with GC- rich regions and Giemsa bands [221]. Lercher
et al. stated that genes that are broadly expressed tend to cluster. Earlier
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they had found that procaryotic genes were organized in groups, called oper-
ons, while eukaryotic genes first did not seem to show this effect [222].

Some people argue that the GC rich sequence is an actual driving force
to select certain gene patterns, and local chromatin characteristics might
have an affect on the accessibility by components of the transcriptional ma-
chinery [84, 427]. Lercher et al. state that housekeeping genes, in contrast
to tissue-specific genes, are frequently associated with CpG islands [18]. In
2007 Meaburn brought up the idea of chromosome territories. They describe
a looped chromatin structure in higher order eukaryotes. Chromosomal ar-
rangement however can also be cell- and tissue-specific and can be rearranged
during differentiation as well as development. One example is the outward
movement of chromosome number 6 in the differentiation of T cells [255].

The higher chromatin folding has been shown using methods such as 3-
C, 4-C, 5-C, Hi-C as well as FISH (fluorescent in-situ hybridization). If
promotors and enhancers are assembled in common spatial areas, genes can
be more easily transcribed [92, 12, 141, 391]. Also insulator proteins may
play a role here [246]. Clustering of CpG islands containing promoters of
housekeeping genes has been reported to be an important factor of the spa-
tial organization of interphase chromosomes [149].

Chromosomal clustering of many gene groups has been shown in the past.
Shoguche et al. found clustering of housekeeping genes in human and Caeno-
rhabditis elegans. While studying 158 genes in 11 different tissues in Ciona
intestinalis, they could not detect any chromosomal clustering. Looking
for chromosomal clustering of tissue-specific genes in the same species they
could not find any clustering [352]. Lercher et al. found clustering of house-
keeping genes in the human genome [222]. Roy et al. found clustering of
muscle specific genes in the nematode worm Caenorhabditis elegans [328].
Miller et al. could show clustering of spermatogenesis genes and oogenesis
genes [258] in the same species. Pauli et al. found clustering of intestine-
specific genes also in Caenorhabditis elegans [292]. Blanco et al. detected
clustering of testis-specific genes in the fruit fly Dro-sophila melanogaster,
and Butanaev et al. showed that many tissue-specific genes in Arabidopsis
thaliana are clustered as well, e.g. root genes, genes related to seedlings,
ovules, sliques, flowers, seeds, and genes related to biotic stress [44]. Cohen
et al. showed chromosome correlation maps of functionally related genes in
cell cycle, sporulation and pheromone response in yeast [78]. This means
that chromosomal clustering of functionally related genes seems to be a
general organization principle in many species [50, 435, 368, 35, 32].
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1.5 Aim of this thesis

The aim of this thesis is to define and identify tissue-restricted antigens from
gene expression microarray data as well as from next generation sequenc-
ing datasets. A tissue-restricted antigen (TRA) is a gene which is highly
expressed in one or only a few tissues in the body compared to its gene ex-
pression in all other tissues in the body. We will provide here an operational
definition of tissue-restricted antigens (TRAs). TRAs are thus outliers with
respect to tissue-specific gene expression for which we will search and find
cutoffs as well as rules in order to define the significance of an outlier. Since
the main focus of this work will be how to solve the question of tissue-
restricted antigens in the context of promiscuous gene expression in the
thymus in order to eliminate autoreactive T cells from the T cell repertoire,
we were led by the idea to first search for all known antigens being involved
in autoimmune diseases such as insulin-1 and 2 [102].

In this work we will define a criteria for tissue-restricted antigens (TRAs)
and calculate them in all given datasets. These TRAs will be compared
to already known tissue-restricted antigens (TRAs), especially those, which
are involved in autoimmune diseases as well as in the negative selection of
T cells in the thymus. After this we will compare all found TRAs in all
different datasets and calculate their differences as well as overlaps in order
to get a good common overview over the given criteria [102].

In a next step, we will annotate all TRAs with the given identifiers, iden-
tify the tissue, for which they are specific, and plot their gene expression
profile over all tissue types available in each dataset. All of this data will
then be stored in a user-based interactive database, which can be queried
for over the internet for different criteria. This database will be available to
the community and called TRA-DB. The aim is to provide a comprehensive
database of all tissue-restricted antigens according to different datasets and
species based on microarray data as well as RNAseq data [102].

In this database it will be possible to limit the criteria to one tissue only,
giving the user the oportunity to clarify the question of research of interest.
In the case of the RNAseq dataset of the human GTEX data, the intrahu-
man variability will be shown in boxplots, since this dataset provides the
necessary data for this question in contrast to the microarray datasets which
will be used in this work, which only have a sample size of n=2 datasets per
tissue type. In the case of mouse, data will not show this vast difference in
gene expression due to pooling of different mice and using inbread mouse
strains, in contrast to the variability within the human population, as rep-
resented by donors in the GTEX dataset.
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After finding and defining tissue-restricted antigens (TRAs) we will follow
the question of chromosomal clustering of tissue-restricted antigens (TRAs)
compared to randomly picked genes of the same length. For this cluster
analysis, two different methods of chromosomal clustering will be applied
to the previously calculated data. This will be done for all datasets and
species, and an interspecies comparison between TRA clusters will be done.
One of these methods will be the sliding 10-gene window method developed
by Roy et al. [328], the other will be the sliding gene window method of
fixed size developed by Gotter et al. [144]. Both methods have proven to
be effective to study chromosomal clustering of the genes of interest. One
will take regional differences in terms of gene density into account, the other
method shows how many genes of interest are in direct neighborhood also
in terms of base pairs with a fixed distance. The combination of both will
ensure that chromosomal clustering of tissue-restricted antigens is robust
with respect to the method used [102].

In case of chromosomal clustering of tissue-restricted antigens (TRAs) we
will go into further questions such as showing that not only TRAs, but also
housekeeping genes, as well as other functionally related genes might be
clustered on a chromosomal level. For this we will use the GO annotation
of genes in order to find functionally related gene groups, such as cell cycle
genes, cytoskeleton genes, genes of the glycolysis as well as other common
gene groups of interest [102].

In case the chromosomal clustering of tissue-restricted antigens (TRAs) can
be shown in the different datasets, we will further search for a common evo-
lutionary driving force, with a possible common regulatory mechanism in
gene expression for example in medullary thymic epithelial cells (mTECs)
and prove if chromosomal clustering of TRAs might be only due to gene
duplication as was previously argued, or is the result of a common regu-
latory mechanism of gene expression in mTECs, for example triggered by
transciption factors such as the autoimmune regulator (AIRE). For this, our
TRA list will be compared to AIRE knock-out versus wild-type mice, for
which we have microarray gene expression data.

Defining a whole set of tissue-restricted antigens, by studying the gene ex-
pression of TRAs in medullary thymic epithelial cells as well as looking for
its regulation by the autoimmune regulator AIRE will give us a deep inside
into the molecular machinery of the development of autoimmune diseases
and into promiscuous gene expression and might help us to illucidate funda-
mental features in order to solve, understand and maybe cure autoimmune
diseases in the future [102].

The idea of this work has been based on my diploma thesis with the ti-
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tle “A database of genes that are expressed in a tissue-restricted manner to
analyse promiscuous gene expression in medullary thymic epithelial cells”,
they are as such indicated in the text of the work and have been significantly
enlarged and changed during this PhD thesis [102].
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2 Methods

Some parts of the methods have been adapted from my previous work in
my diploma thesis with the title “A database of genes that are expressed
in a tissue-restricted manner to analyse promiscuous gene expression in
medullary thymic epithelial cells” [102]. They have been substantially ex-
tended and updated, for example by including sequencing-based expression
data, new datasets, updated annotations and the whole work on chromoso-
mal clustering has been added. TRA detection has been done, interspecies
comparison has been added.

2.1 Datasets and pre-processing

In order to study chromosomal clustering of tissue-restricted antigens (TRAs)
we analyzed four different microarray datasets, two in mouse, two in hu-
man and one RNAseq dataset in human [371, 372, 327, 218, 3, 2]. The rat
dataset was excluded from the study, because it only contained one tissue
type and was thus not suited for our study (Table 2.1.4). The calculations
were mostly done with the statistical open source programming language
R, using bioconductor packages, ensembl biomart annotation files, annota-
tion packages from brainarray as well as perl and shell scripts (see technical
appendix, part A on CD) [413, 130, 88, 337, 102, 164].

2.1.1 The human and mouse Novartis datasets

The Novartis microarray datasets by Su et al. [371, 372] contain two datasets
one in human and one in the mouse. It is gene expression data of 61 murine
and 79 human tissue-types. The rat dataset only represented tissue of the
central nervous system (CNS) and was therefore excluded from the study.
In our study we used the microarray raw data with gene expression data of
44,775 human and 36,182 mouse genes [371, 372, 102].

2.1.2 The human Roth dataset

The human Roth dataset from 2006 [327] contains gene expression data of
65 different tissue-types in human. On the chips there are 20,774 genes
represented which have been measured on 353 chips. The sample size per
tissue-type varies between two an nine measurements per tissue-type.

2.1.3 The mouse Lattin dataset

The mouse Lattin dataset from 2008 [218] shows gene expression data in
mice for 91 different tissue-types. The C57Bl/6 mice have been 3-10 weeks
of age, the RNA was pooled from these mice. There have been double
measurements per tissue-type for 17,079 genes in total.
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dataset number
of tis-
sues
studied

data type species source

mouse Novartis 61 Affymetrix,
gngnf1mus
custom array

mouse GSE1133 [371, 372]

human Novartis 79 Affymetrix,
hg-u144a
microarray

human GSE1133 [371, 372]

rat Novartis 12 Affymetrix rat GSE1133 [371, 372]
human Roth 65 Affymetrix,

u133 plus 2.0
microarray

human GSE3526 [327]

mouse Lattin 91 Affymetrix,
mouse 4302
micrarray

mouse GSE10246 [218]

GTEX 54 human RNASeq GTEX [3, 2]

Table 2.1: Overview of datasets used for TRA detection

2.1.4 The human GTEX RNAseq dataset

The human RNAseq dataset from the GTEX Consortium covers the mea-
surement of 190 different donors. It contains 1,814 samples with 47 different
tissue-types in the human GTEX dataset from 2013 and 1,641 samples from
175 different patients with 43 different tissue-types in the dataset from 2015
[3, 2]. Combining both datasets, we have the measurements of 54 different
human tissue-types (Table 2.1.4).

2.2 Bioinformatical tools and programs

The microarray data [371, 372, 327, 218] was analyzed on the basis of the
transcript level by reading in the CEL files as raw data (Table 2.1.4). The
data was downloaded from the GEO database and read in using the brainar-
ray package (version 18.0.0). The annotation was done with ensembl biomart
with the actual version (see technical appendix on CD).

2.2.1 Gene expression omnibus (GEO)

The Gene Expression Omnibus (GEO) is an open repository for microar-
ray data, provided by the National Center for Biotechnology Information
(NCBI) of the National Library of Medicine in the National Institute of
Health in Bethesda, MD, USA. It held already in 2012 more than 20,000
published datasets [109, 25].
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package version title

gngnf1musamm en-
stcdf

Version
18.0.0

Annotation for the mouse Novartis dataset
[371, 372]

hgu133ahs enstcdf Version
18.0.0

Annotation for the human Novartis dataset
[371, 372]

mouse4302mm en-
stcdf

Version
18.0.0

Annotation for the mouse Lattin dataset [218]

hgu133plus2h
enstcdf

Version
18.0.0

Annotation for the human Roth dataset [327]

Table 2.2: Brainarray packages used in this study

2.2.2 Brainarray packages

Brainarray is a microarray re-annotation project from the Micro Array Lab
at the University of Michigan. It offers custom cdf files, with which the im-
port and annotation of published microarrays yields more recently annotated
data for virtually all available microarrays. Dai et al. as well as Sandberg
et al. showed that gene annotation and calculation with the custom cdf files
from Brainarray gave better results than previously offered annotations by
the microarray manufacturers themselves [413]. They are regularly updated
to the most recent standard of gene databases and annotations [88, 337].
In our study we used the Brainarray version 18.0.0 on the basis of Ensembl
transcript levels.

2.2.3 The programming language R and Bioconductor

For the analysis of microarray data and statistical computing the open source
statistical programming language R was used. Together with Bioconductor
packages it suits well for statistical testing, graphical display, genomic an-
notation and computing. R can be downloaded for different platforms from
the CRAN network and is realeased in regular updates. For this work we
used R version 3.1.1. and the Bioconductor version 3.4. (technical appendix,
part A: programming code).

2.2.4 Annotation of microarray data

For the annotation of the microarray data, we used Ensembl Biomart, Ver-
sion 87 of the patch GRCh38.p7 and GRCm38.p5.

2.2.5 Perl, mySQL and PHP

Perl is a scripting language with many biological applications. In this work
it was used for the analysis of chromosomal clustering of TRAs. For the
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package platformversion title author

affy Biocond. 1.52.0 Methods for
Affymetrix
oligonucleotide
arrays

Gautier et al. [127]

affyio Biocond. 1.46.0 Tools for parsing
Affymetrix data
files

Bolstad [36]

AnnotationDbi Biocond. 1.38.2 annotation
database in-
terface

Pages et al. [282]

Biobase Biocond. 2.36.2 base functions for
Bioconductor

Huber et al. [164]

Cairo R 1.5-9 graphical device Urbanek 2015 [395]
geneplotter Biocond. 1.54.0 graphics related

functions for
Bioconductor

Gentleman et al. [308]

GO.db Biocond. 3.4.1 a set of anno-
tation maps de-
scribing the entire
gene ontology

Carlson [239]

limma Biocond. 3.32.6 linear models for
microarray data

Ritchie et al. [317]

VennDiagram R 1.6.17 a set of functions
to generate high-
resolution venn
and euler plots

Chen et al. [64]

vsn Biocond. 3.42.3 variance stabiliza-
tion and calibra-
tion for microar-
ray data

Huber et al. [165]

Table 2.3: R and Bioconductor packages used in this study
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establishment of the database of TRAs we used MySQL as well as PHP.
MySQL is a database management tool and PHP is a scripting language,
which has been used here in order to construct a webinterface for the TRA
database.

2.3 Technical background: microarrays and RNAseq data

As gene expression data we used Affymtrix microarrays, Illumina microar-
rays as well as pre-processed RNAseq data by the GTEX consortium. The
Affymetrix arrays were read in as raw .CEL files and annotated with pre-
defined Brainarray packages. As identifiers we used the ensembl transcript
IDs on the basis of the Brainarray packages. The illumina microarrays were
pre-analyzed with bead studio and then imported into R. The annotation
was done on the basis of the DNA sequence by the nuID, developed by
Pan Du et al. [105]. The matching of probes from one system to the other
was done on the transcript level by the ensembl transcipt IDs. For normal-
ization of Affymetrix microarrays we used vsnrma, variance stabilization
normalization, developed by Huber et al. [165] and for the Illumina microar-
rays quantile normalization, since the variation otherwise was too high and
made comparisons difficult. The GTEX RNAseq data was pre-annotated by
the GTEX consortium and used as ready to use RPKM values [3, 2].

2.3.1 Microarray chip technology: Affymetrix chips

The microarray chip technology by Affymetrix, Santa Clara, CA, USA syn-
thesizes oligonucleotides up to a length of 25 base pairs directly on a small
glass slide, hybridizing to analyse by complementary base pairing of the ap-
plied cRNA. The cRNA is labelled with flourescent dye. Here it is assumed
that the intensity of the fluorescent dye and the expression level per gene
are proportional to each other. The intensity level can be read in from a
picture file, which is then further analyzed for its gene expression level per
gene or transcript. For each gene or transcript, there is a set of probe pairs,
consisting of 11 up to 20 probes spread out over the whole microarray. Each
prope pair is consisting of a perfect match (PM) and a mismatch (MM),
which makes the correction of unspecific binding possible. The distribution
of probe pairs on the chip helps to account for regional differences of dye
distribution and a more stable statistic of gene expression levels on the chip.

Microarrays are read in as .CEL files and annotated with Brainarray pack-
ages [413]. For the normalization of Affymetrix chips we used the variance
stabilization normalization (vsnrma) developed by Huber et al. [165]. The
vsn normalization integrates background substraction and normalization in
a non-linear model. As a summarization method we used rma in the vs-
nrma method. Both vsn normalization as well as rma summarization are
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integrated into one step. The purpose of the summarization is to combine
the multiple probe intensities for each probeset to produce an expression
value. The rma method provides a background correction and the vsn the
normalization, a summarization based on a multi-array model fit by using
the median polish algorithm [171].

2.4 Quality control (QC) of microarray data

After reading in .CEL files into R, microarrays have to be examined for
quality control with a single-chip analysis. This way the four major quality
problems can be eliminated [130]. These are low quality chips, artifacts such
as fingerprints, imprints of pipette tips on the chip, extremes in terms of light
intensities as well as local irregularities in the dye distribution (Fig. 2.1, 2.3
and Fig. 2.4).

Depending on the experimental setup, low quality chips should be excluded
from the study, in case they can be substituted by enough biological repli-
cates, which is not always the case. For instance in the human as well as
in the mouse Novartis dataset, there are only double measurements per tis-
sue, so that sometimes due to calculation reasons we had to accept some
variability in the quality of the chips.

2.4.1 QC in the mouse Novartis dataset

Quality control in the mouse Novartis dataset gave the result of two chips
with quality problems. In the case of the A trachea there was a fingerprint
on the chip (Fig. 2.1 (a)) and in the case of A uterus there were light stripes
on the chip (Fig. 2.1 (b)). In both cases the chips were kept in the study,
due to the lack of more replicates. Also in the case of Affymetrix microar-
rays small irregularieties can be equaled out by the distribution of twelve
measurements per gene or transcript on the chip.

In the case of the cerebral cortex there was an irritation with the nam-
ing of the chips, but looking at the scatterplot of the gene expression data
of one chip versus the other it became evident, that this was only a spelling
mistake in the data and both chips refered to the same tissue-type (Fig. 2.2).

So all in all we could keep all n=122 microarrays refering to 61 different
tissues in the mouse in the study concerning the mouse Novartis dataset
(Table 2.4).

2.4.2 QC in the human Novartis dataset

In the human Novartis dataset there were eight chips with quality problems.
One chip for the hypothalamus 2 had light stripes (Fig. 2.3 (a)), one for
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A_trachea

(a) fingerprint

A_uterus

(b) light stripes

Figure 2.1: Quality control: single chip inspection of the Novartis
mouse data, trachea A (a), uterus A (b) In the visual inspection of
the CEL files regional artifacts and low quality microarrays can be seen,
in this step each chip was analyzed seperately and low quality chips were
sorted out. In Fig. (a) of the mouse Novartis dataset for the measurement
of trachea A a fingerprint can be seen in the upper right corner in Fig.
(b) of the Novartis dataset of the uterus A light stripes can be seen as
irregularities. If these chips are sorted out or kept in the study depends
on the quality problem they have, as well as further quality control and
number of biological replicates to choose from, little quality problems can be
overcome in the case of Affymetrix microarrays, since each gene is measured
in several different spots dispersed over the whole chip.
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Figure 2.2: Scatterplot of the cerebral cortex versus the cortex in
the mouse Novartis dataset: Since two of the chip names in the mouse
Novartis dataset did not have the exact same name, we plotted the gene
expression of both chips versus each other in a scaterplot. According to the
gene expression data, both chips seem to refe to the same tissue type, thus
names can be changed to the same tissue type, furhtermore both tissues
were the only single measurements in the study, so it seems that there has
been a spelling mistake in the labels of the microarrays.
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cardiac myocytes 2 was a very light intensive chip with dye irregularieties
(Fig. 2.3 (b)), one for the testis leydig cell 1 had a pipette tip imprint on
the chip (Fig. 2.3 (c)), one for the testis germ cells 2 had irregular dye as
well as stripes (Fig. 2.3 (d)), one for the adrenal cortex had irregular dye
and a small pipette tip imprint (Fig. 2.4 (a)), one for the trigeminal ganglion
had low light intensity, some irregular dye (Fig. 2.4 (b)), one for the uterus
corpus 1 had low light intensity with a light edge (Fig. 2.4 (c)) and one for
the uterus corpus 2 had a very light intensity with a fingerprint on the edge
(Fig. 2.4 (c)). All chips were further tested upon their quality in the further
steps of quality control, for an overview please refer to Table 2.4.

2.4.3 QC in the rat Novartis dataset

In the wistar and sprague rat dataset there was one chip with quality prob-
lems. In the data of the nucleus accumbens of the sprague rat there has
been a fingerprint (Fig. 1, technical appendix, part B: additional figures and
Table 2.4). But since this dataset has been excluded from the study due to
the lack of different tissue-types apart from the central nervous system the
quality control does not fall further into account.

2.4.4 QC in the human Roth dataset

From the human Roth dataset thirteen of the 252 chips have quality prob-
lems, covering 65 different tissue-types in human. Since there have been
between four to nine measurements per tissue-type seven low quality chips
have been eliminated from the study. From all problematic chips of adipose
tissue omental 1 (n=4), bronchus 4 (n=4), corpus callosum 7 (n=10), kidney
cortex 2 (n=4), midbrain 9, 10 (n=10), ovary 8 (n=10), oral mucosa 1, 2
(n=4) and ventral tegmental area 4 (n=4), the following chips were sorted
out: ovary 8 (n=10), midbrain 5, 9 and 10 (n=10), ventral tegmental area
4, 6 and 9 (n=10), (Fig. 2-3, technical appendix, part A: additional figures,
Table 2.4).

2.4.5 QC in the mouse Lattin dataset

In the mouse Lattin dataset there have been quality problems in five tissues,
these tissues were: adipose white B, amygdala A, iris B, spinal cord B, 3T3-
L1 A and B, none of these chips had to be excluded from the study (Fig. 4,
technical appendix part A: additional figures, Table 2.4).

2.4.6 QC of the GTEX RNAseq data

The quality control of the GTEX dataset was done by the GTEX consor-
tium, since we used the ready to use RPKM values, there was no further
quality control done.
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GSM18930.CEL

(a) stripes

GSM18970.CEL

(b) irregular dye, very light chip

GSM18983.CEL

(c) finger tip, pipette tip

GSM18986.CEL

(d) irregular dye, stripes

Figure 2.3: Quality control: single chip control in the human Novar-
tis dataset, hypothalamus (a), cardiac myocytes (b), testis leydig
cell (c), testis germ cells (d) The same holds true for the quality control
in the human Novartis dataset, which we have already seen in the mouse
Novartis dataset. Here we can clearly see different types of quality problems
in the chips. In Fig. (a) of the hypothalamus, we see stripes from moving the
microarray during the application of the dye from right to the left, in Fig. (b)
in the measurement of the cardiac myocytes we can see a big difference in
the application of the dye, which will clearly lead to quality problems, in
Fig. (c) of the testis leydig cell we can see a pipette or finger tip, which was
probably accidently inserted during the application of the dye, in Fig. (d)
testis germ cells there is some irregular dye and light stripes
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GSM18996.CEL

(a) irregular dye, pipette tip

GSM19006.CEL

(b) dark chip, irregular dye

GSM19015.CEL

(c) dark chip with light edge

GSM19016.CEL

(d) light chip with dark fingerprint

Figure 2.4: Quality control: single chip control in the human No-
vartis dataset, adrenal cortex (a), trigeminal ganglion (b), uterus
corpus 1 (c), uterus corpus 2 (d). Also in these chips of the human No-
vartis dataset we can see further quality problems. In Fig. (a) of the adrenal
cortex, we can see irregular dye and a pipette tip, in Fig. (b) of the trigem-
inal ganglion the dye is very dark and irregular, in Fig. (c) of the uterus
corpus 1, there is a light edge with irregularities and in Fig. (d) of the uterus
corpus 2, the chip is so light, that it most probably has to be excluded from
the study.
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2.4.7 QC of Microarrays

Microarrays with obvious defects or chips with irregular dye distribution
and a big difference in gene expression compared to other chips of the same
tissue-type were sorted out (Table 2.4).

dataset tissue type no.
of
chips

problem

Novartis
mouse

A trachea n=2 fingerprint

A uterus n=2 light stripes

Novartis
human

hypothalamus 2 n=2 stripes

cardiac myocytes
2

n=2 irregular dye, light chip

testis leydig cells
1

n=2 pipette tip

testis germ cells 2 n=2 irregular dye, stripes
adrenal cortex 2 n=2 irregular dye, pipette

tip
trigeminal gan-
glion 2

n=2 dark chip, irregular dye

uterus corpus 1,2 n=2 dark chip with light
edge, light chip with
dark fingerprint

Novartis rat nucleus ac-
cumbens core
(sprague rat)

fingerprint

human
Roth

adipose tissue
omental 1

n=4 stripes, irregular dye

bronchus 4 n=4 dark chip
corpus callosum 7 n=10 stripes
kidney cortex 2 n=4 stripes
midbrain 5, 9, 10 n=10 excluded dark chip, irregular dye
oral mucosa 1,2 n=4 tip, stripes
ovary 8 n=10 excluded very light chip
ventral tegmental
area 4, 6, 9

n=4 excluded tip
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dataset tissue type no.
of
chips

problem

mouse Lat-
tin

adipose white B stripes with a scratch

amygdala A stripes
iris B small fingerprint
spinal cord B dark chip
3T3-L1 A, B stripes

GTEX RPKM values no quality control done

Table 2.4: Quality control of microarrays

2.4.8 The RNA degradation plot (QC)

The second step of quality control (QC) is the analysis of RNA degradation
[130]. The RNA degrades from the 5’ end to the 3’ end, strong degrada-
tion leads to irregularieties in these plots and crossing lines, which can be
visualized in two pre-defined plots both shifted and scaled or shifted only.
In the RNA degradation plot probesets are ordered by their location from
the 5’ to the 3’ end. Over each point the expression values are averaged.
RNA of one probeset should not differ the “groups” pattern and crossing
lines should be considered to possibly represent bad RNA quality. The ex-
clusion of single chips might be necessary. In the RNA degradation plot of
the mouse Novartis data, we can see some irregularities in the shifted and
scaled plot Fig. 2.5 (a), the RNA degradation plot scaled only does not show
any effect Fig. 2.5 (b). Due to the lack of biological replicates we still left
the chips in and went on for further quality control.

Similar effects can be seen in the other three datasets. Until here, no extra
chips had to be excluded (Fig. 5-8, technical appendix, part B: additional
figures).

2.4.9 Variance stabilization (vsnrma) normalization

After quality control all microarrays had to be normalized and a background
correction of all chips had to be done. We have used here the vsn normal-
ization developed by Huber et al. [165] and a background correction and
summarization rma, which had been existent earlier [171]. The combination
of both methods seemed to be the perfect combination of both methods.

The vsnrma normalization is a per-probe normalization of transformed val-
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Figure 2.5: Quality control and RNA degradation: In the RNA degra-
dation plots, the degradation of the RNA can be seen, in case of crossing
lines, as can be seen above in Fig. (a) shifted and scaled, there might be
some chips, which have to be excluded, in the scaled version only there are
no irregularieties (Fig. (b)). This figure has been adapted from Dinkelacker
2007 [102], the method adapted from Gentleman et al. 2005 [130].
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ues (ashinh/glog) by robust linear regression. The variance stabilization
normalization fits scaling factors per chip according to the distribution of
their variance. This stands in contrast to other normalization methods, such
as the quantile normalization, where the quantile values of the distribution
of each microarray are adjusted. While the quantile normalization method
sometimes has to be used for example in the case of Illumina microarrays,
vsnrma normalization does not overfit the distribution and seems to be the
better method in this case.

Through the vsnrma normalization, dye effects, local irregularieties as well
as other artifacts can be smoothed out and gene expression values per chip
can be compared afterwards. Here both distributions of microarrays before
and after vsnrma normalization are shown (Fig.2.6, 2.7). The y-axis in the
normalized dataset is refering to the log2 transformation of the fluorescence
intensity values (gene expression).

The vsnrma normalization was sufficient to normalize all Affymetrix based
datasets, so that afterwards the data could be used for further calculations.
In Fig. 2.6 and Fig. 2.7 the black horizontal lines refer to the median expres-
sion value of all probes on the chips, the boxplots further show the 25% as
well as 75% quantile ranges of gene expression of all genes on the microarray.
The black dots after normalization refer to outlier values, which are due to
the log2 transformation further scattered for higher intensity values, than
for lower intensity values. For all other datasets, please refer to the technical
appendix: part B additional figures, Fig. 9-17.

2.4.10 Mean versus standard deviation (meanSdPlot)

After vsnrma normalization the quality of the variance stabilization can be
measured and shown in the meanSd plot. The meanSd plot shows the stan-
dard deviation (sd) versus the row means of each dataset. If the stabilization
procedure has worked out well, there should not be a strong dependency of
the standard deviation or variance on the mean. The red lines depict the
running median estimator. If there is no variance-mean dependency, the
line will be approximately horizontal [165]. For all available datasets the
meanSd plot is quite stable, the little upward movement of the curve at the
end remains in the range of our expectations (Fig. 2.8).

2.4.11 The density plot (QC)

The density plot gives an overview of the quality of vsnrma normalization.
In the density plot the density function is plotted for the log intensity of
gene expression on each chip. In the plot each colored line is referring to
the density function of each microarray. While the curves are distributed

32



2.4 Quality control (QC) of microarray data 2 METHODS

Figure 2.6: Affymetrix microarrays of the mouse Novartis raw data:
In the microarrays of the mouse Novartis raw data, the intensity which
reflects the gene expression per chip varies depending on the dye intensity
applied on the chip. The boxplot per chip shows the median gene expression
(black line), as well as the 25% and the 75% quantile range. This figure has
been re-calculated from Dinkelacker 2007 [102], the method is taken from
Huber et al. 2002, Irizarry et al. 2003 [165, 171].
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Figure 2.7: Affymetrix microarrays of the mouse Novartis data after
vsnrma normalization: After vsnrma normalization the distribution of
gene expression shown in boxplots is adjusted. through the vsnrma normal-
ization outlier chips are equalized in the same range of all other microarrays.
Although the 25% quantile ranges as well as the 75% quantiles are not ex-
actly adjusted, gene expression is now among the chips comparable and the
gene expression data is log2 transformed. The vsnrma normalization also
includes background correction as well as summarization. The y-axis refers
to the log2 transformed intensity values. The black dots refer to outlier
values which are higher above than below, due to the log2 transformation.
The figure has been re-calculated from Dinkelacker 2007 [102], the method
has been developed by Huber et al. 2002, Irizarry et al. 2003 [165, 171].
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Figure 2.8: meanSdPlot after vsn normalization of all four datasets:
The meanSd plot gives the standard deviation (sd) versus row means of each
dataset. If there is no variance-mean dependence the median estimator (red
line) should be approximately horizontal. Fig. (a) is showing the meanSd-
Plot of the mouse Novartis datatset, (b) human Novartis dataset, (c) mouse
Lattin dataset and (d) human Roth dataset
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differently across the different chips before normalization (Fig. 2.9 (a)), they
are well adjusted after vsnrma normalization (Fig. 2.9 (b)). For the other
datasets, please refer to the technical appendix, part B: additional figures,
Fig. 18-20.

2.4.12 The scatter plot (QC)

The scatter plot is a means of quality control between the different chips.
They show the distribution of gene expression of two chips of the same tissue
against each other. The distribution of dots after normalization should
roughly follow a straight line (Fig. 2.10 A). If single chips deviate from this
distribution, e.g. resulting in a banana-like shaped form (Fig. 2.10 B), the
scatter plot is a good help to decide which chip should be excluded (Fig. 2.10
A-D). In this example the two measurements of the adrenal cortex in the
human Novartis dataset fit well (Fig. 2.10 A), the two of cardiac myocytes
show a banana-like form, one has to be excluded (Fig. 2.10 B), the two of
testis germ cells scatter quite a bit, so one could be excluded (Fig. 2.10 C)
and the two of the testis leydig cells fit very well (Fig. 2.10 D).

2.5 Averaging over multiple measurements per tissue

In the case of double measurements per tissue-type, we calculated the mean
over double measurements as an expression value for each gene (Fig. 2.11).
If there were more than n=4 values per tissue, as for example in the human
RNAseq dataset, we also calculated the range of gene expression of each
gene. Especially in human the intrahuman variability is very high in terms
of gene expression per tissue-type (Fig.2.12). In this case we plotted the
mean as well as the interquartile ranges of the gene expression in TRA plots
(TRA-DB) [102].

2.6 Tissue grouping for TRA detection

From all datasets we excluded all embryonic tissues, cancer cell lines, as well
as moving cells, such as the main immune cell types from TRA calculation.
Functionally related tissues were grouped together according to their main
tissue-type (Table 2.5) [102].

datasets Novartis
mouse

Novartis
human

mouse Lat-
tin

human
Roth

tissue no. per
dataset

61 79 91 65
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datasets Novartis
mouse

Novartis
human

mouse Lat-
tin

human
Roth

excluded tissues
per dataset

embryos(5),
immune
cells(3)

carcinoma
(1),
leukemia(3),
lym-
phoma(2),
cell lines(2),
embryos(4),
immune
cells(11)

cell lines(9),
embryos(2),
immune
cells(28), os-
teoblasts(3),
osteo-
clasts(1)

-

tissue no. re-
maining per
dataset

53 56 49 65

tissue no. per
group per
dataset

CNS(13),
epider-
mis(4),
intestine(2),
ovary(2),
PNS(4)

adrenal
gland(2),
CNS(19),
epider-
mis(2),
lymphoide
structure(3),
muscle(2),
pancreas(2),
PNS(4),
testis(5),
uterus(2)

adipose
tissue(2),
CNS(12),
eyes(8), in-
testine(2),
mammary
gland(2)

adipose
tissue(3),
CNS(22),
epider-
mis(2),
heart(3),
kidney(2),
lymphoide
structure(2),
mammary
gland(2),
PNS(2),
stomach(3),
uterus(6)

tissue no. re-
maining per
dataset

33 24 28 28

Table 2.5: Tissue grouping in all different datasets

2.7 The definition of tissue-restricted antigens (TRAs)

In order to find tissue-restricted antigens we plotted the distribution of ex-
pression values of each gene/transcript over the studied tissue-types (Fig. 2.13).
After calculating the median gene expression level of this gene or transcript
over all tissues (horizontal black line), we defined tissue-specificity by giving
a cutoff value of 5 times the median gene expression over all tissues (horizon-
tal red line). A tissue-restricted antigen (TRA) is then a gene/transcript,
which has higher expression in 5 times the median gene expression in at
least one and not more than five tissues (Fig. 2.13). This definition has been
adapted from Dinkelacker 2007 [102].

This definition is effective for two reasons. First, calculating 5 times the
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Figure 2.9: Density plot of the mouse Novartis data before and after
vsnrma normalization: The density plot represents the density function
of each microarray over their log intensities. In Fig. (a) many curves are
widely dispersed over the log intensity, curves overlay in Fig. (b) and lie in
close proximity. This figure has been recalculated according to Dinkelacker
2007 [102], the method taken from Huber et al. 2002 [165].
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(a) Fig. A (b) Fig. B

(c) Fig. C (d) Fig. D

Figure 2.10: Scatterplot: These scatterplots show the distribution of one
microarray versus the other being measured in the same tissue. The dots
should be scattered around the red line if the samples show similar expression
patterns for each gene expression within the samples, in Fig. A we can see
the adrenal cortex 2 versus the adrenal cortex 1 in one dataset, it shows
a small slope, but the quality is still good enough to keep the data. In
Fig. B we can see a big difference in the gene expression pattern of cardiac
myocytes 2 versus cardiac myocytes 1, this clearly shows, that there is a big
difference in gene expression between the two tissues, which might give a
hint to quality problems in one or the other probe. In Fig. D we can see a
clear line scattered very narrowly around the red line which shows a very
close proximity of expression patterns and a very good quality. Scatterplots
are a good way of quality control from one probe versus the other.
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Figure2.11:Averagingovermultiplemeasurementspertissuetype
inthemouseNovartisdataset:Distributionoflog2(intensity)values,
geneexpressionvaluespertissuetypeaveragedoverthedoublemeasure-
mentsinthemicroarraydatasets,herethemouseNovartisdataset.This
figurehasbeenrecalculatedfromDinkelacker2007[102].Themethodhas
beentakenfromHuberetal.2002,Irizarryetal.2003andDinkelacker
2007[165,171,102].
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Figure 2.13: Definition of tissue-restricted antigen (TRAs): A tissue-
restricted antigen is defined as a gene, which has higher expression in 5x the
median gene expression of this gene over all tissues in at least one and
not more than five tissues out of the 61 tissues in the mouse. For tissues
belonging to one tissue entity we applied tissue grouping, such as for example
for tissues of the central nervous system (CNS), light green bars, if in more
than one tissue out of this group exceed 5x the median line, they are only
counted as one tissue type. Embryonal tissues, as well as cell lines, including
immune cells are plotted but not taken into account in the calculation. This
method has been adapted from Dinkelacker 2007 [102].
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median over all tissues is very easy and fast. Second, the median is a robust
estimate in case of outliers. The cutoff of 5 times the median has proven
to be a good estimate of tissue-specificity. For comparison reasons, we also
tested other cutoff values, such as 3x, 10x, and 20x the median. According
to already known tissue-restricted antigens (TRAs) from the literature, we
had the best hit rate with 5 times the median line in the tested datasets.
Of course this is an operational definition, giving a reasonable good balance
between sensitivity and specificity. Pre-studies of this method have been
adapted from Dinkelacker 2007 [102].

In order to not have any bias in our data towards certain tissue-types, such
as the central nervous system (CNS) in the mouse Novartis dataset, we
applied an additional tissue grouping in case of tissues, which belong bio-
logically to the same organ. In the calculation of TRAs, we consider them
to be one tissue only. The tissue groups can be seen in Fig. 3.1-3.4. Tissues
of the same tissue group are plotted in similar colours (Table 2.5) [102].

From the tissues available, all embryonic tissues, as well as cancer cell lines
and immune cells have been excluded from the calculation [102]. The em-
bryonic tissue-types because the tissue groups in the embryo develop so fast,
that the differentiation between different tissues is very difficult, the can-
cer cell lines, because they were not in the matter of our scientific question
and the immune cells, because we have aimed to measure tissue-restricted
antigens on the basis of tissue-types rather than cell lines. It remains clear
however, that immune cells are important on one hand side, and included in
the measurement of all secondary immunological relevant tissue-types, such
as the thymus, the lymph nodes, and other secondary lymphoid organs.
For this reason we did not consider them in order to calculate TRAs but
still plotted them in our TRA plots, so that the gene expression if available
could be still illustrated in the outcoming plots. In this case these cell lines
or tissue-types have been depicted in white (Fig. 2.13).

In order to check the cutoff, such as here the 5x median line, we plotted
a “saturation curve” for each dataset in terms of tissue number and cutoff
criteria. It becomes obvious that if we set the criteria too stringent, we lose
too many true positives, while if we set the criteria to loose, we have too
many false negatives. The goal is however to hit the curve at the point of
their biggest slope, before reaching the saturation of too many tissues and
after being in the steep part (too many changes with little changes in the
criteria) of the curve (Fig. 2.14) [102].

Applying our criteria in this example of the mouse Novartis dataset we
find about 8,000 transcripts, referring to about 5,800 genes, to be tissue-
restricted with 5x the median line in at least one and not more than 5 out
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of 61 murine tissues (black vertical line).

2.8 The definition of housekeeping genes

In addition to the definition of tissue-restricted antigens (TRAs), we also
calculated all housekeeping genes in a similar approach. A housekeeping
gene is defined as a gene which is not higher expressed than 3x the median
gene expression of this gene over all tissues in any of the tissues.

2.9 The database of tissue-restricted antigens (TRA-DB)

After defining and finding all tissue-restricted antigens (TRAs) as well as
housekeeping genes for any of the given datasets and plotting the gene ex-
pression profiles with the given tissue colours, we established a table includ-
ing gene annotation with different identifiers, start site as well as tissues in
which they are tissue-restricted and imported all this data into a mySQL
based database which can be queried from the internet via a PHP-based
web interface. Users can export query results and demand both lists and
plots as pdf output or lists as an Excel based csv file. This database has
been re-calculated and updated from a previous version from Dinkelacker
2007 [102].

2.10 Gene annotation

TRAs were determined on the basis of transcipt level, in contrast to other
databases of TRA genes. Microarrays are read into R using the Brainar-
ray packages and parsed on the Ensembl transcript IDs and in this way the
whole workflow is calculated. TRA tables and plots were than further an-
notated using biomart annotation files based on these Ensembl transcript
identifiers. For the annotation we used gene Identifier, start side, transcript
Id, chromosome, gene symbol as well as other Ids.

2.10.1 Annotation of microarrays with Biomart and Brainarray

For the annotation of microarrays we used custom CDF environments and
probeset data provided by Brainarray, version 18.0.0. As an annotation
package of R we used the R package, Annotation Dbi, version 1.24.0. For
the ensembl Version with which we annotated the files, we always used the
most up-to-date Ensembl version at that time. In the mouse Novartis data,
we could annotate 17,121 genes (34,589 transcripts) on the chip, in the
human Novartis data we could annotate 13,663 genes (49,028 transcripts)
on the chip, in the human Roth data we could annotate 21,159 genes (77,834
transcripts) on the chip, and in the mouse Lattin data we could annotate
16,864 genes (29,590 transcripts) on the chip. The GTEX data was pre-
annotated by the GTEX consortium. Gene numbers may vary depending
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Figure 2.14: Saturationplot: The saturationplot shows the number of
TRAs detected per cutoff criteria of 3x (black), 5x (red), 10x (green) and
20x (blue) the median gene expression per gene over all tissues over the
number of tissues, which have to exceed the cutoff line. The black vertical
line depicts the cutoff of up to five tissues as being regarded to be tissue-
specific exceeding over the cutoff of 5x the median gene expression (red
dots) as an interplay of not too many false positives and not too many false
negative TRAs. This figure and method has been adapted from Dinkelacker
2007 [102].
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on the annotation version. The exact versions can be found in the technical
appendix: part A, programming code on CD [102].

2.11 Chromosomal clustering of tissue-restricted antigens

For the calculation of chromosomal clustering of TRAs we used two different
approaches. The first one has been reported by Roy et al. [328] for testing
the clustering of muscle-specific genes in the worm C. elegans with a sliding
10-gene window method over the chromosomes. The second has been first
applied by Gotter et al. for the calculation of chromosomal clustering of a
first set of tissue-restricted antigens (TRAs) [144]. Both methods are applied
here for all TRA groups as well as for housekeeping genes and have also been
tested on other gene groups of functionally related genes, such as TCA genes,
cell cycle genes, cytoskeleton genes, glycolysis genes according to their GO
annotation. While the 10-gene window method takes into account that genes
are sometimes more densely distributed and in other times more dispersed on
the chromosomes, the sliding gene window method by Gotter et al. rather
counts duplicates on the basis of fixed window sized at different physical
distances. This clustering method has been adapted and re-calculated as
well as applied to new datasets according to Dinkelacker 2007 [102].

2.11.1 The 10-gene window method

The 10-gene window method, developed by Roy et al. [328] calculates the
number of TRAs within a moving gene window of 10 adjacent genes of all
genes being present in each dataset. As long as at least one gene in the
moving 10-gene window is a TRA, the gene window is moved on and the
number of TRAs are summed up into a total number of TRAs and further
considered as a TRA gene cluster. Only if a gap of at least 10 adjacent
genes includes no TRA, the window is closed and the calculation of TRAs
is started again. This calculation is applied to all chromosomes, and the
number and sizes of all TRA clusters are calculated and inserted into a list.
The same is done for statistical significance with 1,000 randomly drawn lists
(Fig. 2.15) [144, 102].

2.11.2 The sliding-gene window method of fixed size

The sliding-gene window method of fixed size developed by Gotter et al. [144]
calculates the number of neighbors of TRAs within a sliding gene window of
fixed size. For window sizes here we used windows ranging from 50kb, 100kb,
200kb, 500kb, 800kb, 2Mp and 5Mp. The sliding gene window of fixed size
is moved over the chromsome and calculates the number of TRA neighbors,
and calculates the number of TRA neighbors within this window. A window
does not drop off until there is at least one TRA in the directly adjacent
gene window. The number of gene pairs, triplets, quadruplets of TRAs are
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Figure 2.15: Chromosomal clustering of TRAs, the 10-gene window
method: In the 10-gene window method chromosomal clustering of tissue-
restricted antigens (TRAs) is calculated while adding up TRAs which appear
within the range of a sliding 10-gene window, which drops of if it encounters
a region of 10 adjacent genes including no TRA. TRAs in this figure are
depicted by the red vertical lines and non TRAs with green vertical lines.
This sliding 10-gene window is applied for each chromosome and compared
to a list of 1,000 randomly drawn genes with the same length than our TRA
list. This figure has been adapted from Dinkelacker 2007 [102], the method
taken from Roy et al. 2002 [328].
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Figure 2.16: Chromosomal clustering of TRAs, the sliding gene-
window method of fixed size: In the sliding gene-window method of
fixed size chromosomal clustering of tissue-restricted antigens (TRAs) is
calculated while counting the number of TRAs within a sliding gene-window
of fixed size. As long as the gene-window does not encounter a part in which
it does not find any TRA the number of duplets, triplets, quadruplets, etc.
pp. are counted up. The same is done for a gene list of the same length as
the TRA gene list, which are randomly drawn. This experiment is repeated
1,000 times. This figure has been adapted from Dinkelacker 2007 [102], the
method taken from Gotter et al. 2004 [144].

counted and the same is done for 1,000 randomly drawn genes from the same
gene list with the same length as the TRA gene list. In contrast to the 10-
gene window this method does not account for gene density but captures
physically close gene neighborhoods [102].

2.12 Interspecies comparison of human, mouse and rat

In this work we claim a biological meaning of TRA clustering for the purpose
of the immune system. We expect hence that this gene clustering should
be conserved among species that have an adaptive immune system. This
includes mammals from the top of the tree down to jawed fishes, which were
the first to develop an adaptive immune system [214]. We had data for three
species within the mammalian clade. We compared human, mouse, and rat
TRAs in terms of chromosomal location, gene order and TRA clustering.
For this, TRA clusters from mouse were plotted and mapped through homol-
ogy mappings to the other two species. The same was done for non-TRAs
within the TRA clusters. As a mapping result, we took always the best

48



2.13 Interspecies comparison of TRA clusters 2 METHODS

match for each TRA cluster with respect to the highest number of matching
TRAs to the equivalent TRA cluster in the other species. For the result,
please refer to the results section of interspecies comparison of this work.

The rat dataset only consisted of tissues belonging all to the neuronal sys-
tem and therefor we considered a gene to be regarded as a TRA in the rat,
if it is homologous to a TRA in the mouse, and as well a gene not to be
a TRA in the rat, if it was a non TRA also in the mouse and vice versa.
Since gene order and especially TRA gene order was the focus of this step,
we considered this to be an adequate and allowed step.

2.13 Interspecies comparison of TRA clusters

In the interspecies comparison between mouse TRA clusters and other model
organisms, such as kangaroo, platypus, frog, tetraodon, Danio rerio, stick-
lebacks, Ciona intestinalis, Drosophila as well as Caenorhabditis elegans, we
defined TRAs in the other species, as being homologous genes to the mouse
TRAs. For each TRA cluster, we searched for the TRA cluster or region of
the best possible hit in the other species and compared the gene order of
the mouse TRA with the one in the other species, while drawing TRAs in
red and non-TRAs in grey lines. We further calculated the percent identity
between clusters of both species as well as the total size of the TRA cluster
and the number of TRAs and found homologous genes in the other species
(Fig. 3.47 and 3.48).

2.14 Homology plot within TRA clusters

For the homology plot within TRA clusters, we calculated the % identity of
all TRAs within the cluster and ordered them according to their median line
of % identity. As can bee seen in Fig. 3.52, the outliers of gene families, with
high % identity have been plotted as outliers to the boxplots. The same has
been done to a number of random clusters with gene sizes of 5, 10, 20, 50
and 100 genes (Fig. 3.53). This method has been adapted from scripts from
Prof. Dr. Benedikt Brors.

49



3 RESULTS

3 Results

Chromosomal clustering of tissue-restricted antigens (TRAs) can help to
elucidate the background of central self tolerance, the expression of self
antigens to potentially autoreactive T cells and explain the ectopic gene ex-
pression of otherwise tissue specifically expressed genes outside the thymus
[102]. According to Hurst et al. the gene order in the human chromosome
is non random and higher order gene organization can explain a common
regulatory mechanism in gene expression [167].

We analyzed four different microarray datasets as well as one RNAseq
dataset, both for human and mouse and determined tissue-restricted anti-
gens (TRAs) in each dataset according to an operational definition. These
TRAs were put into a database, where they can be queried upon different
approaches, such as identifiers, gene names, symbols as well as tissues they
are restricted for. These lists can then be extracted as Excel files as well as
downloaded as plots.

We analyzed TRAs for chromosomal clustering according to gene density
as well as gene neighbourhoods and tested chromosomal clustering also of
housekeeping genes and other functionally related gene groups, such as cell
cycle genes, cytoskeleton genes, glycolysis genes, TCA genes, caspase genes,
muscle genes, actin cytoskeleton genes and apoptosis genes. We also ana-
lyzed the gene order conservation across the three species: human, mouse
and rat. Furthermore we studied tissue specificity in TRA clusters and
tested whether or not gene duplication may be the main cause for chromo-
somal clustering of tissue-restricted antigens.

Finally we determined the conservation of TRA clusters across more species
further down the evolutionary tree and provided insight into the gene expres-
sion in medullary thymic epithelial cells (mTECs) as a basis of the negative
selection of potentially autoreactive T cells in the thymus.

3.1 Data analysis in order to detect tissue-restricted anti-
gens

In order to detect tissue-restricted antigens, tissues have been grouped ac-
cording to their biological function and structure. Similar tissue types were
put together so that there was no bias towards tissues of certain biological
instances, such as the brain with many different regions in comparison to
other tissues, which were presented only a few times (Table 2.5, Fig. 3.1 -
3.4) citeDinkelacker2007. Some tissue types have been excluded from TRA
calculation, among them all cell lines, cancer cells as well as all embryonic
tissues. Also immune cells have been taken out of the calculation. These
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tissues or cells were however still plotted in the TRA plots [102]. Not all
tissues are represented in each data set, but most datasets have examples
of each tissue group (Fig. 3.1 - 3.4). The most represented tissues in most
datasets are tissues of the central nervous system (CNS).

3.2 TRA definition

For the calculation of tissue-restricted antigens (TRAs) we first calculated
the mean expression in all microarray datasets and the median expression
in the RNAseq dataset of the gene expression per transcript or gene over
double measurements. For the RNAseq dataset we used the median, rather
than the mean due to the big variability in terms of number of replicates per
tissue type as well as of intrahuman variability in gene expression (Fig. 3.5)
[102].

For finding the right criteria in order to define tissue-restricted antigens
(TRAs), we used an operational definition in the context of a 5x median
gene expression cutoff line, after testing several different cutoffs (3x, 5x,
10x, 20x the median) and the number of tissues, which have to be over this
cutoff line in at least one and not more than five tissues. This decision has
been drawn from previous knowledge of already known TRAs, as well as the
interplay of sensitivity and specificity of the saturation plot (Fig. 2.14) [102].

3.3 TRA numbers and percentages

In all datasets we could identify tissue-restricted antigens, varying between
4,172 in the mouse Novartis dataset from 2004 and 27,339 in the human
GTEX dataset from 2013 and 2015. This accounts for about 24.6% of all
genes to be tissue-restricted in the mouse Novartis dataset and 47.60% of
all genes to be tissue-restricted in the human GTEX dataset. As the knowl-
edge about gene and its gene expression has increased over the years, this
increase in number can mainly be explained by this phenomenon (Table
3.1). For all datasets within the same species we calculated the overlap of
tissue-restricted antigens across datasets (Fig. 3.6).

dataset mouse
Novar-
tis

human
Novar-
tis

mouse
Lattin

human
Roth

human
GTEX

ensembl.75
No. of
transcripts
(genes)

94,929
(39,179)

215,647
(64,102)

94,929
(39,179)

215,647
(64,102)

ensembl
Version 87
CRCh38.p7
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dataset mouse
Novar-
tis

human
Novar-
tis

mouse
Lattin

human
Roth

human
GTEX

genes per
chip

35,076
(16,960)

59,344
(14,522)

41,770
(17,079)

86,103
(20,774)

194,844
(57,431)

TRAs per
chip

- - -

3x median 12,377
(6,285)
37.06%

13,415
(3,448)
23.74%

23,531
(10,398)
60.88%

35,392
(9,837)
47.35%

71,297
(30,899)
53.80%

5x median 7,986
(4,172)
24.6%

7,726
(2,055)
14.15%

19,761
(8,924)
52.25%

22,289
(6,515)
31.36%

60,131
(27,339)
47.60%

10x median 4,329
(2,340)
13.8%

4,003
(1,042)
7.18%

14,289
(6,733)
39.42%

12,458
(3,775)
18.17%

51,352
(25,145)
43.78%

20x median 2,307
(1,307)
7.71%

2,115
(579)
3.99%

9,917
(4,833)
28.3%

6,897
(2,165)
10.42%

46,776
(23,808)
41.45%

housekeeping (8,692)
51.25%

(9,938)
68.43%

(2,863)
17.08%

(9,148)
20.78%

-

Table 3.1: TRAs numbers and percentages

3.4 Housekeeping genes numbers and percentages

Besides tissue-restricted antigens, we also defound housekeeping genes as
genes which are not higher expressed in any tissue than 2x the median gene
expression line. With this definition we found between 2,863 housekeeping
genes in the mouse Lattin dataset and 9,938 housekeeping genes in the hu-
man Novartis dataset. Housekeeping genes in the GTEX dataset have not
been calculated in this study (Table 3.1). This accounts for about 17.08%
of all genes in the mouse Lattin dataset and up to 68.43% in the human
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cerebral cortex

cerebral cortex prefrontal
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cortex
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frontal lobe

globus pallidus
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Figure 3.1: Tissue types in all five datasets. All represented tissue
types are shown here in the various datasets. All tissue types belonging
to the same biological instance, such as the central nervous system (CNS),
the peripheral nervous system (PNS) and some other subgroups are grouped
together and regarded in the TRA calculation as one tissue. Cells lines, such
as cancer cell, motile cell lines, embryonic tissue, as well as all immune cells
have been plotted in the TRA plots, but not regarded in TRA calculation.
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Figure 3.2: Tissue types in all five datasets. Most tissues are repre-
sented by at least one subtype in each dataset, some are represented by
more than one tissue subtype per dataset.
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Figure 3.3: Tissue types in all five datasets. The yellow tissues are
related to the different subtypes of immune cells, which have been plotted
in the TRA plots but not been taken into account in the TRA definition,
since they are motile cells.
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Figure 3.4: Tissue types in all five datasets. Altogether there are
twenty-eight tissue groups in all datasets. Tissue grouping was discussed
with Dr. Sheena Pinto, personal communication and adapted from previous
work Dinkelacker 2007 [102].
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Figure 3.5: Frequency of the tissue types in the human GTEX
dataset. The frequency of the tissue type within the human GTEX RNAseq
dataset varies, depending on the type of tissue and donation. While there
have only been a few samples for tissues such as the cervix, kidney and
bladder (post mortem), there have been over 600 measurements in tissues
such as the whole blood.
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human Novartis

human GTEX

mouse Lattin

mouse Novartis

Figure 3.6: Overlap of the TRAs in all datasets. The overlap of com-
mon genes, which can be found to be tissue-restricted in each dataset is
1,091 common genes in the three human datasets and 2,837 genes in the
two mouse datasets. Since the human Novartis dataset has been from 2002
already and resembles the oldest dataset here, we can only find 79 TRAs
which are tissue-restricted in this dataset but not in the others. In the hu-
man Roth dataset, which is from 2006 we can find 270 extra TRAs and in
the newest GTEX dataset from 2013 and 2015 we can find 6,416 TRAs more
than in the other datasets. The same holds true for the mouse datasets, the
oldest Novartis dataset in the mouse is from 2004 and contains 1336 TRAs
more than the mouse Lattin dataset from 2008, which has 6,088 genes to
be TRAs, which can not be found in the other dataset. Alltogether there
is quite a high number of TRAs identified in all different datasets and thus
builds a stable basis of TRA calculation.

57



3.5 Housekeeping genes in more detail 3 RESULTS

Novartis dataset (Table 3.1). For all housekeeping genes we have calculated
the overlap of genes found within the same species (Fig. 3.7).

Within different datasets there is an obvious relationship between the num-
bers of tissue-restricted genes and the numbers and percentages of house-
keeping genes found per dataset. Besides tissue-restricted genes and house-
keeping genes there are also genes which are not falling into either of the two
groups, since the definition is not complementary. This method is limited
in the aspect, that if genes are not highly expressed in any of the tissues,
the cutoff line is so low, that 5x the median in the case of TRAs or 2x the
median in the context of housekeeping genes is also very low, which gives in
principle wrong results. A lower additional cutoff line would be helpful in
order to solve this problem in the future.

3.5 Housekeeping genes in more detail

Analyzing the nature of housekeeping genes in further detail, we found many
gene groups of cellular function. Among these we could detect 18 genes
coding for actin filaments, 8 genes for apoptotic processes, 313 genes for ATP
binding, 6 genes for autophagy, 149 genes for calcium ion binding, 348 genes
for DNA binding and many other gene groups of the usual cellular biology
needed in any tissue-type. Among the 350 genes specific for DNA binding,
we could also detect the autoimmune regulator AIRE. This means that
AIRE is actually expressed in basically all tissues. Varyfying this finding in
bioGPS seems to give the same picture [434, 433, 432]. As AIRE is binding to
histones, we also looked at its interaction partners in the STRING database
[374] where this finding can also be seen. Besides AIRE we find many
other DNA binding proteins in our housekeeping gene lists, such as different
topoisomerases as well as polymerases (see housekeeping gene lists, technical
appendix on CD). The distribution of the main functional gene groups of
housekeeping genes are shown in Fig. 3.8.

3.5.1 TRAs in the mouse Novartis dataset

With the definition of TRAs to be genes, which are higher expressed than
the cutoff of 5x the median gene expression in at least one and not more
than five tissues of the 5x median, we can find 4,172 TRAs to be tissue-
restricted in the mouse Novartis dataset. As example plots, we can thus
find genes which are tissue-specific for one, two, three, four as well as five
tissues over the 5x median gene expression line. Example plots are given in
Fig. 3.9 - 3.11. Many of these genes have already been known to be involved
in autoimmune diseases [102].

Similar to tissue-specific genes we can also find genes, which are too un-
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Figure 3.7: Overlap of housekeeping genes in the human and mouse
datasets. A housekeeping gene was defined as a gene, which is not higher
expressed in any tissue than 2x the median gene expression. In the mouse
Novartis dataset, we found 8,692 housekeeping genes, in the mouse Lattin
dataset, we found 2,863 housekeeping genes, 2091 of these genes overlap in
both mouse datasets. In the human Novartis dataset, we found 9,938 house-
keeping genes, in the human Roth dataset, we found 9,148 housekeeping
genes, 5,572 of these overlap in both datasets.
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others

transferase activitycalcium ion bindingGTP bindingproteolysis
oxidation−reduction process

metal ion binding
extracellular region

zinc ion binding

nucleic acid binding

nucleus

regulation of transcription, DNA−templated

ATP binding

integral component of membrane

DNA binding

molecular_function

G protein−coupled receptor signaling pathway

membrane

protein binding

Cellular functions of housekeeping genes in the mouse Novartis dataset

Figure 3.8: Cellular functions of housekeeping genes in the mouse
Novartis dataset. Most of the 8,692 housekeeping genes in the mouse No-
vartis dataset are genes important for protein binding 871 genes (18.01%),
directly followed by genes specific for the membrane 712 genes (10.02%),
G protein coupled recptor signaling pathways 708 genes (8.19%), molecular
function 392 genes (8.15%), DNA binding 350 genes (4.51%), integral com-
ponent of the membrane 341 genes (4.03%), ATP binding 316 genes (3.92%),
regulation of transcription 272 genes (3.64%), the nucleus 202 genes (3.13%),
nucleic acid binding 165 genes (2.32%), zinc ion binding and extracellular
region 154 genes (1.99%). Smaller groups are collected together to other
functions, depicted here as “others”. Genes which could not be annotated
with GO terms were not plotted here.
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Figure 3.9: TRA example for one tissue over the cutoff in the mouse
Novartis dataset A TRA is a gene, which is higher expressed in at least one
and not more than five tissues over the 5x median gene expression line (red
horizontal line) over all tissues. This example shows a TRA, which fulfills
this criteria for one tissue over the cutoff. The Gm10487 gene is tissue
specific for the testis and thus resembles a typical testis-specific antigen.
Other examples of TRAs for one tissue are Insulin 1 and Insulin 2, shown in
Fig. 3.16. In the TRA database (TRA-DB) the criteria of how many tissues
to represent can be choosen upon the users wish. These figures has been
adapted by and recalculated from previous work in Dinkelacker 2007 [102].

specific and expressed in more than five tissues over the 5x median gene
expression line or genes, which are non TRAs and for example fall into the
group of housekeeping genes, if they are not expressed higher than 5x the
median gene expression line in any tissue of the dataset. Examples of these
genes can be seen in Fig. 3.12. All TRAs can be found in the TRA database
(TRA-DB), https://ibios.dkfz.de/tra/ [102].

3.5.2 TRAs in the human GTEX dataset

Identifying TRAs in the human GTEX dataset has been more difficult than
in the microarray datasets, due to the high intrahuman variability as well
as the big range of sample sizes per tissue-type. We accounted for this by
calculating TRAs upon the median gene expression per gene/transcript per
tissue-type over all samples and considered the 50% range to be the value
used for TRA calculation. The intrahuman variability has been shown by
boxplots in the TRA plots. Examples of TRAs in the GTEX dataset can be
seen in Fig. 3.13. Examples of non TRAs can be seen in Fig. 3.15. Altogether
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3.6 TRAs associated to autoimmune diseases 3 RESULTS

we could identify 1,091 common human TRAs and 2,837 common mouse
TRAs in all datasets used in this study (Fig. 3.6). All TRA lists are in the
technical appendix on CD.

3.6 TRAs associated to autoimmune diseases

Since TRAs are expressed by medullary thymic epithelial cells (mTECs)
in the thymus and are important for the negative selection of autoreactive
T cells [214], we tested the association between TRAs and already known
genes involved in autoimmune diseases. Doing a literature research by an au-
tomized pubmed search in order to look for the combination of the TRA gene
symbols and certain keywords, we found about 1,129 genes in the human
Novartis data to be connected within the title or abstract to the keyword
“autoimmune”, 40 TRAs to be involved in “autoimmune gastritis”, 106 be-
ing related to “hashimoto thyroiditis”, 189 TRAs being linked to “juvenile
idiopathic arthritis”, 587 to “lupus erythematosus”, 311 to “male infertility”
and 662 to “multiple sclerosis”.

Going further into detail of these gene lists, we can find, that from the
40 TRAs related to autoimmune gastritis three are tissue-specific for the
liver (the stomach was not measured in this dataset). In the case of the
54 genes related to hashimoto, only one matched to the thyroid. Looking
at genes related to lupus erythematosus, we can find many different tissue-
specificities. Since lupus erythematosus is not linked to a specific tissue-type
this has been expected. In the case of male infertility at least fifteen of the
genes are related to the testis. In the case of multiple sclerosis (MS) we can
find eighty of the TRAs to be tissue-specific for the CNS.

For a manual and thus more specific search, we extracted all genes be-
ing tissue-specific for only one tissue-type, for example the pancreatic islet
cells and analyzed the data genewise upon previous publications, known to
be involved in diabetes type 1, including these genes of interest. Besides
diabetes type 1 in the case of pancreatic-specific genes, we also searched for
the connection of diabetes type 2, pancreatitis as well as pancreatic cancer
(Table 3.2).

3.6.1 Diabetes type 1

Diabetes type 1 is an autoimmune disease, which is characterized by a
chronic insulin deficiency due to the loss of beta-pancreatic islet cells, which
leads to hyperglycaemia. Patients usually get autoimmune diabetes type
1 during infancy, but symptoms can also develop much later [191]. Dia-
betes type 1 goes along with a chronic inflammation, which is characterized
by autoimmune destruction of insulin-producing pancreatic beta cells [314].
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3.6 TRAs associated to autoimmune diseases 3 RESULTS

(a) 1 tissue over the cutoff

(b) 2 tissues over the cutoff

Figure 3.13: Examples of TRAs with one and two tissues over the
cutoff line in the GTEX dataset. To define TRAs in the human GTEX
dataset we have to account for intrahuman variability as well. Therefore
we plotted the distribution of gene expression per gene over all samples in
boxplots. Some genes have a high variability, others don’t this variance is
also dependent on the different tissue-types. The first example HSPA7 is a
TRA which is tissue-specific for the whole blood, the second is tissue specific
for the ovary, as well as the cervix.
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3.6 TRAs associated to autoimmune diseases 3 RESULTS

(a) 3 tissues over the cutoff

Figure 3.14: Example of a TRA with three tissues over the cutoff
in the human GTEX dataset. As an example for three tissues over the
cutoff line we have the Transcript ENST00000438210, which is tissue-specific
for the liver, lung and skin, the two skin tissues are grouped together and
regarded as one tissue.

Through the inflammation antigen presenting cells make tissue-specific genes
visible to the immune system and lead to autoimmune reactions. This dis-
truction of the pancreatic beta cells leads to the failure of insulin production
and this to diabetes type 1 typical symptoms. By the time that diabetes
type 1 is diagnosed most of the beta pancreatic islet cells are usually already
destroyed [381].

3.6.2 Known autoantibodies in diabetes type 1

According to the literature there is a list of already known autoantibodies,
mostly TRAs tissue-specific for the pancreatic islet cells and involved in au-
toimmune diabetes type 1. The first autoantibody discovered in this context
was the rat insulin gene [184]. At the same time they also found glucagon
(GCG) as well as thy pancreatic polypeptide, somatostatin (SST), trypsin,
amylase, caboxypeptidase A as well as GAD65 [184]. GAD65 was not ex-
pressed in the pancreas [184]. The amylase, carboxypeptidase A as well as
GAD65 were not expressed in the thymus [184]. Derbinski et al. 2001 could
show most of these TRAs to be mainly expressed in mTECs [98]. Gotter et
al. 2004 increased this list by the elastase [144]. In our data, we could find
most of these TRAs (Table 3.2).
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3.6 TRAs associated to autoimmune diseases 3 RESULTS

The insulin 1 and 2 genes [223] can be found in all of our datasets (Fig. 3.16),
it is tissue-specific for the pancreatic islet cells. Other TRAs formerly asso-
ciated with diabetes type 1 or genes, which are ought to be tissue-specific
for the pancreas, such as GAD65 [366], IA-2 [98], GADA, ICA as well as
ZNT98 [144, 194, 365, 235] can not be found in our data. But instead
we can find other genes, such as CTRB2, GCG, IAPP, PCSK1, REG3A
as well as SPINK1 [274] to be tissue-specific for the pancreatic islet cells
(Fig. 3.17, 3.18). They have formerly been connected to diabetes type 1
[312, 85, 97, 416, 61].

For an overview of all TRAs tissue-specific for the pancreatic islet cells and
potentially involved in autoimmune diabetes type 1, please refer to Table
3.2.

gene
name

gene descrip-
tion

associated
with

autoimmune reference

C93 - diabetes type
1

autoimmune,
tissue-specific
for the liver

Nyalwidhe et
al. 2017 [274]

CEL3 Carboxyl Ester
Lipase

grave’s dis-
ease

autoimmune Strzelczyk et
al. 2016 [370]

- pancreatic
disease

- Johansson et
al. 2018 [181]

CELA2A Elastase-1 diabetes
type 1

upregulated
in MHC II
hi mTECs,
Pinto et
al. 2008

Jolicoeur et
al. 1994 [184]

CELA2B - diabetes
type 1

upregulated
in MHC II
hi mTECs

Pinto et al.
2008

CELA3B3**- diabetes
type 1 [274]

upregulated
in MHC II
hi mTECs

Pinto et al.
2008

CEL2B Chymotrypsin
Like Elastase

- -

CEL3A - chronic pan-
creatitis

- Párniczky et
al. [307]

CEL3B - chronic pan-
creatitis

- Párniczky et
al. [307]

- diabetes type-
2

- Han et al. 2011
[150]

CELP Carboxyl Ester
Lipase Pseudo-
gene

pancreatic
diseases

- Johansson et
al. 2018[181]

CLPS Colipase diabetes type
2 [230]

upregulated
in MHC II
hi mTECs

Pinto et al.
2008

Table 3.2 – TRAs tissue-specific for pancreatic islet cells
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3.6 TRAs associated to autoimmune diseases 3 RESULTS

gene
name

gene descrip-
tion

associated
with

autoimmune reference

CPA1 Carboxypeptidase
A1

pancreatitis - Masamune et
al. 2014 [248]

- pancreatic
cancer

- Nagaraja et
al. 2013 [267]

- diabetes type
2

not autoim-
mune

Han et al. 2011
[150]

CD691 - diabetes type
1, tissue-
specific for
adipose
tissue, lym-
phnode, lung
and spleen

autoimmune Reddy et al. 2011
[312]

CHGA***2 - pancreatic
cancer [106]

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

CHGB***2 - pancreatic
cancer [106]

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012 [144]

CLEC16A - diabetes type
1, no TRA

autoimmune Reddy et al. 2011
[312]

CPA2 Carboxypeptidase
A2

diabetes type
2

not autoim-
mune

Han et al. 2011
[150]

CPB13 Carboxypeptidase
B1

diabetes type
1

autoimmune Nyalwidhe et
al. 2017 [274]

CRP C-Reactive Pro-
tein

autoimmune
diseases

autoimmune Klein et al. 1998
[202]

CTLA41 - diabetes type
1

autoimmune Reddy et al. 2011
[312]

CTRB2 Chymotrypsinogen
B2

diabetes type
1

autoimmune Reddy et al. 2011
[312]

CTRC Chymotrypsin C chronic pan-
creatitis

- Giefer et al. 2017
[132]

CTRL3** - diabetes type
1

- Nyalwidhe et
al. 2017 [274]

CTSH1 - diabetes
type 1 [312]

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

CUZD1 CUB and
zona pellucida-
like domain-
containing
protein 1

inflammatory
bowel
diseases[113]

upregulated
in MHC II
hi mTECs

Pinto et al.
2008

Table 3.2 – TRAs tissue-specific for pancreatic islet cells
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3.6 TRAs associated to autoimmune diseases 3 RESULTS

gene
name

gene descrip-
tion

associated
with

autoimmune reference

DNAJC12 DnaJ heat shock
protein family
(Hsp40) member
C12

- - -

EPB41L4B Erythrocyte
membrane pro-
tein band 4.1 like
4B

- - -

ERBB31 - diabetes
type 1 [312]

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

GCG glucagon diabetes
type 1

expressed
in MHC II
hi mTECs,
Pinto et
al. 2008

Jolicoeur
et al. 1994
[184, 144]

GGT1 glutathione hy-
drolase 1 proen-
zyme precursor

pancreatitis - Shelton et
al. 2014 [349]

GGT3P putative glu-
tathione hydro-
lase 3 proenzyme

- - -

GGT8P gamma-
glutamyltransferase
8 pseudogene

- - -

GGTLC2 Glutathione
hydrolase light
chain 2

- - -

GGTLC3 gamma-
glutamyltransferase
light chain family
member 3

- - -

GLIS31 - diabetes
type 1 [312]

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

CP2 cystein protease - - -
IAPP Islet amyloid

polypeptide
precursor

diabetes
type 1[97]

upregulated
in MHC II
hi mTECs

Pinto et al.
2008

IFIH11 - diabetes type
1

autoimmune,
no TRA

Reddy et al. 2011
[312]

IL271 - diabetes type
1

autoimmune,
no TRA

Reddy et al. 2011
[312]

Table 3.2 – TRAs tissue-specific for pancreatic islet cells
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3.6 TRAs associated to autoimmune diseases 3 RESULTS

gene
name

gene descrip-
tion

associated
with

autoimmune reference

INS1 insulin diabetes
type 1

upregulated
in MHC II
hi mTECs,
Pinto et al.
2008

Jolicoeur et
al. 1994 [184]

ITPR31 - diabetes
type 1 [312]

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

MMP7 matrix metal-
lopeptidase 7

systemic
lupus ery-
thematosus
[403]

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

PCSK13 proprotein con-
vertase subtil-
isin/kexin type
1

diabetes type
1

autoimmune Wasserfall et
al. 2017 [416]

PCSK1N3** - diabetes type
1

autoimmune Nyalwidhe et
al. 2017 [274]

PCA2G1B calcium-
transporting
ATPase G1B

- - -

PNLIP3** pancreatic lipase diabetes type
1

autoimmune,
tissue-specific
for the pan-
creas and the
spleen

Nyalwidhe et
al. 2017 [274]

PNLIPRP1pancreatic li-
pase related
protein 1

pancreatic
cancer [453]

upregulated
in MHC II
hi mTECs

Pinto et al.
2008

PNLIPRP2 pancreatic lipase
related protein 2

pancreatic
cancer

- Zhang et al. 2013
[453]

PKD21 - diabetes type
1, tissue-
specific for
the uterus,
umbilicalcord
and kidney

autoimmune Reddy et al. 2011
[312]

PP, PPY pancreatic
polypeptide

diabetes
type 1

autoimmune Jolicoeur et
al. 1994 [184]

PRKCQ1 - diabetes type
1, tissue-
specific for
the skeletal
muscle

autoimmune Reddy et al. 2011
[312]

PRSS2 serine protease
2

hashimoto
[140]

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012 [144]

Table 3.2 – TRAs tissue-specific for pancreatic islet cells
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

PRSS3 serine protease 3 autoimmune
pancreatitis

autoimmune Loehr et al. 2010
[238]

PTPN21 - diabetes type
1, no TRA

autoimmune Reddy et al. 2011
[312]

PTPN221 - autoimmune
diabetes
type 1 [312]

downregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

REG1 - upregulated
in MHC II
hi mTECs

Pinto et al.
2008

REG1A** regeneration
Family Member 1

Sjögren’s syn-
drome

autoimmune Yoshimoto et
al. 2013 [449]

REG1B3 regeneration
Family Member 1
beta

diabetogenesis autoimmune Nyalwidhe et
al. 2017 [274]

REG1P regeneration
Family Member 1

colorectal
cancer

not autoim-
mune

Lennard et
al. 2016 [220]

REG2** - pancreas,
spleen

-

REG3A3** regeneration
Family Mem-
ber 3

type 1 dia-
betes [274]

upregulated
in MHC II
hi mTECs

Pinto et al.
2008

RNLS1 - diabetes type
1, tissue-
specific for
the testis

autoimmune Reddy et al. 2011
[312]

S100A83 - diabetes
type 1 [274]

upregulated
in MHC II
hi mTECs

Pinto et al.
2008

S100A93 - diabetes
type 1 [274]

upregulated
in MHC II
hi mTECs

Pinto et al.
2008

SH2B31 - type 1 dia-
betes

autoimmune,
TRA tissue
specific for
whole blood
and the spleen

Reddy et al. 2011
[312]

SIRPG1 - diabetes type
1, no TRA

autoimmune Reddy et al. 2011
[312]

SKAP21 - diabetes type
1, tissue spe-
cific for the
testis, CNS
and oocyte

autoimmune Reddy et al. 2011
[312]

SPINK13 serine protease
inhibitor Kazal-
type 1

type 1 dia-
betes

autoimmune Chang et al. 2014
[61]

Table 3.2 – TRAs tissue-specific for pancreatic islet cells
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

SSP3 somatostatin diabetes
type 1

autoimmune Jolicoeur et
al. 1994 [184]

SYCN3 - diabetes
type 1 [274]

upregulated
in MHC II
hi mTECs

Pinto et al.
2008

Table 3.2: TRAs tissue-specific for pancreatic islet cells, ** tissue-
specific for more than one tissue, *** tissue-specific for more than two
tissues, 2 pancreatic cancer, Dugnani et al. 2018 [106], 3 diabetes type 1,
Nyalwidhe et al. 2017 [274], 4 Pinto et al. 2008 (internal data), Gaertner
et al. 2012 (internal data)

Table 3.2 – TRAs tissue-specific for pancreatic islet cells

3.6.3 Myasthenia gravis

Myasthenia gravis (MG) is an autoimmune disorder of the neuromuscu-
lar junction. Known autoantibodies involved in MG are the acetylcholin
receptor (ACHR) [333], the muscle-specific kinase (MUSK) as well as the
lipoprotein-related protein 4 (LPR4) [185]. Neither of them can be found in
our TRA database. According to Petrov et al. [295] also the inhibition of the
acetylcholin esterase might help in order to cure myasthenia gravis. ACHE
is a TRA, which is tissue-specific for the central nervous system (CNS) as
well as for the skeletal muscle (Fig. 3.20). Genes with a similar expression
pattern as the acetylcholinesterase are shown in Fig. 3.21 and Table 3.3.

In order to find more possible candidates which might be involved in myas-
thenia gravis (MG) we are looking for genes, which are tissue-specific for
the skeletal muscle as well as the central nervous system (CNS). Since the
search for the central nervous system is difficult due to the high amount
of different central nervous system tissues, we started the search for TRAs
tissue-specific for the skeletal muscle and apointed double tissue-specificities
if available (Table 3.3). Several of these genes have already been linked ac-
cording to the literature to myasthenia gravis, among them, the ACHE [295],
ACHR (no TRA) [333], BIN1 [227], CAP2 [227], CAV3 [341], CRMP5 [261]
and many others (Table 3.3). This means that finding new autoantibodies
as well as diagnostic markers for MG should be possible this way.

Futhermore also other muscle related illnesses or biological functions not
yet known can be found with the list of muscle-specific genes, according
to the literature many of these genes have already previously been linked
to muscle specificity (Table 3.3). A systematic search with these genes in
myasthenia gravis (MG) patients will highlight the real impact of this gene
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3.6 TRAs associated to autoimmune diseases 3 RESULTS

Figure 3.17: CTRB2 and GCG being involved in autoimmune dia-
betes type 1. Chymotrypsinogen B2 [312], CTRB2 [85] as well as glucagon,
GCG [144] are known to be involved in autoimmune diabetes type 1. While
CTRB2 is also associated to pancreatic cancer [431] as well as to chronic
pancreatitis [421], glucagon (GCG) has already been related to autoimmune
diabetes type 1 [184].
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Figure 3.18: IAPP and PCSK1 being involved in autoimmune di-
abetes type 1. Both IAPP (Islet amyloid polypeptide precursor) as well
as PCSK1 (Proprotein convertase subtillisin/kexin type 1) are known to
be involved in autoimmune diabetes type 1 [97, 416]. Both of these genes
are tissue-specific for the pancreatic islet cells. IAPP is the islet amyloid
polypeptide (amylin), a circulating peptide, which is produced in beta cells
by a precursor pro IAPP [82]. PCSK1 as well as PCSK2 are prohormone
convertases, which process proinsulin into insulin. PCSK2 processes also
glucagon. The gene expression of PCSK1 is reduced in diabetes type 1
patients [416].
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Figure 3.19: REG3A and SPINK1 being involved in autoimmune di-
abetes type 1. REG3A as well as REG1, REG1A, REG1B, REG1P, REG2
and REG3D are tissue-specific for the pancreatic islet cells, and known to
be highly expressed in diabetes type 1 [274]. While REG1B is associated
with the pancreas regeneration (Yamauchi et al. 2015), the upregulation of
REG3A is known to be associated in acute phase pancreatitis [278]. The
serine protease inhibitor SPINK1, a pancreatic secretory trypsin inhibitor is
an inactivation factor of intra-pancreatic trypsin activity [184]. Its mutation
is associated with idiopathic chronic pancreatitis [30, 428]
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list to actual patients.

gene
name

gene descrip-
tion

associated
with

autoimmune reference

AARSD1 skeletal muscle - muscle gene Echeverŕıa et
al. 2016 [108]

ACHE CNS, skeletal
muscle

- myasthenia
gravis

Petrov et al. 2018
[295]

- down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

ACHR - no TRA myasthenia
gravis

Salmon et
al. 1998[333]

ACTN3 skeletal muscle - muscle gene Garton et al. 2018
[126]

ACYP2 skeletal muscle - - Kim et al. 2007
[198]

ADCK3 skeletal muscle - muscle gene Rooney et
al. 2017 [323]

ADCY2 skeletal muscle - - Silver et al. 2012
[354]

ADSL skeletal muscle - - -
ANKRD2 skeletal muscle - muscle gene Koskinen et

al. 2017 [207]
ANO5 skeletal muscle,

PNS
- - -

AP2M1 smooth muscle,
CNS

- - -

AQP4 skeletal muscle,
CNS

- - -

ARPP21 skeletal muscle,
CNS

- muscle gene Daveg̊ardh et
al. 2017 [89]

ASB8 skeletal muscle - - -
ASPH skeletal muscle - - -
ATP5D skeletal muscle - - Chang et al. 2018

[60]
ATP1A2 skeletal muscle,

CNS
- - -

BIN1 skeletal muscle,
CNS

- myasthenia
gravis

Liewluck et
al. 2011 [227]

BNIP3 - -
C11orf67 skeletal muscle - myasthenia

gravis
Zhang et al. 2019

C20orf166 skeletal muscle - - -
C22orf15 skeletal muscle - myasthenia

gravis
Zhang et al. 2019

CACNA2D1 skeletal muscle - - -

Table 3.3 – TRAs tissue-specific for skeletal muscle
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

CACNG1 skeletal muscle - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

CAMK2B skeletal muscle,
CNS

- - -

CAP2 skeletal muscle,
CNS

- myasthenia
gravis

Liewluck et
al. 2011 [227]

CAPN3 skeletal muscle,
CNS

- - -

CAV3 skeletal muscle - myasthenia
gravis

Schoser et
al. 2009 [341]

CDK2AP1 - - - -
CLIP1 skeletal muscle - coronary

artery
Cho et al. 2019
[71]

CNBP skeletal muscle - Il-12 tran-
scription, Th1
immunity

Chen et al. 2018
[68]

COQ9 skeletal muscle - cardiomyopathy Sondheimer et
al. 2017 [362]

CRMP1 CNS - inflammation
on the neuro-
transmission
of vascu-
lar smooth
muscle

Gan et al. 2017
[125]

CRMP5 - no TRA myasthenia
gravis, au-
toantibodies

Monstad et
al. 2009 [261]

CUTC skeletal muscle - cardiac tro-
ponin

Mahmud et al.
2019 [244]

DCAF6 skeletal muscle - - Chen et al. 2015
[65]

DNAJB5 skeletal muscle - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

DNM1 CNS - - -
DNM2 - no TRA myasthenia

gravis
Liewluck et
al. 2011 [227]

DOK7 skeletal muscle - - -
DPYSL2 skeletal mus-

cle, CNS
- upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012 [144]

DPYSL5 CNS - myasthenia
gravis, au-
toantibodies

Monstad et
al. 2009 [261]

Table 3.3 – TRAs tissue-specific for skeletal muscle
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

EEF1A2 skeletal muscle,
CNS

- - -

EHBP1L1 skeletal muscle - - -
ENDOG skeletal muscle - - -
ENO3 skeletal muscle - human

mTECs
Gotter et al. 2004
[144]

EPM2A skeletal muscle - muscle glyco-
gen

Irimia et al. 2015
[170]

EYA4 skeletal muscle - - -
FBXO3 skeletal muscle - - -
FBXO32 skeletal muscle - mysthenia

gravis
Chauhan et
al. 2013 [63]

FEZ2 skeletal muscle - - -
FNDC5 skeletal muscle - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

FXR1 skeletal muscle - - -
GAMT skeletal muscle - sceletal mus-

cle
Chen et al. 2019
[67]

IDI2 skeletal muscle - - -
IGFN1 skeletal muscle - - -
IP6K3 skeletal muscle - - -
IL6 smooth muscle - myasthenia

gravis
Huang et al. 2018
[161]

IL17D - - - -
JPH2 skeletal muscle - - -
KPNA4 skeletal muscle - - -
LRRC20 skeletal muscle - - -
LPR4 - no TRA myasthenia

gravis
Jordan et
al. 2018[185]

MUSK - no TRA myasthenia
gravis

Jordan et
al. 2018[185]

MTM1 - no TRA myasthenia
gravis

Liewluck et
al. 2011 [227]

MACROD1 skeletalmuscle - - -
MAPK12 skeletal muscle - - -
MDH2 skeletal muscle - upregulated

in MHC II
hi mTECs

Pinto et al.
2008

MEF2C skeletal muscle,
CNS

- - -

METTL21C skeletal muscle - skeletal mus-
cle

Wiederstein et
al. 2018 [426]

MRPL15 skeletal muscle - - -
MYBPC2 skeletal muscle - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

Table 3.3 – TRAs tissue-specific for skeletal muscle
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

MYH4 skeletal muscle - - -
MYLK2 skeletal muscle - - -
MYOZ1 skeletal muscle - Roberts et

al. 2018 [319]
MYPN skeletal muscle - - -
NANOS1 skeletal muscle - - -
NDUFS7 skeletal muscle - - -
NEDD4 skeletal muscle - - -
NFE2L1 skeletal muscle - muscle atro-

phy
Furuya et al. 2014
[123]

NRD1 skeletal muscle - - -
NDRG2 skeletal muscle,

CNS
- - -

OPTN skeletal muscle - - -
OTUD1 skeletal muscle - - -
PABPC4 skeletal muscle - - -
PARVB skeletal muscle - - Matsuda et

al. 2008 [250]
PDE4DIP skeletal muscle - - -
PDLIM5 skeletal muscle - - -
PDLIM7 skeletal muscle - - -
PHKA1 skeletal muscle - - -
PLCD4 skeletal muscle - - -
PLEC skeletal muscle - - Selcen et al. 2011

[346]
PPP3CB skeletal muscle - - -
PRKAG3 skeletal muscle - - -
PRKCQ skeletal muscle - - -
RAD23A skeletal muscle - - -
RBFOX1 - - - -
RBFOX3 CNS - - -
RIF1 skeletal muscle - - -
RNF123 skeletal muscle - - -
RPUSD4 skeletal muscle - - -
RYR1 skeletal muscle - myasthenia

gravis
Stefanou et
al. 2016 [367]

- upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

RYR3 CNS - myasthenia
gravis

Hong et al. 2016
[159]

- upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

RTN1 CNS - upregulated
in MHC II
hi mTECs

Pinto et al.
2008

Table 3.3 – TRAs tissue-specific for skeletal muscle
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

RTN2 muscle - - -
RTN3 CNS - - -
RTN4R CNS - - -
SCN4A skeletal muscle - - Kao et al. 2018

[189]
SGCA skeletal muscle - - -
SHISA4 skeletal muscle - - Rodrigues et

al. 2019 [320]
SNTA1 skeletal muscle - - -
SRPK3 skeletal muscle - - -
SVIL skeletal muscle - - -
S100A1 - - down reg-

ulated in
MHC II hi
mTECs

Pinto et al.
2008

S100b CNS - myasthenia
gravis

Mu et al. 2011
[262]

SLN muscle - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

SLN1B - no TRA myasthenia
gravis

Feng et al. 2019
[114]

TNIP1 immune cell spe-
cific

- myasthenia
gravis

Geng et al. 2016
[129]

TACC2 skeletal muscle - - -
TBX15 skeletal muscle - - -
TEAD4 skeletal muscle - - -
TIAF1 skeletal muscle - - -
TMEM38B skeletal muscle - - Webb et al. 2017

[417]
TMEM70 skeletal muscle - - -
TNNI1 skeletal muscle - human

mTECs
Gotter et al. 2004
[144]

TNNT3 skeletal muscle - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

TPI1 skeletal muscle - - -
TPM2 skeletal muscle - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

TPM3 skeletal muscle - down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

Table 3.3 – TRAs tissue-specific for skeletal muscle
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

TPM4 skeletal muscle - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

TRIM7 skeletal muscle - - -
UBAC1 skeletal muscle - upregulated

in MHC II
hi mTECs

Pinto et al.
2008

UBE2B skeletal muscle - - -
UBE2D1 skeletal muscle - - -
UBE2G1 skeletal muscle - - -
UBELQL1 - no TRA - Topakian et

al. 2019[382]
UBR3 skeletal muscle - - -
UCHL1 skeletal muscle,

CNS
- - -

UQCRC1 skeletal muscle - - -
UTP11L skeletal muscle - - -
VDAC3 skeletal muscle - - Poleti et al. 2018

[301]
VGLL2 skeletal muscle - - -
VPS72 skeletal muscle - - -
ZMYND17 skeletal muscle - - -

Table 3.3: TRAs tissue-specific for muscle specific genes po-
tentially involved in myasthenia gravis (MG), not all genes are
annotated due to time reason, ** more than one tissue, Pinto et al. 2008
(internal data), Gaertner et al. 2012 (internal data)

Table 3.3 – TRAs tissue-specific for skeletal muscle

3.6.4 Multiple sclerosis

Multiple sclerosis (MS) is an autoimmune illness, where autoreactive lym-
phocytes cross the blood-brain barrier (BBB) and lead to demyelination,
gliosis and neuroaxonal degeneration of the central nervous system, disrupt-
ing the neuronal signalling [96]. Known autoantibodies in multiple sclero-
sis patients are the myelin basic protein (MBP) (Fig. 3.22), being highly
tissue-specific for the central nervous system (CNS), the proteolipid pro-
tein (PLP) [203] (Fig. 3.22), the myelin oligodendrocyte glycoprotein (MOG)
[98] (Fig. 3.23), tissue-specific for the central nervous system (CNS) and the
oligodendrocyte basic protein (MOBP) [179] (Fig. 3.23).

This leads us to the assumption that all CNS tissue-specific TRAs might
be potentially important for the development of multiple sclerosis (MS). A
complete list of these can be seen in Table 3.4. Already known autoantibod-
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Figure 3.20: ACHE and BIN1 involved in autoimmune myasthenia
gravis. The acetylcholinesterase (ACHE) is tissue-specific for the skeletal
muscle and the central nervous system (CNS). ACHE is involved in the
autoimmune myasthenia gravis [295]. BIN1 is also tissue-specific for skeletal
muscle as well as the central nervous system (CNS) and also known to be
involved in autoimmune myasthenia gravis [227].
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Figure 3.21: ACYP2 and ACDY2 involved in autoimmune myasthe-
nia gravis. ACYP2 as well as ACDY2 are tissue-specific for the skeletal
muscle as well as the central nervous system (CNS). Both are known genes
[198, 354] but have not been known yet to be involved in autoimmune myas-
thenia gravis. More studies upon patients and diagnostic immune chips will
highlight this finding.
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ies important in multiple sclerosis are ADEM, AQP4, NMOSD [177], some
of them are in our TRA list (Table 3.4). TRAs tissue-specific for the cen-
tral nervous system might also be important to other brain related dieseases
such als Alzheimers diesease.

gene
name

gene descrip-
tion

associated
with

autoimmune reference

AACS Acetoacetyl-CoA
Synthetase

corpus callo-
sum

- Maccaferri et
al. 2000 [242]

ABCA2 corpus callosum - - Zhou et al. 2002
[457]

ACSBG1 spinal cord - - -
AGPAT4 nodose nucleus - - -
AGXT2L1 amygdala - - McQuillin et

al. 20017 [254]
AHCYL1 spinal cord - - -
AK5 amygdala, hip-

pocampus
- - Ansoleaga et

al. 2015 [17]
AKAP11 amygdala - - Blotta et al. 2009

[34]
ALDOC cerebellum - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

AMPH occipital lobe - - Anderson et
al. 2006 [15]

ANKRD43 putamen - ganglion Tucker et al. 2008
[385]

ANKS1B accumbens,
corpus callo-
sum

- upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

ANLN corpus callo-
sum

- down reg-
ulated in
MHC IIlo
mTECs

Pinto et al.
2008

ANO3 putamen - - Yoo et al. 2018
[448]

AP3B2 amygdala - - -
APBA2 parietal lobe - - -
APBB1 parietal lobe - - -
APLP1 nodose nucleus,

spinalcord
- human brain

diseases
Preciados et
al. 2016 [305]

AQP4 amygdala - multiple
sclerosis

Berger et
al. 2017

- upregulated
by aire

Pinto et
al. 2008

ARF3 parietal lobe - - -
ARHGAP21 corpus callosum,

nodose nucleus
- - -

Table 3.4 – TRAs tissue-specific for the central nervous system
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

ARHGAP22 nodose nucleus - - -
ARHGEF26-
AS1

spinal cord - - -

ARHGEF4 parietal lobe,
whole brain

- - -

ARNT2 parietal lobe,
whole brain

- multiple
sclero-
sis,upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

ARPP21 accumbens - - -
ASPHD1 putamen - - -
ASTN1 amygdala, occipi-

tal lobe
- - -

ATCAY amygdala - - -
ATP1A2 prefrontal cortex - - -
ATP1A3 amygdala - - -
ATP1B2 hypothalamus - - -
ATP6V1G2whole brain - down reg-

ulated in
MHC II hi
mTECs

Pinto et al.
2008

ATP6V1H amygdala - - -
ATP9A whole brain - - -
B3GAT1 whole brain - - -
B3GAT2 spinal cord - - -
B3GNT1 parietal lobe - - -
BAALC spinal cord - - -
BACE1 nodose nucleus - - Mattsson et

al. 2009 [252]
BAI2 amygdala, hip-

pocampus, whole
brain

- - -

BAI3 amygdala - - -
BAIAP2 accumbens - - -
BEX1 amygdala - - -
BEX4 whole brain - - -
BEX5 parietal lobe - - -
BOK corpus callosum - - -
BSN parietal lobe - multiple scle-

rosis
Marquez et
al. 2009 [264]

BTBD3 amygdala - - -
CA10 cerebellum - - -
CA11 putamen, whole

brain
- - -

CACNA1A cerebellum - - -
CACNG3 amygdala - - -
CADM2 occipital lobe - - -

Table 3.4 – TRAs tissue-specific for the central nervous system
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

CADPS amygdala - human
mTECs

Gotter et al. 2004
[144]

CALM1 occipital lobe,
whole brain

- - Preciados et
al. 2016 [305]

CALM3 parietal lobe - - -
CALN1 cerebellum - - -
CALY amygdala, hy-

pothalamus,
pituitary gland,
Prefrontal Cortex

- - -

CAMK2B accumbens, Cere-
bellumPeduncles,
whole brain

- - -

CAMKV accumbens - - -
CAP2 prefrontal cortex - neuronal Kumar et al. 2060

[212]
CARNS1 nodose nucleus - - -
CBLN4 amygdala - - -
CCDC88A nodose nucleus - - -
CCDC92 amygdala - - -
CCK frontal lobe,

whole brain
- upregulated

in MHC II
hi mTECs

Pinto et al.
2008 [144]

CDH10 cerebellum - - -
CDH18 cerebellum, no-

dose nucleus,
spinalcord

- - -

CDK5 amygdala - - -
CDR1 cerebellum - cerebellum Totland et

al. 2018 [384]
CELF4 parietal lobe - - -
CERCAM corpus callosum - - -
CHD5 parietal lobe,

Prefrontal Cortex
- - -

CHL1 fetalbrain, pari-
etal lobe, Pre-
frontal Cortex

- - -

CHST1 amygdala - - -
CLASP2 corpus callosum,

occipital lobe
- - -

CLDN11 corpus callo-
sum

- upregulated
in MHC II
hi mTECs

Pinto et al.
2008

CLDND1 hypothalamus,
nodose nucleus

- - -

CLIP2 nodose nucleus - - -
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name

gene descrip-
tion

associated
with

autoimmune reference

CLIP3 prefrontal cor-
tex

- upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

CLSTN1 prefrontal cortex - multiple scle-
rosis

Yin et al. 2009
[447]

CNP occipital lobe - - -
CNTN2 corpus callosum - - -
CNTNAP4 spinal cord - - -
COL9A2 nodose nucleus - - -
CPLX2 hippocampus - - -
CREG2 parietal lobe - - -
CRMP1 amygdala - - -
CSPG5 amygdala - - -
CST3 PB-

CD14+Monocytes
- - -

CTNNA2 amygdala - - -
CTNND2 spinal cord - - -
CTTNBP2 corpus callosum,

nodose nucleus
- - -

CTXN1 accumbens - - -
CYFIP2 PB-

CD8+Tcells
- down reg-

ulated in
MHC II hi
mTECs

Pinto et al.
2008

CYP46A1 caudatenucleus,
putamen

- - -

DAAM2 corpus callo-
sum, spinal-
cord

- upregulated
in MHC
IIlo mTECs

Pinto et al.
2008

DBC1 occipital lobe - - -
DBNDD2 nodose nucleus - - -
DCLK1 fetalbrain, occipi-

tal lobe, parietal
lobe

- - -

DDAH1 prefrontal cor-
tex

- upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

DDN amygdala - - -
DGKZ hippocampus - - -
DIP2B nodose nucleus - - -
DIRAS2 whole brain - - -
DKK3 whole brain - - -
DLG2 hippocampus, oc-

cipital lobe
- - -

DLG4 occipital lobe - - -
DNAJC6 amygdala, pari-

etal lobe
- - -
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associated
with

autoimmune reference

DNM1 whole brain - - Ou et al. 2017
[280]

DNM3 hypothalamus - - -
DOCK3 occipital lobe - - -
DOCK4 amygdala - - -
DOK6 amygdala - - -
DPF1 parietal lobe - - -
DPP6 amygdala, puta-

men
- - -

DPYSL5 spinal cord - - -
DTNA spinal cord - - -
EDIL3 corpus callosum,

nodose nucleus
- - -

EDNRB spinal cord - - -
EHD3 whole brain - - -
ELAVL3 cerebellum - - -
ELMO1 occipital lobe - - -
ELOVL1 nodose nucleus - - -
ENC1 parietal lobe,

whole brain
- - -

ENHO amygdala, thala-
mus

- - -

ENO2 cerebellum - - -
ENPP2 hypothalamus,

nodose nu-
cleus, corpus
callosum

- upregulated
in MHC II
hi mTECs

Pinto et al.
2008

ERMN nodose nucleus - - -
FA2H nodose nucleus - - -
FABP7 fetalbrain - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

FAM107A prefrontal cortex - - -
FAM120B putamen - - -
FAM123A corpus callosum - - -
FAM125B nodose nucleus - - -
FAM131B occipital lobe - - -
FAM13C nodose nucleus - - -
FAM169A occipital lobe - - -
FAM171B amygdala - - -
FAM19A2 occipital lobe - - -
FAM5B amygdala - - -
FAM5C amygdala - - -
FEZ1 spinalcord - - -
FGF13 amygdala - down reg-

ulated in
MHC II hi
mTECs

Pinto et al.
2008
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FMNL2 corpus callo-
sum

- down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

FOXG1 fetalbrain - down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

FRMD5 corpus callosum - - -
FXYD6 parietal lobe,

whole brain
- - -

FXYD7 whole brain - - -
GABBR1 amygdala, cere-

bellum
- human

mTECs
Gotter et al. 2004
[144]

GABBR2 parietal lobe,
whole brain

- - -

GABRA1 occipital lobe - - -
GABRA2 occipital lobe - - -
GABRA5 accumbens,

amygdala
- human

mTECs
Gotter et al. 2004
[144]

GABRB1 amygdala - - -
GABRB2 occipital lobe - - -
GABRB3 amygdala, tem-

poral lobe
- upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

GABRG1 vestibular nuclei
superior

- - -

GABRG2 occipital lobe - - -
GAD1 hypothalamus - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012 [144]

GALNTL2 spinal cord - - -
GAP43 whole brain - - -
GDF1 spinal cord - - -
GFAP spinal cord - - -
GLT25D2 nodose nucleus - - -
GNAI1 corpus callosum - - -
GNAL putamen - - -
GNAO1 amygdala - - -
GNG3 whole brain - - -
GP1BB accumbens - - -
GPC5 amygdala - - -
GPM6A amygdala, tem-

poral lobe
- - -
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GPM6B spinal cord - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

GPR37 whole brain - human
mTECs

Gotter et al. 2004
[144]

GPRC5B corpus callosum,
whole brain

- - -

GRIA1 hippocampus - down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

GRIA2 hippocampus,
prefrontal cortex

- - -

GRIA3 hippocampus, oc-
cipital lobe

- - -

GRIA4 parietal lobe - - -
GRIN2A occipital lobe - - -
GRM3 putamen - - -
HAPLN2 nodose nucleus - - -
HEPACAM nodose nucleus - - -
HHIP nodose nucleus - - -
HIPK2 corpus callosum - - -
HPCA putamen - - -
HPCAL4 amygdala - - -
INA midbrain - - -
INPP5F hypothalamus - upregulated

in MHC II
hi mTECs

Pinto et al.
2008

IPO13 nodose nucleus - - -
IQCJ-
SCHIP1

corpus callosum - - -

ITM2C spinal cord - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

JPH3 hippocampus - - -
JPH4 putamen - - -
KALRN parietal lobe - - -
KBTBD11 occipital lobe - - -
KCNC1 cerebellum - - -
KCNH8 corpus callosum - - -
KCNJ10 nodose nucleus - - -
KIAA0284 whole brain - - -
KIAA1107 parietal lobe - - -
KIAA1598 hypothalamus,

nodose nucleus
- - -
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KIF1B prefrontal cor-
tex

- upregulated
in MHC
IIlo mTECs

Pinto et al.
2008

KIF5C prefrontal cortex - - -
KLC1 whole brain - - -
KLHL2 amygdala - - -
KLHL32 corpus callosum - - -
KLK6 spinalcord - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

KNDC1 amygdala - - -
LAMP2 corpus callo-

sum
- down reg-

ulated in
MHC II hi
mTECs

Pinto et al.
2008

LANCL1 nodose nucleus - - -
LARP6 nodose nucleus - - -
LGI3 nodose nucleus - - -
LHPP nodose nucleus - - -
LHX2 amygdala, tem-

poral lobe
- - -

LINC00320 corpus callosum - - -
LINC00323 spinal cord - - -
LINGO1 parietal lobe - - -
LMO3 prefrontal cortex - - -
LPAR1 corpus callo-

sum
- upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

LRRC3B amygdala - - -
LRRC4C amygdala - - -
LY6H amygdala - - -
LZTR1 occipital lobe - - -
MAG nodose nucleus,

spinalcord
- - -

MAN2A1 nodose nucleus - - -
MAP1A cerebral cortex - - -
MAP2 parietal lobe - - -
MAP4K4 corpus callosum - - -
MAP6D1 nodose nucleus - - -
MAPK9 parietal lobe - - -
MARCKSL1fetalbrain - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

MAST3 parietal lobe - - -
MBP myelin basic

protein
- multiple

sclerosis
Jensen et
al. 1994
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- upregulated
by aire

Pinto et
al. 2008

MC1R fetalbrain - - -
MEGF10 corpus callosum - - -
METRN spinal cord - - -
MIAT occipital lobe - - -
MICAL2 cerebellum - - -
MKL2 Prefrontal Cortex - - -
MLC1 spinal cord - - -
MLLT11 fetalbrain - - -
MMD amygdala - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

MOBP CNS, spinal-
cord

- multiple
sclerosis

-

- upregulated
by aire

Pinto et
al. 2008

MOG CNS, spinal-
cord upper,
spinalcord
lower, substan-
tia nigra

- multiple
sclerosis

Derbinski et
al. 2001 [98]

- upregulated
by aire

Pinto et
al. 2008

MT3 whole brain - - -
MTUS1 nodose nucleus - - -
MYT1L fetalbrain, occipi-

tal lobe
- - -

NACC2 spinalcord - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

NAP1L2 amygdala - - -
NAP1L3 amygdala - - -
NAT8L occipital lobe,

parietal lobe
- - -

NCAM1 amygdala, corpus
callosum

- - -

NCAN amygdala, fetal-
brain

- - -

NCDN accumbens - - -
NDFIP1 amygdala - - -
NDRG2 cerebellum - - -
NDUFA5 amygdala - upregulated

in MHC II
hi mTECs

Pinto et al.
2008

NECAB1 parietal lobe - - -
NEFL whole brain - - -
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NELF colorectal ade-
nocarcinoma,
hippocampus

- - -

NFASC prefrontal cortex - - -
NGFRAP1 whole brain - - -
NINJ2 corpus callosum - - ***
NLRP1 pituitary - - -
NNAT pituitary gland - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

NPAS3 spinal cord - - -
NPTN whole brain - - -
NPTX1 amygdala - - -
NPTXR amygdala, hip-

pocampus
- - -

NR2E1 amygdala - - -
NRCAM parietal lobe,

temporal lobe
- - -

NRGN parietal lobe - - -
NRN1 whole brain - - -
NRSN1 occipital lobe,

parietal lobe
- - -

NRXN2 cerebellum - - -
NSF hypothalamus - - -
NTM occipital lobe - - -
NTRK2 occipital lobe,

prefrontal cor-
tex

- upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

OLFM1 whole brain - - -
OLIG1 nodose nucleus - down reg-

ulated in
MHC II hi
mTECs

Pinto et al.
2008

OLIG2 corpus callosum - - -
OMG Hypothalamus,

nodose nucleus
- - -

OPALIN corpus callosum - - -
OPCML parietal lobe - - -
OSBPL1A occipital lobe - - -
P2RX7 nodose nucleus - - -
P2RY12 subthalamic nu-

cleus
- - -

PADI2 spinalcord - human
mTECs

Gotter et al. 2004
[144]

PAK3 amygdala - - -
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PALM amygdala - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

PAQR6 Hypothalamus - - -
PAQR8 nodose nucleus - - -
PAX6 cerebellum - - -
PCDH10 accumbens - - -
PCDH11X accumbens - - -
PCDH11Y accumbens - - -
PCDH8 amygdala - human

mTECs
Gotter et al. 2004
[144]

PCDHGA3 amygdala - - -
PCDHGC4 amygdala - - -
PCDHGC5 amygdala - - -
PCLO cerebellum - - -
PCMT1 whole brain - - -
PDE2A amygdala - down reg-

ulated in
MHC IIlo
mTECs

Pinto et al.
2008

PDXP parietal lobe - - -
PDZD4 parietal lobe - - -
PEA15 spinal cord,

whole brain
- - -

PEX5L nodose nucleus - - -
PFN2 whole brain - - -
PGBD5 hippocampus - - -
PGM2L1 amygdala - - -
PHACTR3 corpus callosum - - -
PHLPP1 corpus callosum - - -
PHYHIP putamen, Whole

Brain
- - -

PIP4K2A nodose nucleus - - -
PJA1 whole brain - - -
PJA2 amygdala - - -
PKP4 nodose nucleus,

spinalcord
- - -

PLCL1 corpus callosum - - -
PLD3 amygdala, pitu-

itary
- - -

PLEKHB1 spinalcord - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

PLP1 CNS - multiple
sclerosis
(MS)

Klein et
al. 2000 [203]

PLXNB3 corpus callosum - - -
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PMP2 olfactory bulb - - -
PNMA1 whole brain - - -
PNMA2 frontal lobe - - -
PNMAL1 amygdala, pari-

etal lobe
- - -

PON2 amygdala, fetal-
lung

- - -

POU3F2 spinal cord - - -
PPP2R2C occipital lobe,

parietal lobe
- upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

PPP3CA caudate nucleus,
Prefrontal Cortex

- - -

PREX1 nodose nucleus - - -
PRKACB occipital lobe - - -
PRKCZ whole brain - - -
PRNP amygdala - down reg-

ulated in
MHC II hi
mTECs

Pinto et al.
2008

PRR18 corpus callosum - - -
PRRG1 corpus callosum - - -
PRTFDC1 corpus callosum - - -
PSAT1 corpus callosum - - -
PSD2 hypothalamus - upregulated

in MHC II
hi mTECs

Pinto et al.
2008

PSD3 prefrontal cortex - - -
PSEN1 nodose nucleus - - -
PSRC1 corpus callosum - - -
PTPN5 putamen - - -
PTPRD corpus callosum - - -
PTPRN amygdala, pitu-

itary gland
- - -

PTPRR cerebellum - - -
PTPRZ1 amygdala - - -
PXK nodose nucleus - - -
QKI corpus callosum - - -
RAB33A corpus callosum - - -
RAB3A parietal lobe - - -
RAB40B accumbens,

amygdala
- - -

RAPGEF4 amygdala - - -
RAPGEF5 nodose nucleus - - -
RASGRF2 parietal lobe - - -
RASGRP3 nodose nucleus - - -
RASL10A amygdala - - -
RASSF2 nodose nucleus - - -
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RBFOX3 cerebellum - - -
RFPL1-
AS1

occipital lobe - - -

RGS20 accumbens - - -
RGS7 occipital lobe - - -
RHOU corpus callosum - - -
RIMBP2 amygdala - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

RNF11 amygdala - - -
RNF13 nodose nucleus - - -
RNF182 thalamus - - -
ROGDI nodose nucleus - - -
RTKN nodose nucleus - - -
RTN1 fetalbrain - upregulated

in MHC II
hi mTECs

Pinto et al.
2008

RUFY3 prefrontal cortex - - -
RUNDC3A parietal lobe,

whole brain
- - -

RYR3 putamen - - -
SCAMP5 parietal lobe - - -
SCD5 spinal cord - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

SCHIP1 amygdala, cor-
pus callosum,
spinal cord

- upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

SCN2A cerebellum - - -
SCN3A accumbens - - -
SCN3B amygdala, hip-

pocampus
- - -

SCRN1 olfactory bulb - - -
SEC14L5 nodose nucleus - - -
SEMA4D spinal cord - - -
SEPT11 parietal lobe - - -
SEPT3 amygdala - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

SEPT4 corpus callosum,
hypothalamus

- - -

SEPT5 accumbens, pari-
etal lobe

- - -
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SEPT8 corpus callosum,
nodose nucleus,
occipital lobe,
spinalcord

- - -

SERINC1 amygdala - - -
SERPINI1 cccipital lobe,

parietal lobe,
prefrontal
cortex

- down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

SGK3 corpus callosum - - -
SH3BP1 parietal lobe - - -
SH3GL2 Prefrontal Cortex - - -
SHANK2 amygdala - - -
SHC3 temporal lobe - - -
SKAP2 spinal cord - - -
SLAIN1 nodose nucleus - - -
SLC12A5 occipital lobe,

whole brain
- - -

SLC17A7 amygdala, hip-
pocampus

- - -

SLC1A2 amygdala, tem-
poral lobe

- - -

SLC1A3 amygdala, pre-
frontal cortex

- down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

SLC22A17 parietal lobe - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

SLC39A12 temporal lobe - - -
SLC44A1 corpus callosum,

nodose nucleus
- - -

SLC5A11 nodose nucleus - - -
SLC6A1 amygdala - - -
SLC7A11 spinal cord - - -
SLC9A6 Hypothalamus - - -
SLCO1A2 corpus callosum - - -
SLCO1C1 amygdala - - -
SLIT1 amygdala, fetal-

brain
- - -

SLITRK1 temporal lobe - - -
SNAP25 whole brain - - -
SNAP91 amygdala - - -
SNCB parietal lobe - - -
SNCB whole brain - - -
SNRPN whole brain - - -
SOBP fetalbrain - - -
SORL1 nodose nucleus - - -
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SOX2 spinal cord - - -
SPOCK3 corpus callosum,

nodose nucleus
- - -

SRCIN1 cerebellum - - -
SRP9 - - - -
ST18 corpus callosum - - -
STMN4 nodose nucleus,

whole brain
- - -

STX1A parietal lobe - - -
STXBP1 whole brain - - -
SULT4A1 whole brain - - -
SV2A parietal lobe,

whole brain
- down reg-

ulated in
MHC II hi
mTECs

Pinto et al.
2008

SV2B parietal lobe,
prefrontal
cortex

- upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012 [144]

SVOP parietal lobe - - -
SYBU fetalbrain - - -
SYN1 amygdala, pari-

etal lobe
- - -

SYN2 amygdala - - -
SYNDIG1 spinal cord - - -
SYNGR1 parietal lobe - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012 [144]

SYNGR3 whole brain - - -
SYNJ2 nodose nucleus - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

SYNPR accumbens - - -
SYP parietal lobe - - -
SYS1-
DBNDD2

nodose nucleus - - -

SYT1 amygdala - human
mTECs

Gotter et al. 2004
[144]

SYT17 hippocampus - - -
TAC1 caudatenucleus - upregulated

in MHC II
hi mTECs

Pinto et al.
2008 [144]

TAGLN3 whole brain - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

TBC1D12 spinal cord - - -
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TBCB nodose nucleus - - -
TCEAL2 occipital lobe,

prefrontal cor-
tex

- upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

THY1 whole brain - - -
TJP2 spinal cord - upregulated

in MHC II
hi mTECs

Pinto et al.
2008

TMEFF1 temporal lobe - - -
TMEM132B parietal lobe - - -
TMEM144 corpus callosum - - -
TMEM151B cerebellum - - -
TMEM235 corpus callosum - - -
TMEM35 amygdala - - -
TMEM59L amygdala - - -
TMEM74 spinal cord - - -
TMOD2 parietal lobe - - -
TNIK occipital lobe - - -
TP53INP2 nodose nucleus - - -
TPPP corpus callosum - - -
TRAK2 nodose nucleus - - -
TRIL spinal cord - - -
TRIM2 corpus callosum - - -
TRIM37 prefrontal cortex - - -
TRIM59 nodose nucleus - - -
TRIM9 cerebellum, oc-

cipital lobe
- upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

TSPAN7 occipital lobe,
Whole Brain

- - -

TSPYL1 whole brain - - -
TSPYL4 whole brain - - -
TTC9B amygdala - - -
TTLL7 corpus callosum - - -
TTYH1 amygdala, whole

brain
- - -

TTYH2 corpus callosum - - -
TUBB2B fetalbrain - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

TUBB4 amygdala - - -
UNC5A parietal lobe - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

UNC80 cerebellum - - -
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USP54 nodose nucleus - - -
VAMP2 amygdala - - -
VSNL1 OccipitalLobe - - -
VSTM2A occipital lobe - - -
WASF1 fetalbrain - - -
WASF3 amygdala - - -
WDR17 temporal lobe - - -
WDR47 amygdala - - -
WIF1 amygdala - - -
WSB2 whole brain - - -
YWHAH whole brain - - -
ZCCHC12 hypothalamus - upregulated

in mTECs
versus
cTECs

Gaertner et al.
2012

ZCCHC24 nodose nucleus - upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

ZDHHC9 corpus callosum - - -
ZEB2 nodose nucleus - - -
ZNF365 occipital lobe - - -
ZNF488 nodose nucleus - - -
ZNF536 corpus callosum - - -

Table 3.4: TRAs tissue-specific for the central nervous system
(CNS) potentially involved in multiple sclerosis (MS) not all
genes are annotated, due to time limiting reasons, Pinto et al. 2008 (in-
ternal data), Gaertner et al. 2012 (internal data)

Table 3.4 – TRAs tissue-specific for the central nervous system

3.6.5 Addison’s disease

Autoimmune Addison’s disease (AAD) is an autoimmune illness related to
the adrenal gland. Patients with Addison’s disease often suffer from a com-
bination of fatigue, loss of weight, hyperpigmentation of the skin as well as
pathological changes as well as failure of the adrenal gland [259].

Known autoantibodies related to addison’s disease are CYP11A1 [118], which
is tissue-specific for the adrenal gland (Fig. 3.24), MC2R [118] (Fig. 3.24),
MRAP [118] (Fig. 3.25), STAR [118] (Fig. 3.25). The TRA NNT [118] in
our data is tissue-specific for the skeletal muscle not the adrenal gland. The
TRA CDKN1C [118] is tissue-specific for the placenta, MCM4 [118] is tissue-
specific for the testis and the TRA SAMD9 [118] is tissue-specific for the
spleen. The TRAs TRXR2, MIRAGE and SGLPL1 [118] can not be found
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3.6 TRAs associated to autoimmune diseases 3 RESULTS

in our data (Table 3.5). Also in cancer the adrenal gland genes are impor-
tant, as Pan et al. found in 2011 [283] there are several adrenal cortical genes
involved in liver cancer, such as CYP11B2, CYP21A1, HSD3B1 as well as
FDX1. All of these genes are tissue-specific for the adrenal gland and might
be important for Addison’s diesease (Table 3.5).

Also the development of the adrenal gland is dependent on different fac-
tors, which also reflect in our TRA table tissue-specific for the adrenal
gland. Some of these are important for different illnesses, such as for exam-
ple adrenal hypoplasia. Some of these genes seem to be TRAs and others are
not. Adrenal hypoplasiea is a defect in the synthesis of adrenocorticotropin
(ACTH), which is no TRA. In the secondary hypoplasia, some important
factors are HESX1, LHX4, SOX3, TPIT, which are no TRAs. The same
accounts true for the genes POMC, which is a TRA, but tissue-specific for
the pituitary and not the adrenal gland and PC1, which is no TRA [116].
Some other TRAs can be found for example the resistance against ACTH
through the gene MC2R (Fig. 3.24), the ACTHR as well as MRAP (Table
3.5) [116]. For an overview of TRAs tissue-specific for the adrenal gland,
please refer to Table 3.5. The gene expression within the thymus, if known
is appointed in the table.

gene
name

chromosometissue autoimmune reference

ALAS1 3 adrenal
gland,adrenal cortex

adrenal gland, Okano et al. 2010
[276]

ATP1B3 3 Adrenal Cortex - -
ABCA1 9 adrenal gland cortex,

liver
- -

ABCC3 17 adrenal glandcor-
tex, liver

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

ACADVL 17 adrenal glandcortex,
liver

- -

AGTR1 3 adipose tissue sub-
cutaneous,adrenal
gland cortex, liver

- -

AKR1B1 7 adrenal gland cortex,
dorsal root ganglia,
kidney medulla

- -

ALAS1 3 adrenal gland cortex,
liver

- -

ALDH3A2 17 adrenal gland cortex,
kidney cortex

- -

ALDH3A2** 17 adrenal gland cortex,
kidney cortex

- -

Table 3.5 – TRAs tissue-specific for the adrenal gland
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gene
name

chromosometissue autoimmune reference

ARHGEF40 14 adrenal gland cortex,
spleen

- -

AS3MT 10 adrenal gland cortex - -
ATP1B3 3 adrenal gland cortex - -
C2CD2 21 adrenal gland - -
C4A** - adrenal gland,

liver
upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

C4B - adrenal gland, liver - -
C4B 2 - adrenal gland, liver - -
C4B** - adrenal gland, liver - -
CYP11A1** 15 adrenal gland,

adrenal cortex,
placenta

- -

CYP11B1 8 adrenal gland,
adrenal cortex

- -

CYP17A1 10 adrenal gland,
adrenal cortex

- -

CYP21A2 - adrenal gland,
adrenal cortex

- -

C10orf11 10 adrenal gland cortex - -
C10orf32-
ASMT

10 adrenal gland cortex - -

C2CD2 21 adrenal gland cortex,
spleen

- -

C7 5 adrenal gland cortex,
lymph nodes

- -

CCDC69 5 adrenal gland cortex,
heart atrium, heart
ventricle, lymph
nodes, skeletal
muscle, spleen

- -

COLEC11****2 adrenal gland cortex,
kidney cortex, liver,
ovary

- -

CPB1 3 adrenal gland cortex - -
CREM 10 adrenal gland cortex - Zwermann et

al. 2007 [466]
CSDC2 22 adrenal gland cortex,

heart atrium
- -

CTNNAL1 9 adrenal gland cor-
tex, dorsal root gan-
glia, heart atrium,
ovary, thyroid gland,
trigeminal ganglia

- -

CYB561A3 11 adrenal gland cortex - -
CYB5B 16 adrenal gland cortex - Pan et al. 2011

[283]

Table 3.5 – TRAs tissue-specific for the adrenal gland
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gene
name

chromosometissue autoimmune reference

CYP11A1** 15 adrenal gland cortex,
ovary

addison’s dis-
ease

Flueck et al. 2017
[118]

CYP11B1 8 adrenal gland cortex,
lymph nodes

- -

CYP11B2 8 adrenal gland cortex - Pan et al. 2011
[283]

CYP17A1 10 adrenal gland cortex,
kidney cortex, lymph
nodes, ovary

- -

CYP21A2 - adrenal gland cortex - Pan et al. 2011
[283]

CYYR1 21 adrenal gland cortex,
spleen

- -

DDR2 1 adipose tissue omen-
tal, adrenal gland
cortex, urethra

- -

DFNB31 9 adrenal gland cortex - -
DHCR24 1 adrenal gland cor-

tex, liver, spinal
cord

down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

DHCR7 11 adrenal gland cortex - -
DLG5 10 adrenal gland cortex - -
DNAJC12** 10 adrenal gland cortex,

cerebellum
- -

EBP X adrenal gland cortex,
liver

- -

EPB41L1 20 adrenal gland cortex - -
ERN1 17 adrenal gland cortex - -
FDX1** 11 adrenal gland,

adrenal cortex,
placenta

- -

FDXR 17 adrenal gland - -
FADS1 11 adrenal gland cortex - -
FAM114A1 4 adrenal gland cortex - -
FAM150B 2 adrenal gland cortex,

myometrium, ovary,
testes

- -

FAM166B 9 adrenal gland cortex - -
FBN2 5 adrenal gland cor-

tex, testes
upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

FDX1 11 adrenal gland cortex - Pan et al. 2011
[283]

FDXR 17 adrenal gland cortex - -
GPR98 5 adrenal gland cortex - -

Table 3.5 – TRAs tissue-specific for the adrenal gland
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gene
name

chromosometissue autoimmune reference

GRAMD1B 11 adrenal gland cortex,
dorsal root ganglia,
cerebellum, trigemi-
nal ganglia

- -

GSTA3 6 adrenal gland cortex - -
GSTA4 6 adrenal gland cor-

tex, vulva
upregulated
in MHC II
hi mTECs

Pinto et al.
2008

HSD3B2 1 adrenal gland,
adrenal cortex

- -

HDHD3 9 adrenal gland cortex - -
HOXA5 7 adipose tissue omen-

tal, adrenal gland
cortex, kidney cor-
tex, kidney medulla,
stomach fundus

- -

HSD3B2 1 adrenal gland cortex,
lymph nodes, ovary

- -

HSPE1 2 adrenal gland cortex - -
IKBKAP 9 adrenal gland cortex - -
ING2 4 adrenal gland cortex - -
IDH1*** 2 adrenal gland,

adipocyte, prostate
- -

KCNK3 2 adrenal gland cortex - -
KIAA1024 15 adrenal gland cortex - -
KCNK3 2 adrenal gland - -
KLHDC8B 3 adrenal gland cortex - -
LDLR 19 adrenal gland cor-

tex, lung, ovary
upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

LONP1 19 adrenal gland cortex - -
LONRF2 2 amygdala, putamen,

accumbens, adrenal
gland cortex, cerebel-
lum, cerebral cortex,
frontal lobe, parietal
lobe, occipital lobe,
temporal lobe

- -

LRRN3 7 amygdala, accum-
bens, adrenal gland
cortex, cerebral cor-
tex, heart atrium,
frontal lobe, parietal
lobe, occipital lobe

- -

MAP3K5 6 adrenal gland cortex - -
MC2R - adrenal gland disorder

of adrenal
development

Ferraz-de-Souza
et al. 2008 [116]

Table 3.5 – TRAs tissue-specific for the adrenal gland
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gene
name

chromosometissue autoimmune reference

MCFD2 2 adrenal gland cortex,
salivary gland

- -

MCOLN3 1 adrenal gland cortex - -
MGARP 4 adipose tissue omen-

tal, adrenal gland
cortex, ovary

- -

MRAP 21 adipose tissue omen-
tal, adipose tis-
sue subcutaneous,
adrenal gland cortex

addison’s dis-
ease

Flueck et al. 2017
[118]

MRPL33 2 adrenal gland cortex - -
MSI2 17 adrenal gland cor-

tex, ovary
upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

MT2A 16 adrenal gland cortex - -
MYO7A 11 adrenal gland cortex - -
NOV 8 adrenalgland,

adrenal cortex
- -

NR4A1 12 adrenal cortex - -
NR4A2 2 adrenal cortex - -
NOV*** 8 adrenal gland

cortex, coronary
artery, saphenous
vein, trigeminal
ganglia, urethra

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

NPC1 18 adrenal gland cor-
tex, corpus callo-
sum

upregulated
in MHC II
hi mTECs

Pinto et al.
2008

NXPH1 7 amygdala, adrenal
gland cortex, cere-
bral cortex, hypotha-
lamus, parietal lobe,
occipital lobe, tem-
poral lobe, vestibular
nuclei superior

- -

PEBP1 12 adrenalgland - -
PAPSS2 10 adrenal gland cor-

tex, lung, liver,
ovary

down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

PDGFD 11 adrenal gland cortex,
ovary

- -

PEBP1 12 adrenal gland cortex,
liver, kidney medulla

- -

Table 3.5 – TRAs tissue-specific for the adrenal gland
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gene
name

chromosometissue autoimmune reference

PEG10 7 amygdala, putamen,
accumbens, adrenal
gland cortex, cerebel-
lum, hypothalamus,
midbrain, medulla,
ovary, pituitary
gland, substantia
nigra, testes, ven-
tral tegmental area,
vestibular nuclei
superior

- -

PHACTR2 6 adrenal gland cortex - -
QPCT 2 bone marrow,

adrenal gland cortex
- -

RARRES2***7 adipose tissue
omental, adipose
tissue subcuta-
neous, adrenal
gland cortex,
lung, liver, ovary

upregulated
in MHC II
hi mTECs

Pinto et al.
2008

RBBP7 X adrenal gland cor-
tex

down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

RIMS2 8 adrenal gland cortex,
parietal lobe, occipi-
tal lobe

- -

RIMS2** 8 adrenal gland cortex,
parietal lobe, occipi-
tal lobe

- -

RMDN2 2 adrenal gland cortex - -
RORA 15 adrenal gland cortex,

nipple cross-section
- -

RUNDC3B 7 putamen, accum-
bens, adrenal gland
cortex, cerebellum,
midbrain, occipital
lobe

- -

RHOB*** 2 adrenalgland, pla-
centa, Lung

- -

SCARB1** 12 adrenalgland,
adrenal cortex,
placenta

- -

SLC47A1 17 adrenal cortex - -
SORBS2** 4 adrenalgland, thy-

roid
- -

STAR** 8 adrenal gland,
adrenal cortex, ovary

addison’s dis-
ease

Flueck et al. 2017
[118]

SCAP 3 adrenal gland cortex - -

Table 3.5 – TRAs tissue-specific for the adrenal gland
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gene
name

chromosometissue autoimmune reference

SCARB1 12 adrenal gland cortex,
liver, ovary

- -

SEMA3B - adrenal gland cortex,
trigeminal ganglia

human
mTECs

Gotter et al. 2004
[144]

SEMA6A 5 adrenal gland cor-
tex

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

SH3BP5 3 adrenal gland cortex - -
SIAH2 3 adrenal gland cortex - -
SLC23A2 20 adrenal gland cortex - -
SLC47A1 17 adrenal gland cortex,

endometrium, kidney
cortex, liver, kidney
medulla, trigeminal
ganglia

- -

SMIM4 3 adrenal gland cortex - -
SOAT1 1 adrenal gland cortex,

prostate gland, sali-
vary gland

- -

SPTSSA 14 adrenal gland cortex - -
ST3GAL5 2 adrenal gland cortex - -
STAR 8 adrenal gland cortex,

lymph nodes, ovary,
testes

- -

STK19 6 adrenal gland cortex - -
STK19P - adrenal gland cortex - -
TBC1D4 13 adrenal gland cor-

tex
upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

TBC1D8B X adrenal gland cortex - -
TBX3 12 adrenalgland - -
TM7SF2 11 adrenalgland - -
TBX3 12 adrenal gland cortex,

prostate gland, thy-
roid gland, urethra

- -

TBX3**** 12 adrenal gland cortex,
prostate gland, thy-
roid gland, urethra

- -

TM7SF2 11 adrenal gland cortex - -
TOB1 17 adrenal gland cortex,

liver, skeletal muscle,
trachea, urethra

- -

UGCG 9 adrenal gland cor-
tex, lymph nodes

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

Table 3.5 – TRAs tissue-specific for the adrenal gland
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gene
name

chromosometissue autoimmune reference

ZNF275 X adrenal gland cor-
tex, ovary

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

ZNF331 19 adrenal gland cortex - -

Table 3.5: TRAs tissue-specific for the adrenal gland potentially
involved in autoimmune addison’s disease, not all genes are an-
notated due to time reason, ** more than one tissue, Pinto et al. 2008
(internal data), Gaertner et al. 2012 (internal data)

Table 3.5 – TRAs tissue-specific for the adrenal gland

3.6.6 Autoimmune gastritis

The autoimmune atrophic gastritis (AIG) is an autoimmune disease against
parietal cells, resulting in the mucosal distruction mainly of the stomach.
AIG often occurs in association with other autoimmune diseases, such as
hashimoto thyroiditis, autoimmune diabetes type 1, addison’s disease as
well as other autoimmune diseases [321]. Autoimmune atrophic gastritis can
lead to gastric cancer [225]. Autoantibodies in AIG are mostly related to be
anti-parietal cell antibodies (APCA), intrinsic factor antibodies (IFA), anti-
mitochondrial antibodies (AMA), as well as anti-smooth muscle antibodies
(ASMA) [397]. None of these autoantibodies can be found in our TRA data.
Tissue-specific genes for the gasterointestinal tract might be important in
autoimmune gastritis but have not been futher studied here (TRA-DB).

3.6.7 Juvenile idiopathic arthritis

Juvenile idiopathic arthritis (JIA) is a chronical arthritis starting in child-
hood. SJIA has been related to the S100 gene family [195, 158], which can
be found in our data. On chromosome three in the mouse there is a S100
TRA cluster including nine different S100 genes (Fig. 3.26).

gene
name

chromosome tissue autoimmune reference

S100a1 - bladder, heart,
thyroid

down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

Table 3.6 – TRAs of the S100 gene family
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gene
name

chromosome tissue autoimmune reference

S100a2 - bronchial epithe-
lial cells

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

S100a3 - - - -
S100a4 - - - -
S100a5 - spleen, pancreas down reg-

ulated in
MHC II hi
mTECs

Pinto et al.
2008

S100a6 - bronchial epithe-
lial cells, whole
blood, lung,
smooth muscle

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

S100a7 - - - -
S100a7a - - - -
S100a8 - bone, bone mar-

row
JIA Holzinger et

al. 2018 [158]
- up regu-

lated in
MHC II hi
mTECs

Pinto et al.
2008

S100a9 - bone, bone mar-
row

JIA Holzinger et
al. 2018 [158]

- up regu-
lated in
MHC II hi
mTECs

Pinto et al.
2008

S100a10 - bronchial epithe-
lial cells

up regu-
lated in
MHC II hi
mTECs

Pinto et al.
2008

S100a11 - oral mucosa, pha-
ryngeal mucosa

upregulated
in mTECs
versus
cTECs

Gaertner et al.
2012

S100a12 - - - -
S100a14 - digits - -
S100a14P1 - oral mucosa - -
S100a16 - epidermis, digits,

tongue epidermis,
trachea

down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

S100b - - - -
S100g - - - -
S100p - - - -

Table 3.6 – TRAs of the S100 gene family
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gene
name

chromosome tissue autoimmune reference

Table 3.6: S100 gene family involved in autoimmune juvenile
idiopathic arthritis. The S100 gene family is involved in autoimmune
juvenile arthritis (JIA) [158]. many of them are clustered on chromosome
three in the mouse. Pinto et al. 2008 (internal data), Gaertner et al. 2012
(internal data)

Table 3.6 – TRAs of the S100 gene family

3.6.8 Hashimoto thyroiditis

Hashimoto thyroiditis is an autoimmune disease against the thyroid gland
leading to hypothyroiditis. Thyroid specific autoantigens have been found
to be related to hashimoto thyroiditis, such as thyroglobulin (TG) [366],
thyroid peroxidase (TPO)[366] (Fig. 3.27, 3.28), the TSH receptor (TSHR)
[8], PTPN22 [312], FCRL3, FOXE1, ITGAM, PRICKLE1, LPP as well as
TRIB2 [355]. According to our data PTPN22 as well as ITGAM are tissue-
specific for the bone marrow and not the thyroid, FCRL3 is tissue-specific
for the spleen, PRICKLE1 is tissue-specific for the oocyte and and LPP is
tissue-specific for the bladder as well as the umbilicalcord, it hence remains
unclear if they are really related to hashimoto thyroiditis. TSHR, FOXE1
and TRIB2 are however tissue-specific for the thyroid. Table 3.7 is showing
all TRAs, which are tissue-restricted for the thyroid and thus might have an
impact on hashimoto thryoiditis or other thyroid related illnesses. Already
known autoantibodies in hashimoto thyroiditis are pointed out in the table.

gene
name

gene descrip-
tion

associated
with

autoimmune reference

AFAP1L2 Actin Filament
Associated Pro-
tein 1 Like 2

thyroid Can-
cers

- Iyama et al. 2017
[173]

ATOH8 Atonal BHLH
Transcription
Factor 8

colorectal
cancer

- Ye et al. 2017
[445]

ATP6AP2 ATPase H+
Transporting Ac-
cessory Protein
2

granular cell
tumors

- Pareja et al. 2018
[286]

BEND7 BEN Domain
Containing 7

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

Table 3.7 – TRAs tissue-specific for the thyroid
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

C5orf28 Transmembrane
Protein
267(TMEM267)

- - -

C7orf23 transmembrane
protein 243
(TMEM243)

- - -

C16orf89 Chromosome 16
Open Reading
Frame 89

thyroid spe-
cific

- Afink et al. 2010
[6]

C20orf3 adipocyte plasma
membrane associ-
ated protein

diabetes type
2

not autoim-
mune

Ma et al. 2016
[240]

CALR Calreticulin thyroid tis-
sue, grave’s
diesease

autoimmune Meng et al. 2017
[257]

CAV2 Caveolin 2 thyroid can-
cer

- Grosse et al. 2012
[146]

CAV2 Caveolin 2 diabetes type
1

autoimmune Bhandage et
al. 2018 [29]

CCL21 CC-chemokine
ligand 21

thyroid can-
cer

upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

CCL21 CC-chemokine
ligand 21

central self
tolerance

autoimmune Kozai et al. 2017
[208]

CD24 BCs,TCs hashimoto
(Breg cells)

upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

CD24 BCs,TCs thyroid carci-
noma

- Han et al. 2011
[150]

CITED2 Cbp/P300 Inter-
acting Transacti-
vator

thyroid can-
cer

- Ye et al. 2018
[446]

COL9A3 Collagen Type IX
Alpha 3 Chain

thyroid can-
cer

- Ye et al. 2018
[446]

CRABP1 Cellular
Retinoic Acid
Binding Pro-
tein 1

thyroid car-
cinoma

upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

CREB3L2 CAMP Respon-
sive Element
Binding Protein
3 Like 2

thyroid can-
cer

- Chang et al. 2018
[60]

CRELD2 Cysteine Rich
With EGF Like
Domains 2

thyroid target - Fernández et
al. 2013 [115]

Table 3.7 – TRAs tissue-specific for the thyroid
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

CSGALNACT1Chondroitin
Sulfate N-
Acetylgalactosaminyltransferase
1

thyroid carci-
noma

- Schulten et
al. 2015 [342]

CTBP2 C-terminal-
binding protein
2

thyroid carci-
noma

- Lui et al. 2005
[236]

CTSB Cathepsin B thyroid carci-
noma

- Tedelind et
al. 2010 [380]

DIO2 Iodothyronine
Deiodinase 2

thyroid hor-
mone

- Park et al. 2018
[287]

DIO2 Iodothyronine
Deiodinase 2

grave’s dis-
ease

autoimmune Shahida et
al. 2018 [347]

DLG5 Discs Large
MAGUK Scaffold
Protein 5

thyroid can-
cer

- Ibrahimpasic et
al. 2017 [168]

EPB41L4B Erythrocyte
Membrane Pro-
tein Band 4.1
Like 4B

thyroid can-
cer

- -

FAM167A Family with se-
quence similarity
167

Autoimmune
Thyroid
Disease

autoimmune Song et al. 2018
[363]

FAM189A2 Family With Se-
quence Similarity
189 Member A2

thyroid tu-
mours

- Wojtas et al. 2017
[429]

FOXE1 Forkhead Box
E1

hypothyroidismupregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

GLCCI1 Glucocorticoid
Induced 1

- - -

GLIS3 GLIS Family Zinc
Finger 3

hypothyroidism - Rurale et al. 2018
[330]

GLIS3 GLIS Family Zinc
Finger 3

type 1 dia-
betes

autoimmune Wen et al. 2017
[423]

GNAS*** Guanine Nu-
cleotide binding
protein, Alpha
Stimulating

hypothyroidism,
6% altered in
breast cancer
[406]

- Long et al. 2018
[234]

GNAS Guanine Nu-
cleotide binding
protein, Alpha
Stimulating

thyroid can-
cer

- Untch et al. 2018
[393]

GOLGA8A Golgin A8 Family
Member A

- - -

Table 3.7 – TRAs tissue-specific for the thyroid
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

GOLGA8B Golgin A8
Family Mem-
ber B

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

HEBP1 Heme Binding
Protein 1

Crohn’s dis-
ease

autoimmune Cagliani et
al. 2013 [53]

- down reg-
ulated in
MHC II hi
mTECs

Pinto et al.
2008

HHEX Hematopoietically-
expressed home-
obox protein

thyroid can-
cer

- Zhu et al. 2014
[463]

HIRA Histone Cell Cy-
cle Regulator

- not autoim-
mune

Goroshi et
al. 2017 [142]

HIRA Histone Cell Cy-
cle Regulator

grave’s dis-
ease

autoimmune Yuk et al. 2016
[451]

HSP90B1** High Purity HSP
90kDa ß1

thyroid
papillary
carcinoma,
drugable
target *1

- Cong et al. 2015
[80]

HSPA5 High Purity
GRP78/BIP
Antigen

thyroid can-
cer

- Lee et al. 2018
[219]

- grave’s dis-
ease

- Meng et al. 2017
[257]

- up regu-
lated in
MHC II hi
mTECs

Pinto et al.
2008

HSPB11 Heat Shock Pro-
tein B Member 11

multiple scle-
rosis

- Gorter et al. 2018
[143]

ID3 Inhibitor Of
DNA Binding
3

thyroid can-
cer

upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

ID4 Inhibitor Of
DNA Binding
4

thyroid can-
cer

- Amaral et
al. 2018 [13]

- up regu-
lated in
MHC IIlo
mTECs

Pinto et al.
2008

INPP5J Inositol
Polyphosphate-
5-Phosphatase
J

ovarian can-
cer

- Zhu et al. 2015
[464]

Table 3.7 – TRAs tissue-specific for the thyroid
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

IQCA1 IQ Motif Con-
taining With
AAA Domain 1

- - -

KCNJ16 Potassium
Voltage-Gated
Channel Sub-
family J Member
16

thyroid carci-
noma

- Liu et al. 2016
[231]

KLHL14 Kelch Like Fam-
ily Member 14

thyroid gene - Credendino et
al. 2017 [83]

LCN12 Members of the
lipocalin family

- - -

LPCAT2 - thyroid func-
tion

- Porcu et al. 2013
[304]

LRIG3 Leucine Rich
Repeats And
Immunoglobulin
Like Domains 3

prostate can-
cer

- Chen et al. 2018
[68]

LRP1B LDL Receptor
Related Protein
1B

thyroid can-
cer

- Gomez-Rueda et
al. 2016 [139]

LRP8 Cell surface re-
ceptor for Reelin

breast cancer - Maire et al. 2018
[245]

METTL7A Methyltransferase
Like 7A

thyroid can-
cer

- Zhou et al. 2017
[461]

MGAT4C MGAT4 Family
Member C

prostate can-
cer

- Demichelis et
al. 2012 [94]

MT1E Metallothionein
1E

malignant
thyroid le-
sions

- Wojtczak et
al. 2017 [430]

MTCH1 Mitochondrial
Carrier 1

neuro-
Behcet’s
disease

autoimmune Vural et al. 2013
[407]

NKX2-1 NK2 Homeobox 1 thyroid au-
toimmunity

autoimmune Giuliani et
al. 2018 [135]

NUPR1 Nuclear Protein
1, Transcriptional
Regulator

cancer - Chowdhury et
al. 2009 [74]

OBSL1 Obscurin Like 1 3-M syn-
drome

- Demir et al. 2013
[95]

PAX8 Paired-Box-
Protein 8

thyroid can-
cer

- Suzuki et al. 2018
[373]

PBX4 PBX Homeobox
4

acute lym-
phoblastic
leukemia

- Rosales-Avina et
al. 2011 [324]

PDE8B Phosphodiesterase
8B

hashimoto
thyroiditis

upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

Table 3.7 – TRAs tissue-specific for the thyroid
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

PDIA4 Protein Disulfide
Isomerase Family
A Member 4

adenocarcinoma. - Tufo et al. 2014
[386]

PDIA6 Protein disulfide
isomerase A6

adenocarcinoma. - Tufo et al. 2014
[386]

PGF Placental Growth
Factor

thyroid carci-
noma

- He et al. 2015
[153]

PKHD1L1 PKHD1 Like 1 proliferative
diabetic
retinopathy

- Ung et al. 2017
[392]

PLVAP Plasmalemma
Vesicle Associ-
ated Protein

thyroid tu-
mors

- Wojtas et al. 2017
[429]

PRKX Protein Kinase
X-Linked

hematopoietic
neoplasm

- Saloustros et
al. 2015 [334]

PRSS16 Serine Protease
16

antitumoral
immunity

- Brisson et
al. 2015 [47]

PTH Parathormon thyroid can-
cer

- Vargas-Ortega et
al. 2018 [398]

RCBTB1 RCC1 And BTB
Domain Contain-
ing Protein 1

chronic lym-
phocytic
leukemia

- Parker et al. 2011
[288]

RGL3 Ral Guanine Nu-
cleotide Dissoci-
ation Stimulator
Like 3

- - -

SCPEP1 Serine Car-
boxypeptidase
1

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

SDC2 Syndecan 2 - - -
SHISA2 Shisa Family

Member 2
- - -

SLC12A8 Solute Car-
rier Family 12
Member 8

psoriasis - Cabaleiro et
al. 2016

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

SLC25A29 solute carrier
family 25

cancer - Zhang et al. 2018
[454]

SLC26A4 solute carrier
SLC26A4

thyroid carci-
noma

- Poma et al. 2018
[302]

SLC26A7 Solute Car-
rier Family 26
Member 7

thyroid carci-
noma

- Weinberger et
al. 2017 [420]

Table 3.7 – TRAs tissue-specific for the thyroid
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

SNHG5 Small Nucleolar
RNA Host Gene
5

acute myeloid
leukemia

- Li et al. 2018 [224]

SORBS2 Sorbin And SH3
Domain Contain-
ing 2

thyroid carci-
noma

- Stein et al. 2010
[369]

ST6GAL2 ST6 Beta-
Galactoside
Alpha-2,6-
Sialyltransferase
2

thyroid carci-
noma

- Liang et al. 2018
[226]

TCERG1L Transcription
Elongation
Regulator 1
Like

Crohn’s dis-
ease

- Bae et al. 2014
[22]

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

TG thyroglobulin thyroid anti-
bodies

autoimmune Sospedra et
al. 1998 [366]

TMEM30B Transmembrane
Protein 30B

- - -

TPO thyroid peroxi-
dase

hashimoto
thyroiditis

autoimmune Sospedra et
al. 1998 [366]

TPST2 Tyrosylprotein
Sulfotransferase
2

hypothyroidism - Sasaki et al. 2007
[338]

TSHR Thyroid Stimu-
lating Hormone
Receptor

thyroid dis-
ease

autoimmune Patel et al. 2018
[290]

VEGFA** Vascular
endothelial
growth factor
A

thyroid
carcinoma,
drugable
target *1

- Wang et al. 2018
[414]

- up regu-
lated in
MHC II hi
mTECs

Pinto et
al. 2008

VEGFC Vascular En-
dothelial Growth
Factor C

thyroid can-
cer

- Gao et al. 2018

ZFP36L2 ZFP36 Ring Fin-
ger Protein Like 2

- - -

ZMAT1 Zinc Finger
Matrin-Type 1

- - -

Table 3.7 – TRAs tissue-specific for the thyroid
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gene
name

gene descrip-
tion

associated
with

autoimmune reference

Table 3.7: TRAs tissue specific for the thyroid, *1 - drugable tar-
gets, ** tissue-specific for more than one tissue-type, *** expressed in
more than in one tissue-type, Pinto et al. 2008 (internal data), Gaertner
et al. 2012 (internal data)

Table 3.7 – TRAs tissue-specific for the thyroid

3.6.9 Testis-specific antigens

Testis-specific antigens have two major roles in immunology as well as in
cancer treatment. First it has been observed as for most, if not all of the
TRAs, that TRAs are in general involved in autoimmune diseases. This is
also true for testis-specific antigens [144]. Autoimmune responses to testis-
specific antigens have been observed mainly in male infertility [387]. Due to
its immune-priviliged status, the testis is a site in which immune cells have
no or just restricted access, coming from the blood-testis barrierer formed by
Sertoli cells, which physically prevent immune cell infiltration into the site
of sperm cell maturation [425]. Also Sertoli cells secrete TGF-beta (tumor
growth factor-beta), as also activin A, granzyme B and FAS ligand in order
to inhibit growth and survival of immune cells in the interstitial epithelium
of the testis [425].

The immune-priviliged status of the testis, as well as the germline expres-
sion of testis-specific antigens make them such an interesting target of im-
munotherapy, because it has been observed in many tumor types, that espe-
cially the germline encoded testis-specific antigens are reactivated in many
cancers. In 1991 Van den Bruggen et al. found the first cancer testis anti-
gen (CTA) in melanoma patients, called MAGE [396]. And De Plaen et
al. discovered in 1994 twelve genes of the MAGE family [91]. This discovery
was followed by the BAGE and GAGE genes [45, 90] and many others in the
following years. In 2005 Simpson et al. cite about 40 different cancer testis
antigens [356]. And 2014 Whiterhurst et al. report about 225 genes coding
for testis-specific antigens, which might be possible drug targets [425]. In
2017 Tung et al. state, that many of these genes are known, but their spe-
cial expression pattern is still not well understood yet [387]. In 2018 Peer
et al. again came up with a list of testis-specific antigens, as potentially new
cancer immunology drug targets.

Since we have good access here through the TRA-DB to the real gene expres-
sion profile of CTAs as well as potential side effects due to gene expression
in other tissues as well then the testis, our TRA data might actually be
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Figure 3.24: CYP11A1 and MC2R being involved in autoimmune
addison’s disease. The cytochrome P450 side chain cleavage enzyme
(CYP11A) is known to be involved in the autoimmune addison’s disease,
it is tissue-specific for the placenta, the adrenal gland and the adrenal cor-
tex. The melanocortin receptor 2 (MC2R) is an ACTH receptor which leads
to adrenocorticotropin resistance in case of MC2R defect [116]. Also this is
tissue-specific for the adrenal gland.
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Figure 3.25: MRAP and STAR being involved in autoimmune ad-
dison’s disease. The melanocortin receptor 2 accessory protein (MRAP)
is involved in adrenocorticotropin resistance (ACTH) and can thus lead to
addison’s disease. The same hold true for the steroidogenic acute regulatory
protein (STAR).
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Figure 3.26: S100a8 and S100a9 being involved in the autoimmune
disease of juvenile idiopathic arthritis (SJIA). Both S100a8 as well
as S100a9 are involved in autoimmune juvenile idiopathic arthritis (SJIA)
[195, 158]. Both are tissue-specific for the bone and the bone marrow.
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Figure 3.27: TG and TPO involved in autoimmune diseases. The
thyroglobulin (TG) as well as the thyroid peroxidase (TPO) are involved in
autoimmune hashimoto thyroiditis. Both of them are tissue-specific for the
thyroid [366].
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Figure 3.28: TSHR and FOXE1 involved in autoimmune hashimoto
thyroiditis. The thyroid stimulating hormone receptor (TSHR) as well
as FOXE1 are highly tissue-specific for the thyroid. Both are known to
be involved in thyroid specific illnesses [290, 410] and might be involved
as all other TRAs, which are tissue specific for the thyroid in autoimmune
hashimoto thyroiditis.
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important for the study of cancer testis antigens. For this purpose we have
gone through the list of all CTAs found in our database and connect them
to previous knowledge if possible. Through this approach we could identify
many new cancer testis antigens, which might be important for the cancer
immunotherapy. We have further used the function of our TRA-DB in or-
der to enlarge the knowledge of gene families in the context of cancer testis
antigens.

Since CTAs have been formerly subgrouped into X linked and non X linked
CTAs we copied this way of representation in our Table 3.8. This way it
becomes obvious that most of the cancer testis antigens, we found were not
linked to the X chromosome in human. Furthermore we noticed that not all
formerly predicted CTAs are really tissue-specific for the testis only, which
might cause problems in immunotherapy treatment, especially man of the
CTAs found in Peer et al. 2018 are highly expressed in the bone marrow
as well, which might be actually very dangerous to use in clinical trials on
patients. Examples of these are ASPM, DLGAP5, NCAPG2, UBE2C, AU-
RKA, KIF4a, KIF15, KIF23, TPX2, CDC20 RACGAP1, FOXM1, PRC1
as well as HJURP (Peer et al. 2018).

In the CTA list, we represent here, we only focus on those CTAs, which
have either been previously known or also only, if not differently described
expressed in the testis, but no other tissue, measured in our datasets. Since
we have different subgroups of testis associated tissues, we could maybe even
go into further detail of this study.

Already Gotter et al. 2004 [144] pointed out that the immunogenicity of a
gene is highly dependent on the central self tolerance of T cells, it might be
very important for future research to keep the actual gene expression level
of CTAs in the medullary part of the thymus in mind, before starting any
clinical trial on tumor vaccination against CTAs.

Most of the already known CTAs can be found in our data. As can be
seen in Table 3.8 we can identify twelve representatives of the GAGE fam-
ily, one member of the MAGE family (MAGEb), one member of the PAGE
family (PAGE4) [339], which is however not tissue-specific for the testis in
our data, but instead for the placenta (TRA-DB). We could find the CTAs
SSX2IP [331] in our TRA-DB, as well as IL3, but not the IL31RA1 recep-
tor, as had been proposed by Simpson et al. 2005 [356]. Other examples
of previously known CTAs we could not find are the SCP1 gene [389] as
well as CSAGE or CAGE [356]. The supposively CTA E2F1 is in our data
tissue-specific for the oocyte and not the testis. Sometimes we find different
subtypes as CTAs, as for example in the case of NXF2 [356, 412], which
we can not find, but instead detected the subtype NXF3. Sometimes also
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the tissue-specificity of a gene measured in our data, varies according to the
dataset used, as can be seen in the case of TAF7L [356], which is tissue-
specific for the testis in the human Roth dataset, but tissue-specific for the
placenta in the mouse Novartis dataset. If this is due to the different species
or just the different dataset, remains unclear and would need further exam-
ination.

Summing up the results we found for cancer testis antigens, the TRA-DB
seems to be good tool in order to detect new TRAs, in order to claim these as
potential drug targets, its gene expression within the thymus should clearly
be clearified first, before going into any clinical trial. Under www.cta.lncc.br
there is a database of cancer-testis antigens [11]. For further CTAs please
refer to Table 3.8 as well as Fig. 3.29 and 3.30.

gene
name

gene descrip-
tion

chromosome autoimmune reference

ACE2* Angiotensin con-
verting enzyme 2

X - germ cell expressed by
testes leydig
cells

Douglas et
al. 2004 [104]

AKAP4* A-Kinase An-
choring Protein
4)

X testis antigen Jagadish et
al. 2016 [174]

C9orf9 Sperm Acrosome
Associated 9

X - -

CITED1* Glu/Asp Rich
Carboxy-
Terminal Domain
1

X - germ cell gonad devel-
opment

Del Valle et
al. 2017 [93]

GAGE2A* G Antigen 2A X - k562 cells testis-specific Chao et al. 2018
[62]

GAGE2B* G Antigen 2B X testis antigen
family

Gjerstorff et
al. 2008 [136]

GAGE2C* G Antigen 2C X testis antigen
family

Gjerstorff et
al. 2008 [136]

GAGE3* G Antigen 3 X testis antigen
family

Vodolazhsky et
al. 2018 [405]

GAGE8* G Antigen 8 X testis antigen
family

Almeida et
al. [11]

GAGE10* G Antigen 10 X testis antigen
family

Gjerstorff et
al. 2008 [136]

GAGE12C* G Antigen 12C X testis antigen
family

Kulkarni et
al. 2012 [211]

GAGE12D* G Antigen 12D X testis antigen
family

Gjerstorff et
al. 2008 [136]

GAGE12E* G Antigen 12E X testis antigen
family

Gjerstorff et
al. 2008 [136]

GAGE12H* G Antigen 12H X testis antigen
family

Gjerstorff et
al. 2008 [136]

Table 3.8 – TRAs tissue-specific for the testis (CTAs)
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gene
name

gene descrip-
tion

chromosome autoimmune reference

GAGE12J* G Antigen 12J X testis antigen
family

Gjerstorff et
al. 2008 [136]

GAGE13* G Antigen 13 X testis antigen
family

Gjerstorff et
al. 2008 [136]

GPR64 G protein-
coupled receptor
64

X spermatogenesis Yap et al. 2011
[444]

NXF3 Nuclear RNA Ex-
port Factor 3

X spermatogenesis Zhou et al. 2011
[459]

TKTL1 Transketolase-
like-1

X cancer testis
antigens

Djureinovic et
al. 2016 [103]

ACSBG2* Acyl-CoA Syn-
thetase Bub-
blegum Family
Member 2

- testis gene Pei et al. 2006
[293]

ACRBP Acrosin Binding
Protein

- CT database Whitehurst et
al. 2014 [425]

ACTL6A Actin Like 6A 3 - -
ACTL7A* Actin Like 7A 9 testis antigen Afsharpad et

al. 2019 [7]
ACTL7B* Actin Like 7B 9 testicular

germ cell
specific

Hisano et al. 2003
[157]

ACTL9 Actin Like 9 19 - -
AGBL5* ATP/GTP Bind-

ing Protein Like 5
- - -

ADAM23*** CNS, PNS, um-
bilicalcord

no CTA human
mTECs

Gotter et al. 2004
[144]

ADAM2 ADAM Met-
allopeptidase
Domain 2

altered in 7%
in breast can-
cer [243]

CT database Kulkarni et
al. 2012 [211]

ADAM3 ADAM Met-
allopeptidase
Domain 3

- sperm mem-
brane

Fujihara et
al. 2018 [122]

ADAM3A ADAM Met-
allopeptidase
Domain 3A

altered 6% in
breast cancer

cancer testis
antigen

Kim et al. 2009
[197]

ADAM5 ADAM Met-
allopeptidase
Domain 5

altered 7% in
breast cancer
[400]

testis gene Cho et al. 1996
[70]

ADAM18 ADAM Met-
allopeptidase
Domain 18

altered 6% in
breast cancer
[462]

testis gene Frayne et al. 1997
[121]

ADAM29 ADAM Met-
allopeptidase
Domain 29

altered 6% in
breast cancer

CT database Kulkarni et
al. 2012 [211]

ADAM30 ADAM Met-
allopeptidase
Domain 30

- testis specific
gene

Cerretti et al. [59]

Table 3.8 – TRAs tissue-specific for the testis (CTAs)
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gene
name

gene descrip-
tion

chromosome autoimmune reference

ADAM32 ADAM Met-
allopeptidase
Domain 32

altered 7% in
breast cancer
[400]

testis gene Choi et al. 2003
[72]

ASRGL1 Asparaginase
Like 1

11 sperm au-
toantigen

Bush et al. 2002
[51]

ACSBG2 Acyl-CoA Syn-
thetase Bub-
blegum Family
Member 2

19 testis gene Pei et al. 2006
[293]

AKAP3* A-Kinase An-
choring Protein
3

12 cancer testis
antigen

Kulkarni et
al. 2012 [211]

AKAP4* A-Kinase An-
choring Protein
4

- testis antigen Jagadish et
al. [174]

AKAP14 A-Kinase An-
choring Protein
14

- testis antigen Jagadish et
al. [174]

ALDH1A1***Aldehyde Dehy-
drogenase 1 Fam-
ily Member A1

- testis gene Nourashrafeddin
et al. [273]

APH1B Aph-1 Homolog
B

15 breast cancer Peltonen et
al. 2013

AGBL5 ATP/GTP Bind-
ing Protein Like 5

2 breast cancer Peltonen et
al. 2013

ANKRD5 Ankyrin Re-
peat Domain-
Containing
Protein 5

- prostate can-
cer

Jin et al. 2016
[180]

ANKRD7* Ankyrin Repeat
Domain 7

7 testis specific Ozaki et al. 1996
[281]

ANKRD13A - cell migration Avellino et
al. 2013 [19]

ANKRD20A11P- germ cell ar-
rest

Catford et
al. 2019 [58]

ANKRD20A2- lung cancer Kanwal et
al. 2018 [188]

ANKRD20A3- male infertil-
ity

Zhou et al. 2019
[460]

ANKRD20A4- male infertil-
ity

Zhou et al. 2019
[460]

ANKRD20A7P- male infertil-
ity

Zhou et al. 2019
[460]

ANKRD20A8P- male infertil-
ity

Zhou et al. 2019
[460]

APH1B* Aph-1 Homolog
B, Gamma-
Secretase Sub-
unit

- breast cancer Peltonen et
al. 2013

Table 3.8 – TRAs tissue-specific for the testis (CTAs)
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gene
name

gene descrip-
tion

chromosome autoimmune reference

APOA1** Apolipoprotein
A1

human
mTECs

infertility[336] Gotter et al. 2004
[144]

- up regu-
lated in
MHC IIlo
mTECs

Pinto et al.
2008

ARMC3 Armadillo Repeat
Containing 3

- CT database Almeida et
al. 2009 [11]

ASRGL1* Asparaginase
Like 1

- sperm au-
toantigen

Bush et al. 2002
[51]

- overexpressed
in breast
cancers

sperm au-
toantigen

Weidle et al. 2009
[419]

ATAD2 AAA Domain
Containing 2

altered 11% in
breast cancer
[376]

CT database Whitehurst et
al. 2014 [425]

ACTG2*** Actin, Gamma 2 - prostate gene Untergasser et
al. 2005 [394]

BRD8* Bromodomain
Containing 8

5 colorectal
cancer

Yamada et
al. 2009 [441]

BRDT* Bromodomain
testis-specific
protein

1 testis-specific Kulkarni et
al. 2012 [211]

BRP44*** Brain Protein 44 - immune cells -
BSCL2** Seipin Lipid

Droplet Biogene-
sis Associated

- spermatogenesis Ebihara et
al. 2015 [107]

CABYR Calcium Bind-
ing Tyrosine
Phosphorylation
Regulated

- CT database Kulkarni et
al. 2012 [211]

CALR3** Calreticulin 3 - CT database Ikawa et al. 2011
[169]

CASC1 Cancer Suscepti-
bility 1

- - Sinnott et
al. 2014 [357]

CASC5 cancer suscepti-
bility candidate
5

- CT database Kulkarni et
al. 2012 [211]

CATSPERZ*- testis derter-
mining SRY
gene

Brown et al. 2018
[48]

CCDC7 Coiled-Coil Do-
main Containing
7

- testis develop-
ment

Wang et al. [411]

CCDC11 Coiled-Coil Do-
main Containing
11

- prostate can-
cer

Yamamoto et
al. 2007 [442]

Table 3.8 – TRAs tissue-specific for the testis (CTAs)
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gene
name

gene descrip-
tion

chromosome autoimmune reference

CCDC15 Coiled-Coil Do-
main Containing
15

- lymphoma Yang et al. 2018
[443]

CCDC19 Coiled-Coil Do-
main Containing
19

- nasopharyngeal
carcinoma

Fang et
al. 2012[112]

CCDC30 Coiled-Coil Do-
main Containing
30

- thyroid can-
cer

Ritterhouse et
al. 2016 [318]

CCDC34 Coiled-Coil Do-
main Containing
34

- cervical can-
cer

Liu et al. 2018
[232]

CCDC38 Coiled-Coil Do-
main Containing
38

- testis specific
gene

Lin et al. 2016
[229]

CCDC42 Coiled-Coil Do-
main Containing
42

- male fertility Pasek et al. 2016
[289]

CCDC46 Coiled-Coil Do-
main Containing
46

- cancer testis
antigen

Xie et al. 2019
[437]

CCDC53 Coiled-Coil Do-
main Containing
53

- - -

CCDC54 Coiled-Coil Do-
main Containing
54

- spermiogenesis Bai et al. 2018
[24]

CCNA1 Cyclin A1 13 testis gene Zhang et al. 2018
[454]

CD52*** CD52 Molecule -immune cells Sertoli cells,
diabetes type
1

Skurikhin et
al. 2017 [359]

CDC20*** Cell-division cy-
cle protein 20

-immune cells gonad differ-
entiation

Groh et al. 2013
[145]

CENPH Centromere pro-
tein H

5 testis specific Peer et al. 2018

CENPL Centromere Pro-
tein L

1 testis specific
histone

Tachiwana et
al. 2008 [375]

Cenpv Centromere Pro-
tein V

11 mouse testis specific
histone

Tachiwana et
al. 2008 [375]

CENPW Centromere Pro-
tein W

6 - Geister et al. 2015
[128]

CEP55 Centrosomal Pro-
tein 55

- CT database Kulkarni et
al. 2012 [211]

CEP63 Centrosomal Pro-
tein 63

- bladder carci-
noma

Buim et al. 2005
[49]

CEP70 Centrosomal Pro-
tein 70

- breast cancer Sirkisoon et
al. 2018 [358]
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CEP112 Centrosomal Pro-
tein 112

altered 5% in
breast cancer
[284]

breast cancer Panda et
al. 2018[284]

CKM*** Creatine Ki-
nase, M-Type

- colorectal
cancer

Francis et al. 2016
[120]

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

CKS2*** cyclin dependent
kinases

-immune cells spermatogenesis Smirnova et
al. 2006 [360]

C11orf20 - 11 ovarian carci-
noma

Salzman et
al. 2011 [335]

CYB5R2 Cytochrome B5
Reductase 2

11 prostate can-
cer,mTECs

Devaney et
al. 2013 [101]

CLPB Caseinolytic
peptidase B
protein ho-
molog

11 testis gene Guan et al. 2013
[147]

- up regu-
lated in
MHC II lo
mTECs

Pinto et al.
2008

CLU*** Clusterin - sperm as-
sociated
biomarker

Dere et al. 2017
[100]

CNN1*** Calponin 1 - spermatozoa López-Cardona
et al. 2018 [237]

COL1A2*** Collagen Type I
Alpha 2 Chain

- testis gene Baert et al. 2015
[23]

CABYR* Calcium Bind-
ing Tyrosine
Phosphorylation
Regulated

18 testis specific Shen et al. 2015
[350]

CCNA1* Cyclin A1 13 testis specific Panigrahi et al.
2012 [285]

CCT6B* Chaperonin Con-
taining TCP1
Subunit 6B

17 testis specific Kubota et
al. 1997 [209]

CDKN3* Cyclin Depen-
dent Kinase
Inhibitor 3

14 testis genes Peer et al. 2018

CEP55 - 10 testis genes Peer et al. 2018
CETN3* Centrin 3 5 cancer testis

antigen
Kim et al. 2013
[199]

CHIC2* Cysteine Rich
Hydrophobic
Domain 2

4 leukemia Kuchenbauer et
al. 2005 [210]
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CLPB* Caseinolytic pep-
tidase B protein
homolog

- testis gene Guan et al. 2013
[147]

COX6B2 Cytochrome c ox-
idase subunit VIb
polypeptide 2

- CT database Whitehurst et
al. 2014 [425]

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

COX7A2* Cytochrome c ox-
idase (COX)

6 testis gene Chen et al. 2012
[66]

CPXCR1 CPX Chromo-
some Region

- CT database Almeida et
al. [11]

CREM* CAMP Respon-
sive Element
Modulator

- testis Wang et al. 2018
[414]

CRISP2* Cysteine-rich se-
cretory protein 2

6 cancer testis
antigen

Zamuner et
al. 2015 [452]

CRISP3 Cysteine-rich se-
cretory protein 3

- testis specific
gene

Giese et al. 2002
[133]

CUL3* Cullin 3 2 spermatozoa
gene

Nguyen et
al. 2009 [269]

CSDAP1** - immune cells lung cancer Xu et al. 2018
[439]

CT62 - cancer testis
antigen

Kulkarni et
al. 2012 [211]

CTAG1A - vaccine avail-
able

CT database Kulkarni et
al. 2012 [211]

CTAG1B* - drugable tar-
get, *1

CT database Whitehurst et
al. 2014 [425]

CTCFL - CT database Kulkarni et
al. 2012 [211]

CYB5R2* - prostate can-
cer

Devaney et
al. 2013 [101]

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

CYLC2* - sperm-specific
cylicin II

Xie et al. 2001
[438]

DAZL* Deleted In
Azoospermia
Like

3 testis specific
gene

Hashemi et
al. 2018 [152, 412]

DBF4** - immune cells anti cancer
target

Cheng et al. 2018
[69]

DCAF12L1 - azoospermia Ramasamy et
al. 2014 [309]
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DDX3X - oncogene He et al. 2018
[154]

- up regu-
lated in
MHC IIlo
mTECs

Pinto et al.
2008

DDX4* DEAD-Box Heli-
case 4

5 germ cells Aduma et
al. 2018 [5]

DDX20 - tumorigenesis Chen et al. 2016
DDX25 - testicular

germ cell
Kavarthapu et
al. 2015 [193]

DDX39A - testis gene Soboleva et
al. 2017 [361]

DDX39*** - immune cells cancer cells Yuan et al. 2014
[450]

DDX43 - CT database Kulkarni et
al. 2012 [211]

DDX53 - testis gene Liggins et al. 2010
[228]

DNALI1 Dynein Ax-
onemal Light
Intermediate
Chain 1

1 flagellar pro-
tein

Rashid et al. 2006
[310]

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

DKKL1* Dickkopf Like
Acrosomal Pro-
tein 1

19 cancer testis
antigen

Tarnowski et
al. 2016 [378]

DNAJB3 - testis gene Berruti et al. 2002
[28]

DNAJB6 - male repro-
duction

Meccariello et
al. 2008 [256]

- up regu-
lated in
MHC IIlo
mTECs

Pinto et al.
2008

DNAJB7 - - -
DNAJB8 - CT database Almeida et

al. [11]
DNALI1* - testis gene Rashid et al. 2006

[310]
- upregulated

in mTECs
versus
cTECs

Gaertner et
al. 2012

DMRT1 - CT database Almeida et
al. [11]
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DMRT1B1 - testis gene Ruan et al. 2019
[329]

DMRTC2 - cell cycle Odajima et
al. 2016 [275]

DRG1* - - Ishikawa et
al. 2003 [172]

DSCR8 - cancer testis
gene

Risinger et
al. 2007 [316]

ELP5* Elongator Acetyl-
transferase Com-
plex Subunit 5

17 melanoma Close et al. 2012
[76]

FAM24A - male fertility Niu et al. 2019
[272]

FAM46C* family with se-
quence similar-
ity 46, member
C

1-immune
cells

lung cancer Xia et al. 2018
[436]

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

FAM47B - testis gene Ruan et al. 2019
[329]

FAM48A - cervical can-
cer

Lando et al. 2009
[217]

FATE1 - CT database Almeida et
al. [11]

FBXO15 - germline
stem cell

Okita et al. 2007
[277]

- up regu-
lated in
MHC IIlo
mTECs

Pinto et al.
2008

FBXO24 - gastric cancer Petrovchich et
al. 2016 [296]

FBXO25 - cancer Jiang et al. 2016
[178]

FMR1NB - CT database Almeida et
al. [11]

FNDC8* - testis gene Ruan et al. 2019
[329]

FNDC11* Fibronectin Type
III Domain Con-
taining 11

20 testis gene Ruan et al. 2019
[329]

FXR1* FMR1 Autoso-
mal Homolog
1

3-immune
cells

mouse testis Huot et al. 2001
[166]

GAPDHS* - sperm func-
tion

Huang et al. 2017
[163]
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GGA1* - - -
GK2* Glycerol Kinase 2 4 - Zuo et al. 2016

[465]
GSTM3* Glutathione

S-Transferase
Mu 3[87]

1 human
mTECs

Gotter et al. 2004
[144]

- up regu-
lated in
MHC IIlo
mTECs

Pinto et al.
2008

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

GTF2A1L General Tran-
scription Factor
IIA Subunit 1
Like

2 - Huang et al. 2006
[162]

GYG1 Glycogenin 1 3 - Morimoto et
al. 2017

GAPDHS Glyceraldehyde-
3-Phosphate
Dehydrogenase

19 - Huang et al. 2017
[163]

GNAS*** - drugable tar-
get, *1

altered 5% in
breast cancer

Bhattacharya et
al. 2019 [31]

GPR64* - - Yap et al. 2011
[444]

GPX4* Phospholipid-
Hydroxyperoxid-
Glutathion-
Peroxidase

19 - Guerriero et
al. 2014 [148]

GSG1* Germ Cell Asso-
ciated 1

12 - Zheng et al. 2018
[456]

GSTA*** - - Paul et al. 2009
[291]

GTF2A2* General Tran-
scription Factor
IIA Subunit 2

15 - Han et al. 2001
[151]

GTF2A1L* - - Huang et al. 2006
[162]

GYG1* - - Marimoto et
al. 2017

HN1* - -immune cells - Zhou et al. 2004
[458]

HRASLS* HRAS Like Sup-
pressor

3 - Shyu et al. 2013
[353]

HSPA1L - - Rogon et al. 2014
[322]
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HSPA2*** - - Samanta et
al. 2018 [336]

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

HSPA2L - - Ruan et al. 2019
[329]

HSPA4L* Heat Shock Pro-
tein Family A
(Hsp70) Member
4 Like

4 testis specific Liu et al. 2016
[231]

HSPB9 - CT database Almeida et
al. [11]

HN1 Hematological
and neurologi-
cal expressed 1
protein

17 - -

HORMAD1 - altered 8% in
breast cancer
[414]

CT database Shin et al. 2010
[351]

HORMAD2 - CT database Almeida et
al. 2009 [11]

IL13RA2 - CT database Kulkarni et
al. 2012 [211]

IFT57* Intraflagellar
Transport 57

3-immune
cells

- -

INSL3* Insulin-like 3 19 - -
IPO5* Importin 5 13-immune

cells
- -

ISYNA1* Inositol-3-
Phosphate
Synthase 1

19 - germ cell - -

IZUMO1
IZUMO2
IZUMO4*

IZUMO Family
Member 4

19 - -

KHDRBS3* KH RNA Binding
Domain Contain-
ing

8, altered 10%
in breast can-
cer [251]

- -

KDM5B* - - Kulkarni et
al. 2012 [211]

KIAA0895 - - -
KIAA0100 - CT database Kulkarni et

al. 2012 [211]
KIAA1210 - - -
KIAA1257 - - -
KIF2A - 5 - -
KIF2B - 17 - -
KIF2C - 1 testis genes Peer et al. 2018
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KPNA2** - -immune cells,
altered 5% in
breast cancer
[241]

- -

LAPTM4A***- - -
LEMD1 - CT database Almeida et

al. [11]
LDHC* - CT database Kulkarni et

al. 2012 [211]
LPIN1* Lipin 1 2 - -
LDHC L-lactate de-

hydrogenase
C

11 testis-specific Simpson et
al. 2005 [356]

LY6K - altered in 10%
in breast can-
cer [206]

CT database Whitehurst et
al. 2014 [425]

LYAR - - -
MAEL - CT database Soper et al. 2008

[364]
MAGEA1 no TRA - human

mTECs
Gotter et al. 2004
[144]

MAGEA3 no TRA - human
mTECs

Gotter et al. 2004
[144]

MAGEA4 no TRA - human
mTECs

Gotter et al. 2004
[144]

MAGEB2 - - -
MART no TRA - human

mTECs
Gotter et al. 2004
[144]

MEA1* Male-Enhanced
Antigen 1

6 - -

MLF1* Myeloid
Leukemia Factor
1

3 - -

MLF1IP** - -immune cells - -
MLLT10 - 10 - -
MORC2-
AS1

- - -

MORC2B - - -
MRGBP* MRG Domain

Binding Protein
- - -

MYL2*** - up regu-
lated in
MHC IIlo
mTECs

Pinto et al.
2008 [144]

MYLK*** - - -
MYL6B* Myosin Light

Chain 6B
12 - germ cell - -

NEK2 - 1 testis genes Peer et al. 2018
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NDUFAF3* NADH:Ubiquinone
Oxidoreductase
Complex As-
sembly Factor
3

3 - -

NME5* NME/NM23
Family Mem-
ber 5

5 up regu-
lated in
MHC IIlo
mTECs

Pinto et al.
2008

NPTX2*** - - -
NUF2* - - Whitehurst et

al. 2014 [425]
NUP155* Nucleoporin 155 5 - -
NCRNA00081*- 10 - -
NXF3 - -immune cells - -
NY-ESO-
1

no TRA - human
mTECs

Gotter et al. 2004
[144]

OAZ3* Ornithine De-
carboxylase
Antizyme 3

1, altered 8%
in breast can-
cer

- -

OBSL1* Obscurin Like 1 2 - -
ODF1* Outer Dense

Fiber Of Sperm
Tails 1

8, altered 10%
in breast can-
cer [20]

- Kulkarni et
al. 2012 [211]

ODF2* Outer Dense
Fiber Of Sperm
Tails 2

9 - Kulkarni et
al. 2012 [211]

ODF3 Outer Dense
Fiber Of Sperm
Tails 3

7 - Almeida et
al. [11]

ODF3L1 Outer Dense
Fiber Of Sperm
Tails 3 L1

15 - Almeida et
al. [11]

Odf4 Outer Dense
Fiber Of Sperm
Tails 3 L1

11 mouse testis antigen Afsharpad et
al. 2019 [7]

OIP5 - 15 testis antigen Afsharpad et
al. 2019 [7]

PAOX* - - -
PASD1 - - -
PBK** - -immune cells CT database Kulkarni et

al. 2012 [211]
PDHA2* Pyruvate De-

hydrogenase E1
Alpha 2 Subunit

4 - -

PDGDS*** - - -
PENK** - - -
PIWIL1 - - Whitehurst et

al. 2014 [425]
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PIWIL2 - CT database Kulkarni et
al. 2012 [211, 412]

PGK2* Phosphoglycerate
Kinase 2

6 - -

PHF7* PHD Finger Pro-
tein 7

3 - -

PLAC1L - - Whitehurst et
al. 2014 [425]

PRKAA1* Protein Kinase
AMP-Activated
Catalytic Sub-
unit Alpha 1

5 - -

PAFAH1B1* Platelet Acti-
vating Factor
Acetylhydrolase
1b Regulatory
Subunit 1

17 - -

PDXK* Pyridoxal Kinase 21 - -
PIAS2* Protein Inhibitor

Of Activated
STAT 2

18 - -

PIWIL1 - 12 - -
PIWIL2 - 8 testis antigen Afsharpad et

al. 2019 [7]
PRAME* - 22 - vaccine

available
(PRAME1)
testis-specific
antigen, dru-
gable target
*1

Kulkarni et
al. 2012 [211]

PRM1* Protamine 1 16 CT database Kulkarni et
al. 2012 [211]

- up regu-
lated in
MHC IIlo
mTECs

Pinto et al.
2008

PRM2* Protamine 2 16 CT database Kulkarni et
al. 2012 [211]

PRM3 Protamine 3 16 CT database Almeida et
al. [11]

PRND* Prion Like Pro-
tein Doppel

20 - germ cell - -

PRPS2** - upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

PRSS21* Serine Protease
21

16 - -

PRSS37 - male infertil-
ity

Liu et al. 2016
[231]
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PSMG1** - -immune cells - -
PTTG1** - up regu-

lated in
MHC IIlo
mTECs

Pinto et al.
2008

PAOX Polyamine Oxi-
dase

10 - -

RACGAP1P**- -immune cells - -
REC114 Meiotic Recom-

bination Protein
REC114-Like

- CT database Almeida et
al. [11]

REEP1* Receptor Acces-
sory Protein 1

2 - -

ROPN1B* Rhophilin Associ-
ated Tail Protein
1B

3 CT database Whitehurst et
al. 2014 [425]

RGS22 - altered 10% in
breast cancer
[303]

CT database Almeida et
al. [11]

RPL39L* Ribosomal Pro-
tein L39 Like

3 - -

RNF114* Ring Finger Pro-
tein 114

20 - -

RNASE1*** - - germ cell human
mTECs

Gotter et al. 2004
[144]

RUVBL2* RuvB Like AAA
ATPase 2

19 - -

RBM46 - CT database Almeida et
al. [11]

RBMXL2* RBMX Like 2 11 - -
SCRG1** Stimulator Of

Chondrogenesis 1
- - -

SERPINA5***- - germ cell human
mTECs

Gotter et al. 2004
[144]

SERPINF1***- - - -
SLC6A16* Solute Carrier

Family 6 Member
16

19 testis specific Nishimura et
al. 2008 [271]

SLC9B1 Solute Carrier
Family 9 Member
B1

- - -

SLC12A6 Solute Car-
rier Family 12
Member 6

- - -

SLC25A31* Solute Car-
rier Family 25
Member 31

4 - -
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SLC25A33 Solute Car-
rier Family 25
Member 33

- - -

SLC26A8 Solute Car-
rier Family 26
Member 8

- - -

SLC39A13 Solute Car-
rier Family 39
Member 13

- - -

SLC39A3 Solute Car-
rier Family 39
Member 3

- - -

SLCO6A1* Solute Carrier
Organic An-
ion Transporter
Family Member
6A1

- CT database Almeida et
al. [11]

SLCO6C1 solute carrier
organic anion
transporter fam-
ily, member
6c1

- - -

SLCO6D1 solute carrier
organic anion
transporter fam-
ily, member
6d1

- - -

SAMD4A* Sterile alpha mo-
tifs (SAMs)

14 - -

SIK3* SIK Family Ki-
nase 3

11 - -

SMCP* Sperm Mitochon-
dria Associated
Cysteine Rich
Protein

1 - -

SPINLW1* Serine protease
inhibitor-like
protein

20 - -

SPACA1* Sperm Acrosome
Associated 1

- - -

SPACA3* Sperm Acrosome
Associated 3

- CT database Almeida et
al. [11]

SPACA7* Sperm Acrosome
Associated 7

- - -

C9orf9* Aliases for
SPACA9

- - -

SPAG4* Sperm Associ-
ated Antigen
4

- CT database Kulkarni et
al. 2012 [211]
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SPAG5** Sperm Associ-
ated Antigen
5

- - -

SPAG6* Sperm Associ-
ated Antigen
6

CT database
[11]

human
mTECs

Gotter et al. 2004
[144]

SPAG11A* Sperm Associ-
ated Antigen
11A

8 - -

SPAG11B* Sperm Associ-
ated Antigen
11B

8 - -

SPAG16* Sperm Associ-
ated Antigen
16

- - -

SPA17* Sperm Autoanti-
genic Protein 17

11 testis-specific Kulkarni et
al. 2012 [211]

SPA17P1* Sperm Autoanti-
genic Protein 17
Pseudogene 1

- - -

SPATA1* Spermatogenesis
Associated 1

- fertility Giesecke et
al. 2009 [134]

SPATA3* Spermatogenesis
Associated 3

- spermatogenesis -

SPATA4* Spermatogenesis
Associated 4

- spermatogenesis -

SPATA6* Spermatogenesis
Associated 6

- spermatogenesis -

SPATA7* Spermatogenesis
Associated 7

- spermatogenesis -

SPATA8* Spermatogenesis
Associated 8

- spermatogenesis -

SPATA9* Spermatogenesis
Associated 9

- spermatogenesis -

SPATA12* Spermatogenesis
Associated 12

- spermatogenesis -

SPATA16* Spermatogenesis
Associated 16

- spermatogenesis -

SPATA17* Spermatogenesis
Associated 17

- spermatogenesis -

SPATA18* Spermatogenesis
Associated 18

- spermatogenesis -

SPINLW1* - - germ cell CT database Kulkarni et
al. 2012 [211]

SPINK2* Serine Pepti-
dase Inhibitor,
Kazal Type 2

4 up regu-
lated in
MHC IIlo
mTECs

Pinto et al.
2008
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SSX2IP* SSX Family
Member 2 Inter-
acting Protein

- - -

STAG3 Stromal Antigen
3

7-immune
cells

- -

STMN1*** Stathmin 1 - - -
STON1-
GTF2A1L*

read-through
products of the
neighboring
STON1 and
GTF2A1L genes

2 - -

SYCE1* Synaptonemal
Complex Central
Element Protein
1

- CT database Bolcun-Filas et
al. 2009 [38]

SYCE2* Synaptonemal
Complex Central
Element Protein
2

- - -

SYCE3* Synaptonemal
Complex Central
Element Protein
3

- - -

SYCP1* Synaptonemal
Complex Protein
1

- CT database Kulkarni et
al. 2012 [211, 412]

SYCP2* Synaptonemal
Complex Protein
2

- - Wang et al. 2001
[412]

SYCP3* Synaptonemal
Complex Protein
3

- - Wang et al. 2001
[412]

SYPL1* Synaptophysin
Like 1

7 testis specific
antigen

Vodolazhsky et
al. 2018 [405]

TAF7L* TATA-Box Bind-
ing Protein As-
sociated Factor 7
Like

- CT database Kulkarni et
al. 2012 [211]

TAF9* TATA-Box
Binding Pro-
tein Associated
Factor 9

- up regu-
lated in
MHC IIlo
mTECs

Pinto et al.
2008

TAF10* TATA-Box Bind-
ing Protein Asso-
ciated Factor 10

- - -

TBPL1* TATA-Box Bind-
ing Protein Like 1

6 - -

TBL2* Transducin Beta
Like 2

7 - -
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TCFL5* Transcription
Factor Like 5

20 - -

TCP11* T-Complex 11 6 - -
TDRD5* Tudor Domain

Containing 5
- - -

TDRD6* Tudor Domain
Containing 6

- - Vasileva et
al. 2009 [399]

TDRD7** Tudor Domain
Containing 7

- - -

TDRD9** Tudor Domain
Containing 9

- - -

TDRD10* Tudor Domain
Containing 5

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

TEKT1* Tektin 1 - - -
TEKT2* Tektin 2 - - -
TEKT3* Tektin 3 - - -
TEKT4* Tektin 4 - - -
TEKT5* Tektin 5 - CT database Almeida et

al. [11]
TEX9* Testis Expressed

9
- - -

TEX14* Testis Expressed
14

altered 5% in
breast cancer
[190]

CT database Kulkarni et
al. 2012 [211, 412]

TEX19* Testis Expressed
19

- - Wang et al. 2001
[412]

TEX22* Testis Expressed
22

- - -

TEX30* Testis Expressed
30

13 - -

TEX101* Testis Expressed
101

- - -

TFDP2* Transcription
Factor Dp-2

- - -

TKTL1* Transketolase-
like-1

- - Wang et al. 2001
[412]

TMEM31* Transmembrane
Protein 31

- cancer associ-
ated protein

Kamata et
al. 2013 [186]

TMEM38B* Transmembrane
Protein 38B

- - -

TMEM53* Transmembrane
Protein 53

- - -

TMEM56* Transmembrane
Protein 56

- - -

TMEM97* Transmembrane
Protein 97

- - -
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TMEM99* Transmembrane
Protein 99

- - -

TMEM108* Transmembrane
Protein 108

- CT database Almeida et
al. [11]

TMEM116**Transmembrane
Protein 116

- - -

TMEM120a**Transmembrane
Protein 120a

- - -

TMEM146* Transmembrane
Protein 146

- - -

TMEM151B*Transmembrane
Protein 151B

- - -

TMEM190**Transmembrane
Protein 190

- - -

TMEM191a*Transmembrane
Protein 191a

- - -

TMEM191c* Transmembrane
Protein 191c

- - -

TMEM210* Transmembrane
Protein 210

- - -

TMPRSS12* Transmembrane
Serine Protease
12

CT database
[11]

human
mTECs

Gotter et al. 2004
[144]

TNP1* Transition Pro-
tein 1

2 - -

TP53RK* TP53 Regulating
Kinase

- - -

TP53RG5* - - -
TPD52L3* Tumor Protein

D52 Like 3
- - -

TPP2* Tripeptidyl Pep-
tidase 2

- - -

TPPP2* Tubulin Poly-
merization Pro-
moting Protein
Family Member 2

- CT database Almeida et
al. [11]

TPRKB* TP53RK Binding
Protein

- - -

TPRN* Taperin - - -
TPTE* Transmembrane

Phosphatase
With Tensin
Homology

21, drugable
target *1

- Kulkarni et
al. 2012 [211]

TPTE2P6* Transmembrane
Phosphoinositide
3-Phosphatase
And Tensin
Homolog 2 Pseu-
dogene 6

- - -

Table 3.8 – TRAs tissue-specific for the testis (CTAs)
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gene
name

gene descrip-
tion

chromosome autoimmune reference

TPX2** TPX2, Micro-
tubule Nucle-
ation Factor

- - -

TRIM13* Tripartite Motif
Containing 13

13 - -

TRIP12 Thyroid Hor-
mone Receptor
Interactor 12

2 - -

TRIP13 Thyroid Hor-
mone Receptor
Interactor 13

5 testis genes Peer et al. 2018

TSGA8* testis specific
gene A8

- - -

TSGA10* testis specific
gene A10

- testis antigen Afsharpad et
al. 2019 [7]

TSGA10ip* Testis Specific 10
Interacting Pro-
tein

- - -

TSSK1* Testis Specific
Serine Kinase 1

- - -

TSSK1B* Testis Specific
Serine Kinase 1B

- - -

TSSK2* Testis Specific
Serine Kinase 2

22 - -

TSSK3* Testis Specific
Serine Kinase 3

- - -

TSSK4* Testis Specific
Serine Kinase 4

- - -

TSSK6* Testis Specific
Serine Kinase 6

- CT database Almeida et
al. [11]

TSKS* Testis-specific
serine kinase

- - -

TSNAXIP1* Translin Associ-
ated Factor X In-
teracting Protein
1

- - -

TSPAN16* Tetraspanin 16 - - -
TSPYL5* TSPY Like 5 altered 9% in

breast cancer
[376]

- -

TSPYL6* TSPY Like 6 - - -
TTC7A* Tetratricopeptide

repeat domain
7A

- -

TTC12* Tetratricopeptide
repeat domain 12

- - -

TTC15* Tetratricopeptide
repeat domain 15

- - -

Table 3.8 – TRAs tissue-specific for the testis (CTAs)
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gene
name

gene descrip-
tion

chromosome autoimmune reference

TTC16* Tetratricopeptide
repeat domain 16

- - -

TTC18* Tetratricopeptide
repeat domain 18

- - -

TTC21A* Tetratricopeptide
repeat domain 21
A

- - -

TTC23L* Tetratricopeptide
repeat domain 23
Like

- - -

TTC29* Tetratricopeptide
Repeat Domain
29

- - -

TTC39A** Tetratricopeptide
Repeat Domain
39A

- - -

TTK* TTK Protein Ki-
nase

- CT database Whitehurst et
al. 2014 [425]

TTLL2* Tubulin Tyrosine
Ligase Like 2

- - -

TTLL4* Tubulin Tyrosine
Ligase Like 4

- - -

TTLL5* Tubulin Tyrosine
Ligase Like 5

- - -

TTLL6* Tubulin Tyrosine
Ligase Like 6

- - -

TTLL10* Tubulin Tyrosine
Ligase Like 10

- - -

TTLL13* Tubulin Tyrosine
Ligase Like 13

- - -

TUBA3A* tubulin, alpha 3A - - Wang et al. 2001
[412]

TUBA3C* Tubulin Alpha
3C

13 - -

TUBB2C** Tubulin Beta 2C -immune cells - -
TUBB4B** Tubulin Beta 4B - - -
TULP2* tubby-like genes

(TULPs)
- CT database Kulkarni et

al. 2012 [211]
TUBG1** Tubulin Gamma

1
-immune cells - -

UBQLN3* Ubiquilin 3 11 - -
UTRN* Utrophin 6 - -
XRCC6BP1*ATP23 Metal-

lopeptidase And
ATP Synthase
Assembly Factor
Homolog

- - -

YBX2* Y-Box Binding
Protein 2

17 - -

Table 3.8 – TRAs tissue-specific for the testis (CTAs)
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gene
name

gene descrip-
tion

chromosome autoimmune reference

YPEL1* Yippee Like 1 22 - -
ZPBP* zona pellucida

binding protein
7 - -

ZMYND10* Zinc Finger
MYND-Type
Containing 10

3 - -

ZNF57* Zinc Finger Pro-
tein 57

- - -

ZNF165* Zinc Finger Pro-
tein 165

6 CT database Kulkarni et
al. 2012 [211]

ZNF200* Zinc Finger Pro-
tein 200

- - -

ZNF217* Zinc Finger Pro-
tein 217

altered 5% in
breast cancer
[27]

- -

ZNF233* Zinc Finger Pro-
tein 233

- - -

ZNF280B* Zinc Finger Pro-
tein 280 B

- - -

ZNF280C* Zinc Finger Pro-
tein 280 C

- - -

ZNF295AS1*Zinc Finger Pro-
tein 295 AS1

- - -

ZNF367* Zinc Finger Pro-
tein 367

- - -

ZNF467** Zinc Finger Pro-
tein 467

- upregulated
in mTECs
versus
cTECs

Gaertner et
al. 2012

ZNF541* Zinc Finger Pro-
tein 541

- - -

ZNF546* Zinc Finger Pro-
tein 546

- - -

ZNF610* Zinc Finger Pro-
tein 610

- - -

ZNF677* Zinc Finger Pro-
tein 677

- - -

ZNF683* Zinc Finger Pro-
tein 683

- - -

ZNF689* Zinc Finger Pro-
tein 689

- - -

ZNF829* Zinc Finger Pro-
tein 829

- - -

Table 3.8 – TRAs tissue-specific for the testis (CTAs)
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gene
name

gene descrip-
tion

chromosome autoimmune reference

Table 3.8: testis-specific TRAs, * tissue-restricted only to one tissue,
** tissue-restricted to two tissues, *** tissue-restricted to more than two
tissues, *1 drugable target, not all of the genes here were annotated with
literature. Pinto et al. 2008 (internal data), Gaertner et al. 2012 (internal
data)

Table 3.8 – TRAs tissue-specific for the testis (CTAs)

3.6.10 Grave’s disease

Grave’s disease is an autoimmune disease, which is connected similar to
hashimoto thyroiditis to autoimmune problems with the thyroid. Grave’s
disease is comming along with Grave’s ophthalmopathy, goitre as well as
hyperthyroidism, caused by a stimulation of the thryoid initiated through
an interaction of the anti-TSHR [26]. Other autoantibodies known to be
involved in Grave’s diesease are DIO2 (Fig. 3.31) as well as for example
BTG2 [300]. For more thyroid specific TRAs please refer to Table 3.7.

3.6.11 Systemic lupus erythematosus

Lupus erythematosus is an autoimmune disease with many different loca-
tions, which can not be clearly defined and connected to one specific tissue.
In this case a systematic approach for finding new drug targets or poten-
tial autoantibodies is not so easy. In most patients lupus erythematosus is
mainly diagnosed by the detection of antinuclear antibodies (ANA) assays
[270]. Some autoantibodies however involved in lupus can be found in our
TRA data, among them the example of NEK7 [241] as well as IFI44 [86]
(Fig. 3.32).

3.7 Summary of finding TRAs

To sumarize the definition and finding of tissue-restricted antigens (TRAs)
with the five times median gene expression method, we can find many al-
ready known TRAs involved in autoimmune diseases and we can also detect
all genes which are expressed as non TRAs. Those are either housekeeping
genes, such as genes, which are not higher expressed in any of the tissues
than 3x the median gene expression and unspecific genes, which are higher
expressed than 5x the median gene expression in more than five tissues.
These genes are considered to be unspecific. Thus the method of finding
tissue-restricted antigens in different datasets has been proven to be suc-
cessful.
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Figure 3.29: ADAM2 and PIWIL1. ADAM2 and PIWIL1 are known
to be testis-specific antigens (CTAs) [211]. CTAs have been used in cancer
immunotherapy because they are often up-regulated in cancer and can be
treated very well, since there are no side effects besides potentially male
infertility. Thus CTAs have been systematically tested as potential drug
targets in immunotherapy.
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Figure 3.30: SPATA3 and ZNF546. SPATA3 and ZNF546 have not been
known to be testis-specific antigens (CTAs). As many others we found them
in our TRA data. These CTAs might be new and potential new targets for
immunotherapy.
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Figure 3.31: DIO2 and TSHR are involved in autoimmune grave’s
disease. Both DIO2 as well as TSHR are tissue-specific for the thyroid and
known to be involved in grave’s disease [300, 26]
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Figure 3.32: NEK7 and IFI44 involved in lupus erythematosus.
NEK7 as well as IFI44 have been known to be involved in lupus erythe-
matosus [241, 86]. While NEK7 is tissue-specific for the heart, IFI44 is
tissue-specific for the spleen. Autoantibodies involved in lupus erythemato-
sus are not directly connected to only one tissue type.

156



3.8 The roadmap of chemokines in different tissue types 3 RESULTS

3.8 The roadmap of chemokines in different tissue types

The roadmap of chemokines gives a picture of where which chemokines are
highly expressed in order to be tissue-specific. Chemokines are chemical
attractants mainly for immune cells, in order to relocate immune cells and
attract them to different tissue types. Also in cancer chemokines play an
important role. While some chemokines are upregulated in certain cancer
stages or types, others are down regulated. Therefore it is very important
to know the role of chemokines in the healthy individual. For an overview
of chemokines which are tissue-specifically expressed, please refer to Table
3.9. Each type of immune cell has certain receptors for chemokine signalling
and is therefore attracted to certain tissues under certain circumstances,
such as an inflammation, developmental stage as well as for example cancer.
Most chemokines belong to certain chemokine families, declared by their
names, there are CC-chemokines, CXC-chemokines, CX3C-chemokines, as
well as CXX-chemokines. For a complete overview, please refer to Table 3.9.
Chemokines with its corresponding tissue-specificity can be seen in Fig. 3.34
Similar to the TRA results in general also most tissue-specific chemokines
can be found in testis.

symbol species tissue citation

CCL1 human • CNS, testis • binds to CCR8 [268]
CCL2 human • smooth muscle, cardiac

myocytes
• produced by astrocytes in MS,
attracts T-cells [96, 253]

mouse • macrophages, mast cells,
microglia, osteoblasts, os-
teoclasts

• binds to CCR2, CCR5 [268]

- • recruits monocytes, NKT
cells, monocytic MDSCs, pro-
tumor effect [268]

- • on stromal cells, immune cells,
melanoma, activates TNF [440]

CCL3 mouse • immune cells • binds to CCR1, CCR4, CCR5
[268]

- • recruits monocytes,
macrophages, promotes cancer
extravasation [77]

- • on intratumoral myeloid de-
rived suppressor cells, MDSCs,
in melanoma CD8 T cell infil-
trate, improved survival[440]

CCL4 human • spleen • binds to CCR1, CCR3, CCR5
[268]

mouse • immune cells • on intratumoral myeloid de-
rived suppressor cells, MDSCs,
in melanoma CD8 T cell infil-
trate, improved survival[440]

Table 3.9 – TRAs of the chemokine family

157



3.8 The roadmap of chemokines in different tissue types 3 RESULTS

symbol species tissue citation

CCL5 human • whole blood, immune cells • inflammatory chemokine, at-
tracts T-cells [344]

• bronchus, spleen, tonsil • binds to CCR1, CCR3, CCR4,
CCR5[268]

• bronchus, spleen • recruits monocytes,
macrophages, promotes cancer
invasion[268]

human • whole blood, immune cells • recruits NK cells in
melanoma[440]

• bronchus, spleen, tonsil -
• bronchus, spleen -

mouse • lymphnode, adiposetissue,
immune cells, trachea
• immune cells, intestine
small, lymph nodes, mam-
mary gland, spleen

CCL6 mouse • large intestine
CCL7 mouse • immune cells, osteoblasts,

osteoclasts
• binds to CCR1, CCR2, CCR3
[268]

CCL8 human • adipose tissue, coronary
artery, colon cecum

CCL9 mouse • adipose tissue, liver
CCL11 human,

mouse
• stomach, colon • binds to CCR3 [268]

• uterus, adipose tissue
CCL12 mouse • lymph nodes,

macrophages, microglia,
osteoclasts

CCL14 human • liver
CCL15 human • kidney, liver
CCL16 human • liver
CCL17 human

protein
• appendix, lymphnode,
tonsil, urinary bladder

• binds to CCR4 [268]

CCL18 • lung, tonsil • promotes invasion, metastasis
[268]

CCL19 human • lymphnode, thymus • attract T-cells [344]
human
protein

• appendices, lymphnode,
tonsil

• binds to CCR7[268]

mouse • lymphnode, trachea
CCL20 human • lung, stomach pyloric, ton-

sil
• endothelial cells, CNS in MS
[344]

- • binds to CCR6 [268]
- • expressed by Th22 cells, re-

cruited by CCL20, pro-tumor
effects [268]

- • tumor macrophages, acti-
vates TNF, recruits DCs into
melanoma [440]

CCL21 human • lymphnode • endothelial cells, CNS [344]

Table 3.9 – TRAs of the chemokine family
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symbol species tissue citation

human • appendices, fallopiantube,
lymphnode, spleen, tonsil

• binds to CCR7[268]

CCL22 mouse • DCs , lymph nodes • binds to CCR4 [268]
CCL24 human • colon transverse, small

intestine terminal ileum,
spleen

• binds to CCR3 [268]

CCL25 human • thymus • binds to CCR9 [268]
mouse • small intestine, thymus • promotes chemoresistance, tu-

mor invasion, metastasis[268]
human • CNS, small intestine,

ileum, spleen, testis
• small intestine, ileum,
testis
• small intestine, ileum

CCL26 human • adrenal gland, cervix ecto-
cervix, fallopian tube, ovary,
vagina

-

• lymphnode, ovary, rectum
CCL27 human • nipple cross section • binds to CCR10 [268]

• testis
human
protein

• skeletalmuscle, skin, testis

CCL28 human • bronchus, mammary
gland, salivary gland,
trachea

• binds to CCR10[268]

• mammary gland, salivary
gland, thyroid gland, tra-
chea

mouse • intestine large, intestine
small, salivary gland

human • mammary gland, colon,
salivary gland, pancreas,
skin, thyroid

-

CXL1 no TRA - • binds to XCR1 [268]
CXCL1 human • smooth muscle • binds to CXCR1, CXCR2

[268]
• bronchus, lung, spleen,
trachea

• increases granulopesis[77]

• appendices, spleen, uri-
narybladder

• expressed by Megakaryocytes,
endothelial cells, cancer cells,
attract neutrophils from bone
marrow to the tumor[77]

CXCL2 human • liver • binds to CXCR2 [268]
• pancreatic islets, smooth
muscle

• increases granulopesis[77]

• adipose tissue, mammary
gland, fallopian tube, heart,
liver, lung, salivary gland,
pancreas

• expressed by megakaryocytes,
endothelial cells, cancer cells,
attract neutrophils from bone
marrow to the tumor[77]

Table 3.9 – TRAs of the chemokine family
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symbol species tissue citation

• adipose tissue, heart, liver,
salivary gland

mouse • immune cells, cornea, lens,
microglia

CXCL3 human • smooth muscle • binds to CXCR2 [268]
• lung, stomach cardiac,
stomach fundus, stomach
pyloric
• lung, stomach pyloric
• adipose tissue, cervix,
heart, lung, salivary gland,
prostate, stomach
• adipose tissue, lung, sali-
vary gland, stomach

mouse • macrophages, microglia
CXCL4 no TRA - • binds to CXCR3 [268]
CXCL5 human • smooth muscle • binds to CXCR2 [268]

• immune cells, osteoblasts,
uterus

• increases granulopesis [77]

• CNS, lung, salivary gland,
spleen, whole blood

• expressed by megakaryocytes,
endothelial cells, cancer cells,
attract neutrophils from bone
marrow to the tumor[77]

mouse • vomeral nasal organ, me-
dial olfactory epithelium

CXCL6 human • smooth muscle
• spleen, urethra

CXCL7 no TRA - • binds to CXCR1, CXCR2
[268]

CXCL8 human • adipose tissue, CNS, heart,
atrial appendage, lung, sali-
vary gland, prostate, whole
blood

• recruits neutrophils, gran-
ulocytic MDSCs, promotes
invasion, migration, apop-
tosis, resistance to hypoxia,
angiogenesis[268]

- • recruits neutrophils, granu-
locytic MDSCs, increases im-
munogenicity of the tumor, an-
titumor effect [268]

- • increases granulopesis [77]
- • expressed by Megakaryocytes,

endothelial cells, cancer cells,
attract neutrophils from bone
marrow to the tumor [77]

CXCL9 mouse • adipose brown, immune
cells , lymph nodes, mam-
mary gland, spleen

• binds to CXCR3 [268]

human
protein

• appendices, lymphnode,
tonsil

• recruits T cells, NK cells,
angiogenesis inhibitor, anti-
tumor[268]

Table 3.9 – TRAs of the chemokine family
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symbol species tissue citation

CXCL10 mouse • immune cells , lymph
nodes, osteoblasts, spleen

• binds to CXCR3 [268]

human • kidney cortex, lung,
prostate, small intestine,
terminal ileum, spleen,
vagina

• recruits T cells, NK cells,
angiogenesis inhibitor, anti-
tumor[268]

human
protein

• appendices, lymphnode

CXCL11 human • CNS, lung, pancreas,
prostate, spleen

• binds to CXCR3, CXCR7
[268]

human
protein

• appendices, lymphnode,
stomach

CXCL12 mouse • bone, bonemarrow • attract T-cells [344]
human • bone marrow, uterus, lym-

phnode, cardiac myocytes,
thymus

• binds to CXCR4, CXCR7
[268]

• adipose tissue, artery
aorta, mammary gland,
cervix, spleen, uterus,
vagina

• recruits B cells, pDCs, Treg
cells into the bone marrow,
promotes proliferation, sur-
vival, invasion, metastasis,
angiogenesis[268]

• uterus, lymphnode, car-
diac myocytes, thymus

• increases granulopesis [77]

• adipose tissue, cervix,
mammary gland, my-
ometrium, lymph nodes,
vagina
• bone marrow, adipose
tissue subcutaneous, lymph
nodes
• adipose tissue, spleen,
uterus

CXCL13 human • spleen • B-cell growth factor [422]
• lymphnode, tonsil • binds to CXCR5 [268]
• bronchus, colon cecum,
lymph nodes, spleen, stom-
ach pyloric, tonsil

mouse • lymphnode, adiposetissue,
spleen, trachea
• lymph nodes,
macrophages, mammary
gland, prostate, spleen

CXCL14 human
protein

• skin • recruits DCs, promotes inva-
sion, motility [268]

• skin, kidney • recruits DCs, inhibits pro-
liferation, invasion, metasta-
sis, increases apoptosis, anti-
tumor[268]

mouse • snoutepidermis
CXCL15 mouse • lung

Table 3.9 – TRAs of the chemokine family
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symbol species tissue citation

CXCL16 human • lung • binds to CXCR6 [268]
• esophagus, lung, salivary
gland, testis, whole blood
• CNS, lung, spleen, whole
blood
• bladder, cervix ectocervix,
testis

mouse • immune cells , lung,
lymph nodes, microglia, os-
teoblasts, osteoclasts, uterus

CXCL17 no TRA - • recruits granulocytic MDSCs,
promotes angiogenesis [268]

CX3CL1 human • mammary gland • binds to CX3CR1 [268]
• artery aorta, artery coro-
nary, CNS, mammary gland,
lung
• adipose tissue, artery
aorta, CNS, breast, mam-
mary gland, lung
• artery aorta, artery coro-
nary, mammary gland, lung,
salivary gland
• brain, lung, salivarygland

mouse • CNS
• CNS, intestine small, os-
teoblasts, pituitary, spinal
cord

CCR1 mouse • immune cells, osteoclasts • binds to CCL3, CCL4, CCL5,
CCL7 [268]

human • adipose tissue, lung,
spleen, whole blood

human
protein

• appendices

CCR2 human • immune cells • binds to CCL2, CCL7 [268]
human
protein

• appendices • expressed by monocytes, re-
cruited by CCL2, CCL5, tumor
promotion[268]

mouse • bone, bone marrow, im-
mune cells, lymph nodes

• expressed by monocytic
myeloid-derived suppressor
cells, recruited by CCL2,
CXCL5, CXCL12, pro-tumor
effects[268]

• bone, bone marrow, im-
mune cells, lymph nodes,
uterus
• bone marrow, granulo-
cytes, macrophages

human • appendices, lymphnode

Table 3.9 – TRAs of the chemokine family
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symbol species tissue citation

• colon, lung, salivary
gland, small intestine,
ileum, spleen, whole blood

CCR3 mouse • bone, bone marrow,
macrophages, mast cells

• binds to CCL4, CCL5, CCL7,
CCL11, CCL24[268]

human • skin, spleen, whole blood
human
protein

• appendices, skeletal mus-
cle, small intestine, stomach,
urinary bladder

CCR4 human
protein

• appendices, gallbladder,
lymphnode, tonsil, urinary-
bladder

• binds to CCL3, CCL5,
CCL17, CCL22 [268]

- • expressed by Treg cells, re-
cruited by CCL22, CCL28, pro-
tumor effects [268]

CCR5 mouse • immune cells, lymph
nodes, microglia, osteoclasts

• binds to CCL2, CCL3, CCL4,
CCL5[268]

human • lung, intestine, ileum,
spleen, whole blood
• salivary gland

human
protein

appendices, lymphnode

CCR6 human • spleen, tonsil CD4+ T cells [96, 56]
• small intestine, ileum,
spleen, testis

• binds to CCL20 [268]

human
protein

• appendices, lymphnode,
spleen, tonsil, urinaryblad-
der

• Th17 cells, immature DCs,
recruited by CCL20, tumor
promotion[268]

mouse • immune cells, lymph
nodes, spleen

• expressed by Th22 cells, re-
cruited by CCL20, pro-tumor
effects[268]

CCR7 human • lymph nodes, spleen, tonsil [54]
• adipose tissue, small in-
testine, ileum, spleen, whole
blood

• binds to CCL19, CCL21[268]

• CNS, mammary gland,
cervix

human
protein

• appendices, lymphnode,
spleen, tonsil, urinaryblad-
der

mouse • immune cells, lymph
nodes, spleen

CCR8 human • salivary gland, spleen • binds to CCL1 [268]
human
protein

• appendices, gallbladder,
lymphnode, urinarybladder

CCR9 human • thymus • lit. intestinal [54]
• small intestine, ileum • binds to CCL25 [268]
• cervix, colon, fallopian
tube, pituitary, vagina

Table 3.9 – TRAs of the chemokine family
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symbol species tissue citation

human
protein

• appendices, duodenum,
small intestine, spleen

mouse • thymus
• immune cells

CCR10 human • CNS, ovary, pituitary,
uterus

• binds to CCL27, CCL28 [268]

• cervix endocervix, gallop-
ian tube, pituitary, testis,
uterus

• expressed by Treg cells, re-
cruited by CCL22, CCL28, pro-
tumor effects[268]

• CNS, uterus
human
protein

• colonrectum, fat

CXR1 no TRA - • binds to XCL1 [268]
CXCR1 human • whole blood • binds to CXCL1, CXCL7 [268]

• adipose tissue, fallopian
tube, liver, lung, spleen,
whole blood

• expressed by granulocytes
myeloid-derived suppressor
cells, recruited by CXCL8, pro
tumor effects[268]

CXCR2 human • whole blood • binds to CXCL1, CXCL2,
CXCL3, CXCL5, CXCL7 [268]

• bone marrow, esophagus,
oral mucosa, spleen

• expressed by granulocytes
myeloid-derived suppressor
cells, recruited by CXCL8, pro
tumor effects[268]

mouse • bone, bone marrow, gran-
ulocytes, placenta

• expressed by monocytic
myeloid-derived suppressor
cells, recruited by CCL2,
CXCL5, CXCL12, pro-tumor
effects[268]

CXCR3 mouse • immune cells, lymph nodes • binds to CXCL9, CXCL10,
CXCL11, CXCL4 [268]

human • colon , small intestine,
ileum, spleen

• Th1 cells, CD8+ T cells,
NK cells, recruited by CXCL9,
CXCL10, CXCL11, tumor
promotion[268]

CXCR4 human • immune cells, bonemar-
row, whole blood, lymphn-
ode, thymus

• attract T-cells [344]

• adrenal gland, cervix,
lung, CNS, small intestine,
oleum, spleen, whole blood

• binds to CXCL12 [268]

• bone marrow, adrenal
gland cortex, lung, lymph
nodes, spleen, tonsil

• expressed by monocytic
myeloid-derived suppressor
cells, recruited by CCL2,
CXCL5, CXCL12, pro-tumor
effects[268]

human
protein

• appendices, bonemarrow,
lymphnode, spleen, tonsil

• expressed by pDC, re-
cruited by CXCL12, pro-tumor
effects[268]

Table 3.9 – TRAs of the chemokine family
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symbol species tissue citation

mouse • bone, T cells, B cells, thy-
mus

CXCR5 mouse • immune cells, lymph
nodes, spleen

• binds to CXCL13 [268]

human
protein

• appendices, bonemarrow,
lymphnode, spleen, tonsil

CXCR6 human
protein

• lymphnode • binds to CXCL16 [268]

• cervix ectocervix, minor
salivary gland, ovary, vagina
• salivary gland, small intes-
tine, terminal ileum, spleen

mouse • immune cells, lymph
nodes, spleen

CXCR7 no TRA - • binds to CXCL12, CXCL11
[268]

CX3CR1 human • immune cells • binds to CX3CL1 [268]
• CNS

human
protein

• CNS

mouse • mast cells, microglia
mouse • immune cells, microglia,

osteoblasts

Table 3.9: The roadmap of chemokines Different groups of
chemokines are tissue-specific for different tissue-types. Chemokines are
chemoattractants for immune cells and guide them through their spe-
cific receptors to the tissues of their destination. This is true for the
healthy individual as well as situations, such as inflammation, illnesses
or cancer. Chemokines can be subgrouped according to their names in
CC-chemokines, CXC-chemokines, CX3C-chemokines, as well as CXX-
chemokines.

Table 3.9 – TRAs of the chemokine family

3.8.1 TRAs per tissue type

The distribution of TRAs per tissue-type varies per dataset. The biggest
group of tissue-restricted antigens is in all five datasets covered by testis-
specific antigens, in the mouse Novartis dataset we find more than 1,200
TRAs tissue-specific for the testis. In the human Novartis dataset, we have
four different subgroups of testis genes, which also cover about the same
amount of genes. In the mouse Lattin as well as in the human Roth dataset,
we find about 4,000 testis-specific antigens and in the GTEX dataset, we
even find more than 20,000 testis-specific antigens. The last dataset most
probable also covers non coding RNA (Fig. 3.35 - 3.37).
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3.8 The roadmap of chemokines in different tissue types 3 RESULTS

Figure 3.33: Chemokines with its corresponding tissue-specificity.
Most chemokines are tissue-specific for the testis, some are tissue-specific
for the immune cells (different cell types), smooth muscle, bronchus and
trachea, the heart, central nervous system (CNS), kidney, ovary, mammary
gland, spleen, lung, salivary gland, liver, thymus as well as whole blood.
Chemokines which are tissue-specific for more than one tissue were not plot-
ted here.
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3.8 The roadmap of chemokines in different tissue types 3 RESULTS

Figure 3.34: Chemokines with its corresponding tissue-specificity.
Most chemokines are tissue-specific for the testis, some are tissue-specific
for the immune cells (different cell types), smooth muscle, bronchus and
trachea, the heart, central nervous system (CNS), kidney, ovary, mammary
gland, spleen, lung, salivary gland, liver, thymus as well as whole blood.
Chemokines which are tissue-specific for more than one tissue were not plot-
ted here.
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3.9 Chromosomal clustering of tissue-restricted antigens 3 RESULTS

The second largest group of TRAs in the mouse Novartis dataset are tissue-
restricted antigens tissue-specific for the oocyte. Other TRAs which often
represent the same tissues are tissue-specific for the liver, kidney, skeletal
muscle, placenta, spleen as well as bone marrow. For this calculation we
have only considered tissues with maximum expression per TRA.

3.9 Chromosomal clustering of tissue-restricted antigens

In order to understand the common gene regulation of tissue-restricted anti-
gens in medullary thymic epithelial cells (mTECs), we studied chromosomal
clustering of TRAs. As it has been known, that chromosomal clustering
might be an explanation for common gene regulation, due to common tran-
scription factors, close proximity on a chromosomal level, chromatin folding,
as well as open chromatin structures in gene neighborhoods this might be
an explanation for TRA gene expression in the same cell type to otherwise
genes of diverse tissue-type and function. For this study, we used two dif-
ferent methods the 10-gene window method developed by Roy et al. [328] as
well as the sliding gene window method of fixed size developed by Gotter
et al. [144]. While the 10-gene window method also takes gene loose and
dense regions into account, the sliding gene window method of fixed size
only counts genes within a direct neighborhood of a certain size, measured
in kilo bases. The combination of both methods accounts for the complete
picture of chromosomal clustering of TRAs.

3.9.1 The 10-gene window method

Chromosomal clustering of tissue-restricted antigens (TRAs) can be seen to
be highly significant compared to 1,000 random gene lists of the same size
as the TRA list in all datasets (Fig. 3.38 - 3.39) [102]. The number of TRAs
within a sliding 10-gene window is summed up until the window encounters
a region without any TRA. Once there is no TRA within the following 10-
genes, the calculation drops of and starts with the next cluster calculation.
The number of TRAs clustered is written down in an output file, including
the TRAs within the cluster, which can be examined later on. The sizes and
numbers of TRA clusters can be seen in Fig. 3.38 - 3.39. While we do not
encounter any cluster bigger than 7, 8 or 10 genes in a direct neighborhood
in the 1,000 randomly drawn gene lists, we can observe TRA clusters of
up to 87, 22, 134 or 251 in our TRA datasets. This means, that we have
significant TRA clustering with a p-value < 0.001. Within TRA clusters we
often find members of whole gene families, which are shown in Fig. 4.3 and
Fig. 4.4. Among them already partially known gene clusters, such as the
KLK cluster, the S100 cluster as well as the CSN locus (Fig. 4.5 and Fig.
4.6) but also new clusters shown in Fig. 4.3 and Fig. 4.4.

168



3
.9

C
h

rom
osom

al
clu

sterin
g

of
tissu

e-restricted
an

tigen
s

3
R

E
S

U
L
T

S

adiposetissue
adrenalgland

amygdala
b220+bcell

bladder
blastocysts

bone
bonemarrow

brownfat
cd4+Tcell
cd8+Tcell

cerebellum
cortex
digits

dorsalrootganglion
dorsalstriatum
embryoday6.5
embryoday7.5
embryoday8.5
embryoday9.5

epidermis
fertilizedegg
frontalcortex

heart
hippocampus

hypothalamus
kidney

largeintestine
liver
lung

lymphnode
mammarygland(lact)

max.tissue
medialolfactoryepithelium(MOE)

olfactorybulb
oocyte
ovary

pancreas
pituitary

placenta
preoptic
prostate

retina
salivarygland

skeletalmuscle
smallintestine

snoutepidermis
spinalcordlower
spinalcordupper

spleen
stomach

substantianigra
testis

thymus
thyroid

tongueepidermis
trachea

trigeminal
umbilicalcord

uterus
vomeralnasalorgan(VMO)

T
R

A
s
 p

e
r tis

s
u

e
 ty

p
e
 in

 th
e
 m

o
u

s
e
 N

o
v
a
rtis

 d
a
ta

number of TRAs per tissue type

0

2
0

0

4
0

0

6
0

0

8
0

0

1
0

0
0

1
2

0
0

721_B_lymphoblasts
adipocyte

AdrenalCortex
adrenalgland

Amygdala
BM−CD105+Endothelial

BM−CD33+Myeloid
BM−CD34+

BM−CD71+EarlyErythroid
bonemarrow

bronchialepithelialcells
CardiacMyocytes

caudatenucleus
cerebellum

CerebellumPeduncles
ColorectalAdenocarcinoma

fetalbrain
fetalliver
fetallung

fetalThyroid
Heart

Hypothalamus
kidney

leukemialymphoblastic(molt4)
leukemiapromyelocytic(hl60)

Liver
Lung

lymphnode
max.tissue

OccipitalLobe
OlfactoryBulb

Ovary
Pancreas

PancreaticIslets
PB−BDCA4+Dentritic_Cells

PB−CD14+Monocytes
PB−CD19+Bcells

PB−CD4+Tcells
PB−CD56+NKCells

PB−CD8+Tcells
Pituitary
placenta

PrefrontalCortex
Prostate

salivarygland
SkeletalMuscle

skin
SmoothMuscle

spinalcord
testis

TestisGermCell
TestisInterstitial

TestisLeydigCell
Thalamus

thymus
Thyroid
tongue
Tonsil

trachea
Uterus

whole blood
WholeBrain

T
R

A
s
 p

e
r tis

s
u

e
 ty

p
e
 in

 th
e
 h

u
m

a
n

 N
o

v
a
rtis

 d
a
ta

number of TRAs per tissue type

0

2
0

0

4
0

0

6
0

0

8
0

0

F
igu

re
3.35:

T
R
A
s
p
e
r
tissu

e
-ty

p
e
in

th
e
m
o
u
se

a
n
d
h
u
m
a
n
N
o
v
a
r-

tis
d
a
ta

se
t.

T
h

e
am

o
u

n
t

o
f

T
R

A
s

fou
n

d
p

er
tissu

e-ty
p

e
varies

p
er

d
a
taset

(o
ran

ge
b

ars).
T

h
e

b
iggest

grou
p

of
T

R
A

s
is

tissu
e-sp

ecifi
c

for
th

e
testis

a
s

w
ell

as
o
o
cy

te
in

th
e

m
ou

se
N

ovartis
d

ataset
an

d
tissu

e-sp
ecifi

c
fo

r
th

e
testis,

liver,
p

lacen
ta,

sm
o
oth

m
u

scle,
as

w
ell

as
h

ea
rt

in
th

e
h
u

m
an

N
ovar-

tis
d

ataset
(b

lu
e

b
ars).

In
th

e
h
u

m
an

N
ovartis

d
ataset

th
ere

are
d

iff
eren

t
su

b
ty

p
es

of
testis-sp

ecifi
c

tissu
e-ty

p
es,

th
is

is
th

e
ex

p
lan

atio
n

w
h
y

th
is

b
ar

is
n

ot
sh

ow
n

h
ere

as
p

rom
in

en
t,

b
u

t
th

e
n
u

m
b

ers
of

T
R

A
s

of
all

fou
r

testis-
sp

ecifi
c

T
R

A
s

ad
d

s
u

p
to

ab
ou

t
th

e
sam

e
a
m

ou
n
t

a
s

in
th

e
m

ou
se

N
ovartis

d
ataset.

169



3
.9

C
h

rom
osom

al
clu

sterin
g

of
tissu

e-restricted
an

tigen
s

3
R

E
S

U
L
T

S

3T3−L1
adipose_brown
adipose_white
adrenal_gland

amygdala
B−cells_marginal_zone

Baf3
bladder

bone
bone_marrow

C2C12
C3H_10T1_2

cerebellum
cerebral_cortex

cerebral_cortex_prefrontal
ciliary_bodies

common_myeloid_progenitor
cornea

dendritic_cells_lymphoid_CD8a+
dendritic_cells_myeloid_CD8a−
dendritic_plasmacytoid_B220+

dorsal_root_ganglia
dorsal_striatum

embryonic_stem_line_Bruce4_p13
embryonic_stem_line_V26_2_p16

epidermis
eyecup

follicular_B−cells
granulo_mono_progenitor
granulocytes_mac1+gr1+

heart
hippocampus
hypothalamus

intestine_large
intestine_small

iris
kidney

lacrimal_gland
lens
liver
lung

lymph_nodes
macrophage_bone_marrow_0hr

macrophage_bone_marrow_24h_LPS
macrophage_bone_marrow_2hr_LPS
macrophage_bone_marrow_6hr_LPS

macrophage_peri_LPS_thio_0hrs
macrophage_peri_LPS_thio_1hrs
macrophage_peri_LPS_thio_7hrs

mammary_gland__lact
mammary_gland_non−lactating

mast_cells
mast_cells_IgE

mast_cells_IgE+antigen_1hr
mast_cells_IgE+antigen_6hr

max.tissue
mega_erythrocyte_progenitor

microglia
mIMCD−3

min6
neuro2a
nih_3T3

NK_cells
nucleus_accumbens

olfactory_bulb
osteoblast_day14
osteoblast_day21

osteoblast_day5
osteoclasts

ovary
pancreas

pituitary
placenta
prostate

RAW_264_7
retina

retinal_pigment_epithelium
salivary_gland

skeletal_muscle
spinal_cord

spleen
stem_cells__HSC

stomach
T−cells_CD4+
T−cells_CD8+

T−cells_foxP3+
testis

thymocyte_DP_CD4+CD8+
thymocyte_SP_CD4+
thymocyte_SP_CD8+

umbilical_cord
uterus

T
R

A
s
 p

e
r tis

s
u

e
 ty

p
e
 in

 th
e
 m

o
u

s
e
 L

a
ttin

 d
a
ta

number of TRAs per tissue type

0

1
0

0
0

2
0

0
0

3
0

0
0

4
0

0
0

accumbens
adipose_tissue

adipose_tissue_omental
adipose_tissue_subcutaneous

adrenal_gland_cortex
amygdala

bone_marrow
bronchus

cerebellum
cerebral_cortex

cervix
colon_cecum

coronary_artery
corpus_callosum

dorsal_root_ganglia
endometrium

esophagus
frontal_lobe

heart_atrium
heart_ventricle

hippocampus
hypothalamus
kidney_cortex

kidney_medulla
liver
lung

lymph_nodes
mammary_gland

max.tissue
medulla

midbrain
myometrium

nipple_cross−section
nodose_nucleus

occipital_lobe
oral_mucosa

ovary
parietal_lobe

pharyngeal_mucosa
pituitary_gland
prostate_gland

putamen
salivary_gland

saphenous_vein
skeletal_muscle

spinal_cord
spleen

stomach_cardiac
stomach_fundus
stomach_pyloric
substantia_nigra

subthalamic_nucleus
temporal_lobe

testes
thalamus

thyroid_gland
tongue_main_corpus

tonsil
trachea

trigeminal_ganglia
urethra
vagina

ventral_tegmental_area
vestibular_nuclei_superior

vulva

T
R

A
s
 p

e
r tis

s
u

e
 ty

p
e
 in

 th
e
 h

u
m

a
n

 R
o

th
 d

a
ta

number of TRAs per tissue type

0

1
0

0
0

2
0

0
0

3
0

0
0

4
0

0
0

F
igu

re
3.36:

T
R
A
s
p
e
r
tissu

e
-ty

p
e
in

th
e
m
o
u
se

L
a
ttin

a
n
d

h
u
m
a
n

R
o
th

d
a
ta

se
t.

M
ost

tissu
e-restricted

an
tigen

s
(T

R
A

s)
in

th
e

m
ou

se
L

attin
d

ataset
are

tissu
e-sp

ecifi
c

for
th

e
testis

(yellow
b

ars).
In

th
e

h
u

m
an

R
oth

d
ataset

th
e

h
igh

est
am

ou
n
t

of
T

R
A

s
is

also
tissu

e-sp
ecifi

c
for

th
e

testis
(red

b
ars),

in
th

is
d

ataset
also

th
e

grou
p

of
liver,

sp
leen

a
n

d
b

on
e

m
arrow

sp
ecifi

c
T

R
A

s
is

elevated
com

p
ared

to
th

e
oth

er
grou

p
s.

170



3
.9

C
h

rom
osom

al
clu

sterin
g

of
tissu

e-restricted
an

tigen
s

3
R

E
S

U
L
T

S

Adipose − Subcutaneous

Adipose − Visceral

Adrenal Gland

Artery − Aorta

Artery − Coronary

Artery − Tibial

Bladder

Brain − Amygdala

Brain − Anterior cingulate cortex

Brain − Caudate

Brain − Cerebellar Hemisphere

Brain − Cerebellum

Brain − Cortex

Brain − Frontal Cortex

Brain − Hippocampus

Brain − Hypothalamus

Brain − Nucleus accumbens

Brain − Putamen

Brain − Spinal cord

Brain − Substantia nigra

Breast − Mammary Tissue

Cells − EBV−transformed lymphocytes

Cells − Transformed fibroblasts

Cervix − Ectocervix

Cervix − Endocervix

Colon − Sigmoid

Colon − Transverse

Esophagus − Gastroesophageal Junction

Esophagus − Mucosa

Esophagus − Muscularis

Fallopian Tube

Heart − Atrial Appendage

Heart − Left Ventricle

Kidney − Cortex

Liver

Lung

max.tissue

Minor Salivary Gland

Muscle − Skeletal

Nerve − Tibial

Ovary

Pancreas

Pituitary

Prostate

Skin − Not Sun Exposed

Skin − Sun Exposed

Small Intestine − Terminal Ileum

Spleen

Stomach

Testis

Thyroid

Uterus

Vagina

Whole Blood

T
R

A
s
 p

e
r tis

s
u

e
 ty

p
e
 in

 th
e
 G

T
E

X
 d

a
ta

number of TRAs per tissue type

0

5
0

0
0

1
0

0
0

0

1
5

0
0

0

2
0

0
0

0

F
igu

re
3.37:

T
R
A
s
p
e
r
tissu

e
-ty

p
e

in
th

e
h
u
m
a
n

G
T
E
X

d
a
ta

se
t.

T
h

e
b

iggest
grou

p
of

T
R

A
s

in
th

e
h
u

m
an

G
T

E
X

(R
N

A
seq

)
d

ata
set

is
tissu

e-sp
ecifi

c
for

th
e

testis
(in

clu
d

in
g

n
o
n

co
d

in
g

R
N

A
).

F
u

rth
er

g
rou

p
s

a
re

ad
ren

al
glan

d
,

th
e

C
N

S
,

sp
leen

,
p

itu
ita

ry
as

w
ell

as
w

h
ole

b
lo

o
d

.

171



3.9 Chromosomal clustering of tissue-restricted antigens 3 RESULTS

2 4 6 8 10 12 14 16 18 20 22 24 26 28 31 33 35 37 39 41 43 45 49 55 59 61 63 74 87

mouse.tra.5x

1000 random lists

clustersize k compared to 16960 mouse genes

n
u
m

b
e
r 

o
f 
c
lu

s
te

rs
 o

f 
s
iz

e
 k

0
1
0

2
0

3
0

4
0

5
0

6
0

10 gene window 

 number of clusters of size k

2 3 4 5 6 7 8 9 10 11 12 14 15 16 17 18 19 21 22

human.tra.5x

1000 random lists

clustersize k compared to 14522 human genes

n
u
m

b
e
r 

o
f 
c
lu

s
te

rs
 o

f 
s
iz

e
 k

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

10 gene window 

 number of clusters of size k

Figure 3.38: Chromosomal clustering of TRAs in the mouse and
human Novartis dataset. In the mouse Novartis dataset, TRAs (red
bars) are significantly clustered compared to 1,000 randomly drawn lists of
the same size (white bars). In this dataset they account up to 87 genes
within one TRA cluster compared to the maximum of 8 genes in the ran-
domly drawn gene lists. Here the number of clusters of size k are drawn
(y-axis) versus the size of the TRA clusters (x-axis). Chromosomal clus-
tering of TRAs might explain the common regulatory mechanism of TRA
gene expression in medullary thymic epithelial cells (mTECs). In the human
Novartis dataset we find TRA clusters up to the size of 22 TRAs in a direct
gene neighborhood compared to 7 genes in the 1,000 randomly drawn gene
lists. This data has been recalculated according to Dinkelacker 2007 [102],
the method taken from Gotter et al. 2004 [144].
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Figure 3.39: Chromosomal clustering of TRAs in the mouse Lattin
and human Roth dataset. In the mouse Lattin dataset we find TRA
clusters of sizes up to 134 TRAs in a direct neighborhood (red bars) com-
pared to the maximum of 8 randomly drawn genes for 1000 randomly drawn
gene lists of the same size (white bars). The number of clusters found is de-
picted in the y-axis, while the size of the clusters is shown on the x-axis.
In the case of the human Roth dataset, we find TRA clusters of sizes of up
to 251 TRAs in a direct neighborhood using the 10-gene window method,
developed by Roy et al. [328] compared to the maximum of 9 genes in the
1,000 randomly drawn gene lists. Thus chromosomal clustering of TRAs is
highly significant for all tested datasets, both in human and in mouse. This
data has been recalculated according to Dinkelacker 2007 [102], the method
taken from Gotter et al. 2004 [144].
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3.9.2 The neighbourhood analysis

In the neighbourhood analysis, developed by Gotter et al. [144], we applied
moving gene windows in the sizes of 50 kb, 100 kb, 200 kb, 500 kb, 800 kb,
2 mb up to 5 mb. For each window the number of gene pairs was calculated
once for the TRA list as well as for 1,000 randomly drawn gene lists of
the same size. In the case of the mouse Novartis dataset, we have highly
significant clustering with a p-value < 0.001 for the sizes of 50 kb, 100 kb, 200
kb as well as 500 kb (Fig. 3.40). The red vertical line depicts the number
of gene pairs of TRAs compared to the distribution of numbers of 1,000
randomly drawn gene lists (grey bars). In the case of the human Novartis
dataset we observe the same chromosomal clustering of TRAs with a p-value
< 0.001 for all window sizes (Fig. 3.41) (red vertical lines), compared to 1,000
randomly drawn lists (distribution of grey bars). The same tendency holds
true for the other two datasets, sometimes depending on the cutoff (data
not shown here) [102].

3.9.3 Chromosomal clustering of housekeeping genes and other
functionally related genes

Since all our TRA clusters are highly significantly clustered on a chromo-
somal level, we also tested housekeeping genes as well as other functionally
related gene groups for chromosomal clustering. Depending on the size of
the gene group we could show chromosomal clustering also for housekeeping
genes with the 10-gene window method compared to 1,000 randomly drawn
gene lists, as well as for 211 actin cytoskeleton genes, 710 cell cycle genes,
854 apoptosis genes, as well as for 1,080 cytoskeleton genes. We could not
show significant clustering for 17 TCA genes and only a slight enrichement
of chromosomal clustering in 39 glycolysis genes, 41 caspase genes and 132
muscle specific genes (data not shown here). It seems as if chromosomal
clustering of functionally related genes is rather a general tendency than an
exception for tissue-restricted antigens.

3.9.4 Distribution of TRA clusters per chromosome

The size and the distribution of TRA clusters varies depending on the
dataset and chromosomes. TRA clusters can generally be found on all chro-
mosomes and are scattered over the varies regions (Fig. 3.42). As some
chromosomes contain more genes than others, also some TRA clusters are
bigger on these chromosomes than others.

3.9.5 TRA clusters are an intermingle of different tissue types

Different TRA clusters are very heterogeneous with respect to their char-
acteristical tissue-type. While most TRA clusters consist of different tissue
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Figure 3.40: Neighbourhood analysis of the mouse Novartis dataset.
In the neighborhood analysis of the mouse Novartis dataset, we can see
TRA clustering with a p-value of < 0.001 for window sizes from 50 kb
up to 500 kb (red vertical line) compared to 1,000 randomly drawn genes
lists (grey bars). The bigger the window sizes get, the less significant is
TRA clustering compared to the randomly drawn genes lists, which makes
sence in the context of calculations. The frequency of numbers of neighbors
are shown on the y-axis, compared to the number of neighbors found in
direct neighborhood on the x-axis. For window sizes of 2 mb and 5 mb
TRA clustering is not significant any more. This data has been recalculated
according to Dinkelacker 2007 [102], the method taken from Gotter et al.
2004 [144].
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Figure 3.41: Neighbourhood analysis of the human Novartis dataset.
In the human Novartis dataset, chromosomal clustering of TRAs is highly
significant for all windowsizes from 50kb to 5mb (red vertical lines) compared
to 1,000 randomly drawn gene lists of the same size (grey bars) with a p-
value < 0.001. This data has been recalculated according to Dinkelacker
2007 [102], the method taken from Gotter et al. 2004 [144].
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Figure 3.42: Size and distribution of TRA clusters in the mouse
Novartis dataset TRA clusters can be found in different sizes spread out
over all chromosomes. The cluster size varies from 3 adjacent genes to
clusters of 85 TRAs in a direct neighborhood and are flanked of regions
without TRAs. The distance between these TRA clusters are normalized
here and do not represent the size of inter cluster regions, nor their exact
distribution per chromosome.
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specificities, other show regions of only one tissue-specificity, so called mono
clusters (Fig. 3.43). In the case of the TRA clusters on chromosome 2 in the
mouse, we see an intermingle of different tissue-types, while in the case of the
TRA clusters on chromosome X in the mouse, we can find 43 genes in direct
neighborhood tissue-specific for the testis. Although testis-specific TRAs
are the largest group of all TRAs, this is still a surprisingly large group of
functionally related genes. The existence of X-linked gene clusters has been
known before, but the size of this gene cluster has been underestimated in
the past [263, 196, 313, 388].

3.9.6 Conservation of chromosomal clustering of TRAs

Chromosomal clustering of tissue-restricted antigens (TRAs) is highly con-
served between mouse human and rat. As can be seen in Fig. 3.44 as well
as in Fig. 3.45, the gene order in general between human, mouse and rat
is highly conserved. Not only TRAs (red lines) but also non TRAs (black
lines) are either drawn in parallel or anti-parallel in all three species. Some-
times certain parts of the chromosomes are translocated to other regions,
which can be seen in Fig. 3.44. This means, that also the gene order of TRAs
being clustered is highly conserved between human, mouse and rat. Also in
terms of tissue-type, tissue-specificity between different species seems to be
conserved (Fig. 3.46).

Sometimes TRAs are co-expressed in certain tissue-type combinations, such
as the liver and the kidney, but refer to the same tissue-specificity as can be
seen in part a of Fig. 3.46. In case of gene duplication the tissue-specificity
between species is highly conserved (Fig. 3.46). In the aspect of the evolu-
tionary tree and conservation of the gene order of TRA clusters, we tried to
follow the TRA genes (orthologs) to evolutionary more distant species, such
as the kangaroo, platypus, frog, tetraodon, Danio rerio, sticklebacks, Ciona
intestinalis, Drosophila melanogaster and Caenorhabditis elegans (Fig. 3.47,
3.48). The conservation of gene order loosens up the further we go down
the evolutionary tree.

3.9.7 Tissue specificity in TRA clusters

Also in the single TRA clusters the diversity of different tissue-types in
each cluster can be seen. Most of the time also here tissue-types are very
diverse (Fig. 3.49). Fig. 3.50 and 3.51 show some examples of so called “mono
clusters”. The examples in Fig. 3.50 show TRA clusters highly tissue-specific
for the skin (Fig. 3.50 a), for the small intestine Fig. 3.50 b, or the placenta
Fig. 3.51. But this is rather the exception than the normal case. Most of
the time TRA clusters are very diverse in terms of tissue-specificity.
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Figure 3.43: TRA clusters in the mouse on chromosome 2 and the
X chromosome. TRA clusters are most of the time an intermingle of
different tissue-types. Sometimes we can see regions of only one tissue-type,
such as in this mono cluster here on chromsome X in the mouse. There
are 43 different TRAs tissue-specific within one region for the testis. Since
testis-specific genes account for the highest number of TRAs in general this
might be an observation, which we expected, but also for other tissues this
holds true. There are a few regions where we find mono clusters within TRA
clusters.
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Figure 3.44: Synteny plot between human, mouse and rat. Looking
at the synteny plot of TRA clusters between human, mouse and rat, it
becomes evident that the gene order between these three species is highly
conserved as well in terms of TRAs (red bars), as also in non-TRAs (black
bars). most TRA clusters are either in parallel as here in the case of human
and mouse or anti parallel as here in the case of mouse and rat. Some parts
of the chromosomes have been shifted to other places, such as depicted in
the case of the diagonal lines of the human and mouse cluster.
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Figure 3.45: Synteny plot between human, mouse and rat. Another
synteny plot between human, mouse and rat show that some parts of a TRA
cluster matches to one TRA cluster in the other species and another to a
TRA cluster in the other species. TRA clusters were matched upon the
highest hitrate in terms of found homologous TRAs. All TRA clusters are
always intermingled by non-TRAs (black lines). TRAs a drawn with red
lines.
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Figure 3.46: Synteny plot mouse 1:3 human 2:16. Also in terms of
tissue specificity many TRAs are highly conserved within human and mouse
in this respect, since only the max tissue was measured here, the tissue type
is not always reflected by the colored lines, but also by the second highest
tissue expressed in these TRAs. Many genes for example are tissue-specific
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3.10 Intra-cluster homology analysis

In order to study, if the chromosomal clustering of TRAs is only due to
gene duplication, we tested the sequence similarity of all TRAs within each
cluster and calculated the percent identity of the genes per cluster. If there
is no gene duplication the percent identity should vary around 25%. Looking
at the homology plots (Fig. 3.52), we can see that the distribution of TRA
clusters ordered by the size of the clusters varies around the 25%. While the
smaller clusters start with a 40% range, the bigger ones are far below the
25% range. Some outlier dots reflect clear examples of gene duplications,
but this is rather the exception than the norm. Both human and mouse
Novartis datasets show similar results in this context. In order to test if
this is dependent on the size of TRA clusters, we analyzed random clusters
of different sizes with random genes, also these are grouped around the
expected 25% range. This means that the number of gene duplications is
not dependent on the size of the TRA cluster (Fig. 3.53). Some of the gene
families found to be due to gene duplication are shown in Fig. 4.3, 4.4 and
Fig. 4.5.

3.11 TRA-DB: database of tissue-restricted antigens

All TRAs found in this work were put into a database, TRA-DB. The
database of tissue-restricted antigens (TRA-DB) can be found under:
https://ibios.dkfz.de/tra/. Here genes can be queried upon their gene iden-
tifiers, chromosomes, tissue-types as well as according to different species.
If genes belong to gene families all representatives of the gene families are
found. The resulting query can be exported as a tab seperated file, with
an annotated gene list, as well as a .pdf file including all TRA plots accross
tissues and species. The background lists as well as TRA plots can be found
on the CD in the technical appendix. Cutoffs for the TRA definition such
as 3x, 5x, 10x as well as 20x the median can be chosen in the database. Also
the number of genes exceeding the cutoff line can be chosen between one
and five tissues over the 5x median line. Tissues of the same tissue-type,
such as the central nervous system are regarded as one tissue-type and only
counted as one (Fig. 3.1 - 3.4). The TRA-DB can be seen in Fig. 3.54
[102].
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Figure 3.52: Homology plot mouse and human. Comparing all TRA
clusters for the percentage of identity of TRAs within the clusters we can
see that the main distribution of these clusters are scattered around the
25% line, which four base pairs are by nature. We ordered the TRA clusters
according to their median line of % identity. The outliers (black dots on top)
are the few TRA clusters which show a high % age of identity, these TRAs
most likely belong to gene families. These plots have been recalculated and
adapted from scripts from Prof. Dr. Benedikt Brors.
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Figure 3.53: Homology plot of random clusters in mouse and human.
The homology plot of TRA clusters was compared to randomly picked genes
of different sizes, the same study of % identity was done to these clusters.
Randomly picked clusters very well scatter along the % range of four base
pairs, as would be expected. These plots have been recalculated from scripts
from Prof. Dr. Benedikt Brors.
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Figure 3.54: The TRA database, TRA-DB. The TRA database, TRA-
DB is presenting all tissue-restricted antigens from all datasets. Here genes
can be queried for datasets by gene names, tissue-types, gene identifiers, as
well as different cutoff values. The background species can be selected upon
the selection of different datasets and the results can be exported both as
tables (.csv) files as well as plots (.pdf) files. Searches for gene names are
programmed with an asterix, so that word completion for any word is auto-
matically done. The database can be found under https://ibios.dkfz.de/tra/.
This database has been re-calculated and re-established from a previous sub-
version from Dinkelacker 2007 [102].
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4 DISCUSSION

4 Discussion

4.1 Chromosomal clustering of tissue-restricted antigens

In this study five different human and mouse datasets [371, 372, 218, 327, 3,
2] have been analyzed systematically for tissue-restricted antigens and chro-
mosomal clustering of TRAs [102]. The outcoming TRAs have been studied
in their known impact to autoimmune diseases. Furthermore the conserva-
tion in terms of gene order as well as chromosomal clustering of these TRA
clusters has been studied in more detail. Within the TRA clusters new gene
families could be identified, which have not be known before.

With an operational definition of tissue-restricted antigens as well as house-
keeping genes, all TRAs as well as housekeeping genes have been identified
for each dataset. Besides TRA clusters we also calculated the chromosomal
clustering of housekeeping genes as a group, as well as subgroups of function-
ally related genes, such as cell cycle genes, glycolysis genes and cytoskeleton
genes. All TRA plots for all different criteria, such as a cutoff value of 3x,
5x, 10x as well as 20x the median gene expression value, have been plotted
and put into the TRA database, TRA-DB [102].

All TRA tables fully annotated can be found on CD in the technical ap-
pendix. TRAs tissue-specific for certain tissue-types have been extracted
and analyzed for their known impact on tissue-specific autoimmune dis-
eases. These lists have been analyzed on the most stringent cutoff criteria of
only one tissue exceeding the 5x median gene expression line. Autoimmune
relevant TRAs have been analyzed for the pancreatic islet cells, the thyroid,
the central nervous system, the skeletal muscle, as well as the adrenal gland.
Each in context of its equivalent autoimmune disease, such as diabetes type
1, hashimoto thyroiditis, multiple sclerosis, myasthenia gravis as well as ad-
dison’s disease.

Futhermore testis-specific genes have been defined, which might play a role
in the development and treatment of cancer as cancer testis antigens (CTAs).
Here 440 different CTAs have been identified, of previously 225 CTAs known
[425]. In the question of cancer treatment of immune vaccination against
CTAs the gene expression of CTAs within the thymus has to be thoughtfully
checked [75, 216, 41, 298]. Since a previously existing tolerance of T cells
versus the potential antigens will decline the adaptation of the immune sys-
tem to the cancer type and thus most probable lead to a failure of immune
vaccination in cancer.

In our TRA list, we also analyzed tissue specific chemokines, as homing
factors, which could be extracted via their identifiers. Chemokine ligands
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as well as receptors follow a systematic nomenclature of CC-, CXC-, CX3C-
chemokine ligands and receptors depending on the cystein residues in their
N-terminus. Since our TRA database is programmed with an asterix, these
gene lists could be extracted easily and be analyzed upon their tissue-type of
main gene expression, which is in the context of homing factors for immune
cells of chemokine ligands as well as their receptors very interesting. Also in
the context of chemokine signalling in cancer and its migration of the tumor
to the site of metastasis, depending on the type of chemokine ligand and
receptor profile expressed in the tumor type.

For the definition of a TRA we used an operational definition, which can
be adjusted depending on the scientific question by varying the criteria in
the database. TRA calculation was mainly done on the basis of transcript
level in all datasets, where this was possible. In some datasets, the tran-
script level was not available (e.g. in the protein data of the human protein
atlas). We decided for this criteria in order to be able to detect TRAs with
tissue-specificity including alternative splicing events [102].

The overlap of all TRAs between datasets of the same species was calcu-
lated, furthermore the impact on gene regulation of all TRAs defound here
by the autoimmune regulator AIRE was calculated (data not shown here).

Chromosomal clustering of TRAs has been shown to be significantly in all
datasets and for all criteria with two different methods. TRA clustering
can explain a common regulation in gene expression of all tissue-restricted
antigens in one cell type, such the medullary thymic epithelial cells. Co-
regulation of those has been shown in the past for a few subgroups of TRA
clusters, including certain gene families, more gene families could be found
here.

It could furthermore be shown, that gene families are not the main, nor
only reason for TRA clustering, and gene duplication can not be the reason
for TRA clustering in general, since the homology plots calculated for all
TRA clusters range around the expected 25% range of % identity for all
genes, within each TRA cluster.

4.2 The selection of datasets and databases

As datasets we have chosen five different datasets, two in mouse and two in
human, as well as one RNAseq human GTEX dataset. While the human
and mouse Novartis dataset has only double measurements per tissue-type,
and the human Roth dataset has a sample size of n<4, the human GTEX
dataset includes measurements of up to 800 samples of the same tissue-type.
Also the number of genes per chip varies due to the date it has been estab-
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lished from 14,522 genes in 2002 up to 57,431 genes in 2015. The number of
TRAs varies as well, but the calculation of overlaps in TRA definition brings
the pool of potential tissue-restricted antigens back to a sufficient overlap of
genes in all datasets. The core TRAs, which have been previously brought
into context of autoimmune diseases, can be found in any dataset. In order
to find tissue-restricted antigens in the dataset of the human protein atlas
[390], the criteria of 5x the median cutoff did not proof to be well suited.
This was drawn to the fact, that even well known autoantibodies, such as
insulin could not be detected this way. We loosened the cutoff value up a
little, to in this case 10x the median protein expression, in order to find the
TRAs expected, such as insulin.

In the future this study might be extended to the FANTOM database [81]
as well as to single cell data. In the case of single cell data, we will have to
deal with the problem of drop outs, which will also be a problem considering
the calculation of TRAs. Cell specific TRAs might be interesting though,
and the same method of finding TRAs can also be applied here.

4.3 Number of TRAs and proportion

In our datasets we could identify 4,172 (24.6%) genes to be tissue-restricted
in the mouse Novartis dataset [371, 372], 2,055 (14.15%) in the human No-
vartis dataset [371, 372], 8,924 (52.25%) in the mouse Lattin dataset [218],
6,515 (31.36%) in the human Roth dataset [327] and 27,339 (47.60%) in the
human GTEX dataset [3, 2]. While the raising number of TRAs over time
can be explained by the increasing number of genes being represented on the
chips between 2002 and 2015, the percentage depends on the number and
quality of probes on the chips. The number of TRAs is also dependent on
the cutoff as well as the number of tissues represented on the chips, includ-
ing the different tissue-groups existent per dataset. While the first mouse
Novartis dataset covered about 16,960 genes in total, the human Novartis
dataset represented the gene expresson of 14,522 genes in total, the mouse
Lattin dataset 17,079 genes, the human Roth dataset 20,774 genes, and the
human GTEX dataset 57,431 genes, including non-coding RNAs. As a cal-
culation done in the human protein atlas data [390], we could find 7,241
(35.59%) of 20,343 proteins to be tissue-restricted. Comparing all TRAs,
we found 1,091 TRAs to be commonly detected in all three human datasets,
and 2,837 TRAs in the mouse datasets. Including the human protein atlas,
we found 610 different TRAs in all human datasets (Fig. 4.2). The number
of TRAs found is not only dependent on the tissues presented, the number
of genes in general on the dataset, but also on the number of datasets calcu-
lated. The more datasets are involved, the smaller the number of common
TRAs. Doing calculations on the overlap between orthologues human and
mouse TRAs, we find a high concordance also between species.
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Figure 4.1: TRA numbers and percentages in the different datasets.
In different datasets we find different numbers of tissue-restricted antigens by
applying the same method for the detection of tissue-restricted antigens in
a systematic way. Most numbers are dependent on the number of genes pre-
sented on the chips in the different datasets. In the mouse Novartis dataset
(red, orange), we find 4,172 TRAs (red) out of 16,960 background genes on
the chips (24.6%), in the human Novartis dataset (light green, green), we
find 2,055 TRAs out of a total of 14,522 background genes (14,52%) on the
chip, in the mouse Lattin dataset (light green, light blue), we find 8,924
TRAs out of 17,079 background genes (52.25%) on the chips, in the human
Roth dataset (blue bars), we find 6,515 out of 20,77 genes (31.36%) on the
chip, in the human GTEX RNAseq dataset (purple bars) we find 27,339
TRAs out of 57,431 genes (47.60%) on the chip.

Within our TRA lists, we can find almost all TRAs which have been pre-
viously identified. We could find for example the insulin gene (INS) [184],
the thyroglobulin gene (TG) [202], the C-reactive protein (CRP) [202], SAP
[202], RET S and many other tissue-restricted genes known to be important
in autoimmune diseases [144]. Much of the data presented here has already
been used in the context of our cooperation projects for example in the
work of Derbinski et al. 2005, Pinto et al. 2013 as well as Brennecke et al.
2015 [99, 297, 46]. Besides this previous knowledge and pre-published data,
we can detect many more and newly discovered TRAs in this work, which
sorted to the tissues specifically expressed.
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Figure 4.2: Overlap of TRAs in four different human datasets. In the
study of four different human datasets, two microarray datasets [372, 327],
one RNAseq dataset [3, 2] and the human protein atlas [390] we can cal-
culated an overlap of 610 TRAs which can be detected in all four datasets.
The number is restricted to the lowest background number of genes pre-
sented per chips. Due to the high number of genes in the human GTEX
RNAseq dataset, the human GTEX dataset is also the one with the highest
number of 18,885 genes which can only be found to be tissue-restricted in
their dataset. The human Novartis dataset is the oldest dataset used in this
study and therefore only shows 181 TRAs uniquely detected in this dataset.
All in all the sum of all TRAs might lead more to the important results in
this study than trying to be too restricted. Also because not all genes are
presented in each tissue, nor is every tissue represented in each dataset.
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4.4 Tissue-grouping, TRAs and housekeeping genes

In our data, we have excluded several cell types from our study, such as
immune cells, embryonic tissues, as well as cancer cell lines. The scientific
question of interest had been only related to tissue-restricted antigens in
the context of the induction of central-self tolerance in the thymus. We
incorporated the expression estimates in the excluded cell types as well as in
cell lines still in the TRA plots, in order the visualize for example immune cell
contribution to tissue-restricted expression in secondary lymphoid organs.

4.5 TRA clustering

For TRAs in all datasets, we calculated the chromosomal clustering with
two different methods [144, 328]. While the first sliding 10-gene window
method does not account for gene-dense and gene-poor regions, the second
method with a sliding gene window of fixed size also takes this aspect into
account. For both methods we could demonstrate significant chromosomal
clustering of TRAs in all datasets. The cluster sizes were compared to 1,000
randomly drawn lists of the same size, and calculated over all chromosomes.
Within the different datasets, we could find gene clusters including up to
251 TRAs in a direct neighborhood based on the human Roth dataset, 143
based on the mouse Lattin dataset, 22 based on the human Novartis dataset
and 87 based on the mouse Novartis dataset [102].

Within these TRA clusters we could identify gene families to contribute
to the gene clusters, such as the KLK cluster, the casein cluster, of the
S100 cluster. But also new TRA clusters, which have not been identified
before could be identified. A gene family was considered to be significantly
contributing to a cluster if more than five members of the gene family were
found within one TRA cluster (sliding 10-gene window method). Complete
lists of all TRA clusters are in the technical appendix on CD. Examples of
these clusters can be seen in Fig. 4.3 and Fig. 4.4. The fact that gene
families arise from gene duplication does not account for TRA clustering
in general as we could show by calculating the percent identity between all
genes of a cluster (Fig. 3.52 and Fig. 3.53).

Among the gene families found in TRA clusters, we could identify the
AKR1c genes, a group of genes, which catalyzes aldehyde and were tissue-
specific for the kidney, the liver as well as the adrenal gland in the mouse,
the CEACAM genes on chromosome 7, a family which is important for cell
adhesion, mostly found in epithelial cells throughout the body, the PSG gene
family on chromomosome 7 in the mouse, which is tissue-specific for the pla-
centa, pregnancy specific glycoproteins, the CYP genes on chromomosome
19 in the mouse, belonging to the cytochrome p450 gene family, working
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as enzymes in the intestine as well as the liver the MS4A gene family on
chromosome 19 in the mouse, which is tissue-specific for the testis as well
as many others, shown in Fig. 4.3, 4.4 and in the cluster tables on CD.

4.5.1 The kallikrein gene cluster

The KLK cluster, the S100 cluster as well as the casein cluster had already
been studied before [99, 297, 46]. Therefore we analyzed these pre-existing
clusters in our dataset. We could find the three KLK genes, KLK1, KLK2 as
well as KLK3 in the human Novartis dataset to be tissue-restricted (Fig. 4.5).
The up and down regulation of these genes in human mTECs has been mea-
sured by Pinto et al. 2008 and Gaertner et al. 2012 (unpublished data). Not
all of these genes are always upregulated in mTECs.

In the mouse Novartis data, we find 10 KLK genes in a TRA cluster on
chromosome 7. All of them are upregulated in mTECs versus cTECs in the
thymus. The co-regulation of genes within one TRA clusters has convinc-
invly been demonstrated [46]. Some of these genes are represented by two
transcripts for example the once presenting the genes Klk1b1 to Klk7, Klk8,
Klk10, Klk11. Interestingly these genes in our data seem to be tissue-specific
for the thyroid (data not shown here).

In the human Roth dataset, we found the KLK genes within a TRA cluster
of 93 TRAs on chromosome 19. These are tissue-specific for the salivary
gland, the prostate gland, the oral mucosa, the central nervous system and
the vulva, intermingled with TRAs that are tissue-specific for the testis. The
KLK genes seem to be a very heterogeneous group in terms of tissue-types
they represent.

In the human GTEX data, we find 15 KLK genes on chromosome 19 with 64
different transcripts. All of them are tissue-specific for different tissue-types.
Some of these genes are upregulated in the thymus, include AIRE-dependent
genes, and are highly expressed in mature CD 80 hi MHC II hi mTECs.
Others are down-regulated between mTECs compared to cTECs and are
expressed in the thymus. For the GTEX data, we have not calculated TRA
clustering, so that the state of KLK genes within the TRA clusters cannot
clearly be described.

symbol startside tissue mTECs vs
cTECs

MHC II
hi vs lo
mTECs

KLK1 (1 gene, 5 transcripts) 51322404 Pancreas -0.25 (0.61) 2.64 (<0.01)
1.55 (<0.01)

KLK2 (1 gene, 18 transcripts) 51364824 Prostate -0.003 (0.997)
KLK3 (1 gene, 13 transcripts) 51358171 -0.11 (0.84)
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0.09 (0.89)
0.12 (0.82)

Table 4.1: KLK cluster human Novartis dataset, chromosome 19,
3 genes, 36 transcripts, mTECs versus cTECs (down/upregulated gene
expression, adj. p-value), data from Martina Gaertner 2012 (AIRE,
3.897 (<0.01)/1.86 (<0.01)/0.11 (0.79)), MHC II hi versus MHC II lo
AIRE dep. (down/up regulated gene expression, adj. p-value), data
from Sheena Pinto 2008 (AIRE 1.39 (<0.01))

4.5.2 The S100 cluster

In the case of the S100 gene cluster, we find seven S100 genes on chromosome
1 in the human Novartis dataset (Table 4.2, Fig. 4.6). Seven of these genes
code for 27 different transcripts. It has to be noted, that the number of
transcripts is sometimes redundant to the same coding genes, so that tran-
script identifiers are not always representing true alternative reading frames.
Most of the S100 genes are tissue-specific for the heart, bronchial epithelial
cells or immune cells. Most of these genes are upregulated in the thymus.
Some of them are AIRE-dependent.

We can also find nine different S100 genes on chromosome 3 in the mouse
Novartis dataset, which are tissue-specific for the skin within a TRA cluster
of sixty different genes. Within the same TRA cluster we can find LCE
genes, which also form a gene family within the same TRA cluster (data not
shown here).

In the human GTEX data, we found 15 S100 genes on chromosome 1, most
of them differentially expressed in the thymus (data not shown here).

symbol startside tissue mTECs vs
cTECs

MHC II
hi vs lo
mTECs

S100A1 (1 gene, 3 tran-
scripts)

153600402 heart -0.21 (0.69) -1.08 (<0.01)

S100A2 (1 gene, 6 tran-
scripts)

bronchial
epithelial
cells

3.19 (0.01)

S100A4 (1 gene, 6 tran-
scripts)

153516089 immune
cells

0.50 (0.27)

0.53 (0.36)
S100A6 (1 gene, 5 tran-
scripts)

153507075 bronchial
epithelial
cells

2.78 (<0.01)

S100A9 153330330 immune
cells

1.14(0.02) 4.22 (<0.01)
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S100A10 (1 gene, 4 tran-
scripts)

151955391 bronchial
epithelial
cells

1.20 (0.02) 2.23 (<0.01)

1.14 (0.02)
S100A12 153346184 immune

cells
-1.19 (0.31)

Table 4.2: S100 cluster human Novartis dataset, chromosone 1,
7 genes, 24 transcripts, mTECs versus cTECs (down/upregulated gene
expression, adj. p-value), data from Martina Gaertner 2012 (AIRE,
3.897 (<0.01)/1.86 (<0.01)/0.11 (0.79)), MHC II hi versus MHC II lo
AIRE dep. (down/upregulated gene expression, adj. p-value), data from
Sheena Pinto 2008 (AIRE 1.39 (<0.01))

4.5.3 The casein cluster

A third gene cluster, that has been described is the casein cluster on chromo-
mosome five in the mouse. We find five different representatives of CSN1S1,
CSN1S2a, CSN1S2b, CSN2 and CSN3, including seven different transcripts,
most of these genes are upregulated in the thymus (Table 4.3). All casein
genes are tissue-specific for the mammary gland (lact.).

symbol startside tissue mTECs vs
cTECs

MHC II
hi vs lo
mTECs

Csn1s1 87666224 mammary
gland
(lact)

1.88 (0.01) 1.94 (<0.01)

1.58 (0.01)
Csn1s2a 87774567
Csn1s2b (1 gene, 2 tran-
scripts)

87808082

Csn2 87692624 1.34 (0.11) -1.30 (<0.01)
Csn3 (1 gene, 2 tran-
scripts)

87925579 0.43 (0.44) 1.28 (0.00)

Table 4.3: Csn cluster mouse Novartis dataset, chromosone 5, 5
genes, 7 transcripts, mTECs versus cTECs (down/upregulated gene
expression, adj. p-value), data from Martina Gaertner 2012 (AIRE,
3.897 (<0.01)/1.86 (<0.01)/0.11 (0.79)), MHC II hi versus MHC II lo
AIRE dep. (down/upregulated gene expression, adj. p-value), data from
Sheena Pinto 2008 (AIRE 1.39 (<0.01))

While it has been an ongoing discussion if only tissue-specific genes or
only housekeeping genes are clustered, we enlargened our analysis also on
other functionally related gene groups and calculated the chromosomal clus-
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Figure 4.3: Commonly regulated gene families in TRA clusters.
In the mouse Novartis dataset, we can find many gene families wich are
most probably commonly regulated within the same TRA clusters. Some
of these gene families have already been known, such as the klk cluster on
chromosome 7 in the mouse, the S100 cluster in chromomosome 3 in the
mouse and the casein locus on chromosome 5 in the mouse. The more
detailed description of these genes and clusters can be found in the text as
well as in Fig. 4.4 Different clusters are depicted with the arrows in the same
color as the clusters described in the box. The clusters are sorted according
to their size of the background TRA cluster. In some cases different gene
families fall into the same TRA cluster. Not all TRA clusters are due to gene
families most of them are an intermingle of different gene families as well as
tissue-types. Gene families might have evolved due to gene duplication.
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Figure 4.4: Gene families within TRA clusters. In the mouse Novartis
dataset we could identify twenty-eigth different gene families of sizes higher
than five within our TRA clusters. Some of these gene families have partly
been known previously, such as the S100 gene family, the klk gene family
as well as the casein locus. Genes which are upregulated in the thymus
are shown here in color, this most probable gives an insight into a common
regulatory mechanism on gene expression. Most members of a gene family
are tissue-specific for the same tissue-type. The biggest gene family is the
Gm gene family, tissue-specific for the testis. Log foldchanges as well as
p-values have been measured by Martina Gaertner et al. 2012 (cTEC versus
mTEC data) and Pinto et al. 2008 AIRE ko versus wt data in MHC II hi
CD 80 hi mTECs. Further study on gene families especially in the context
of autoimmune diseases might be very fruitful in the future.
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Figure 4.5: Klk cluster in the human Novartis dataset. In the human
Novartis dataset, we can find the Klk gene cluster on chromomosome 19,
where tree out of seven TRAs are kallikreins, tissue specific for the pancreas
as well as the prostate (blue bars). The kallikrein cluster had been previously
been detected by Derbinski et al. 2005 and further studied by Brennecke et
al. 2015 [99, 46]. Both kallikreins as well as TRAs within a cluster seem to be
co-regulated in the thymus. In the mouse Novartis dataset we find seventeen
different transcripts coding for kallikreins. Most of them are tissue-specific
for the thyroid klk1, others are tissue-specific for the snout-epidermis klk
5,7,8,10,11.
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Figure 4.6: S100 TRA cluster in the human Novatis dataset. The
S100 cluster can be found on chromosome 1 in the human Novartis dataset.
Most S100 genes are tissue-specific for the tongue as well as other epithelial
cells. They are located in a TRA cluster in this dataset including 21 different
TRAs. The Immune cells have been plotted as a tissue-type here but were
not considered for TRA calculation. Most S100 genes are also upregulated
in the thymus.
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tering of these. For this we took all housekeeping genes involved in our data,
by defining a housekeeping gene as a gene, which is not higher expressed in
any tissue than 3x the median gene expression over all tissues. Also here
we could show chromosomal clustering of housekeeping genes in general but
also some other gene groups, such as cytoskeleton genes, apoptosis genes and
cell cycle genes. All of them are significantly clustered on the chromosome,
as well as muscle-specific genes, actin cytoskeleton genes which are highly
enriched in gene duplets in direct neighborhood. Some gene groups could
not be shown to be clustered, such as seventeen genes involved in the tricar-
boxylic acid cycle (TCA), thirty nine glycolysis genes as well as fourty-one
caspase genes. This might be due to the low number of genes involved in
these groups.

4.6 Housekeeping genes numbers and percentages

In terms of the number of housekeeping genes as defined above, we deter-
mined the number of housekeeping genes in each dataset. We found 8,692
housekeeping genes in the mouse Novartis dataset, 9,938 in the human No-
vartis dataset, 2,863 in the mouse Lattin dataset and 9,148 in the human
Roth dataset. Also the number of housekeeping genes have exceeded former
attempts to define and find housekeeping genes. As has been discussed in
the section about tissue-restricted antigens already, also the definition of
a housekeeping gene to be a gene not to be expressed higher than 3x the
median in any tissue is only an operational definition. Looking into the
lists of housekeeping genes however this definition similar to the definition
of tissue-restricted antigens seems to match the type of genes expected very
well. We can find many genes involved in typical housekeeping functions.

4.7 Former attempts to find tissue-restricted antigens and
define housekeeping genes

The previous work of determining TRAs has been mainly done by Derbinski
et al. 2005 [99], who has been involved in the design of this study. In their
work they defined TRAs to be genes, which are expressed in less than five
tissues out of 45 in the mouse and this way found about 28% of all genes
being upregulated in mTECs versus cTECs to be tissue-restricted [99, 102].
In their work TRAs have been hand selected. In their study they could
identify 152 TRAs to be upregulated in mTECs [99, 102].

Werdelin et al. wrote in 1998 “the number of tissue-specific proteins encoded
by the genome may well be higher than the number of household proteins”
[424] and this is based upon the knowledge of gene numbers in general.
This might explain why earlier estimates of the number of tissue-restricted
antigens as well as housekeeping genes have been much smaller in general.
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Eisenberg et al. have identified in 2003 a number of 575 housekeeping genes
by defining a housekeeping genes as a gene, which is in their desription ex-
pressed “constitutionally” [111], whatever this means exactly in the context
of housekeeping gene calculation.

Eisenberg et al. also used for this calculation the human as well as the mouse
Novartis dataset from Su et al. 2002 and 2004 [371, 372], so the same dataset,
but our number is much higher, which cannot only be explained by the way
we annotated the probes. Zhang et al. defined a housekeeping gene in 2004
as a gene, “which is always expressed in every tissue to maintain the cel-
lular function” [455] also this definition is not further clarified. Watson
et al. had already thought about this definition in 1965 for the first time.
Hurst et al. then later specified in 2002 their definition of a housekeeping
gene as gene, which is expressed in 9 out of 14 different tissues, and Zhang
et al. as well as Lercher et al. further specified this definition as a gene, which
is expressed in at least 19 out of 60 tissues [455, 222]. But none of these
studies considered tissue grouping as an aspect in the context of defining a
gene to be tissue-specific, or a housekeeping gene. Since our definition of
a housekeeping gene is considering a gene to be a housekeeping gene if the
gene is not expressed higher than 3x the median gene expression over all
tissues in any of the tissues, this might not fall into account in the context
of housekeeping genes, but it matters a lot in the context of defining tissue-
restricted antigens. Since most of the datasets have a strong bias towards
many tissues of the central nervous system (CNS) this might influence the
outcome a lot. Also all of these authors never really classified what the term
“is expressed” or is “higher expressed as” really means, given the inherent
variance in genome-wide measurements of gene expression.

4.8 A TRA database (TRA-DB)

We have established a database of tissue-restricted antigens, where each
TRA can be searched by gene identifiers, tissue-restricted gene expression,
species as well as for different expression criteria. The database can be
found under https://ibios.dkfz.de/tra/ and provides both gene lists, as well
as TRA plots, which can be exported from here via a comma seperated
value file (.csv), or as pdf [102]. The database was established on the basis
of transcript level, if possible, and serves as a ressource of all TRAs mainly
in the context of autoimmune diseases. The database can be easily updated
for newer data; the same method as previously used can be applied and also
summed up with the gene expression of genes in the thymus. The corre-
lation with AIRE regulated genes, versus AIRE independent genes, mTEC
versus cTEC data as well as MHC II hi CD 80 hi versus undifferentiated
data would be nice to be added in the future, in order to fill the knowl-
edge gap between theoretically determined TRAs and true gene expression
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of those in the thymus. The data is already existant we would only have to
add a little bit of programming work here. The TRA database might help
in order to find more autoimmune-related genes as well as for example more
genes related to cancer in terms of tissue-specificity as well as for example
cancer-testis antigens (CTAs).

Up to my knowledge there has never been a database on tissue-restricted
antigens in this completion as well as a database, which is calculated on
the basis of transcript level, rather than on gene level. There are databases
on tissue-restricted genes, such as TIGER [233] as well as TissGDB [200]
but none of them fullfills the same criteria and specificity in depth as our
attempt, the scientific questions in this context also did not come from the
question of central self tolerance, nor autoimmune diseases. Furthermore
the database can also be used in the context of finding new drug targets,
using wild card search, thus querying for a gene name A will also give the
user all genes followed up by different numbers as well as characters, thus
searching for gene families can be done very easily. This is also very helpful
for finding new cancer testis antigens (CTAs), which often belong to gene
families. Since not all datasets have been incooperated in the database yet,
our gene lists were mostly calculated from our original TRA lists, which
can be found in the technical appendix on CD. The annotation was done
always on the newest standart of Ensembl Biomart at that time. Some of
our TRA lists have been used previously in publications, such as Brennecke
et al. 2015, Pinto et al. 2013 and Rattay et al. 2016 [46, 297, 311].

4.9 TRAs in autoimmune diseases

Since tissue-restricted antigens are known to be involved in autoimmune
diseases, we searched for all prior known TRAs in our database. We could
confirm most of the prior knowledge but also conclude some prior knowledge
to be wrong. Especially the conclusion of certain tissue-types quite often
seems to be confound in the previously published data. In our datasets,
we could find, the insulin gene (INS) [144], glucagon (GLC), the pancreatic
polypeptide (PPY), Somatostatin, Trypsin, the Elastase [184], we could find
the myelin basic protein (MBP) [144], Albumin, thyroglobulin (TG), the
thyroid peroxidase (TPO), the S100 family, CRP as well as SAP [202], PLP
[203], IA-2 as well as MOG [98] but we could not find for example the genes
GAD65 as well as GAD67 [366], nor the Acetylcholreceptor [333]. Instead
we could find the acetylcholinesterase instead (TRA-DB). Furthermore we
could find many TRAs to be tissue-specific for other tissues than previously
expected as well as many cancer testis antigens being expressed in the bone
marrow. Thus also for the negative control of previously found TRAs our
database is suited well. The more exact findings are shown in the tissue-
specific gene tables in the results part of this work. Examples of these are
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for example the gene C9 previously connected by Nyalwidhe et al. 2017 to
diabetes typ 1 [274], which is in our data tissue-specific for the liver, but not
the pancreas as well as the gene ERBB3 found by Reddy et al. 2011 [312],
which is in our data tissue-specific for the large and small intestine and the
bladder but not for the pancreas.

For diabetes type 1, we could identify more than 70 different TRAs to
be tissue-restricted for the pancreas and more specifically the pancreatic
islet cells, many of them not previously known (Table 3.2), for myasthenia
gravis (MG) we could identify more than one-hundred TRAs, which are
tissue-specific for the sceletal muscle (Table 3.3), for multiple sclerosis we
could identify 518 different TRAs tissue-specific for the central nervous sys-
tem (CNS) among them also genes newly identified, such as AQP4 [177]
(Table 3.4), for addisons disease we found more than one-hundred differ-
ent genes tissue-specific for the adrenal gland, among them for example the
gene CYP11A1, MRAP as well as STAR [118] (Table 3.5), for hashimoto
thyroiditis we could find ninety-six TRAs tissue-specific for the thyroid, in-
cluding all previously known genes, such as thyroglobulin (TG), the thyroid
peroxidase (TPO) (Table 3.7), but also here we could prove many previously
published genes to be wrong, such as PTPN22 and ITGAM which are tissue-
specific for the bone marrow, but not the thyroid gland. Furthermore TRAs
which are tissue-specific for the thyroid might also be involved in autoim-
mune grave’s disease and not only in hashimoto thyroiditis [287, 257]. We
could also find the S100 gene family [158] as shown earlier, if they are really
involved as previously thought in autoimmune juvenile idiopathic arthritis
(JIA) as has been thought earlier, remains to be clearified.

All in all we could identify 4,172 new tissue restricted antigens in the mouse
Novartis dataset, 2,055 in the human Novartis dataset and many more in
the other datasets analyed above. Upon previous annotation we can clearly
state, which tissue these genes are mostly expressed in (maximum gene ex-
pression value and tissue type, max tiss), we can also say in which these
genes are also expressed in, which might be important for example for the
prediction of potential side effects on future drug targets. All these TRAs
can now be sorted by tissue-type and then be analyzed in the context of
tissue-specificity, AIRE regulation and autoimmune diseases. By looking
at Fig. 4.7, we can clearly see that many if not all tissues of the body are
represented by tissue-restricted antigens and most of them are upregulated
by AIRE and expressed in medullary thymic epithelial cells (data not shown
here). Most TRAs can be found to be tissue-specific for the testis, as well as
the oocyte (Fig. 4.7), directly followed by TRAs tissue-specific for the liver,
skeletal muscle, kidney, dorsalroot ganglion and fertilized egg.

Why these tissues have so many representatives compared to others still
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Figure 4.7: Tissue types represented in the TRA data in mouse
Novartis dataset Most TRAs in the mouse Novartis dataset, are tissue-
restricted for the testis, as well as the oocytes, directly followed by the liver,
skeletal muscle, kidney as well as dorsal root ganglion. Basically all tissues
of the body are represented by tissue-restricted antigens, most of them are
presented in the thymus. For this calculation, we only used the maximum
value of tissue-types.

remains unclear. One potential argumentation could be however the fact
that in both cases it is a general immune deprived site, as in the case of
spermatogenesis as well as the fact that gene expression seems to be regu-
lated through similar effects, such as chromatin decondensation and broad
gene expression through methylation of large areas, which might also explain
why cancer testis antigens are often upregulated in cancer cells, which might
be due to the broad histone methylation in cancer and thus the differential
gene expression of cancer cells versus healthy cells.

4.10 TRAs and cancer testis antigens

Although autoimmune male infertility certainly is also a problem in the
context of tissue-restricted antigens and central self-tolerance the finding of
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cancer testis antigens in our data, is mainly interesting for immunotherapy
of cancer. We have found in our data 440 cancer testis antigens (Table 3.8),
many of them not known yet in the literature. As cancer testis antigens are
often upregulated in cancer versus healthy tissue, side effects of immunother-
apy against CTAs might be limited to male infertility. We have found many
previously known cancer-testis antigens in our data, such as genes of the
ADAM family, PIWIL1, SPATA3 and many others, but we have also proven
previously published cancer testis antigens to be wrong, most of them are
also expressed in the bone marrow and might be actually very harmful in
case of cancer immunotherapy. Already Derbinski et al. 2001 as well as
Kyewski et al. 2002 as well as Gotter et al. 2004 pointed out the fact, that
immune vaccination against genes, which are potentially upregulated in the
thymus might not be a successfull strategy for immunotherapy in general,
because immune tolerance is already induced upon prior knowledge based
on the negative selection of potentially autoreactive T cells in the thymus.
As examples they gave the genes MUC1 as well as CEA and CEACAM6
[98, 215, 144]. Never the less Rosenberg et al. 1999 as well as Chomez et
al. 2001 proposed this as a successfull possible strategy [325, 39, 73] and even
went into clinical trials. In our data we tried to first identify all possible
cancer testis antigens out of our TRA data and samplify its gene expres-
sion in the thymus upon previously measured data by Martine Gaertner et
al. 2012 and Pinto et al. 2008. Both log FC as well as adjusted p-values
are shown in (Table 3.8). More studies would have to be done before we
can clearly state on which cancer testis antigens are exactly upregulated in
which cancer type, as well as the outcome of potential upregulation of these,
especially in the medullary part of the thymus. More analysis have to be
done in this field before these strategies should be applied to the clinic and
tested on patients. It does not become evident to the author that thoughts
like this have not been previously applied.

4.11 TRAs and systemic lupus erythematosus

There are limitations however on the impact of tissue-restricted antigens,
the negative selection of T cells in the thymus and the prediction of poten-
tial new drug targets or autoantibodies in the field of autoimmune diseases,
one example is the difficult to solve problem of sysytemic lupus erythemato-
sus. The problem of lupus in this context seems to be the fact that its
reaction is not directed against a single tissue only in the body, but rather
systemic against for example nuclear antigens, which we cannot find with
our TRA data. It would be still interesting however to conduct systemic
studies on tissue-specific autoimmune diseases and the context of tissue-
restricted antigens, including the existence of autoantibodies in the blood
of patients with systemic lupus erythematosus, but prior to this we cannot
state any conclusion nor impact of TRAs for patients with systemic lupus
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erythematosus. In general it would be very nice to systematically test now
all known autoimmune patients both for their AIRE regulation as well as
the immune status in terms of autoantibodies based on our lists of TRAs.
There has been the doupt though that this might be more difficult than
previously thought since also healthy patients seem to have autoantibodies
in their blood without any autoimmune problem. This means systematically
check all autoimmune patients for TRAs might over estimate the problem of
potential autoimmune diseases. Both protein chips as well as later peptide
chips might be an interesting tool to test autoimmune patients with our
TRAs.

4.12 Evolutionary conservation of TRA clusters

It has been argued in the past, that TRA clusters are only clustered on a
chromosomal level due to gene duplication. It can be shown however that
gene families as have been shown previously can be found in TRA clusters
and most of the time come from gene duplication, this cannot be the ex-
planation of the general trade of chromosomal clustering of tissue-restricted
antigens (TRAs). As the evolution of the adaptive immune system is an
evolutionary speaken rather “new” event starting with the beginning of the
vertebrates [215], we followed up upon the idea of tracking back the gene
order of TRA clusters as well as non TRAs in general further down the
evolutionary tree. In terms of the percent identity of genes found in TRA
clusters, we could show that there are some gene families with high percent
identity of sequence information within the TRA clusters, but that most
of the genes range around the expected 25% range of four basepairs in the
DNA information, also the testing upon dependence of this results in terms
of the size of the clusters did not show any difference. We can there fore
state, that gene duplication does not account for TRA clustering in general
and that TRAs within a cluster do not only belong to gene families only.

It has been previously known that some functionally related genes are clus-
tered, such as according to Zhang et al. 2004 74% of all housekeeping genes
and 70% of all tissue-speicific genes [455], because they stem from in their
view “multigene families” and evolve in their perspective slower if they are
housekeeping genes, thatn tissue-specific genes [455], also spermatogonia
genes have been known to be clustered on the X chromosome as was found
by Wang et al. 2001 [412], Hurst et al. 2004 found clusters in different species
in as well housekeeping as also tissue-specific genes [167], but non of them
ever calculated the percent identity within all clusters found. Also it might
still be the explanation of having a common gene pool for gene expression in
medullary thymic epithelial cells, facilitating the gene expression by one or a
few transcription factors such as Aire. Nevertheless the vast gene expression
as well as chromosomal clustering cannot be explained by gene duplication,
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nor by a long history view of evolutionary conservation, since our TRA clus-
ters are highly conserved between species, such as human, mouse and rat,
but get more and more dispersed the further we go down the evolutionary
tree.

4.13 Alternative splicing

As has been mentioned above we have calculated tissue-restricted antigens
(TRAs) mostly on the basis of transcripts, rather than on the gene level,
since there has been known alternative splicing events, also important in the
development of autoimmune dieseases [266, 187, 183]. According to Nagao
et al. 2005 55% of all genes are alternatively spliced and therefore account
for the vast complexity of the genome, as well as the proteome [266]. PLP1
is one of the many examples in the context of TRAs.

4.14 Conclusion

In conclusion it is possible to theoretically determine tissue-restricted anti-
gens by systematically analyzing different datasets varying from microarray
data as in the case of the human and mouse Novartis data [371, 372], RNAseq
data [3, 2] as well as protein data, as in the case of the human protein atlas
[390] by the means of a TRA is a gene which is higher expressed than 5x
the median gene expression in at least one and not more than five tissues
of all tissues in the whole dataset. Furthermore the calculation on the basis
of transcript level seems to be more adequate in terms of the question of
tissue-specificity and alternative splicing events, both in the context of au-
toimmune diseases as well as the gene expression of TRAs in the thymus.
Most of our TRAs have been found in the context of previous knowledge
of autoantibodies and autoimmune diseases, many TRAs are upregulated in
the medullary part of the thymus. Many tissue-restricted antigens are up-
regulated as has been previously stated by the autoimmune regulator Aire,
whose depletion in the case of knockout mice, or its mutation in the case
of the autoimmune polyendocrine syndrome 1 (APS-1) or the autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) leads to
multiple autoimmune diseases and we could show that tissue-restricted anti-
gens are chromosomally clustered which might be an explanation on their
molecular pattern how they can be upregulated together in only one cell
type at once, as in the case of medullary thymic epithelial cells (mTECs)
in the process of the negative selection of potentially autoreactive T cells
in the thymus. Many of the newly discovered tissue-restricted antigens will
play a most critical role in the context of the different autoimmune diseases
and more research on these can now be done in a more systematic way than
before. I hope I could help with this work to elucidate more on the back-
ground of central self-tolerance, promiscous gene expression in the context
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of negative selection of T cells in the thymus and thus hopefully help to cure
autoimmune diseases in the future.
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[45] P Boël, C Wildmann, M L Sensi, R Brasseur, J C Renauld, P Coulie,
T Boon, and P van der Bruggen. Bage: a new gene encoding an
antigen recognized on human melanomas by cytolytic t lymphocytes.
Immunity, 2:167–175, February 1995.

[46] Philip Brennecke, Alejandro Reyes, Sheena Pinto, Kristin Rattay,
Michelle Nguyen, Rita Küchler, Wolfgang Huber, Bruno Kyewski, and
Lars M Steinmetz. Single-cell transcriptome analysis reveals coordi-
nated ectopic gene-expression patterns in medullary thymic epithelial
cells. Nature immunology, 16:933–941, September 2015.

[47] Lydie Brisson, Laurent Pouyet, Prudence N’guessan, Stéphane Gar-
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[202] L Klein, T Klein, U Rüther, and B Kyewski. Cd4 t cell tolerance to
human c-reactive protein, an inducible serum protein, is mediated by
medullary thymic epithelium. The Journal of experimental medicine,
188:5–16, July 1998.

[203] L Klein and B Kyewski. Self-antigen presentation by thymic stro-
mal cells: a subtle division of labor. Current opinion in immunology,
12:179–186, April 2000.

[204] Ludger Klein, Maria Hinterberger, Gerald Wirnsberger, and Bruno
Kyewski. Antigen presentation in the thymus for positive selection
and central tolerance induction. Nat Rev Immunol, 9(12):833–844,
Dec 2009.

[205] Kazuhiko Kogawa, Seiho Nagafuchi, Hitoshi Katsuta, Jun Kudoh,
Sadafumi Tamiya, Yumiko Sakai, Nobuyoshi Shimizu, and Mine
Harada. Expression of aire gene in peripheral monocyte/dendritic
cell lineage. Immunology letters, 80:195–198, March 2002.

[206] Hyun Kyung Kong, Sae Jeong Park, Ye Sol Kim, Kyoung Min Kim,
Hyun-Woo Lee, Hyeok-Gu Kang, Yu Mi Woo, Eun Young Park,
Je Yeong Ko, Hiromu Suzuki, Kyung-Hee Chun, Erwei Song, Kyu Yun
Jang, and Jong Hoon Park. Epigenetic activation of ly6k predicts the
presence of metastasis and poor prognosis in breast carcinoma. Onco-
target, 7:55677–55689, August 2016.

239



REFERENCES

[207] Satu O A Koskinen, Heikki Kyröläinen, Riina Flink, Harri P Selänne,
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Identification of slc7a7, encoding y+lat-1, as the lysinuric protein in-
tolerance gene. Nature genetics, 21:293–296, March 1999.

[384] Cecilie Totland, Torbjørn Kr̊akenes, Kibret Mazengia, Mette Haugen,
and Christian Vedeler. Expression of the onconeural protein cdr1 in
cerebellum and ovarian cancer. Oncotarget, 9:23975–23986, May 2018.

[385] Eric S Tucker, Samantha Segall, Deepak Gopalakrishna, Yongqin Wu,
Mike Vernon, Franck Polleux, and Anthony-Samuel Lamantia. Molec-
ular specification and patterning of progenitor cells in the lateral and
medial ganglionic eminences. The Journal of neuroscience : the offi-
cial journal of the Society for Neuroscience, 28:9504–9518, September
2008.

[386] G Tufo, A W E Jones, Z Wang, J Hamelin, N Tajeddine, D D Esposti,
C Martel, C Boursier, C Gallerne, C Migdal, C Lemaire, G Szabad-
kai, A Lemoine, G Kroemer, and C Brenner. The protein disulfide
isomerases pdia4 and pdia6 mediate resistance to cisplatin-induced
cell death in lung adenocarcinoma. Cell death and differentiation,
21:685–695, May 2014.

[387] Kenneth S K Tung, Jessica Harakal, Hui Qiao, Claudia Rival,
Jonathan C H Li, Alberta G A Paul, Karen Wheeler, Patcharin
Pramoonjago, Constance M Grafer, Wei Sun, Robert D Sampson,
Elissa W P Wong, Prabhakara P Reddi, Umesh S Deshmukh, Daniel M
Hardy, Huanghui Tang, C Yan Cheng, and Erwin Goldberg. Egress of
sperm autoantigen from seminiferous tubules maintains systemic tol-
erance. The Journal of clinical investigation, 127:1046–1060, March
2017.

[388] James M A Turner. Meiotic sex chromosome inactivation. Develop-
ment (Cambridge, England), 134:1823–1831, May 2007.
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5 TECHNICAL APPENDIX

5 Technical appendix

5.1 Part A: programming code

In the thechnical appendix, there is all programming code, used in this the-
sis. The ready to use R scripts are on CD, as well as in a printed form in
the technical appendix, part A: programming code as a .pdf file.

All programming code is owned by the author and can only be used by
demanding and citing the authors rights, as well as the title of this thesis.

All R scripts were programmed in the open source language R, ready to use
as downloadable packages from the CRAN network, as well as bioconductor.

All packages, perl scripts, shell scripts, PHP language of the database TRA-
DB as well as annotation packages refere the standart of the most updated
version at the time of programming.

If you want to use any of the here presented R code, please ask the au-
thor for permission. And cite the title above.

5.1.1 Data retrieval Microarray data

For the retrieval of data we used the GEO database (gene expression om-
nibus) for all microarray datasets, with the GEO accession numbers, refered
to in the methods part of this work.

The RNA sequencing data was drawn from the GTEX consortium and down-
loaded ad ready to use RPKM values.

The annotation of the microarray data was done with the most actual pack-
age of the brainarray database and later gene annotation was done by the
biomart database.

The pre processing steps, as well as quality control of the microarray data
is described in all detail in the methods part of this work, as well as com-
mented in the original R scripts.

All data processing as well as plotting, as well as most of the programming
has been done in the open source programming language R, some scripts as
well as programs were run in Perl or started via shell scripts directly from
the comment line.

All different datasets have been imported into R, as well as been processed
in the exact same way, following the same workflows, sometimes with differ-
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ent version of the most updated annotation packages, since we always used
the newest annotation versions of all packages.

The programming code has been commented well, so that re-programming
should be farely easy for everyone firm with the open source programming
language R. Please ask the author for permission.

For the R script of how to import and process Microarray data, do quality
control, do normalization, calculation of the mean vsnrma and averaging
over double measurements, please refere to the script.

Skript: analysis mouse gngnf1 chips.R

5.1.2 Data retrieval GTEX data

Data retieval and download of the human GTEX Sequencing data was done
from the GTEX Consortium. The data was downloaded as ready to use
RPKM values, for annotation their annotation was used.

Skript: analysis human gtex data.R

5.1.3 Calculating tissue-restricted antigens (TRAs)

For the calculation of tissue-restricetd antigens (TRAs) for all datasets a
stringent criteria was defound. A gene or transcript is considered to be
tissue-restricted if it exceeds in at least one, but not more than five tissues
of all tissues of the dataset the cutoff of 5x the median gene expression over
all tissues. TRAs were plotted as .png and TRA tables were established for
each dataset, in order to import it into the TRA-DB.

Similar tissues were grouped together to groups and only considered as one
tissue in the TRA calculation. The exact definition can be found in the
methods part of this thesis.

All programming code can be found in the technical appendix on CD in
the following scripts.

Skript: calc tras mouse gngnf1.R

Skript: calc tras human GTEX data.R
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5.1.4 Chromosomal clustering of TRAs

For the calculation of chromosomal clustering of tissue-restricted antigens
(TRAs), as well as housekeeping genes or other functionally related genes,
please refer to the following R script in the technical appendix on CD.

For the cluster analysis of chromosomal clustering, we used two different
methods, the first method is the 10-gene window method, which takes a
hash table with all genes of interest, as for example all TRAs as well as
a table of all background genes annotated for gene name, chromosome and
startsite as an input and is calculated with a perl script, which can be started
by the command line. How to use it, is described in the R scripts above.
The perl script

calculates the number duplets, triplets, quadruplets, etc. in a sliding 10-
gene window method, as well in the TRA list or gene list of interest, as
also in 1000 randomly picked genes with the same length of interest. The
calculation of the TRA lists is started with the shell script

And the 1000 randomly drawn gene lists are started with the shell script

For the second clustering method we used a sliding-gene window method
of fixed window sizes of different sizes of kb windows, it calculates the num-
ber of neighbors within a sliding gene window of fixed size. The same is
done for 1000 randomly drawn gene lists of the same length. For this we
used the two following scripts

Skript: calc clustering gngnf1.R

Skript: observed ntuples mouse.pl

Skript: start perl batch mouse.sh

Skript: validate ntuples mouse.pl

Skript: permute chrloc.R

Skript: start R batch.sh

Script: dist.genloc.R
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5.1.5 TRA plots and plotting chromosomal clustering of TRAs

TRA clusters were plotted in different versions and views and further doc-
umented in TRA cluster tables.

Skript: cluster plots gngnf1.R

Skript: cluster table gngnf1.R

Script: barplots.R

Skript: errorbars.R

Script: chromosomenmap.R

Script: ebars.R

Script: extract.chromosome.R

Script: plotten.eps.R

Script: plotten.png.R

Script: plotten.R

Script: plot ybmat.R

5.1.6 Gene annotation and TRA tables

This script is a documentation of gene and transcript numbers of the differ-
ent versions of annotations.

Script: annotations.R

Script: merge.table.pl

Script: findRedundant.R

Script: pasteList.R

5.1.7 Plot TRA clusters

Script: plot.cluster.R

Script: human.print.cluster.R

275



5 TECHNICAL APPENDIX

Script: print.cluster1.R

Script: print.cluster.R

Script: print.two.clusters.R

Script: stats.R

5.1.8 Aire genes in TRAs

Aire regulated genes were calculated from an Illumina Microarray dataset
by Sheena Pinto et al. and the overlap with TRAs was calculated.

Script: aire.genes.in.tras.R

5.1.9 Homology plots

Script: homology in clusters.R

Script: homology.R

5.1.10 Synteny maps

This script calculates the synteny maps between human, mouse and rat.

Script: synteny maps.R

Script: print.synteny.maps.R

Script: print.synteny.maps tissues.R

5.1.11 Calculate paired t-tests

Script: paired ttest.R

Script: venn6dim.R
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5.2 Part B: Additional figures

Additional figures are included in the technical appendix, Part B on CD.

5.2.1 Quality control

Figure 1 - Quality control - single chip control in the rat Novartis dataset

Figure 2 - Quality control - single chip control in the human Roth dataset 1

Figure 3 - Quality control - single chip control in the human Roth dataset 2

Figure 4 - Quality control - single chip control in the mouse Lattin dataset

5.2.2 Quality control - RNA degradation plots

Figure 5 - Quality control - RNA degradation plot in the human Novartis
dataset

Figure 6 - Quality control - RNA degradation plot in the mouse Lattin
dataset

Figure 7 - Quality control - RNA degradation plot in the human Roth dataset

Figure 8 - Quality control - RNA degradation plot in the rat Novartis dataset

5.2.3 Boxplots of all datasets

Figure 9 - Quality control - Boxplot in the human Novartis dataset before
normalization

Figure 10 - Quality control - Boxplot in the human Novartis dataset af-
ter vsnrma normalization

Figure 11 - Quality control - Boxplot in the human Novartis dataset mean
vsnrma

Figure 12 - Quality control - Boxplot in the mouse Lattin dataset before
normalization

Figure 13 - Quality control - Boxplot in the mouse Lattin dataset after
vsnrma normalization

Figure 14 - Quality control - Boxplot in the mouse Lattin dataset mean
vsnrma
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Figure 15 - Quality control - Boxplot in the human Roth dataset before
normalization

Figure 16 - Quality control - Boxplot in the human Roth dataset after vs-
nrma normalization

Figure 17 - Quality control - Boxplot in the human Roth dataset mean
vsnrma

5.2.4 Density plot before and after vsnrma normalization

Figure 18 - Quality control - Density plot before and after vsnrma normal-
ization in the human Novartis dataset

Figure 19 - Quality control - Density plot before and after vsnrma nor-
malization in the mouse Lattin dataset

Figure 20 - Quality control - Density plot before and after vsnrma nor-
malization in the human Roth dataset

5.2.5 Tissue types in the different datasets

Figure 21 - Tissue types in the mouse Lattin dataset

Figure 22 - Tissue types in the human Roth dataset

5.2.6 Saturationplots in the different datasets

Figure 23 - Saturationplot in the human Novartis dataset

Figure 24 - Saturationplot in the mouse Lattin dataset

Figure 25 - Saturationplot in the human Roth dataset

Figure 26 - Saturationplot in the human GTEX dataset 1

Figure 27 - Saturationplot in the human GTEX dataset 2

5.2.7 Some example TRAs in all different datasets

Figure 28a - Complement component C2, TRA example in the human No-
vartis dataset
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Figure 28b - CD53 cell surface protein for signal transduction, TRA ex-
ample in the human Novartis dataset

Figure 28c - CD3D part of the T cell receptor complex, TRA example in
the human Novartis dataset

Figure 29a - HLA-DPB1, TRA example in the human Novartis dataset

Figure 29b - APOD apolipoprotein D, TRA example in the human No-
vartis dataset

Figure 30a - CHFR, checkpoint protein from the cell cycle, non-TRA exam-
ple in the human Novartis dataset

Figure 30b - HBB, hemoglobin subunit, non-TRA example in the human
Novartis dataset

Figure 31a - ANKRD, ankyrin repeat domain, TRA example in the mouse
Lattin dataset

Figure 31b - Ehd1, epidermal growth factor receptor, TRA example in the
mouse Lattin dataset

Figure 31c - Gm20459, paralemmin A kinase anchor protein, TRA example
in the mouse Lattin dataset

Figure 32a - Fam3b, TRA example in the mouse Lattin dataset

Figure 32b - Fyco1, TRA example in the mouse Lattin dataset

Figure 33a - Bcl2l13, non-TRA example in the mouse Lattin dataset

Figure 33b - Fbp2, fructose bisphosphatase 2 gene, non-TRA example in
the mouse Lattin dataset

Figure 34a - C2, complement component, TRA example in the human Roth
dataset

Figure 34b - APOA1, Apolipoprotein A1, TRA example in the human Roth
dataset

Figure 34c - C11orf54, TRA example in the human Roth dataset

Figure 35a - ABLIM1, actin binding LIM Protein 1, TRA example in the
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human Roth dataset

Figure 35b - CST6 protein, TRA example in the human Roth dataset

Figure 36a - ACBD4 gene, non-TRA example in the human Roth dataset

Figure 36b - FAM3B, a pancreatic derived factor, non-TRA example in
the human Roth dataset

Figure 37a - B1 like protein, TRA example in the human GTEX dataset

Figure 37b - BTG2 Protein, TRA example in the human GTEX dataset

Figure 37c - GLIS1, family zinc finger 1 protein, TRA example in the human
GTEX dataset

Figure 38a - ERICH3 gene, TRA example in the human GTEX dataset,
Transcript 1

Figure 38b - MTMR9LP, myotubularin related protein 9 like pseudogene,
TRA example in the human GTEX dataset

Figure 39a - ERICH3 gene, non-TRA example in the human GTEX dataset,
Transcript 2

Figure 39b - NBL1 gene, non-TRA example in the human GTEX dataset

5.2.8 TRA clusters per chromosome in the human and mouse
Novartis dataset

Figure 40 - The distribution of tissue specificity on chromosome number 1
and 2 in the mouse Novartis dataset.

Figure 41 - The distribution of tissue specificity on chromosome number
3 and 4 in the mouse Novartis dataset.

Figure 42 - The distribution of tissue specificity on chromosome number
5 and 6 in the mouse Novartis dataset.

Figure 43 - The distribution of tissue specificity on chromosome number
7 and 8 in the mouse Novartis dataset.

Figure 44 - The distribution of tissue specificity on chromosome number
9 and 10 in the mouse Novartis dataset.
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Figure 45 - The distribution of tissue specificity on chromosome number
11 and 12 in the mouse Novartis dataset.

Figure 46 - The distribution of tissue specificity on chromosome number
13 and 14 in the mouse Novartis dataset.

Figure 47 - The distribution of tissue specificity on chromosome number
15 and 16 in the mouse Novartis dataset.

Figure 48 - The distribution of tissue specificity on chromosome number
17 and 18 in the mouse Novartis dataset.

Figure 49 - The distribution of tissue specificity on chromosome number
19 and X in the mouse Novartis dataset.

Figure 50 - The distribution of tissue specificity on chromosome number
1 and 2 in the human Novartis dataset.

Figure 51 - The distribution of tissue specificity on chromosome number
3 and 4 in the human Novartis dataset.

Figure 52 - The distribution of tissue specificity on chromosome number
5 and 6 in the human Novartis dataset.

Figure 53 - The distribution of tissue specificity on chromosome number
7 and 8 in the human Novartis dataset.

Figure 54 - The distribution of tissue specificity on chromosome number
9 and 10 in the human Novartis dataset.

Figure 55 - The distribution of tissue specificity on chromosome number
11 and 12 in the human Novartis dataset.

Figure 56 - The distribution of tissue specificity on chromosome number
13 and 14 in the human Novartis dataset.

Figure 57 - The distribution of tissue specificity on chromosome number
15 and 16 in the human Novartis dataset.

Figure 58 - The distribution of tissue specificity on chromosome number
17 and 18 in the human Novartis dataset.

Figure 59 - The distribution of tissue specificity on chromosome number
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19 and 20 in the human Novartis dataset.

Figure 60 - The distribution of tissue specificity on chromosome number
21 and 22 in the human Novartis dataset.

Figure 61 - The distribution of tissue specificity on chromosome number
X and Y in the human Novartis dataset.

5.2.9 Synteny plots of TRA clusters between human, mouse and
rat

Figure 62 - Synteny plot of TRA cluster nr. 2 on chromosome 1 in and
cluster nr. 3 on chromosome 13 in the mouse Novartis data.

Figure 63 - Synteny plot of TRA cluster nr. 3 on chromosome 1 and cluster
nr. 6 on chromosome 1 in the mouse Novartis data.

Figure 64 - Synteny plot of TRA cluster nr. 7 on chromosome 1 and cluster
nr. 8 on chromosome 1 in the mouse Novartis data.

Figure 65 - Synteny plot of TRA cluster nr. 3 on chromosome 19 and
cluster nr. 13 on chromosome 2 in the mouse Novartis data.

Figure 66 - Synteny plot of the TRA cluster nr. 8 on chromosome 2 in
the mouse Novartis data.

5.2.10 Synteny maps on tissue-specificity in TRA clusters be-
tween human and mouse

Figure 67 - Synteny plot with tissue specificity in TRA clusters, TRA cluster
nr. 3 on chromosome nr. 1 and cluster nr. 8 on chromosome nr. 2 in the
mouse Novartis data.

Figure 68 - Synteny plot with tissue specificity in TRA clusters, TRA cluster
nr. 16 on chromosome nr. 2 and cluster nr. 11 on chromosome nr. 4 in the
mouse Novartis data.

Figure 69 - Synteny plot with tissue specificity in TRA clusters, TRA cluster
nr. 13 on chromosome nr. 6 and cluster nr. 10 on chromosome nr. 7 in the
mouse Novartis data.

Figure 70 - Synteny plot with tissue specificity in TRA clusters, TRA cluster
nr. 20 on chromosome nr. 7 and cluster nr. 4 on chromosome nr. 9 in the
mouse Novartis data.
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Figure 71 - Synteny plot with tissue specificity in TRA clusters, TRA cluster
nr. 8 on chromosome nr. 9 and cluster nr. 2 on chromosome nr. 14 in the
mouse Novartis data.

Figure 72 - Synteny plot with tissue specificity in TRA clusters, TRA cluster
nr. 7 on chromosome nr. 15 and cluster nr. 5 on chromosome nr. 19 in the
mouse Novartis data.

5.2.11 conservation of TRAs in the evolutionary tree

Figure 73 - TRAs in the evolutionary Tree, cluster nr. 2 on chromosome nr.
5 in the mouse Novartis data.

Figure 74 - TRAs in the evolutionary Tree, cluster nr. 6 on chromosome nr.
5 in the mouse Novartis data.

Figure 75 - TRAs in the evolutionary Tree, cluster nr. 7 on chromosome nr.
5 in the mouse Novartis data.

Figure 76 - TRAs in the evolutionary Tree, cluster nr. 2 on chromosome nr.
6 in the mouse Novartis data.

Figure 77 - TRAs in the evolutionary Tree, cluster nr. 3 on chromosome nr.
6 in the mouse Novartis data.

Figure 78 - TRAs in the evolutionary Tree, cluster nr. 9 on chromosome nr.
7 in the mouse Novartis data.

Figure 79 - TRAs in the evolutionary Tree, cluster nr. 1 on chromosome nr.
8 in the mouse Novartis data.

5.2.12 TRA clusters in the mouse

Figure 80 - TRA clusters on chromosome nr. 2, 3 and 4 - overview in the
mouse Novartis dataset.

Figure 81 - TRA clusters on chromosome nr. 5, 6 and 7 - overview in
the mouse Novartis dataset.

Figure 82 - TRA clusters on chromosome nr. 8, 10 and 11 - overview in
the mouse Novartis dataset.

Figure 83 - TRA clusters on chromosome nr. 12, 13 and 14 - overview
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in the mouse Novartis dataset.

Figure 84 - TRA clusters on chromosome nr. 15, 16 and 17 - overview
in the mouse Novartis dataset.

Figure 85 - TRA clusters on chromosome nr. 18, 19 and X - overview
in the mouse Novartis dataset.

5.2.13 TRA clustered genes in the mouse

Figure 86 - TRA clusters gene wise on chromosome nr. 2, 3 and 4 in the
mouse Novartis dataset.

Figure 87 - TRA clusters gene wise on chromosome nr. 5, 6 and 7 in the
mouse Novartis dataset.

Figure 88 - TRA clusters gene wise on chromosome nr. 8, 10 and 11 in
the mouse Novartis dataset.

Figure 89 - TRA clusters gene wise on chromosome nr. 12, 13 and 14
in the mouse Novartis dataset.

Figure 90 - TRA clusters gene wise on chromosome nr. 15, 16 and 17
in the mouse Novartis dataset.

Figure 91 - TRA clusters gene wise on chromosome nr. 18, 19 and X in
the mouse Novartis dataset.

5.2.14 TRA clustered tissues in the mouse

Figure 92 - Tissue types in TRA cluster nr. 5 and nr. 6 on chromosome nr.
1 in the mouse Novartis data.

Figure 93 - Tissue types in TRA cluster nr. 8 on chromosome nr. 1 and
cluster nr. 3 on chromosome nr. 2 in the mouse Novartis data.

Figure 94 - Tissue types in TRA cluster nr. 8 and nr. 13 on chromo-
some nr. 2 in the mouse Novartis data.

Figure 95 - Tissue types in TRA cluster nr. 18 on chromosome nr. 2 and
cluster nr. 2 on chromosome nr. 3 in the mouse Novartis data.

Figure 96 - Tissue types in TRA cluster nr. 5 on chromosome nr. 3 and
cluster nr. 15 on chromosome nr. 4 in the mouse Novartis data.
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Figure 97 - Tissue types in TRA cluster nr. 5 and nr. 7 on chromosome nr.
5 in the mouse Novartis data.

Figure 98 - Tissue types in TRA cluster nr. 2 and nr. 5 on chromosome nr.
6 in the mouse Novartis data.

Figure 99 - Tissue types in TRA cluster nr. 13 on chromosome nr. 6 and
cluster nr. 7 on chromosome nr. 7 in the mouse Novartis data.

Figure 100 - Tissue types in TRA cluster nr. 10 and nr. 11 on chromo-
some nr. 7 in the mouse Novartis data.

Figure 101 - Tissue types in TRA cluster nr. 1 and nr. 9 on chromo-
some nr. 8 in the mouse Novartis data.

Figure 102 - Tissue types in TRA cluster nr. 4 and nr. 6 on chromo-
some nr. 9 in the mouse Novartis data.

Figure 103 - Tissue types in TRA cluster nr. 7 and nr. 8 on chromo-
some nr. 9 in the mouse Novartis data.

Figure 104 - Tissue types in TRA cluster nr. 1 and nr. 3 on chromo-
some nr. 10 in the mouse Novartis data.

Figure 105 - Tissue types in TRA cluster nr. 7 on chromosome nr. 10
and cluster nr. 16 on chromosome nr. 11 in the mouse Novartis data.

Figure 106 - Tissue types in TRA cluster nr. 18 on chromosome nr. 11
and cluster nr. 1 on chromosome nr. 12 in the mouse Novartis data.

Figure 107 - Tissue types in TRA cluster nr. 5 on chromosome nr. 12
and cluster nr. 3 on chromosome nr. 13 in the mouse Novartis data.

Figure 108 - Tissue types in TRA cluster nr. 3 and nr. 7 on chromo-
some nr. 15 in the mouse Novartis data.

Figure 109 - Tissue types in TRA cluster nr. 5 on chromosome nr. 16
and cluster nr. 3 on chromosome nr. 17 in the mouse Novartis data.

Figure 110 - Tissue types in TRA cluster nr. 11 on chromosome nr. 17
and cluster nr. 2 on chromosome nr. 18 in the mouse Novartis data.

Figure 111 - Tissue types in TRA cluster nr. 4 on chromosome nr. 18
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and cluster nr. 3 on chromosome nr. 19 in the mouse Novartis data.

Figure 112 - Tissue types in TRA cluster nr. 5 on chromosome nr. 19
and cluster nr. 3 on chromosome nr. X in the mouse Novartis data.
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