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CHAPTER I: INTRODUCTION

Overview

In 1997 the human autoimmune disorder autoimmune polyendocrinopathy-

candidiasis-ectodermal dystrophy (APECED)  was linked to mutations in a novel 

gene, later named the autoimmune regulator (AIRE). It soon became clear that 

AIRE is involved in the expression and presentation of a large variety of peripheral 

tissue-restricted antigens during T cell development in the thymus. T cells 

recognizing the self-antigens are eliminated in a process called negative selection, 

thus establishing central tolerance and helping to prevent autoimmunity. 

In addition to the thymus, the testes also are a location that exhibits promiscuous 

gene expression. This paper presents evidence that AIRE protein is sporadically 

present in murine spermatogonia and spermatocytes. However, none of the tested 

genes controlled by AIRE in the thymus were found to be regulated by AIRE in the 

testis. Nevertheless, Aire-deficient male mice are subfertile, and we observed that 

the essential and scheduled, prepubertal wave of apoptosis is reduced, whereas 

sporadic apoptosis during adulthood was increased. Excluding an involvement of 

the adaptive immune system, we suggest a link between the scheduled and 

sporadic apoptotic processes, and propose that promiscuous gene expression in 

the testis provides a platform for a negative selection mechanism that keeps the 

germline stable.

1. AIRE and the immune system

1.1 Immunological background

AIRE plays an essential role in the immune system. To understand the importance 

of its function within the context of immunity and autoimmunity, an overview of the 

adaptive immune system is given, thereby focusing on T cell-mediated responses, 

T cell development and the establishment and breakdown of self-tolerance. 

1.1.1 Overview of the adaptive immune response

Vertebrates developed the adaptive immune system, which works together with 

the ‘first-line’ defense of the innate immune system, to eliminate invading 

pathogens and any toxic molecules they produce. The innate immune response is 

non-specific, independent of any previous contact with an antigen, and offers 

immediate protection during the first critical hours of exposure to a new pathogen. 
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In the course of its events, the more specific and efficient adaptive immune 

response is induced by mobilization of antigen-presenting dendritic cells (DCs) that 

are able to activate T cells (Murphy et al., 2008).

Dendritic cells are located throughout the body and can take up a wide variety of 

pathogens or their products, either at the site of infection, or in peripheral lymphoid 

organs. After processing, the pathogen-derived antigens are presented on MHC 

class I or MHC class II molecules to naive CD4+ or CD8+ T cells in a nearby lymph 

node (Guermonprez et al., 2002). Besides DCs, also B cells and macrophages 

serve as antigen-presenting cells (APCs), able to activate T cells (Underhill et al., 

1999).

The T cell receptor (TCR)  on the naive CD4+ or CD8+ T cell must recognize the 

foreign-peptide:self-MHC complex together with the particular co-receptor on the 

APC in order to activate the T cell (Murphy et al., 2008). An additional co-

stimulatory signal, provided by the same APC, is necessary for survival and 

proliferation of the T cell. Cytokines provide a third signal that directs the T cells to 

differentiate into various subsets of effector cells, which - from that moment on - 

can respond to the specific target cells without any further co-stimulation (London 

et al., 2000).

The CD8+ cells differentiate into cytotoxic T cells which attack cells infected with 

intracellular pathogens such as viruses, some bacteria and parasites. An infected 

cell displays the foreign antigen bound to MHC class I on its surface. If recognized 

by the TCR, the primed and cytotoxic T cell induces apoptosis in the target cell 

(Barry and Bleackley, 2002) via the release of perforin and granzymes, thereby 

activating pro-apoptotic proteins (Metkar et al., 2002). Cytotoxic T cells also 

produce FAS ligand that directly induces apoptosis on some FAS-bearing target 

cells (Trambas and Griffiths, 2003).

Depending on the activation signal, CD4+ cells can differentiate into several types 

of T-helper (TH) effector cells: TH1, TH2, TH17 and regulatory T cells (Tregs). TH1 

cells play a central role in macrophage activation. Certain intracellular and 

extracellular pathogens manage to resist killing after being phagocytosed by the 

macrophage. TH1 cells recognize the specific antigen and deliver additional signals 

activating the macrophage to kill the ingested pathogens (Monney et al., 2002).

The humoral immune response can be induced by TH1 and TH2 cells (McHeyzer-

Williams et al., 2006). TH1 cells stimulate B cells to generate strongly opsonizing 
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IgG antibodies, whereas TH2 cells are responsible to activate naive B cells to 

proliferate and secrete specific IgM antibodies. Class switching of B cells to 

different types of immunoglobulins is as well directed by TH2 cells (Murphy et al., 

2008).

The subset of TH17 cells produces pro-inflammatory IL-17 and induces fibroblast 

and epithelial cells to secrete chemokines attracting neutrophils to the site of 

infection (Veldhoen et al., 2006). Finally, Tregs play a crucial part in regulating 

peripheral tolerance by suppressing the effector functions of CD4+ and CD8+ T cells 

(Mempel et al., 2006). They are furthermore found to be able to influence B cell 

antibody production (Eddahri et al., 2006) and the function and maturation of APCs 

(Taams et al., 2000).

In order to respond more rapidly and efficient to a possible future encounter with a 

previous antigen, memory T cells and B cells are generated, providing long-term 

immunological protection (Murphy et al., 2008). B cells undergo somatic 

hypermutation and isotype switching, thereby producing high affinity receptors and 

antibodies. CD4+ and CD8+ memory T cells originate from newly primed and/or 

differentiated effector cells. The cytokines IL-7 and IL-15 are required for their 

long-term survival and proliferation needs to be sustained by contact with self-

peptide:self-MHC complexes (Murphy et al., 2008).

This illustrates the powerful effector mechanism with which T cells can respond to 

foreign pathogens. It also becomes clear how important it is that T cells are able to 

distinguish between the foreign ‘non-self’ macromolecules and the host’s own 

‘self’ macromolecules, in order to avoid a dangerous attack against self-tissue. 

AIRE plays an essential role helping T cells to achieve self-tolerance, as the 

following sections describe.

1.1.2 Establishment of self-tolerance

Lymphocytes achieve self-tolerance during their development in the thymus and 

bone marrow (central tolerance) and, once they have left the central lymphoid 

organs, in the periphery (peripheral tolerance). AIRE establishes central tolerance 

during T cell development in the thymus by expressing many tissue-restricted self-

antigens. Medullary thymic epithelial cells (mTECs) and DCs present those 

antigens to developing T cells; if responsive, the auto-reactive T cells are deleted 

during negative selection and central tolerance is established. Together with 

several mechanisms that build additional peripheral tolerance - some even 
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suggesting a further involvement of AIRE - a vastly self-tolerant immune system is 

acquired.

1.1.2.1 Central tolerance: negative and positive selection in the thymus

The morphology of the thymus (figure I.1)  is essential for establishment of central 

tolerance. The unique environment allows developing T cells interactions with 

other thymic cell types that assist positive and negative selection processes. The 

outcome is an effective, but non-self-reactive T cell repertoire (Rodewald, 2008).

In mice, thymus development is finished by week 3-4 post partum, and in humans 

at birth; in both, T cell production is highest before puberty and decreases after, 

although continuing throughout life (Murphy et al., 2008).

Figure I.1: Cellular organization of the thymus
The thymus consists of numerous lobules, separated by connective tissue. Morphologically, in each 
lobule an inner lighter zone (the medulla) and an outer darker zone (the cortex) can be 
distinguished. T cell progenitors enter the thymus through vasculatures that are enriched around 
the cortico-medullary junction. Therefore, immature, ‘double-negative’ T cells  can be found in the 
cortex and subcapsular zone of the thymus. During development, T cells become ‘double-positive’ 
and undergo positive and negative selection in the cortex by interaction with cortical epithelial cells. 
Selected mature, ‘single-positive’ T cells enter the medulla, where negative selection of auto-
reactive T cells  takes place. AIRE plays an essential role in negative selection by expressing many 
tissue-restricted self-antigens, which are presented to T cells by medullary epithelial cells  and 
dendritic cells. Macrophages can be found in the cortex and medulla where they clear apoptotic T cells 
and function as  antigen presenting cells; dendritic cells  reside in the medulla functioning as well as 
antigen presenting cells. Via cytokine release, Hassall’s corpuscles  stimulate dendritic cells  to 
induce regulatory T cell differentiation (Watanabe et al., 2005). Picture from Murphy at al., 2008.
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Negative and positive selection are primarily based on the successful assembly of 

the TCR during T cell development, allowing TCR:MHC interactions (Kyewski and 

Derbinski, 2004). 

T cell precursors, derived from the same lymphoid progenitor as B cells, migrate 

from the bone marrow into the thymic cortex (Takahama et al., 2006). The 

CD3-4-8-, ‘double-negative’ cells, give rise to α:β T cells and the minor population 

of γ:δ T cells. The α:β T cells start VDJ-rearrangement (with help of RAG-1 and 

RAG-2) of the TCR β-chain locus, and, once successfully synthesized, pair it with a 

surrogate pre-TCR α-chain (Murphy et al., 2008). During those processes, the T cells 

migrate, guided by chemokines, toward and then inside the sub-capsular zone of 

the thymus. Upon assembly of the CD3 co-receptor, the T cells start proliferating, 

travel back into the outer cortex, and display CD8 and CD4. The ‘double-positive’ 

T cells rearrange the TCR α-chain locus and undergo positive and negative 

selection.

Positive selection ensures specificity of the TCR to the MHC and determines the 

presentation of either CD4 or CD8 and therefore the effector functions of the 

mature T cells (Murphy et al., 2008). In order to be positively selected, the α:β 

TCR with co-receptor of the ‘double-positive’ T cell has to interact with a self-

peptide:self-MHC complex on the cortically thymic epithelial cells (cTECs); 

recognition of peptides bound to self-MHC class I molecules leads to the 

production of CD8 and programs the T cell to become a cytotoxic effector cell. 

TCRs recognizing peptides bound to self-MHC class II molecules generate CD4 

and become cytokine-secreting T-helper cells (Murphy et al., 2008). A subset of 

cells with CD4 and high levels of CD25 develops into Tregs (Fontenot et al., 2005).

The now ‘single-positive’, either CD4+ or CD8+ T cells, migrate into the medulla 

where negative selection takes place. Negative selection can occur in the cortex 

and medulla throughout T cell development, but the medulla with its antigen 

presenting cells, like macrophages, DCs and mTECs is the specialized site 

(Hogquist et al., 2005). Negative and positive selection are based on the same 

principle: the recognition of self-peptide:self-MHC complexes. Weak affinity 

rescues the T cells and leads to positive selection and further maturation, strong 

signaling results in negative selection (Bouillet and Strasser, 2002). The negatively 

selected cells die by apoptosis, mediated by the BCL-2 family member BIM (Sohn 

et al., 2007), resulting in death of around 95% of T cells (Huesmann et al., 1991).
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For negative selection, the APCs not only present ubiquitous antigens and 

antigens that access via circulation or in association with immigrating cells (Klein 

and Kyewski, 2000). Peripheral self-antigens, normally only present in specific 

tissues, need to be expressed and presented, as well. The expression of a large 

portion of those peripheral-tissue antigens (PTAs) in a distinct subset of mTECs 

(Hamazaki et al., 2007)  is transcriptionally regulated by AIRE (Anderson et al., 

2002). The mTECs display the self-antigen:MHC complexes on their surface or 

release them for uptake and further presentation by DCs (Mathis and Benoist, 

2007). The promiscuous gene expression (pGE) in the thymus is highly diverse and 

represents many organs and developmentally and temporarily regulated genes, 

which are often clustered and highly conserved between human and mice 

(Kyewski and Klein, 2006).

After successful positive and negative selection, the naive T cells migrate to the 

peripheral lymphoid tissue. Circulating between blood and lymph system, the T cells 

continuously reenter the lymphoid tissue until encountering their specific antigen. If 

so, the T cell stops circulating, proliferates and differentiates into an effector cell. T 

cells, which not encounter their specific antigen, die and are replaced, ensuring a 

constant T cell number combined with TCR diversity (Murphy et al., 2008).

1.1.2.2 Peripheral tolerance

AIRE clearly mediates central T cell tolerance, and some studies also suggest an 

involvement in the establishment of peripheral tolerance (Sakaguchi et al., 2008; 

Gardner et al., 2008). Peripheral tolerance completes central tolerance by 

disarming escaped auto-reactive cells with help of additional selection processes, 

causing unresponsiveness (anergy) or deletion, or suppression of the auto-reactive 

T cells by Tregs (Kyewski and Klein, 2006).

Absence of the co-stimulatory signal, which has to be provided by the same APC 

that activated the TCR, induces anergy and the T cell becomes unresponsive to 

any future encounter with this antigen. Activation of the TCR can also result in 

apoptosis of auto-reactive T cells via the FAS/FAS ligand system (Murphy et al., 

2008). Tregs execute a dominant peripheral immune regulation by blocking 

excessive immune responses by suppression of certain types of immune cells 

(Brusko et al., 2008). Tregs are either produced as functionally mature T cells in the 

thymus or can be induced from naive T cells in the periphery (Sakaguchi et al., 

2008). A role of AIRE in directing auto-reactive T cells in the thymus towards the 
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Treg cell lineage, rather than their deletion, has been discussed (Aschenbrenner et 

al., 2007; Sakaguchi et al., 2008). Recently, extrathymic AIRE-producing cells 

(eTACs) have been identified and found to express a diverse set of antigens in 

peripheral lymphoid organs, suggesting a role for AIRE in peripheral negative 

deletion of T cells which were able to escape the thymic selection (Gardner et al., 

2008).

The multiple mechanisms of central and peripheral tolerance prevent 

autoimmunity, though a low level of auto-reactive immune cells remains and is 

even crucial for normal function of the immune system as the survival of naive T cells 

and B cells in the periphery requires continuous exposure to autoantigens (Murphy 

et al., 2008).

1.1.3 Autoimmune diseases

The development of an autoimmune disease is complex and involves usually a 

combination of different triggers: failure of the above mentioned central and 

peripheral tolerance mechanism, genetic predisposition and environmental factors, 

such as infections, all may play a role (Murphy et al., 2008).

The influence of environmental factors is so far not well understood. Infections with 

certain pathogens can trigger autoimmunity by mimicry of the host’s molecules, 

resulting in cross-reactivity between the pathogen-derived antigen and the self-

antigen (Murphy et al., 2008). Also, sequestered proteins, normally sheltered from 

the immune system can become exposed, and subsequent recognition results in 

an autoimmune response (Atassi and Casali, 2008).

Autoimmune diseases have a strong genetic component: genetic predisposition for 

most autoimmune disease is due to the combined effects of multiple genes, 

especially particular alleles for MHC class II molecules (Atassi and Casali, 2008). 

Monogenetic autoimmune diseases are very rare, and among them is APECED 

(autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy), caused by 

mutation in the single gene AIRE in humans (Ulmanen et al., 2005).

The self-tissue damage is caused by the same effector mechanism as used 

against pathogens, involving auto-reactive antibodies and T cells that either target 

specific organs or act systemically (Murphy et al., 2008).
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1.2 AIRE (Autoimmune Regulator)

Given the powerful effector mechanisms of the immune systems against 

pathogens and how harm to self-tissue is avoided by establishing central and 

peripheral tolerance, the importance of AIRE is emphasized. The following sections 

will review several aspects how this was discovered and what is known today 

about the gene, protein, its function and the impact AIRE-deficiency has on mice 

and also on humans, where it causes the disease APECED. 

1.2.1 APECED (autoimmune polyendocrinopathy-candidiasis-ectodermal 

dystrophy)

The heterogeneous symptoms of this disease were known long before the 

causative gene was discovered. Thorpe and Handley described the first case in 

1929 and APECED appeared since then repeatedly in the literature (Leonard, 1946; 

Whitaker et al., 1956; Neufeld et al., 1980). APECED (OMIM #240300) is known 

under various other names, like autoimmune polyendocrine syndrome type-1 

(APS-1), polyglandular autoimmune syndrome type I or autoimmune 

polyendocrinopathy.

1.2.1.1 Genetics

APECED is a rare autoimmune disease, enriched in three genetically isolated 

populations: the Finnish, the Sardinians and Iranian Jews, where the incidence is 

approximately 1:25,000 (Ahonen et al., 1990), 1:14,000 (Rosatelli et al., 1998) and 

1:9,000 (Zlotogora and Shapiro, 1992), respectively.

Family-based linkage studies in 1994, taking advantage of the high frequency in 

Finland, surprisingly mapped the locus outside the major histocompatibility 
complex (MHC) on chromosome 6, to chromosome 21q22.3 (Aaltonen et al., 1994). 

Because it is an autosomal-recessive condition (Ahonen et al., 1985), it was 

considered to be a monogenetic disorder, and three years later, two groups 

identified the responsible gene, named the autoimmune regulator (AIRE), by 

positional cloning (Nagamine et al., 1997; The Finnish-German APECED 

Consortium, 1997).

Soon, the first pathogenetic mutations were described. So far, over 60 different 

mutations have been identified in patients, varying from substitutions of single 

nucleotides to gross deletions, and found throughout the coding region of the 

human AIRE gene (Nagamine et al., 1997; Finnish-German APECED Consortium, 
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1997; Scott et al., 1998; Heino et al., 2001; Halonen et al., 2002; Meloni et al., 

2002). Different AIRE mutations seem to have little influence on the complex 

phenotypes observed in APECED patients. As with all autoimmune diseases, the 

HLA class II genes (MHC class II, respectively) significantly determine certain 

disease parameters and therefore the individual clinical picture (Halonen et al., 

2002). 

1.2.1.2 Clinical features and autoantibodies

APECED patients develop a specific, but also individually variable set of multiple 

organ-specific autoimmune and infectious diseases (Betterle et al., 1998). With an 

onset in childhood or early adolescence, the major clinical features are chronic 

mucocutaneous candidiasis, hypoparathyroidism and adrenocortical failure, also 

referred to as Addison’s disease. To define APECED, two of these three clinical 

symptoms have to be present (Perheentupa, 2002).

Mucocutaneous candidiasis, caused by candida albicans, affects nails, dermis, 

and various mucous membranes, is the initial manifestation in 60% of the cases, 

and occurs in all patients at some time (Ahonen et al., 1990). It is potentially 

followed by hypoparathyroidism, leading to decreased levels of parathyroid 

hormone (PTH), and later on by Addison’s disease (Betterle et al., 1998). In 

addition to this classical triad of manifestations most patients develop a broad 

spectrum of associated clinical diseases (Betterle et al., 1998). Autoimmune 

endocrinopathies like insulin-dependent diabetes mellitus (IDDM) and gonadal 

dysfunction in female and male patients can be observed (Ahonen et al., 1990). 

The testicular failure is heterogeneous and occurs in 14% of the APECED patients, 

who either show azoospermia, primary testicular athropy, or hypergonadotropism 

(Perheentupa, 2006). Multiple other symptoms were reviewed by Betterle and 

coworkers, published in 1998.

Immunologically, APECED is characterized by infiltration of lymphocytes into 

affected organs and the presence of various tissue-specific, circulating 

autoantibodies (Bjoerses et al., 1998; Peterson et al., 1998). The autoantibodies 

are directed against proteins and intracellular key enzymes involved in hormone 

synthesis in organs such as the parathyroid, pituitary and adrenal glands 

(Nagamine et al., 1997; Bensing et al., 2007). The steroid hormone 17-α-

hydroxylase (P450c17) (Krohn et al., 1992), 21-hydroxylase (P450c21) and side-

chain cleavage enzyme (P450scc) (Winqvist et al., 1992) are also affected. All three 
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enzymes are involved in steroid synthesis, and - if targeted by autoantibodies - 

cause Addison’s disease. Gonadal failure is associated with autoantibodies against 

P450scc and P450c17 (Peterson et al., 2005), and IDDM is linked to 

autoantibodies against islet cell antigen (ICA), glutamic acid decarboxylase 65 and 

67 (GAD65, GAD67), insulin and tyrosine phosphatase-like protein IA-2 (Gylling et 

al., 2000; Peterson et al., 2004). Anti-interferon autoantibodies have been found 

recently in 100% of APECED patients (Meager et al., 2006).

1.2.2 Gene

The responsible gene for APECED was identified by two different groups in 1997 

(Nagamine et al., 1997; The Finnish-German APECED Consortium, 1997). The 

human AIRE gene is located on chromosome 21q22.2 and consists of 14 exons 

spanning 11,714 bp of genomic DNA. A promoter with a TATA box is located 35 

nucleotides from the first nucleotide of exon 1, and a GC box is immediately 

upstream of the first exon (Nagamine et al., 1997; The Finnish-German APECED 

Consortium, 1997). Exon 14 contains the stop codon, followed by a repetitive 

sequence. Furthermore, exon 14 overlaps with the promoter region of the human 

phosphofructokinase liver-type (PFKL) gene (Levanon et al., 1995). Three splice 

variant mRNA products have been described, including one which results in a 

premature stop codon and a transcript predicted to be a candidate for nuclear-

mediated decay (Nagamine et al., 1997).

The Aire mouse homolog (figure I.2) was isolated 1999 and localized on 

chromosome 10. The 14 exons span 13,276 bp from the initiation codon to the 

stop codon (Blechschmidt et al.,1999; Mittaz et al., 1999; Shi et al., 1999). 

Comparative mapping between mouse and human has shown that human 

chromosome 21q22.3 shares conserved synteny with mouse chromosomes 10 

and 17 (Irving et al., 1994). Eleven alternative splicing forms have been identified 

(Ruan et al., 1999). Unlike the human homolog, the mouse Pfkl gene is located 

upstream of Aire and the DNA methyltransferase 3-like (Dnmt3l) gene downstream 

(Deplus et al., 2002). Dnmt3l is positioned in the opposite direction than Aire from 
telomere to centromere and partially overlaps with Aire (Shovlin et al., 2007). 

The gene organization between the mouse and human homolog is highly 

conserved, with a nucleotide sequence identity in the coding sequence of 77% 

(Blechschmidt et al., 1999). 
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Figure I.2: Schematic Aire gene (mus musculus)
The 14 exons  of the mouse Aire gene on chromosome 10 are represented by solid black boxes. 
The neighboring gene Dnmt3l (exon 1 and 2 are represented in grey boxes) is  located downstream 
of Aire and orientated in the opposite direction. One of Dnmt3l’s  splice variants  is made with exon 
1b which is located between exon 3 and 4 of the Aire gene (not shown). Modified after 
Blechschmidt et al., 1999 and Shovlin et al., 2007.

1.2.3 Protein and domains

The human AIRE protein (545 aa) (Nagamine et al., 1997; The Finnish-German 

APECED Consortium, 1997) and the mouse AIRE protein (552 aa) (Blechschmidt et 

al., 1999; Mittaz et al., 1999; Shi et al., 1999), are remarkably conserved and share 

the same functional domains; their overall identity at the amino acid level is 73% 

(Blechschmidt et al., 1999).

AIRE contains several domains (figure I.3) characteristic of transcriptional 

regulators and chromatin binding proteins (Peterson et al., 2008). Its structure is 

comparable to speckled protein 100 kDa (Sp100) family members, which are 

involved in transcriptional activation and repression mechanisms (Bloch et al., 

2000). Originally, an amino-terminal homogeneously staining region (HSR) was 

described (Pitkanen et al., 2000), now recently shown to be correspondent to a 

CARD (caspase recruitment domain) (Ferguson et al., 2007). AIRE’s CARD is 

similar to the one in the apoptosis-procaspase-activating-factor-1 (APAF-1) and 

might be involved in the oligomerization of AIRE and the formation of protein 

complexes that function in inflammation and apoptosis (Park et al., 2007). Further 

downstream a conserved nuclear localization signal (NLS), responsible for nuclear 

import, and a SAND (SP100, AIRE-1, NUCP41/P75 and DEAF1) domain are found 

(Peterson et al., 2008). A SAND domain is present in a number of nuclear proteins 

and functions as a DNA-binding element in some transcription factors (Bottomley 

et al., 2001), as shown for AIRE in vitro (Kumar et al., 2001). Both CARD and SAND 

domains are important for the protein’s ability to form nuclear bodies which 

associate with the nuclear matrix (Bjorses et al., 1999; Heino et al., 1999; Rinderle 

et al., 1999; Halonen et al., 2001; Akiyoshi et al., 2004). The SAND domain is 

followed by two plant homeodomain (PHD)-type zinc fingers (Nagamine et al., 

1997), that are often found in proteins involved in the regulation of transcription 

(Aasland et al., 1995). The first PHD region has been shown to function as an E3 

ubiquitin ligase in vitro (Uchida et al., 2004) and to interact with unmethylated 
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histone H3 lysine 4 (H3K4me0) (Koh et al., 2008; Org et al., 2008) and DNA-PK (Liiv 

et al., 2008). Furthermore a proline-rich-region (PRR) and four nuclear receptor 

binding LXXLL motifs exist. LXXLL motifs are found in various proteins and 

mediate binding of co-activators to transcription factors or nuclear receptors, 

whereas proline-rich-regions can be found in proteins involved in transcription 

(Helton et al., 2008). Together, the CARD, SAND, PHD1, PHD2 and the carboxy-

terminal regions have transcriptional transactivation activity (Meloni et al., 2007).

The importance of the functions of some domains are unveiled by mutations found 

in APECED patients; of the 19 disease-causing missense mutations, 16 appear to 

be in the highly conserved CARD and PHD regions of the AIRE protein (Meloni, 

2002; Sato et al., 2002; Halonen et al., 2004).

Figure I.3: Schematic domains of the mouse and human AIRE protein
The caspase recruitment domain (CARD) is  suggested to work in oligomerization of AIRE and 
heterodimerizes with other CARD proteins that function in inflammation or apoptosis. The nuclear 
localization signal (NLS), responsible for nuclear import, is followed by a SAND domain, a putative 
DNA-binding domain. PHD1 interacts with unmethylated histone H3K4 and DNA-PK and has E3 
ubiquitin ligase activity. LXXLL (L) motifs appear in transcriptional co-activator proteins and proline-
rich-regions (PRR) in proteins involved in transcription. Modified after Peterson et al., 2008. 

1.2.4 Tissue distribution

Prior studies have found AIRE to to be primarily present throughout postnatal life in 

human and mouse thymus, where it is restricted to a subset of medullary thymic 

epithelial cells (mTECs) (Heino et al., 2000; Anderson et al., 2002; Gotter et al., 

2004; Hubert et al., 2008).

Discordant results have been published about AIRE’s presence in peripheral 

lymphoid organs like lymph nodes and spleen (Blechschmidt et al., 1999; Zuklys et 

al., 2000; Anderson et al., 2002; Hubert et al., 2008), though a recent study 

identified extrathymic AIRE-producing cells (eTACs) in peripheral lymph nodes, 

spleen and Peyer’s patches (Gardner et al., 2008). Further inconsistent data have 

been reported about AIRE’s presence in thymic and peripheral DCs (Zuklys et al., 

2000; Derbinski et al., 2001; Hubert et al., 2008; Suzuki et al., 2008). In humans, 

AIRE was found in thymic B cells and ‘double-positive’ T cells, as well as in 
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peripheral B cells and activated CD4+ T cells and DCs (Nagafuchi et al., 2006; 

Suzuki et al., 2008).

However, the detection of AIRE in non-immune related tissues is inconsistent: low 

levels of human (mRNA) AIRE, murine (mRNA) Aire and protein were found in 

gonads, lung, kidney, liver, adrenal glands and brain (Blechschmidt et al., 1999; 

Ruan et al., 1999; Heino et al., 2000; Halonen et al., 2001; Ramsey et al., 2002; 

Adamson et al., 2004).

On a subcellular level, AIRE localizes in transiently transfected cells in nuclear 

bodies, showing a characteristic nuclear dot pattern (Bjorses et al., 1999; Heino et 

al., 1999; Rinderle et al., 1999; Halonen et al., 2001; Akiyoshi et al., 2004), and 

associates with the nuclear matrix (Akiyoshi et al., 2004; Tao et al., 2005). 

Transfected cells expressing (cDNA) AIRE show also a cytoplasmatic staining 

pattern, with the majority of the protein residing in the nucleus (Bjorses et., 1999; 

Heino et al., 1999; Rinderle et al., 1999; Halonen et al., 2001).

1.2.5 Aire-deficient mouse models
The finding that AIRE is strongly produced in mTECs was compelling, because this 

cell type was suggested to be involved in the presentation of tissue-restricted 

antigens (TRA) and therefore in negative selection of self-reactive T cells 

(Kishimoto and Sprent, 1997). Subsequently, Aire-knockout mice (Anderson et al., 

2002; Ramsey et al., 2002) were generated to unveil AIRE’s possible function.

Three different types of Aire-knockout mouse-models exist: one was made by 

Anderson and coworkers at Harvard Medical School, which we designated for our 

study as the HD-Aire-deficient mouse model (Anderson et al., 2002). The second 

one was generated by Ramsey and coworkers at UCLA Medical School, 

designated by us as LA-Aire-deficient mouse model (Ramsey et al., 2002) (see 

Materials and Methods 1.14). A third one was created by Kuroda and coworkers 

and was not used in our experiments (Kuroda et al., 2005). 

HD-Aire-deficient mice carry a targeted disruption of exon 2, which affects the 

CARD domain, including portions of the surrounding intron 1 and 3. The strain 

origins in 129S2/SvPas embryonic stem (ES) cells, and positive clones were 

injected into C57BL/6 blastocysts. The resulting animals were backcrossed to the 

C57BL/6 mice strain. Shortened transcripts were detected by RT-PCR in 

homozygous mutant thymi, but sequence analysis identified a frameshift mutation 

INTRODUCTION
13



resulting from the splicing of exons 1 and 3 that precludes translation past exon 1. 

LA-Aire-deficient mice mimic the most common mutation in Finnish APECED 

patients (Bjoerses et al., 2000), whose mutation R257X leads to a stop codon in 

exon 6 (Scott et al., 1998). The disruption of the mouse Aire gene was achieved by 

the insertion of a Neo-cassette in the beginning of exon 6. J129 embryonic stem 

(ES) cells were used and positive ES cells were injected into C57BL/6 blastocysts. 

Animals were backcrossed to the 129S1 agouti mouse strain. The interruption of 

(mRNA) Aire as well as the early termination of all synthesized polypeptides was 

confirmed (Ramsey et al., 2002).

The resulting phenotypes are different from each other, and when compared to 

APECED, similar but not identical (Anderson et al., 2002; Ramsey et al., 2002). The 

expected symptoms are milder, and none of the most common clinical features of 

APECED (mucocutaneous candidiasis, hypoparathyroidism, adrenocortical failure), 

were manifested. The infections with candida albicans, which occur in all APECED 

patients (Ahonen et al., 1990), never affect mice (Mathis and Benoist, 2007). Like 

APECED patients, mice develop autoantibodies, albeit of different specificity 

(Poentynen et al., 2006), against multiple peripheral tissues, that are infiltrated by 

immune cells (Anderson et al., 2002; Ramsey et al., 2002; Liston et al., 2003; 

Kuroda et al., 2005). A partially overlapping set of organs is affected in mice; most 

commonly the eye, salivary glands, stomach and liver. CD4+ T cells have been 

found to be the crucial mediators of the autoimmune response, including tissue 

infiltration, whereas B cells play a less important role, though still required 

(Gavanescu et al., 2008; DeVoss et al., 2008). Furthermore, the defect in Treg 

function, as observed in some APECED patients, hasn’t been shown in Aire-

deficient mice (Kekalainen et al., 2007). In the LA-Aire mouse model a significant 

drop in fertility was described (Ramsey et al., 2002), which is consistent with the 

infertility manifested in APECED patients (Perheentupa, 2002).

The difference in the mouse-models can be explained by the different genetic 

background, which has a substantial influence on the disease manifestation (Jiang 

et al., 2005). This also explains the different targeted spectrum of organs and 

antibodies in human and mice, since the immune response is subject to HLA/MHC 

restriction and not all individuals will be able to respond to the same autoantigens 

(Mathis and Benoist, 2007).
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1.2.6 Physiological role

Aire-deficient mice were generated to prove the hypothesis that AIRE is involved in 

the expression of peripheral-tissue antigens (PTA)  by mTECs in the thymus. Using 

a microarray approach, it was possible to compare the gene expression profiles of 

isolated mTECs of wild-type and Aire-deficient mice, which showed that AIRE 

indeed promotes transcription of a large number of PTA-encoding genes, among 

them insulin 2, salivary protein-1 and fatty-acid-binding protein (Anderson et al., 

2002; Liston et al., 2003; Anderson et al., 2005, Kont et al., 2008). The number of 

PTA-encoding genes controlled by AIRE is suggested to be around 1500 (Derbinski 

et al., 2005), representing nearly all organs in the body (Derbinski et al., 2001), 

thereby possibly explaining the wide range of autoimmune symptoms in APECED 

patients. A close connection between disease and AIRE-mediated transcription 

has been shown for the interphotoreceptor retinoid binding protein (IRBP); Aire-

deficient mice develop uveitis, which abolishes in Irbp/Aire-double-knockout mice 

(DeVoss et al., 2006). Not only does AIRE seem to be responsible for PTA-

encoding gene expression in the thymus, but also in the peripheral lymphoid 

organs, as recently shown (Gardner et al., 2008). The approximately 150 expressed 

PTA-encoding genes represent a complementary pool of self-antigens, thereby 

suggesting an additional role for AIRE in establishing peripheral tolerance by 

negative selection of auto-reactive T cells in peripheral lymphoid organs (Kyewski, 

2008). In the thymus though, not all PTA-encoding genes are dependent on 

expression by AIRE; C-reactive protein and GAD67, against which autoantibodies 

are found in APECED patients, are among these independent genes (Derbinski et 

al., 2005). In addition, AIRE doesn’t control the transcription of α-fodrin in mTECs, 

though Aire-deficient mice develop autoimmunity against this endogenous self-

antigen, implying other roles for AIRE during negative selection (Kuroda et al., 

2005). Besides this, AIRE positively or negatively regulates transcription of some 

genes that do not encode PTA (Sato et al., 2004; Ruan et al., 2007).

The essential question how AIRE promotes the expression of PTA-encoding genes 

and represses other loci on a molecular level, is still under investigation. AIRE has 

many features suggestive of a transcriptional activator: first, the protein contains 

several domains (CARD, SAND, PHDs) known to be involved in transcriptional 

regulation and nuclear body formation; mutations in those domains decrease 

AIRE’s transactivation ability (Bjorses et al., 2000; Halonen et al., 2004; Ferguson 

et al., 2008). Second, AIRE binds to proteins functioning in the nucleus, like the 

transcriptional co-activator CREB-binding protein (Pitkanen et al., 2005) and DNA-PK 

15
INTRODUCTION



(Liiv et al., 2008). DNA-PK is, besides DNA repair, involved in multiple processes 

like apoptosis and cell survival and has been shown to phosphorylate AIRE (Liiv et 

al., 2008). Third, AIRE promotes transcriptional elongation by recruiting and 

binding to the positive transcription elongation factor b (P-TEFb) complex (Oven et 

al., 2007). P-TEFb activates RNA polymerase II, resulting in activation of gene 

expression. Finally, though there is limited evidence of direct binding of AIRE to 

DNA (Kumar et al., 2001; Purohit et al., 2005), it was recently discovered that AIRE 

interacts with chromatin in vivo. By binding to the amino-terminal tail of 

unmethylated histone H3K4 (H3K4me0) (Koh et al., 2008; Org et al., 2008), a 

recognition code for silenced genes, AIRE could play a role in epigenetic control of 

target genes.

A mechanism was recently proposed to explain how all those factors could 

contribute to AIRE’s ability to mediate gene activation (Peterson et al., 2008): AIRE 

could be recruited to chromatin regions with silenced genes and binds H3K4me0. 

Recruitment of the P-TEFb complex activates RNA polymerase II and gene 

expression. AIRE’s interaction with CREB-binding protein, which acetylates 

histones, permits opening of chromatin and DNA. Aire and DNA-PK could 

collaborate - through the interaction with the nuclear matrix - in the formation of 

chromatin loops, permitting further activators or suppressors to operate. The 

observed chromosomal clustering of AIRE-dependent PTA-encoding genes would 

support this mechanism (Johnnidis et al., 2005).

Though the exact molecular mechanism remains unclear, AIRE’s role in mediating 

the expression of PTA-encoding genes, which translates into negative selection of 

auto-reactive T cells and induction of T cell tolerance, is established. AIRE also 

could be involved in other processes in the immune system: instead of negative 

selection and deletion, AIRE could drive positive selection of certain T cells 

towards Treg development (Anderson et al., 2005; Mathis and Benoist, 2007). 

Furthermore, the fast cell death of AIRE-producing mTECs and AIRE’s CARD 

suggest a function in cytotoxicity and direct induction of apoptosis (Gray et al., 

2007; Ferguson et al., 2008). The E3 ubiquitin ligase activity of the PHD1 region 

could influence other nuclear factors by promoting their degradation via the 

ubiquitin proteasome pathway and indirectly promote apoptosis (Uchida et al., 

2004).
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This chapter concentrated on AIRE’s important role within the immune system. In 

contrast, our study investigated a possible function of AIRE outside the immune 

system. We addressed the function of AIRE during germ cell development in the 

testis.

2. Male germ cells and apoptosis

Overview

AIRE’s important role in the immune system as a mediator of promiscuous gene 

expression leading to negative selection and eventual apoptosis of auto-reactive 

cells is well established. Not much is known about potential functions of AIRE 

outside the immune system.

The testes are organs with promiscuous gene expression where apoptosis occurs. 

The scheduled apoptotic wave during prepuberty is essential for functional 

spermatogenesis during adulthood, but the underlying reasons are unknown. Our 

observation that AIRE is present in the testis and that Aire-deficiency affects 

fertility, encouraged us to have a closer look at spermatogenesis and apoptosis to 

investigate a possible connection between the promiscuous gene expression and 

an eventual negative selection process of germ cells with mutant genes. To 

evaluate the potential function of AIRE in testes, an overview of male germ cell 

development and apoptosis in the context of spermatogenesis is given below.

2.1 Male germ cells

2.1.1 The testis

2.1.1.1 Morphology

The testis with its seminiferous tubules provide the unique environment for 

spermatogenesis (figure I.4). The tubules are convoluted ducts, surrounded by the 

tunica albuginea, and enmeshed in interstitial connective tissue that is rich in 

blood- and lymphatic vessels, nerves and Leydig cells (Russell et al., 1990). Each 

duct straightens between convolutions and travels largely in the long axis of the 

testis; the two ends terminate over the tubuli recti in the rete testis, which is 

connected via several ductuli efferentes to the epididymis, where spermatozoa 

undergo further maturation and storage, and finally exit over vas deferens (Russell 

et al., 1990).

Inside the seminiferous tubules two cell populations can be found: cells of the 

spermatogenic cell lineage develop from spermatogonial stem cells, which reside 
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at the basal membrane, into spermatozoa, thereby moving towards the lumen. The 

second cell type is the stable population of somatic Sertoli cells, and their 

cytoplasms extend the entire height of the epithelium, thereby forming the blood-

testis barrier (Russell et al., 1990).

Besides spermatogenesis in the seminiferous tubules, the mammalian testis 

performs another major function in a different compartment: the Leydig cells of the 

interstitium produce testosterone for masculinization and for the onset and 

maintenance of spermatogenesis (Russell et al., 1990).

Figure I.4: Simplified overview of the mammalian testis and epididymis
Germ cells  develop in seminiferous tubules, which are enmeshed in interstitial tissue and 
surrounded by the tunica albuginea. Spermatozoa leave the seminiferous  tubule over the tubuli recti 
in the rete testis, and enter the epididymis via ductuli efferentes. After further maturation, 
spermatozoa exit via vas deferens. Picture modified after Cooke and Saunders, 2002. 

2.1.1.2 Blood-testis barrier

In the context of organ-specific autoimmune diseases with lymphocyte infiltration 

as caused by Aire-deficiency, it is important to know that parts of the male 

reproductive system are immunologically privileged sites. The blood-testis barrier 

(BTB) shelters parts of the seminiferous tubules, the tubuli recti, rete testis, ductuli 

efferentes and epididymis from the immune system to avoid an attack against 

spermatids and spermatozoa. Due to genetic recombination and their emergence 

at puberty - a time when immune tolerance has been already established - the 

haploid cells would be recognized as foreign. The BTB is incomplete, and in 

healthy mice occasionally lymphocytes and antibodies can be found in the above 

mentioned reproductive departments, but rarely in the seminiferous tubules (Naito 

and Itoh, 2008). In there, special tight junctions between Sertoli cells divide the 

INTRODUCTION
18

seminiferous tubule

ductuli efferentes

interstitium

tubuli recti

tunica albuginea

vas deferens

rete testis

epididymis (caput)

epididymis (corpus)

epididymis (cauda)



seminiferous epithelium into the permanent basal and adluminal compartments 

and the transient intermediate compartment (figure I.5) (Vogl et al., 2000). 

Spermatogonia and preleptotene spermatocytes reside in the basal compartment 

where they have access to nutrients during the proliferative phase. Leptotene 

spermatocytes migrate progressively towards the lumen of the tubules, thereby 

penetrating the BTB by crossing the intermediate compartment, and enter the 

sheltered adluminal compartment, where meiosis and spermiogenesis takes place 

(Russell et al., 1990). To combat potentially infiltrating lymphocytes, Sertoli cells 

display FAS ligand to induce apoptosis in FAS-bearing lymphocytes (D’Abrizio et 

al., 2004). FAS is also present on germ cells (Lee et al., 1997). In mice, the BTB 

closes around day 12 post partum, at a time when the first wave of 

spermatogenesis is about to start (de Kretser et al., 1998).

Figure I.5: Simplified, partial cross-section of the seminiferous epithelium
Sertoli cells, extending the entire height of the epithelium, constitute the blood-testis barrier (BTB). 
Spermatogonia reside in the basal compartment of the seminiferous tubule with access to the 
interstitium. Developing spermatocytes migrate towards  the lumen through the transient 
intermediate compartment (not shown), thereby crossing the BTB, into the immunologically 
sheltered adluminal compartment, where they differentiate into spermatids. Picture and text 
modified after Junqueira and Carneiro, 2003.

2.1.2 Spermatogenesis 

Spermatogenesis is defined as the process of morphological and functional 

differentiation of germ cells over an extended period of time within the boundaries 

of the seminiferous tubules of the testis (Russell et al., 1990). The process can be 

divided into three major phases: in the proliferative phase, spermatogonial stem 
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cells and spermatogonia undergo successive mitotic divisions to assure self-

renewal. The stem cells either duplicate themselves, or keep differentiating into 

spermatocytes which enter meiosis, referred to as meiotic phase. In the third, the 

haploid or spermiogenic phase, round spermatids transform into elongated 

spermatozoa, detach from the seminiferous tubule and leave through the lumen. In 

mice all three phases, from diploid (2n) spermatogonia to haploid (1n) 

spermatozoa, require about 35 days; in humans 64 days (Russell et al., 1990).

With the onset of puberty around day 30 post partum in mice the lifelong process 

of spermatogenesis starts (deJonge and Barrat, 2006). Before puberty though, an 

initial round of spermatogenesis occurs, called ‘first-wave’-spermatogenesis. For 

our study this scheduled onset of spermatogenesis was particularly interesting, 

since it is followed by a massive outburst of apoptosis (Rodriguez et al., 1997) 

which we found significantly decreased in Aire-deficient mice. Adult 

spermatogenesis is not accompanied by any scheduled apoptotic events, but 

germ cells show sporadic apoptosis throughout lifetime.

2.1.2.1 Spermatogenic cycle and wave

To reveal AIRE’s possible function outside the immune system, we examined cross 

sections of testes of Aire-wild-type and Aire-deficient mice. Every cross section 

shows a precisely defined association of haploid and diploid germ cells, 

dependent on the stage of the spermatogenic cycle at which the cross section was 

taken. Along the seminiferous epithelium, 12 cell stages (labeled I-XII)  - and 

therefore different cell associations - can be distinguished in the adult mouse 

(figure I.6) (Russell et al., 1990). Each stage of the cycle is arranged in an ordered 

sequence along the length of the seminiferous tubule. The seminiferous tubule is a 

loop ending with both ends into the rete testis, where the segment with the highest 

stage (stage XII) is located. From there the stages descend to stage I - followed 

from there by stage XII, XI, X etc. - until the two patterns of descent meet at one 

point, the ‘site of reversal’. The spermatogenic cycle is completed when at one 

given segment of the seminiferous tubule the same stage reappears; number of 

stages within the spermatogenic cycle and number of cycles required for 

completion of spermatogenesis varies between species. The distance between 

two equal stages in one tubule is called the spermatogenic wave. Both, cycle and 

wave, assure an even distribution of all stages throughout the seminiferous tubule 

and a continuous daily output of spermatozoa (Russell et al., 1990). 
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Figure I.6: Germ cell stages of the spermatogenic cycle of the mouse seminiferous epithelium
At any given cross  section, one of the above displayed 12 stages  (I-XII) can be observed; each 
characterized by a unique association of diploid and haploid cells, progressing from the lower to 
the upper part of the scheme. The developmental progression of one specific cell is followed 
horizontally until the right hand border and continues at the left of the cycle map one row up; the 
cycle map ends with the completion of spermiation. All stages originate from type A spermatogonia 
and approximately four cycles within a given region of the tubule occur before the spermatogonium 
is transformed into a spermatozoon. In = intermediate spermatogonium; B  = type B  spermatogonium; 
Pl = preleptotene spermatocyte; L = leptotene spermatocyte; Z = zygotene spermatocyte; P = 
pachytene spermatocyte; D = diplotene spermatocyte; 2° = secondary spermatocyte; 1-16 = stages 
1-16 of spermiogenesis in haploid spermatids. Picture modified after Russell et al., 1990.

For the purpose of our study, germ cell associations in cross sections didn’t need 

to be staged, but the developmental phase of germ cells of interest was 

determined according to their position in the specific cell association and their 

morphological appearance (figure 1.6 and figure I.7).

The next chapter will explain more specifically the different types of germ cells in 

the proliferative, meiotic and haploid phase and how to distinguish each of them 

under the light microscope.

INTRODUCTION
21

13            14            15            15           15            16            16

 1            2-3            4              5              6             7              8              9           10             11            12

    P              P             P              P             P             P             P              P             P             D              2°

stage         I            II-III            IV            V              VI          VII            VIII           IX             X            XI            XII

   In             In             B             B            Pl             Pl             L              L             Z              Z



Figure I.7 Light microscopy image of a transverse section of mouse seminiferous tubule
The hematoxylin and eosin stained cross section of the testis shows  a seminiferous tubule at stage V. 
Type B spermatogonia with an oval-shaped nucleus  reside close to the basal lamina. Towards the 
lumen, large pachytene spermatocytes with chromatin patches and sometimes  visible sex vesicle 
can be seen. Further towards the lumen, early (step 5) spermatids, sometimes with acrosomal 
vesicle spreading out over the nucleus, and late (step 15) spermatids with prominent middle piece, 
are detectable. Scale bar represents 50 μm. Picture taken during course of this study. 

The next sections will explain more specifically the different types of germ cells in 

the proliferative, meiotic and haploid phase and how to distinguish each of them 

under the light microscope. 

2.1.2.2 Proliferative phase: spermatogonial stem cells and spermatogonia

Spermatogenesis relies on spermatogonial stem cells (SSCs) and the homeostasis 

between their renewal and differentiation (de Rooij et al., 1998). The BTB creates 

the unique and essential microenvironment for SSCs in the basal compartment of 

the seminiferous tubule (the spermatogonial stem cell niche), where growth factors 

stimulate renewal and differentiation throughout life (de Rooij et al., 1998).

In the adult mouse, a heterogeneous population of spermatogonia can be found 

(Oakberg, 1971). A-single (As)  spermatogonia are considered undifferentiated 

SSCs, able to renew themselves to maintain the stem cell pool or to divide and 

give rise to two interconnected and more differentiated daughter cells, called A-

paired (Apr)  spermatogonia. Apr spermatogonia continue to divide, thereby 

increasing their size while staying interconnected and building an increasingly large 

syncytia of germ cells, now named A-aligned (Aal)  spermatogonia. Aal 

spermatogonia differentiate into A1, followed by A2, A3 and A4 spermatogonia cell 

stages and, after a total of 9-11 mitotic divisions, give rise to intermediate 
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spermatogonia (In) and finally type B spermatogonia (de Rooij et al., 1998). Type B 

spermatogonia enter meiosis and form spermatocytes.

In our study we detected the AIRE protein mainly in spermatogonia, a cell type that 

is also commonly affected by apoptosis during adulthood. Spermatogonia can be 

found at the basal lamina of the seminiferous tubule, generally one surface 

flattened along the basal lamina, and one rounded surface in contact with Sertoli 

cells. In most species, all type A spermatogonia appear morphologically relatively 

similar. Type A, intermediate and type B spermatogonia differ from each other 

structurally and can be distinguished by the amount of chromatin lying along the 

inner aspect of the nuclear envelope. Type A spermatogonia display none, 

intermediate spermatogonia have a moderate amount, and type B spermatogonia 

possess a large amount of chromatin, which can be seen as a more prominent 

nuclear boundary under the light microscope (figure I.6) (Russell et al., 1990).

2.1.2.3 Meiotic phase: spermatocytes

During the meiotic phase of spermatogenesis, diploid (primary) spermatocytes (2n) 

duplicate their DNA content and divide into secondary spermatocytes, which 

divide again during the second meiotic division (meiosis II), and differentiate into 

haploid, round spermatids (1n) (Russell et al., 1990).

Meiosis I starts with primary preleptotene spermatocytes, which developed from 

type B spermatogonia (de Kretser et al., 1998). The morphology (figure I.6) is 

similar to type B spermatogonia, though preleptotene spermatocytes are smaller 

and have more rounded nuclei (Russell et al., 1990). The preleptotene 

spermatocytes enter prophase I. Prophase I is subdivided based on the processes 

in the nucleus in leptotene, zygotene, pachytene and diplotene and lasts about 22 

days in the mouse. This accounts for over 90% of the duration of meiosis (Cobb 

and Handel, 1998), and therefore, most of the spermatocytes in sections will be 

seen in this stage (Russell et al., 1990). In the one day transition from preleptotene 

to leptotene, spermatocytes migrate away from the base of the seminiferous 

tubule, thereby penetrating the BTB (Russell et al., 1990). The homologous 

chromosomes condense and start to pair, and genetic recombination and the 

formation of double strand breaks (DSBs) begins (Cobb and Handel, 1998). 

Morphologically (figure I.6), leptotene cells are round with round nuclei, and thin 

threads of chromatin, characteristic of those cells, can be seen in sections as 

numerous small spots under the light microscope (Russell et al., 1990). In the 
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subsequent zygotene, the synaptonemal complex begins to assemble, linking the 

axial cores of the homologs with transverse filaments, thereby closing the gap 

between the chromosomes (Page and Hawley, 2004). Under the light microscope, 

the paired chromosomes in zygotene primary spermatocytes appear thicker in 

comparison to leptotene, thereby forming crowded patches within the nucleus 

(figure I.6)  (Russell et al., 1990). In the mouse, the chromosomes remain fully paired 

for nearly a week, during which homologous recombination (crossing over) occurs 

(Russell et al., 1990), a phase referred to as pachytene. In the beginning of this 

stage, large chromatin patches, leaving little interchromosomal clear spaces, can 

be seen, and cells and their nuclei are round. During the course of development, 

the pachytene cells become progressively larger. Furthermore, at stage VII of the 

cycle, the sex vesicle can be detected in most cells, and the nuclei become slightly 

oval with an irregular contour. Interchromosomal spaces increase due to 

chromosome separation, giving the impression of large clear areas within the 

nucleus; the chromatin stains lighter (figure I.6) (Russell et al., 1990). During the 

following diplotene the synaptonemal complex disassembles, allowing 

chromosomal pairs to separate, whereas the individual crossover events between 

the non-sister chromatids can be seen as chiasmata. These now play a crucial part 

in holding the chromosomes together (Petronczki et al., 2003). The diplotene 

phase in males is brief and difficult to recognize in histological sections; the cells 

are the largest primary spermatocytes and also the largest of any germ cell types, 

with a more ovoid nucleus and lightly stained chromatin (figure I.6) (Russell et al., 

1990). Prophase I ends with diakinesis, the transition to metaphase I.

After the long prophase I, metaphase I, anaphase I and telophase I are completed 

rapidly. In metaphase I, the kinetochores of the two sister chromatids of a homolog 

attach to microtubules originating from the same spindle pole. In anaphase I, the 

chiasmata resolve, allowing the chromosomal homologues to separate, while the 

residual cohesion complexes at the centromeres keep the sister chromatids 

together (Gerton, 2005). In telophase I, the nucleus and cytoplasm start dividing, 

producing two secondary spermatocytes, each with a single set of chromosomes 

and 2n DNA content (Russell et al., 1990). Secondary spermatocytes (2°) are short-

lived and lack prominent distinguishing features. They are often confused with 

newly formed spermatids, but their nuclei are larger with fuzzy heterochromatin, 

compared to distinct heterochromatin in early spermatids (figure I.6) (Russell et al., 

1990).
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Meiosis I is followed by meiosis II, which generates haploid, round spermatids. 

Unlike meiosis I, meiosis II occurs rapidly and closely resembles mitosis without 

prior DNA replication. In prophase II, the nuclear envelope breaks down and a new 

spindle starts to form. During metaphase II the kinetochores of each sister 

chromatid attach to microtubules originating from the opposite spindle pole, 

allowing the sister chromatids to separate in anaphase II (Kerrebrock et al., 1992). 

In telophase II, the cell divides, giving rise to two haploid spermatids with 1n DNA 

content and an unique arrangement of genetic material. Cells undergoing meiosis II 

can be differentiated from meiosis I cells based on their relatively smaller size; 

resulting spermatids (starting stage 1 of spermiogenesis) are small and show areas 

of condensed chromatin (figure I.6) (Russell et al., 1990). 

2.1.2.4 Haploid phase: spermatozoa 

After the meiotic phase, the haploid spermatids undergo substantial remodeling 

during stages 1-16 of spermiogenesis, as seen in figure I.6. During this process, 

which doesn’t include any cell divisions, four major morphogenic modification 

steps occur: development of the flagellum, development of the acrosome, nuclear 

shaping and condensation, and elimination of the cytoplasm (de Kretser et al., 

1998).

The flagellum, the motile force of the spermatozoon, evolves from one of the two 

centrioles, which grow the flagellar axoneme, first visible at stage 8 of 

spermiogenesis. At stage 15, mitochondria aggregate around the axoneme, 

forming the prominent mid-piece. The mitochondria generate ATP for dynein motor 

proteins, which convert the chemical energy into mechanical bending of the 

flagellum (Porter and Sale, 2000). Sperm released from the seminiferous 

epithelium, though equipped with the flagellum, are still immotile until they develop 

full motility in the epididymis.

The acrosome covers the anterior half of the nucleus, and is essential for 

fertilization. During the acrosomal reaction, hydrolytic enzymes help the 

spermatozoon to penetrate the zona pellucida of the oocyte (Moreno and Alvarado, 

2006). The first proacrosomal vesicles can be seen in stage 2-3 of spermiogenesis, 

and from there on, the acrosomal vesicle gradually spreads over the nucleus. 

At stage 8, the acrosomal region of the nucleus makes contact with the cell 

surface, causing asymmetry and reshaping as seen in stage 9. The reshaping of 

the nucleus, which evolves into a shape characteristic for each species (Russell et 
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al., 1990), is due to condensation of the nucleus into transcriptionally inactive DNA, 

assisted by DSBs and histone-to-protamine replacement (Govin et al., 2004). 

Protamines are found only in spermatids (Wouters-Tyrou et al., 1998) and as a 

consequence of their small size and charge, permit the packaging of sperm 

chromatin into an extremely small space, stabilizing the DNA and making it more 

resistant (Bennetts and Aitken, 2005).

Furthermore, spermatids need to eliminate cytoplasm, to be small, streamlined and 

highly motile. During elongation of the spermatid, starting stage 9, water is already 

eliminated from the nucleus and cytoplasm, which makes elongated spermatids 

appear to be more dense; further excess cytoplasm is discarded in residual bodies 

that contain packed RNA, organelles and inclusions, and are phagocytosed by 

Sertoli cells (Russell et al., 1990). 

All this results in a mature spermatozoon (figure I.8), that will detach from the 

Sertoli cell and from its synchronously developed partners in a process called 

spermiation. Once released into the lumen of the seminiferous tubules, the 

spermatozoa travel immersed in testicular fluid produced by Sertoli cells through 

the rete testis to the epididymis (Russell et al., 1990).

Figure I.8: Simplified scheme of a longitudinal section of a mature spermatozoon
The spermatozoon consists of two morphologically and functionally distinct regions: sperm head 
and tail, both surrounded by a single plasma membrane. At the anterior end of the sperm head the 
acrosome is positioned, containing hydrolytic enzymes required to penetrate the oocyte. The DNA in 
the nucleus is tightly packed with protamines and sperm-specific histones that permit the nucleus to 
be shaped into a compact, hydrodynamic form. The sperm head is deficient of ribosomes, 
endoplasmic reticulum and Golgi apparatus. The sperm flagellum is the motile force; the inner, 
central structure is the axoneme, that originates behind the nucleus and progresses to the distal 
end. The mid-piece is covered by the mitochondrial sheath, a helix of mitochondria that produce 
ATP to fuel the dynein motor proteins to provide sperm motility. Modified after Alberts et al., 2008.
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2.1.3 Sperm maturation in the epididymis

In our study we investigated not only cross sections of testes, but also 

spermatozoa from the epididymis, in order to learn more about the observed 

infertility in Aire-deficient mice.

In the epididymis, post-testicular maturation of spermatozoa takes place. After 

release into the lumen of the seminiferous tubule, the spermatozoa are still 

immature and incompetent to fertilize an oocyte (Cooper, 1998). The spermatozoa 

must transit the epididymis, a single convoluted tube consisting of caput, corpus 

and cauda (figure I.4), on their way from the testis to the vas  deferens (Russell et 

al., 1990). The lumen of the epididymis is secluded by the blood-epididymal barrier 

(Hinton and Palladino, 1995)  and filled with fluid, containing various compounds 

secreted by principal cells via secretory organelles (Gatti et al., 2005). In the lumen, 

spermatozoa acquire new proteins by interacting with epididymosomes released 

from the principal cells. These proteins permit the spermatozoa to develop motility 

and the ability to fertilize an oocyte (Sullivan et al., 2007). An important factor 

secreted by the epididymosomes in many mammals is ubiquitin. The epididymal 

fluid contains all essential ubiquitin-system enzymes and it is proposed that 

defective spermatozoa are marked via ubiquitination and removed by the 

proteasome during a checkpoint for sperm quality (Baska et al., 2008).

Further modifications, like capacitation, occur in the special environment in the 

female reproductive tract. These greatly increase the motility of the flagellum and 

make the sperm capable to undergo the acrosomal reaction (de Lamirande and 

Gagnon, 1993). Only after all those modifications is the spermatozoon able to 

fertilize an oocyte.

2.1.4 Regulation of germ cell development

As described in the previous sections, the production of spermatozoa is a complex 

process requiring a precise program regulating the specific gene expression 

necessary for each stage of germ cell maturation (Eddy, 2002). Hundreds of genes 

are upregulated during development, many of which encode proteins for meiosis 

and spermiogenesis (Schlecht et al., 2004). Other genes are - as in the thymus - 

expressed promiscuously, but the role of those transcripts is unclear (Chalmel et 

al., 2007). Germ cell development and hence gene expression in the testis is 

regulated by a variety of factors. Though many are still unknown, extrinsic 
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hormonal influences as well as interactions with Sertoli cells have been identified 

to play a key role in germ cell maturation (Shima et al., 2004). 

2.1.4.1 Hormonal regulation

Hormonal regulation of germ cell development in the context of Aire-deficiency is 

particularly interesting since APECED patients show autoantibodies against 

proteins in organs such as the pituitary and adrenal glands (Nagamine et al., 1997; 

Bensing et al., 2007). The pituitary gland plays an important role in 

spermatogenesis by releasing the two gonadotropins, follicle stimulating hormone 

(FSH) and luteinizing hormone (LH), which act on Sertoli and Leydig cells, 

respectively (McLachlan et al., 2002). Furthermore, Leydig cells are, beside the 

adrenal glands, the main producers of the important androgen testosterone and 

enzymes involved in the synthesis have been shown to be targeted by 

autoantibodies in APECED patients as well (Krohn et al., 1992; Winqvist et al., 

1992).

Secretion of gonadotropin releasing hormone (GnRH) by the hypothalamus 

stimulates the secretion of the gonadotropins FSH and LH from the pituitary gland 

(hypophysis) (figure I.9) (McLachlan, 2000). In males the receptor for FSH is 

exclusively displayed on Sertoli cells (Rannikki et al., 1995), and the receptor for LH 

can be found primarily on Leydig cells, but also on spermatogenic cells (Heckert 

and Griswold,1991). The main function of FSH is to initiate spermatogenesis via 

stimulation of Sertoli cell proliferation during prepuberty (Heckert and Griswold, 

2002). Furthermore, FSH plays a key role in spermatogonial development and 

homeostasis by controlling the paracrine growth factor GDNF (glial cell line-derived 

neurotrophic factor)  (Meng et al., 2000). LH acts on Leydig cells in the interstitial 

space by stimulating them to synthesize the major androgen testosterone (Mendis-

Handagama, 1997). 

Cholesterol is the substrate for testosterone synthesis either via uptake or de novo 

synthesis by Leydig cells (Mendis-Handagama, 1997). The conversion of 

cholesterol to testosterone involves several steps catalyzed by enzymes (Payne 

and Youngblood, 1995), among them steroid hormone 17-α-hydroxylase 

(P450c17) and side-chain cleavage enzyme (P450scc), both antigens in APECED 

patients (Krohn et al., 1992; Winqvist et al., 1992). The released testosterone either 

diffuses into the tubule or is bound to a carrier that delivers it across the lymphatic 

space to the seminiferous tubule, leading to concentrations of testosterone in the 
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seminiferous tubule 10-100 times higher as in the serum (Turner et al., 1984). 

Testosterone assumes the lead role in morphological development of mammalian 

males and the onset and maintenance of spermatogenesis; withdrawal leads to 

acute regression of the seminiferous epithelium (Ghosh et al., 1991). In the testis, 

testosterone can be transformed into dihydrotestosterone (DHT) and estradiol (E2), 

which play as well roles in germ cell development and sexual differentiation in 

males (Holdcraft and Braun, 2004). 

Receptors for testosterone are continuously found on Leydig cells, myoid cells 

and, depending on the differentiation stage of the tubule, in Sertoli cells (Holdcraft 

and Braun, 2004), as well as in the epididymis (Robaire, 2006). Since Sertoli cells 

are the cells that are in direct contact with the germ cells, they are considered to 

be important mediators and transducers for testosterone signals. The receptors for 

androgens regulate the testosterone levels via several feedback mechanisms: 

autocrine feedback to the Leydig cells, endocrine feedback to the hypothalamus 

influencing GnRH production, and endocrine feedback to the pituitary gland 

reducing LH release, all of which inhibit the production of testosterone (Amory and 

Bremner, 2001).

Figure I.9: Overview of hormonal regulation of mammalian spermatogenesis
GnRH (gonadotrophin releasing hormone) stimulates the pituitary gland to synthesize and secrete 
LH (luteinizing hormone) and FSH (follicle stimulating hormone), which stimulate Leydig and Sertoli 
cells, respectively. Stimulated Leydig cells synthesize and secrete T (testosterone), which acts on 
myoid and Sertoli cells in the seminiferous tubules. Inhibin, secreted by Sertoli cells, negatively 
regulates the pituitary gland, and testosterone levels are regulated via several negative feedback 
mechanisms (grey). Modified after Holdcraft and Braun, 2004. 
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2.1.4.2 Sertoli cells

The somatic Sertoli cells play an exceptional role in the development and survival 

of germ cells in the seminiferous epithelium; it is proposed that a certain ratio 

between germ cells and Sertoli cells is necessary for functional spermatogenesis 

(Rodriguez et al., 1997). With specific receptors for FSH and testosterone, Sertoli 

cells function as mediators between hormone signals and germ cells (Sanborn and 

Steinberger, 1977). The secretion of androgen-binding protein helps to concentrate 

testosterone in the seminiferous tubule. On the contrary, the release of inhibin 

suppresses synthesis of FSH in the pituitary gland (Sofikitis et al. 2008). During 

embryonic development, Sertoli cells produce anti-Muellerian hormone, promoting 

regression of the Muellerian duct in the male fetus (Muensterberg and Lovell-

Badge, 1991). Later in development, synthesis of GDNF and c-KIT ligand critically 

influence spermatogonial stem cells (Meng et al., 2000; Oatley et al., 2007). Sertoli 

cells constitute the BTB and kill via FAS ligand infiltrating, auto-antigenic 

lymphocytes (Lee et al., 1997). Germ cells can also be induced to apoptose 

(Lizama et al., 2007). Dead cells are phagocytosed by the Sertoli cells, which also 

phagocytose during spermiogenesis discarded cytoplasm (Russell et al., 1990). 

Sertoli cells actively facilitate continued upward movement of germ cells toward 

the lumen, and additional secretion of fluid supports the transport of spermatozoa 

within the male duct system (Russell et al., 1990). Via gap junctions, Sertoli cells 

communicate with each other and with other cell types and synchronize the 

spermatogenic cycle and other events during spermatogenesis (Russell et al., 

1990). By connecting the vascular and lymphatic system with the germ cells, 

Sertoli cells guarantee the exchange of metabolites and nutrients (Russell et al., 

1990).

Though extending from the base of the tubule to the lumen, the outlines of Sertoli 

cells are hard to find in the light microscope. The elongated nucleus, which is often 

triangular in outline and possesses numerous foldings and a prominent nucleolus, 

makes it possible to distinguish them from germ cells (Russell et al., 1990). 

2.2 Germ cell apoptosis

It is known that apoptosis plays an essential role in male germ cell development 

because disruption of the balance between survival and death results in 

spermatogenic dysfunction (Knudson et al., 1995; Rucker et al., 2000). However, 

the underlying reasons for apoptosis in the testis are mainly unknown (Blanco-

Rodriguez, 1998). AIRE, which is responsible for promiscuous gene expression and 
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negative selection of self-reactive T cells in the thymus, might have an influence on 

apoptosis in the testis. This idea appears to be reasonable, since Aire-deficient 

male mice are less fertile, and our study found apoptotic rates in Aire-deficient 

mice differ from those in wild-type mice.

2.2.1 Apoptotic pathways

Apoptosis depends on intracellular proteolytic cascades, mediated by caspases. 

Initiator-caspases cleave downstream pro-caspases, and produce an amplifying 

chain reaction by activation of downstream effector-caspases. The caspases target 

specific proteins in the cell, leading to the classical cellular features of apoptosis 

like DNA fragmentation and the formation of apoptotic bodies (Los et al., 2001). 

The irreversible, self-amplifying caspase cascade can be induced by an extrinsic or 

intrinsic pathway (Boatright and Salvesen, 2003): the extrinsic pathway is activated 

through FAS receptor on the surface of the targeted cell and FAS ligand (Holler et 

al., 2003). Upon activation, FAS recruits FADD (Fas-associated protein with death 

domain) and the complex binds to certain pro-caspase. The death inducing 

signaling complex (DISC) forms and the proximity of the pro-caspases in the 

complex cleaves and activates them. The newly formed caspases start the 

caspase cascade leading to apoptosis (Danial and Korsmeyer, 2004). Additionally, 

FAS can trigger activation of procaspase 2, and its activity correlates with 

apoptosis in certain cell types like germ cells (Zheng et al., 2006). FAS ligand can 

be found on activated immune cells and Sertoli cells (French et al., 1996; Lee et al., 

1997).

The intrinsic pathway depends on the release of mitochondrial cytochrome c into 

the cytosol and is regulated by the BCL2 protein family. Cytochrome c binds in the 

cytosol to pro-caspase-activating adaptor protein APAF-1 (apoptotic-protease 

activating-factor-1), causing APAF-1 to oligomerize into an apoptosome. The 

APAF-1 proteins in the apoptosome bind to pro-caspases 9, which are activated 

by their proximity to each other, and further activate downstream caspase to 

induce apoptosis (Newmeyer and Ferguson-Miller, 2003).

The regulating BCL2 family consists of three classes of subfamilies: the anti-

apoptotic BCL2 proteins (e.g. BCL2, BCL-XL), the pro-apoptotic BH123 proteins 

(e.g. BAX, BAK) and the pro-apoptotic BH3-only proteins (e.g. BAD, BIM, BID, 

PUMA, NOXA) (Galonek and Hardwick, 2006). Apoptotic stimuli activate pro-

apoptotic BH123 proteins, which aggregate to oligomers in the outer mitochondrial 
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membrane and help to release cytochrome c into the cytosol. In absence of an 

apoptotic stimulus, the anti-apoptotic BCL2 proteins, located on the cytosolic 

surface of the outer mitochondrial membrane, inhibit apoptosis by binding and 

blocking pro-apoptotic BH123 proteins. This prevents them from oligomerizing and 

releasing cytochrome c (Galonek and Hardwick, 2006). The pro-apoptotic BH3-

only proteins are capable of inhibiting the anti-apoptotic BCL2 proteins in 

response to an apoptotic stimulus by binding to the anti-apoptotic BCL2 proteins, 

thereby blocking any interactions with BH123 proteins. The BH123 proteins now 

become activated and promote the release of cytochrome c into the cytosol 

(Galonek and Hardwick, 2006).

2.2.2 Apoptosis in the testis

Apoptosis in the testis takes place during the fetal period (Coucouvanis et al., 

1993), scheduled at the first wave of spermatogenesis during prepuberty 

(Rodriguez et al., 1997) and spontaneously throughout adult life (Blanco-Rodriguez 

and Martinez-Garcia, 1996). Furthermore, apoptosis in the mammalian testis can 

be induced be various conditions like hyperthermia (Hikim et al., 2003), hormonal 

withdrawal (Blanco-Rodriguez and Martinez-Garcia, 1996), radiation (Embree-Ku et 

al., 2002) and various drugs (Koji and Hishikawa, 2003).

2.2.2.1 Scheduled apoptosis during the first wave of spermatogenesis

A massive outburst of apoptosis among germ cells can be observed during the 

first round of spermatogenesis in the prepubertal mouse (figure I.10), when around 

80% of germ cells are eliminated (Rodriguez et al., 1997). Apoptosis starts to 

increases around day 14 post partum, peaking around day 21, thereby reaching 

apoptotic rates seven times higher than observed in mature testis. Elevated 

apoptotic levels reach normal values again around day 30 post partum (Rodriguez 

et al., 1997). Spermatogonia and spermatocytes are mostly affected, the latter to a 

greater extent (Rodriguez et al., 1997; Zheng et al., 2006).

The underlying reasons for the prepubertal apoptotic wave are not known, but so 

far it was proposed that a critical ratio between germ cells and supporting Sertoli 

cells has to be established in a short time, resulting in death of the ‘surplus’ germ 

cells (Rodriguez et al., 1997). Additionally, it has also been suggested that mutated 

DNA, eventually caused by incorrect DNA rearrangements during crossing over in 

meiosis I, triggers the apoptotic wave (Mori et al., 1997; Rodriguez et al., 1997).
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Several molecular factors influencing the balance of apoptosis and survival have 

been identified, among them the interaction between BAX, BCL2 and BCL-XL 

(Korsmeyer, 1995). Transgenic mice expressing Bcl2, usually not significantly 

detectable in testis of all ages, or overexpressing Bcl-XL, don’t undergo the 

prepubertal wave of spermatogenesis and are sterile when mature, showing 

severely decreased numbers of spermatocytes, spermatids and spermatozoa 

(Rodriguez et al., 1997). Spermatogonia appear not to be affected and have - as 

observed in the testis of mature wild-type mice - normal sporadic apoptosis, not 

prevented by BCL2 or BCL-XL (Rodriguez et al., 1997). Bax-deficiency results in a 

similar phenotype (Knudson et al., 1995): immature, Bax-deficient testes show 

decreased apoptosis during prepuberty, leading to increased numbers of 

spermatogonia and spermatocytes (Russell et al., 2002). Adult Bax-deficient male 

mice develop infertility, with atypical premeiotic germ cell accumulations, but no 

spermatocytes and haploid spermatozoa (Knudson et al., 1995). Besides its pro-

apoptotic function, mature Bax-deficient testis display increased apoptosis but 

never establish normal spermatogenesis, suggesting that apoptosis might be 

triggered by overcrowded seminiferous tubules via a BAX-independent mechanism 

(Russell et al., 2002).

Besides the intrinsic also the extrinsic apoptotic pathway might play a role during 

the first wave of spermatogenesis. Caspase 8 is active in spermatocytes 

undergoing apoptosis as shown in rats, suggesting a possible FAS-mediated 

activation (Codelia et al., 2008). Sertoli cells ubiquitously express FAS ligand 

(Riccioli et al., 2000) and FAS can be detected upregulated on adjacent 

spermatocytes during the prepubertal wave of spermatogenesis (Lizama et al., 

2007).

Hormones regulate and influence both apoptotic pathways during prepuberty and 

testosterone and FSH seems to act as survival factor during the meiotic phase of 

the first wave of spermatogenesis (Ruwanpura et al., 2008).

Many other factors might influence the apoptotic outburst during prepuberty. Gene 

expression microarray data identified 1667 genes that are regulated during the first 

wave of spermatogenesis, a high proportion of which uncharacterized (Clemente et 

al., 2006). 
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Figure I.10: Light microscopy image of a transverse section of 3-week-old mouse seminiferous 
tubules showing apoptotic germ cells
During prepuberty, massive apoptosis  of germ cells can be observed. Apoptotic spermatogonia, 
spermatocytes and spermatids have been detected with the TUNEL-technique and appear brown 
(arrows). Scale bar represents 50 μm. Picture taken during course of this study.

2.2.2.2 Sporadic apoptosis during adulthood

Apoptosis is a constant feature of normal spermatogenesis (figure I.11)  in many 

mammalian species and occurs spontaneously throughout adult life (Hikim et al., 

2003). All germ cell types in the seminiferous tubule are prone to apoptosis 

(Blanco-Rodriguez and Martinez Garcia, 1996), with spermatogonia being mostly 

affected; in mice, spermatocytes apoptose frequently, as well (Rodriguez et al., 

1997). The underlying reasons are unknown, but potential checkpoints during 

spermatogenesis could activate apoptosis in mutant and non-functional germ cells 

(de Rooij and de Baer, 2003).

Again, the BCL2 family-proteins play a crucial role: pro-apoptotic BAX is present in 

spermatogonia, spermatocytes and spermatids irrespectively of age and co-

localizes with apoptosing cells (Krajewski et al., 1994); anti-apoptotic BCL-XL and 

BCL-W can be detected in spermatogonia, early spermatocytes and spermatids 

(Beumer et al., 2000); BCL-W is essential during adulthood and deficient mice 

show numerous apoptotic testis cells, including Sertoli cells (Print et al., 1998).

The FAS-FAS ligand extrinsic system plays a minor role in apoptosis during 

adulthood (Print and Loveland, 2000). Sertoli cells express FAS ligand and can kill 

invading, FAS-bearing T cells. FAS is displayed on Sertoli cell-adjacent 

spermatogonia and spermatocytes (Lee et al., 1996), and FAS ligand was found on 

spermatozoa (Riccioli et al., 2003). Nevertheless, Fas-deficient mice and mice 
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lacking functional FAS ligand, are fertile with normal apoptotic rates (Lee et al., 

1997). The FAS-FAS ligand system becomes important under certain conditions 

like Sertoli cell injury and hypothermia, when FAS production increases, leading to 

more apoptosis (Koji and Hishikawa, 2003).

The main upstream regulators of the extrinsic and intrinsic pathway during regular 

germ cells apoptosis are unclear. Hormones play a role in immature and adult mice 

by indirectly - via somatic cells - activating BCL2 family proteins. Testosterone, LH 

and FSH act as survival factors (Ruwanpura et al., 2008). The lower gonadotropin 

levels in immature mice compared to mature ones, lead to insufficient suppression 

of Bax transcription resulting in more apoptosis (Rodriguez et al., 1997).

Apoptosis is triggered by DNA lesions like DNA double strand breaks (DSBs), 

which can be induced by alkylating agents, oxidative stress (Agarwal et al., 2008), 

agents inducing bulkyl lesion such as cisplatin (Seaman et al., 2003) and ionizing 

radiation (Kaina, 2003). In response to DNA damage that cannot be repaired, the 

tumor suppressor protein p53 accumulates and activates the transcription of 

genes that encode several BH3-only proteins, whereas BCL2 declines, thereby 

triggering the intrinsic pathway and eliminating potentially dangerous cells that 

otherwise could become cancerous (Kaina, 2003).

Germ cells died of apoptosis are either sloughed into the tubule lumen or 

phagocytosed by Sertoli cells (Russell et al., 1990). 

Figure I.11: Light microscopy image of a transverse section of 3-month-old mouse seminiferous 
tubules showing an apoptotic germ cell
Sporadic apoptosis  in the testis  occurs throughout adulthood. The apoptotic spermatogonium is 
detected with the TUNEL-technique and stains brown (arrow). Scale bar represents 50 μm. Picture 
taken during course of this study.
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CHAPTER II: AIM OF STUDY

The aim of this study was to investigate the effect of AIRE on both scheduled and 

sporadic apoptosis in the testis. This included to verify and quantify Aire mRNA 

expression and AIRE protein in the testis as well as to assess if genes 

transcriptionally controlled by AIRE in the thymus are as well under AIRE control in 

the testis. For reproducibility, the influence of AIRE on apoptosis in the testis was 

studied in two Aire-knockout mouse models with different genetic backgrounds. 

An involvement of the adaptive immune system in apoptosis in the testis was 

excluded by further studies using mice with Rag-1-deficiency. To proof the 

hypothesis that the underlying reasons for the scheduled and sporadic apoptosis 

in germ cells is mutated DNA, the testis of mismatch-repair-deficient mice were 

examined. Furthermore, a potential role of AIRE in the ubiquitin pathway was 

addressed as well as its influence on fertility. 
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CHAPTER III: MATERIALS AND METHODS

1. Materials

1.1 Instruments

cell culture incubator B5060-EK-CO2

Heraeus/Kendro; Newtown, CT

centrifuge Marathon 13

Fischer Scientific; Pittsburgh, PA

electrophoresis power supply Fisher Electrophoresis Systems

Fischer Scientific; Pittsburgh, PA

gel imaging system Bio-Rad Gel Doc 1000

Bio-Rad; Hercules, CA

gel electrophoresis unit Bio-Rad Wide Mini-Sub Cell

Bio-Rad; Hercules, CA

Neubauer hemocytometer American Optical Corporation

Buffalo, NY

incubator VWR 1530

VWR Sci. Inc.; West Chester, PA

microcentrifuge Eppendorf 5415D

Eppendorf; Westbury, NY

microscope Leica DM LB

Mc Bain Instr.; Chatsworth, CA

microscope camera system DEI-750

Optronics; Goleta, CA

microwave Panasonic

Secaucus, NJ

PCR thermal cycler PTC-100 Peltier Thermal Cycler

PTC-200 Peltier Thermal Cycler

Bio-Rad; Hercules, CA

ph meter Oakton 510

Fischer Scientific; Pittsburgh, PA

waterbath Thelco PS

Fischer Scientific; Pittsburgh, PA
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1.2 Chemicals

Chemicals were purchased from the manufacturer with the most competitive 

pricing.

1.3 Buffers and solutions

Buffers and solutions, unless otherwise stated, were made with double-distilled 

water (ddH2O). For tail lysis buffer and TE buffer autoclaved ddH2O was used. 

DNAseI buffer 50 mM Tris-HCl pH 7.5,

10 mM MgCl2 pH 7.5

IHC buffer 50 mM phosphate buffer pH 7.4,

25 mM Tris-HCl pH 7.4,

3% normal goat serum,

1% BSA,

0.3% Triton-X 100

PBS 10 mM phosphate buffer pH 7.4,

0.15 M NaCl

sperm buffer MEM (with Earle’s salts, L-glutamine),

0.075% Penicillin G,

0.05% streptomycin sulfate,

0.01 mM EDTA, 

3% BSA (w/v),

5% FBS (v/v),

0.23 M sodium pyruvate,

non-essential amino acid solution (100 x) 1% (v/v)

tail lysis buffer 100 mM Tris-HCl pH 8.5,

5 mM EDTA,

200 mM NaCl,

0.2% SDS,

200 µg/ml Proteinase K

TBE 89 mM Tris base,

89 mM boric acid,

2 mM EDTA, pH 8.0
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TE 10mM Tris-HCl pH 8.0

1 mM EDTA

1.4 Materials and frozen tissue preparation

Tissues were frozen in Tissue-Tek cryomolds with Tissue-Tek O.C.T. compound 

(Electron Microscopy Sciences; Hatfield, PA).

1.5 Fixatives

For Bouin’s fixative, 2% picric acid powder (w/v) was dissolved in ddH2O with 

gentle heat. Picric acid solution was diluted 4:1 with formaldehyde solution (37%), 

and a 95% solution with glacial acetic acid (v/v) was prepared. 

The 10% buffered formalin fixative was made from a 37% stock solution of 

formaldehyde diluted with 0.2 M phosphate buffer pH 7.3.

1.6 Slides, cover glasses and mounting

For all tissue and cell preparations only Fisherbrand Superfrost microscope slides 

(Fisher Scientific; Pittsburgh, PA) were used. Tissue samples were mounted with 

Clarion Mounting Media (Biomeda; Foster City, CA) and covered with Microscope 

Cover Glasses (Fisher Scientific; Pittsburgh, PA). 

1.7 Enzymes

Recombinant Taq DNA Polymerase and Proteinase K were purchased from 

Invitrogen (Carlsbad, CA). Proteinase K was diluted with autoclaved ddH2O to a 

stock concentration of 10 mg/ml, aliquoted and stored at 4°C.

GradeI DNAseI was bought from Roche Diagnostics GmbH (Penzberg, Germany), 

diluted with DNAseI buffer to a stock concentration of 10 mg/ml, aliquoted and 

stored at -20°C. 

1.8 Cell stains

Harris Hematoxylin and Eosin were purchased from Surgipath Medical Industries, 

Inc. (Richmond, IL), and Nuclear Fast Red from Vector Laboratories Inc. 

(Burlingame, CA). 
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1.9 Nucleotides

A 100 mM dNTP set was obtained from Invitrogen (Carlsbad, CA), diluted with 

autoclaved ddH2O to a concentration of 10 mM, aliquoted and stored at -20°C.

1.10 Oligonucleotides

Oligonucleotides were synthesized by IDT (Integrated DNA Technologies, Inc., 

Coralville, IA). A stock solution of 100 µM was prepared by dissolving the 

lyophilized powder in TE buffer and subsequently stored at -20°C. 

Morphogene genotyping

Name Sequence amplification

LongT7 5’-TAA TAC GAC TCA CTA TAG GGA GAC CCA AGC-3’ 163 bp 
morphogeneMorpho 5’-CCA CCT GCC CAG AGC AAA TC-3’

163 bp 
morphogene

Rag-1 genotyping

Name Sequence amplification

IMR3104 5’-TAA TAC GAC TCA CTA TAG GGA GAC CCA AGC-3’
474 bp wt allele

IMR1746 5’-GAG GTT CCG CTA CGA CTC TG-3’
474 bp wt allele

IMR3104 5’-CCG GAC AAG TTT TTC ATC GT-3’ 530 bp mutant 
alleleIMR0189 5’-TGG ATG TGG AAT GTG TGC GAG-3’

530 bp mutant 
allele

HD-Aire genotyping

Name Sequence amplification

HD Aire wt fwd 5’-ATA GCA CCA CGA CAC CCA AG-3’
507 bp wt allele

HD Aire wt rev 5’-ATA TCA TTC TCC AAC TCC TGC CTC TTT-3’
507 bp wt allele

HD Aire fwd 5’-GTC ATG TTG ACG GAT CCA GGG TAG AAA GT-3’ 1150 bp wt, 690 
bp mutant alleleHD Aire rev 5’-AGA CTA GGT GTT CCC TCC CAA CCT CAG-3’

1150 bp wt, 690 
bp mutant allele

LA-Aire genotyping

Name Sequence amplification

LA Aire wt fwd 5’-CAG TTC CTC TGT GTA GCT TTG GCT GTC GTG G-3’
438 bp wt allele

LA Aire wt rev 5’-GCT CGG ACC ACT GGC TTT AGG CTG CTA C-3’
438 bp wt allele

neo direct 5’-CGA CGG CGA GGA TCT CGTCGT GAC-3’
800 bp neo insert

LA Aire rev 5’-TCT TGG GAC TTA CCT GGT TAA CCT GGG GCT -3’
800 bp neo insert
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1.11 Kits

DAB Substrate Kit for Peroxidase Vector Laboratories Inc. 

Burlingame, CA

In Situ Cell Death Detection Kit, POD Roche Diagnostics GmbH 

Penzberg, Germany

Vectastain Elite ABC Kit Vector Laboratories Inc. 

Burlingame, CA

1.12 Antibodies

Hamish Scott at the Walter and Eliza Hall Institute in Victoria, Australia, produced 

the monoclonal anti-AIRE antibody. The antibody was raised in rat against a 

mouse epitope of 21 amino acid peptides, corresponding to the 20 C-terminal 

amino acids of the mouse AIRE protein (LQWAIQSMSRPLAETPPFSS). The peptide 

with a C residue at the N-terminus was conjugated to keyhole limpet hemocyanin 

(KHL) and used to immunize rats. For our studies, clone 5H12 was used which 

belongs to the subclass IgG2c. The concentration of the antibody was 0.7 mg/ml 

and sodium azide with a final concentration of 0.1% was added. 

The rabbit anti-GFP polyclonal serum (Cat. No.: A-6455)  was purchased from 

Molecular Probes (Invitrogen; Carlsbad, CA), and the rabbit polyclonal anti-

ubiquitin (Cat. No.: VP-U576) from Vector Laboratories (Burlingame, CA).

1.13 Secondary antibodies and reagents

As a secondary antibody for anti-AIRE, a biotinylated rabbit anti-rat IgG antibody 

(Cat. No.: BA-4001, Vector Laboratories; Burlingame, CA) was used. Further steps 

involved peroxidase-conjugated streptavidin, which was obtained from Jackson 

ImmunoResearch Laboratories (Cat. No.: 016-030-084, West Grove, PA).

To detect anti-GFP, a biotinylated goat anti-rabbit antibody (Cat. No.: 111-065-003, 

Jackson ImmunoResearch Laboratories Inc.; West Grove, PA) was applied. 

For anti-ubiquitin a biotinylated goat anti-rabbit IgG antibody (Cat. No.: BA-1000, 

Vector Laboratories; Burlingame, CA) was used. 
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1.14 Mice strains

C57BL/6 

The inbred strain was created in 1921, by crossing 20 consecutive generations of 

brothers and sisters. They are used in a wide variety of research areas, as well as 

for the generation of transgenic mice. 

In this study, C57BL/6 mice were used for general purposes, e.g. morphological 

comparisons to Aire-deficient strains. 

HD-Aire-deficient mouse model

The HD-Aire-knockout mouse model was made by Anderson and coworkers in 

2002 at Harvard Medical School (hereafter designated as HD-Aire mice in our 

study). A targeting vector bearing a loxP site-flanked Pgk-neo cassette was 

inserted into intron 2 and an additional single loxP site was placed in intron 1. The 

targeting construct was electroporated into 129S2/SvPas-derived D3 embryonic 

stem (ES) cells. Correctly targeted ES cells were injected into C57BL/6 blastocysts. 

The resulting chimeric mice were mated with CMV-cre transgenic mice on a 

C57BL/6 background and further backcrossed to C57BL/6 mice. The mice carry 

the mutant allele with a deletion of exon 2, as well as parts of the upstream and 

downstream introns. The absence of exon 2 causes a frame shift which results in 

premature truncation of the AIRE protein shortly after exon 1. 

LA-Aire-deficient mouse model

The LA-Aire-knockout mice were generated by Ramsey and coworkers in 2002 at 

the University of California Los Angeles (hereafter designated as LA-Aire mice in 

this study). Via homologous recombination in ES cells, a neo-cassette in the 

beginning of exon 6 was inserted into the Aire gene. J129 embryonic stem (ES) 

cells were used and positive ES cells were injected into C57BL/6 blastocysts. 

Animals were backcrossed to the 129S1 agouti mouse strain. The mice carry a 

deletion starting from intron 5 and ending in intron 6 which causes interruption of 

Aire (mRNA) as well as early termination of all synthesized polypeptides. 

Testes of 3-week- and 3-month-old homozygous and heterozygous Aire-deficient 

mice as well as homozygous Aire-sufficient littermates, were used for 

morphological and immunohistochemical studies as well as for evaluation of 

apoptosis. 
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Morphogene mice (mismatch-repair-deficient mouse model)

These mice - made by Morphotek Inc. (Exton, PA) - have a dominant negative 

mutant transgene of the mismatch repair protein Pms2 (referred to as 

morphogene). Morphogene mice were crossed with HD-Aire and LA-Aire mice to 

create Aire-deficient offspring in combination with the dominant negative 

transgene. 

Morphology and apoptosis in target tissue of 3-week- and 3-month-old mice were 

investigated.

Aire-driven Igrp-Gfp (Adig) transgenic mice

This transgenic mouse model was created by Anderson and coworkers at 

University of California San Francisco. The construct consists of the gene for Islet-

specific glucose-6-phosphatase-related protein (Igrp)  fused to the gene for green 

fluorescent protein (Gfp) and a SV40 polyadenylation signal. The construct is 

flanked by exon 1, containing the Aire promoter, and exon 3 of the Aire gene and 

places the Igrp-Gfp gene under the Aire promoter and regulatory elements. To 

stabilize transgene expression, a β-globin splice donor and acceptor cassette were 

placed in the first exon of the Aire gene upstream of the ATG initiation site. The 

Igrp-Gfp fusion/SV40 sequence was inserted immediately downstream of the β-globin 

splice site. 

Testes and thymi of Aire-driven Igrp-Gfp were used to confirm Aire expression with 

an anti-GFP antibody. 

Rag-1-deficient mice

Rag-1-deficient mice were obtained from ‘The Jackson Laboratory’ (Bar Harbor, 

ME). The mice, backcrossed to the C57BL/6 strain, have a 1356 bp deletion in the 

5’ end of the Rag-1 coding sequence. Rag-1-deficiency results in a defect in VDJ-

recombination, and the mice are therefore unable to produce mature T and B cells. 

Rag-1-deficient mice were mated with HD-Aire-deficient mice, and testes were 

used to investigate morphological aspects and to evaluate apoptosis.
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2. Methods

2.1 DNA isolation

For identification of transgenic and knockout mice the genotype was determined 

by analysis of DNA extracted from tail tissues. A 5 mm tail biopsy was excised with 

scissors and subsequently placed in 500 µl tail lysis buffer. The tubes were 

incubated at 55°C overnight. After complete lysis, the debris was spun down for 3 min 

at 15,000 g. The supernatant was transferred into a new tube, and genomic DNA 

was precipitated with an equal volume of 2-propanol under agitation. The 

precipitate was extracted with a sterile loop, washed in 500 µl of 70% ethanol and 

dried at 37°C overnight. The DNA was eluted in 100 µl TE buffer at 55°C for 3 hours.

2.2 Polymerase chain reaction (PCR)

Polymerase chain reaction (Saiki et al., 1985; Mullis et al., 1986; Mullis and 

Faloona, 1987)  is a technique that repeatedly amplifies a specific region of DNA. 

Two oligonucleotides that flank the desired nucleotide sequence on the 5’-end and 

on the opposite strand on the 3’-end, are used as primers for in vitro DNA 

synthesis, catalyzed by the enzyme DNA polymerase. The template DNA is 

denatured by heating and then cooled to a temperature that allows the primers to 

hybridize to complementary sequences. The annealed primers are extended with 

DNA polymerase in the presence of the four deoxyribonucleotidetriphosphates 

(dNTPs), so that the favored DNA is synthesized. The cycles of denaturation, 

annealing and extension are repeated, and the newly synthesized fragments serve 

as templates, producing predominantly DNA that is identical to the sequence 

bracketed by and including the two primers in the original template.

Here, this method was used to genotype mice of different strains. The protocol is 

based on the recommendations of the recombinant Taq DNA polymerase 

manufacturer, Invitrogen, and a standard PCR mix consisting of the following 

components: 1 x PCR buffer, 1.5 mM MgCl2, 0.5 µM of each primer, 0.2 mM of 

each dNTP, 0.5 ng of template DNA and 0.5 units of Taq DNA polymerase, wherein 

one unit incorporates 10 nmol of deoxyribonucleotide into acid-precipitable 

material within 30 min at 74°C.

For efficient amplification, the annealing temperature (TA) of each primer pair was 

determined. First, the melting temperatures (TM) of the primers were obtained by 

us ing the on l i ne O l igonuc leo t ide P roper t i es Ca lcu la to r ( h t tp : / /

www.basic.northwestern.edu/biotools/oligocalc.html)  and then TA was calculated 
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as followed: TA = TM - 5°C. TA was also checked in a gradient PCR and adjusted 

for optimal results. 

After an initial denaturation step at 94°C for 7 min, 35 cycles of PCR amplification 

were performed: denaturation for 30 sec to 1 min at 94°C, annealing for 30 sec to 

1 min at the calculated temperature, extension for 45 sec to 2 min at 72°C. A final 

extension step for 7 min at 72°C was carried out, and the reaction maintained at 

4°C. Specific annealing temperatures, times and extension times were empirically 

modified for ideal results.

Primer 1
HD Aire 
wt fwd

HD Aire 
fwd

LA Aire 
wt fwd

Neo 
direct

Long T7
IMR 
3104

IMR 
3104

Primer 2
HD Aire 
wt rev

HD Aire 
rev

LA Aire 
wt rev

LA Aire 
rev

Morpho
IMR 
1746

IMR 
0189

Initial denaturation 94°C, 7 min94°C, 7 min94°C, 7 min94°C, 7 min94°C, 7 min94°C, 7 min94°C, 7 min

Denaturation
94°C, 
1 min

94°C, 
1 min

94°C, 
1 min

94°C, 
1 min

94°C, 
1 min

94°C, 
30 sec

94°C, 
30 sec

Annealing
66°C, 
1 min

67°C, 
30 sec

65°C, 
1 min

68°C, 
30 sec

60°C, 
1 min

58°C, 
45 sec

58°C, 
45 sec

Extension
72°C, 
1 min

72°C, 
90 sec

72°C, 
1 min

72°C, 
2 min

72°C, 
1 min

72°C, 
45 sec

72°C, 
45 sec

Cycles 35 X35 X35 X35 X35 X35 X35 X

Final extension 72°C, 7 min72°C, 7 min72°C, 7 min72°C, 7 min72°C, 7 min72°C, 7 min72°C, 7 min

2.3 DNA agarose gel electrophoresis

Agarose gel electrophoresis is a standard method to separate, identify, and purify 

DNA fragments. Migration of the DNA is dependent upon four parameters: 

molecular size of the DNA (Helling et al., 1974), agarose concentration, DNA 

conformation (Thorne, 1966) and electric current. Bands within the gel are stained 

with the fluorescent intercalating dye ethidium bromide and detected in ultraviolet 

light. The technique was used to identify the length of specific, amplified DNA 

fragments in order to determine the genotype of the mouse DNA donor.

Gels were made with 1% Agarose (w/v) in Tris-borate-EDTA buffer (TBE) and a final 

concentration of 0.5 µg/ml ethidium bromide. DNA samples were mixed with 6x 
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DNA loading buffer consisting of 40% (w/v) sucrose and 0.25% (w/v) 

bromphenolblue, loaded onto the gel and run in a gel electrophoresis tank covered 

with TBE buffer. A 1 kb DNA ladder was included as a molecular weight marker. 

DNA fragments were separated with 5 volts/cm distance between the electrodes 

and detected with a UV transilluminator coupled to a gel imaging system.

2.4 Tissue fixation and preparation 

To avoid tissue digestion by enzymes present within the cells (autolysis) or by 

bacteria, and to preserve the structure and molecular compositions, tissues were 

fixed or frozen immediately.

For histological analysis and in situ cell death detection, testes were fixed in freshly 

made Bouin’s solution. Bouin’s fixative is widely used for testes due to its excellent 

preservation of nuclear details. Fixation time varied according to the age of mice, 

and therefore testis size. Immature testes were immersed for 8 hours in 5 ml 

Bouin’s solution at room temperature and mature testes for 10 hours. Testes were 

washed several times in 70% ethanol and embedded in paraffin according to 

standard procedures. Embedded testes were transverse sectioned (4 µm) using 

Fisherbrand Superfrost microscope slides. For the in situ cell death detection, 

sections were cut at five tissue levels with approximately 500 µm between each 

level. Slides were stored at room temperature in the dark until further processing.

For immunohistochemical methods, testes were fixed in freshly made 10% neutral 

buffered formalin overnight at 4°C, washed several times in PBS, embedded in 

paraffin, and cut and stored as described above.

Frozen sections were also prepared for immunohistochemical staining. Dissected 

testes and thymi were carefully patted dry and immediately frozen in Tissue-Tek 

O.C.T. compound using crushed dry ice covered with 2-methylbutane. Frozen 

sections were cut (4 µm) at five tissue levels, mounted on Fisherbrand Superfrost 

microscope slides and stored at -80°C until further processing.

2.5 Histology

Histology is described as the study of tissues and how these tissues are arranged 

to constitute organs. Here, histological techniques were used to examine 

morphological differences in testes of mice with various genetic backgrounds. 

Harris Hematoxylin in combination with Eosin (H&E)  was used for blue staining of 
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the nuclei and pink staining of the cytoplasm, respectively. The procedure was 

done according to the manufacturer’s guidelines.

For in situ cell death detection assays and immunohistochemical procedures, a 

counterstain was used to visualize tissue components. Either Harris Hematoxylin 

or a one step staining method with Nuclear Fast Red, resulting in light red nuclei, 

was applied.

2.6 Immunohistochemistry

Immunohistochemistry is a method that allows detection of proteins in tissue 

sections through specific binding of antibodies and visualization with fluorescent 

chemicals or enzymes capable of converting a substrate into a visible dye. 

Detection of AIRE

To detect AIRE protein in mouse testes and to verify the appearance in thymic 

tissue, an indirect immunohistochemical method aiming at signal enhancement 

was applied. The rat monoclonal anti-AIRE antibody was detected with a 

biotinylated anti-rat IgG antibody. Streptavidin – in this case conjugated to 

peroxidase - binds with a strong non-covalent interaction to biotin. Peroxidase 

catalyzes the oxidation of the substrate 3,3’-diaminobenzidine (DAB) in presence 

of hydrogen peroxide, resulting in an insoluble brown-colored product. Metal salts 

like nickel intensify the color.

Frozen testis and thymus sections were air-dried for 30 min, fixed in ice-cold 

acetone for 10 min and air-dried again. Samples were washed in PBS for 2 min, 

followed by immersion in 0.5% H2O2 in PBS for 10 min at room temperature to 

inactivate endogenous peroxidase activity. After thorough washing, the tissue was 

blocked in 10% (v/v) normal rabbit serum in PBS for 30 min at room temperature. 

Subsequently, the tissue was incubated with monoclonal rat anti-AIRE in 1:100 

dilution in PBS with 3% BSA for 60 min. After washing in PBS, mouse Ig-absorbed, 

biotinylated rabbit anti-rat secondary antibody, diluted 1:100 in PBS with 3% BSA, 

was applied for 45 min. Following immersion in PBS, the tissue was incubated with 

a 1:50 dilution of streptavidin-HRP in PBS for 30 min. The substrate 3,3’-

diaminobenzidine (DAB) was applied according to the manufacturer’s 

recommendations. The slides were counterstained with Nuclear Fast Red for 5 min 

and mounted with coverslips.
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All incubations were done at room temperature in a humidified chamber. Final 

volumes of diluted reagents were 30 µl per section. A hydrophobic barrier pen was 

used to keep the staining reagents localized on the tissue sections.

Detection of Aire-driven IGRP-GFP

To verify Aire expression, testes and thymi of transgenic mice carrying an Aire-

driven Igrp-Gfp construct, were stained with an anti-GFP polyclonal antibody.

After removal of paraffin in fresh xylene, slides were rehydrated in graded series of 

ethanol diluted in double-distilled water. Samples were immersed in PBS, followed 

by 3% H2O2 in methanol for 15 min at room temperature to inactivate endogenous 

peroxidase activity. After being washed in IHC buffer for 5 min, sections were 

incubated with diluted Normal Blocking Serum from the Vectastain Elite ABC Kit, 

which was used according to the manufacturer’s guidelines. After excess serum 

was blotted from the sections, rabbit anti-GFP polyclonal serum, diluted 1:250 in 

IHC buffer, was applied, covered with cover glasses and incubated overnight at 

4°C in a humidified chamber. The next day, slides were washed for 5 min in IHC 

buffer under light agitation and the 1:100 diluted biotinylated goat anti-rabbit 

antibody was applied for 30 min at room temperature. Next, the slides were 

washed twice in PBS and incubated for 30 min with Vectastain Elite ABC reagent. 

The substrate 3,3’-diaminobenzidine (DAB) was applied according to the 

manufacturer’s recommendations. The slides were counterstained with Harris 

Hematoxylin for 1 min, dehydrated in ethanol, cleared in xylene, then mounted with 

coverslips. 

Detection of ubiquitin

To localize ubiquitin, testes of Aire-deficient and Aire-sufficient mice were stained 

with anti-ubiquitin polyclonal antibody.

After adequate removal of paraffin in fresh xylene, slides were rehydrated in graded 

series of ethanol diluted in double-distilled water. Samples were immersed in 

methanol with 3% H2O2 for 15 min at room temperature to inactivate endogenous 

peroxidase activity. After rinsing in double-distilled water, slides were washed in 

PBS containing 0.2% Tween 20 (PBS-T) for 10 min on a rotating table. Then the 

sections were incubated with 10% goat serum diluted in PBS-T for 30 min. After 

blotting excess serum from the sections, rabbit polyclonal anti-ubiquitin, diluted 

1:250 in PBS-T containing 10% goat serum, was applied, covered with cover 

glasses and incubated overnight at 4°C in a humidified chamber. The next day, the 
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slides were washed in two changes of PBS-T for 3 min each. Biotinylated goat 

anti-rabbit antibody (diluted 1:100 in PBS-T with 10% goat serum), was applied for 

30 min at room temperature. Next, the slides were washed twice in PBS-T, and 

incubated for 30 min with Vectastain Elite ABC Reagent. The buffer for the ABC 

reagents was made of PBS with 0.2 M methyl-alpha-D-mannopyranoside and 1 M 

sodium chloride. Sections were washed twice with PBS for 3 min each, quickly 

rinsed in double-distilled water and developed with 3,3’-diaminobenzidine (DAB) 

according to the manufacturer’s recommendations. The slides were counterstained 

with Harris Hematoxylin for 20 sec, dehydrated in ethanol, cleared in xylene, then 

mounted with coverslips. 

2.7 In situ cell death detection with terminal  deoxynucleotidyl transferase-

mediated dUTP-biotin nick end labeling (TUNEL)

Apoptotic cells display a characteristic pattern of structural changes in the nucleus 

and cytoplasm. One of them is the activation of DNAse in the nucleus, resulting in 

DNA fragmentation. DNA strand breaks can be enzymatically labeled using 

terminal deoxynucleotidyl transferase (TDT), which catalyzes polymerization of 

labeled nucleotides to free 3’-OH ends. 

For detection and localization of apoptotic cells and in testes of mice with various 

genetic backgrounds and ages, the Roche In Situ Cell Death Detection Kit, POD, 

was used and modified as described.

After adequate removal of paraffin in fresh xylene, slides were rehydrated in a 

graded series of ethanol diluted in double-distilled water. Samples were immersed 

in PBS followed by 3% H2O2 in methanol for 10 min at room temperature to 

inactivate endogenous peroxidase activity. After washing in PBS, the tissue was 

permeabilized in 0.1 M citrate buffer, pH 6.0, with microwave irradiation at 500 W 

for 70 sec, and subsequently transferred into PBS. Sections were blocked in 3% 

BSA in PBS for 25 min at room temperature. The reaction mixture, containing 

Label Solution with nucleotide mixture and Enzyme Solution with terminal 

deoxynucleotidyl transferase (TdT), was prepared according to the manufacturer’s 

guidelines and then applied to the samples. The slides were incubated at 37°C for 

60 min in a humidified chamber. After washing in PBS, Converter POD, containing 

anti-fluorescein antibody conjugated with horseradish peroxidase (POD), was 

applied for 30 min at 37°C in a humidified chamber. 3,3’-diaminobenzidine (DAB) 

was used as a peroxidase substrate intensified with Ni2+ to obtain dark-brown 
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staining. Sections were counterstained with Nuclear Fast Red for 10 min, 

dehydrated in ethanol, cleared in xylene, then mounted with coverslips.

For positive labeling control, sections were treated with DNaseI, grade I (1500 U/ml, 

1 mg/ml BSA in DNAseI buffer) for 30 min at 37°C in a humidified chamber to 

induce DNA strand breaks. Negative labeling control sections were incubated in 

Label Solution only. 

2.8 Fertility assay

Sperm count, motility and morphology are essential parameters to evaluate fertility. 

These parameters were examined in Aire-deficient and Aire-sufficient male mice.

Sperm buffer was incubated at 37°C, 5% CO2 for 1h. One entire epididymis 

containing caput, corpus  and cauda was used for sperm count and one caudal 

part to examine sperm motility. Tissue parts were excised and transferred into 1 ml 

of preheated buffer, minced with scissors and incubated at 37°C, 5% CO2. After 

one hour in the media, released sperm were counted using a hemocytometer and 

progressive, non-progressive and immobile sperm were distinguished.

To examine head and tail morphology of the sperm, a cell smear was prepared. 30 µl 

of the caudal epididymis cell preparation was distributed on a microscope slide, 

dried for 1 hour at room temperature and stained with Harris Hematoxylin for 3 min. 

After being rinsed in tap water for 2 min, the slides were dried and mounted with 

coverslips.

2.9 Microscopy and quantitative evaluation 

The slides were viewed using light microscopy (Leica DM LB) with a 10x (aperture 

0.30), 20x (aperture 0.50) or 40x magnification (aperture 0.70)  objective. Pictures 

were recorded with a microscope camera system (DEI-750, Optronics) and 

digitized with Scion Image Software (Scion Corporation). 

Percentage of apoptotic cells

A germ cell was considered apoptotic when it showed dark-brown and intense 

nuclear staining. Apoptotic germ cells in 20 randomly selected seminiferous 

tubules per level (100 tubules per testis) were counted and divided by the total 

number of all germ cells in all evaluated seminiferous tubules multiplied by 100. 

Germ cell stages of apoptotic cells were identified according to their morphology 

and position in the seminiferous tubule. 
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Percentage of AIRE-positive cells

AIRE-positive cells were counted in 20 randomly selected seminiferous tubules per 

level (100 tubules per testis)  and divided by the total, average number of germ 

cells obtained from the apoptotic study, multiplied by 100. 

Percentage of ubiquitin-positive cells

Ubiquitin-positive cells were counted in 80 randomly focused seminiferous tubules. 

This number was divided by the total number of germ cells in the specific tubules 

and multiplied by 100 to obtain the ubiquitin index.

2.10 Statistics

The quantitative results in this study are shown as means ± StDev. Statistical 

significance was assessed by the student’s t-test. P-values below 0.05 were 

considered as statistically significant. 

2.11 Mice

Mice were kept in a rodent barrier facility under sterile conditions and had ad 

libitum  access to food and water. Animals were killed by CO2 overexposure with 

controlled inflow, using a flow rate of 1-2 liter per minute, followed by cervical 

dislocation.

All procedures were performed in accordance with the guidelines of the University 

of California San Francisco Institutional Animal Care Committee (IACUC) and in 

compliance with guidelines established by the National Institute of Health (NIH).
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CHAPTER IV: RESULTS

1. AIRE protein detection and Aire mRNA expression in the testis

1.1 AIRE protein detection

Before our study, it had been shown that AIRE protein is predominantly present in 

medullary thymic epithelial cells (mTECs) (Heino et al., 2000; Anderson et al., 

2002). Results regarding AIRE in peripheral lymphoid and non-lymphoid organs 

were discordant (Blechschmidt et al., 1999; Ruan et al., 1999; Heino et al., 2000; 

Zuklys et al., 2000; Derbinski et al., 2001; Halonen et al., 2001; Anderson et al., 

2002; Ramsey et al., 2002; Adamson et al., 2004). Aire mRNA was detected in the 

testis, but presence of a functional protein remained to be demonstrated 

(Blechschmidt et al., 1999; Ruan et al., 1999; Heino et al., 2000; Halonen et al., 

2001). Subsequent research documented AIRE protein in spermatocytes and 

spermatids with use of a polyclonal antibody against mouse AIRE peptide (amino 

acids 160-176) (Halonen et al., 2001). A polyclonal antibody against a human AIRE 

peptide (amino acids 147-165) found AIRE protein to be present in the 

seminiferous tubules, located in spermatocytes but not in spermatids (Adamson et 

al., 2004). None of the two studies quantified the amount of AIRE protein.

To clarify the presence of AIRE protein excluding any unspecific detection caused 

by polyclonal antibodies, we used a monoclonal rat α-mouse AIRE antibody for 

our studies (see Materials and Methods: 1.12 and 2.6). 

First, we confirmed AIRE protein in mTECs of 3-month-old Aire-sufficient mice 

(figure IV.1 A and B), which served as a positive control. In homozygous Aire-

deficient littermates, no AIRE protein was detected in the thymus (figure IV.1 C). 

The isotype control was negative (figure IV.1 D). 
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Figure IV.1: AIRE protein detection in thymic medullary epithelial cells
Staining of mice thymic frozen sections with monoclonal rat α-mouse AIRE antibody detects  AIRE 
(brown staining) in medullary thymic epithelial cells  (A, B). The littermate’s  Aire-deficient thymus 
shows no staining (C), as well as the section treated with an irrelevant antibody (D). Scale bar in 
picture A represents 60 μm, in picture B, C and D 40 μm.

The subsequent staining with the monoclonal rat α-mouse AIRE antibody of testes 

sections of 3-month-old wild-type mice detected AIRE protein in spermatogonia 

and spermatocytes (figure IV.2 A and B). The germ cells were staged according to 

their position in the seminiferous tubule and their morphological appearance. 

Spermatids, Sertoli cells and interstitial cells were not stained. In addition, no 

signal showed up in the testes of Aire-deficient littermates (figure IV.2 C) or in the 

isotype control (figure IV.2 D).
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B
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Figure IV.2: AIRE protein detection in germ cells of the testis
Staining of mice seminiferous tubules frozen sections  with monoclonal rat α-mouse AIRE antibody 
detects AIRE (brown staining) in spermatogonia and spermatocytes (arrows) (A, B). The testis 
section of an Aire-deficient littermate shows  no staining (C), as well as the section treated with an 
irrelevant antibody (D). Scale bar in picture A represents  50 μm, in picture B  40 μm, and in picture C 
and D 60 μm.

During the course of is study, we verified Aire expression in frozen testis sections 

of Aire-driven Igrp-Gfp (Adig)  transgenic mice (Gardner et al., 2008), independent 

of the monoclonal rat α-mouse AIRE antibody. In the Adig mouse model the gene 

for Igrp (islet-specific glucose-6-phosphatase-related protein) was fused to the Gfp 

(green fluorescent protein) gene and placed under control of the Aire promoter and 

regulatory elements (see Materials and Methods 1.14). Staining with a polyclonal 

α-GFP antibody (see Materials and Methods 2.6) detected the presence of Aire-

regulated GFP protein in spermatogonia and spermatocytes, as well as in the 

interstitium (figure IV.3 A and B). Thymic sections served as positive control with 

staining in mTECs (figure IV.3 C); the wild-type testis section showed no signal 

(figure IV.3 D) as did transgenic testis sections treated with secondary antibody 

only (not shown).

B

α-AIRE, +/+

C D

isotype control, +/+α-AIRE, -/-
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Figure IV.3: Detection of GFP protein in Aire-driven Igrp-Gfp (Adig) transgenic mice testis and 
thymus
Frozen sections  of seminiferous  tubules of transgenic mice with IGRP-GFP fusion protein, 
controlled by the Aire promoter, show brown-colored staining in spermatogonia, spermatocytes 
and the interstitium after application of α-GFP antibody (arrows) (A, B). The presence of GFP, and 
therefore Aire expression, was found as well in thymic epithelial cells (C) of transgenic mice. No 
staining was detected in wild-type testis  (D). Scale bar in picture A and C represents  40 μm, in 
picture B and D 50 μm.

1.2. Quantification of AIRE protein and Aire mRNA

After confirming AIRE’s presence in the testis we quantified the amount of the 

protein in prepubertal 3-week- and adult 3-month-old mice. We used two different 

Aire-deficient mice strains (see Introduction 1.2.5 and Materials and Methods 

1.14), one of which was designated as LA-Aire -/- (Ramsey et al., 2002) and the 

other one as HD-Aire -/- (Anderson et al., 2002). By using two different mice strains 

we reduced potential founder effects that occur in colonies founded by a few 

members and were able to compare the effects caused by Aire-deficiency in mice 

on two different genetic backgrounds. 

Frozen testis cross sections were prepared from five Aire-sufficient littermates of 3-

week-old HD-Aire -/- and LA-Aire -/- as well as from 3-month-old HD-Aire -/- 

animals. The tissue sections were incubated with the monoclonal rat α-mouse 

AIRE antibody (see Materials and Methods 2.6) and the number of AIRE-positive 

cells was quantified; 100 seminiferous tubules per cross section were evaluated. In 

3-week-old HD-Aire-sufficient mice, 0.44% of cells in cross sections of the 

seminiferous tubules were AIRE positive; in LA-Aire-sufficient mice 0.43% (figure IV.4 A). 

α-GFP, Adig thymus

C

α-GFP, wild-type testis

D

α-GFP, Adig testis

B

α-GFP, Adig testis
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The cross sections in the prepubertal mice had on average 7,548 cells per 100 

seminiferous tubules, resulting in 1 of every 240 germ cells being positive for AIRE. 

In 3-month-old HD-Aire-sufficient mice, 0.15% of cells stained positive for AIRE 

(figure IV.4 A). The adult seminiferous tubules have on average 13,247 cells per 100 

tubules, and therefore 1 out of every 670 cells contains a detectable level of AIRE 

protein.

The staining of the germ cells in the 3-week- and 3-month-old testis is intense 

(figure IV.4 B and C), suggesting that a significant amount of AIRE protein is 

present. This is consistent with the results from quantitative RT-PCR done in 

collaboration with Clifford L. Wang: the ratio of Aire to β-actin expression was 

between 0.8 x 10-4 in 3-week-old and 2.2 x 10-4 in 3-month-old mice. To obtain a 

range of the Aire to β-actin ratio per cell, the relative expression of Aire to β-actin 

values were multiplied by 240 and 670, which yielded an estimate of a 10- to 35-

fold lower abundance of Aire mRNA compared with that of β-actin. The actual 

value might be even higher, since the number of Sertoli cells were disregarded in 

the quantification.

In the analyzed testis sections, no defined stage in which all the germ cells 

produce AIRE was found (figure IV.2 A and B; IV.3 A and B; IV.4 B and C), 

suggesting a sporadic expression pattern. Because the testis is characterized by 

promiscuous gene expression (see Introduction 2.1.4)  many expressed sequence 

tags for numerous genes with specific functions in other tissues can be found. 

Thus, Aire mRNA and the translated product might be without function. 
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Figure IV.4: Percentage of AIRE-positive germ cells in testis
The percentage of AIRE-positive cells  (A) was evaluated in testis  cross  sections  of 3-week-old (B) 
and 3-month-old (C) Aire-sufficient littermates of HD-Aire -/- and LA-Aire -/- animals. For each data 
set, frozen sections stained with α-AIRE antibody of five animals were investigated, whereas 100 
seminiferous  tubules  per section were quantified. Scale bar in picture B represents 40 μm, in 
picture C 50 μm.

2. AIRE and gene regulation in thymus and testis

The thymus is an additional organ with promiscuous gene expression (see 

Introduction 2.1.4). AIRE also controls the expression of many genes in the thymus 

(see Introduction 1.2.4) and therefore it is of interest to see whether those genes 

are regulated by AIRE in the testis, as well. This hypothesis was tested by 

quantitative RT-PCR done in collaboration with Clifford L. Wang. 

Five genes, known to be under AIRE control in the thymus, were selected: Irbp 

(interphotoreceptor retinoid binding protein), Fabp (fatty acid binding protein), 

Proinsulin, Ptdgs  (prostaglandin-D2-synthase) and Spt1 (salivary protein 1). The 

ratio of expression in Aire-heterozygous over Aire-deficient testes of 23-day-old 

mice was measured. As control, the expression levels of those genes were 

evaluated in the thymus retrieved from the same animal as the testis. The results 

showed that Fabp, Proinsulin, Ptdgs  and Spt1 are highly upregulated in the 

heterozygous thymus, even though whole thymic cell lysates were used, resulting 

in signal dilution due to the fact that the vast majority of thymic cells do not 

produce AIRE (figure IV.5 A). In addition, a gene dosage effect of AIRE was 

RESULTS
57

0.2

0.3

0.4

0.6

0.5

0.1

0

H
D

-A
ir

e 
+

/+

3 week 3 month

%
 A

IR
E

-p
o

si
ti

ve
 c

el
ls

A

LA
-A

ir
e 

+
/+

H
D

-A
ir

e 
+

/+

C

α-AIRE, 3-month-old +/+

B

α-AIRE, 3-week-old +/+



observed in heterozygous mice (Liston et al., 2005). Irbp remained undetected. 

Because there are even fewer AIRE-producing cells in the testis, an even higher 

signal dilution can be expected. Yet it seems clear that in 23-day-old testis higher 

expression levels of Irbp, Proinsulin, Ptdgs  and Spt1 were not detected (figure IV.5 

B), suggesting that expression of those genes is not regulated by AIRE; Fabp was 

not detected at all. In adult testis additional genes were tested: Hbb-y (hemoglobin 

Y β-like embryonic chain), Npy (neuropeptide Y) and Spt2 (salivary protein 2), but 

there was no indication of Aire-regulated expression (figure IV.5 C); instead all 

genes, with exception of Spt2, were slightly suppressed. Spt2, which was not 

studied in the 23-day-old testis, was measured to be somewhat upregulated. In 

conclusion, none of the tested genes, though promiscuously expressed in testis 

and thymus, were expressed at higher levels in Aire-sufficient testis and are 

therefore under different transcriptional control. 

Figure IV.5: Dependance of gene expression on AIRE
AIRE dependance is  represented as the quotient of gene expression levels in Aire-heterozygous 
and Aire-deficient mice. A 23-day-old thymus (A), 23-day-old testis  from the same animal (B) and 
testis  of 3-months age (C) were used. Fabp = fatty acid binding protein 2 intestinal; Ptdgs  = 
prostaglandin-D2 synthase; Spt1 = salivary protein 1; Irbp = interphotoreceptor retinoid binding 
protein; Hbb-y = hemoglobin Y β-like embryonic chain; Npy = neuropeptide Y; Spt2 = salivary 
protein 2. Fabp was undetected in the 23-day testes, and Irbp was undetected in the thymus. Tests 
on their expression were performed but there was no interpretable signal in these after 40 cycles. 

3. Apoptosis in the testis

Though we couldn’t identify promiscuously expressed genes under AIRE control in 

the thymus and testis, we kept searching for a possible function of AIRE during 

germ cell development. The promiscuous gene expression in the thymus is 

necessary for negative selection of self-reactive thymocytes and to establish 

central tolerance (see Introduction 1.1.2); during the selection processes, around 
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95% of T cells undergo apoptosis, and only a small fraction of efficient and 

harmless T cells leaves the thymus (Huesmann et al., 1991).

The testis is another location with promiscuous gene expression and vivid 

apoptotic activity (see Introduction 2.2). Scheduled apoptosis during prepuberty 

and sporadic apoptosis throughout adult life are essential for functional 

spermatogenesis and lead to substantial loss of germ cells (Rodriguez et al., 1997; 

Hikim et al., 2003). The hypothesis that promiscuous gene expression - as in the 

thymus - is followed by a negative selection process leading to apoptosis of 

mutant germ cells motivated us to have a closer look at apoptosis in Aire-sufficient 

and Aire-deficient prepubertal (3-week-old) and adult (3-month-old) mice. 

3.1 Scheduled and sporadic apoptosis in Aire-deficient mice

For this experiment, testes of five Aire-sufficient (+/- or +/+) and five Aire-deficient 

mice of the HD-Aire and LA-Aire strains (see Introduction 1.2.5 and Materials and 

Methods: 1.14), aged 3-weeks and 3-months, were used. For improved 

histological quality, the testes were fixed in Bouin’s solution and embedded in 

paraffin. Sections were cut out of five levels of the organ and apoptotic germ cells 

were detected using the TUNEL-technique, which enzymatically labels the 

apoptosis induced DNA strand breaks (figure IV.6) (see Materials and Methods 2.7). 

The TUNEL-positive, apoptotic germ cells were quantified in 20 seminiferous 

tubules per level section, equaling 100 seminiferous tubules per testis, and the 

percentage of apoptotic germ cells determined.
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Figure IV.6: Detection of apoptotic germ cells with the TUNEL-technique 
Apoptotic germ cells in the seminiferous tubules  of HD-Aire-sufficient, LA-Aire-sufficient and Aire-
deficient littermates  were detected in Bouin’s fixed paraffin sections  with the TUNEL-technique. A 
cell was  considered as TUNEL-positive when the nuclear staining is dark-brown, intense and 
homogeneous (arrows). The percentage of apoptotic cells  was evaluated and the differentiation 
stage of the specific cell identified. A: lower magnification of a seminiferous  tubule as used for 
quantification of apoptotic germ cells; scale bar represents 50 μm. B: higher magnification used to 
determine the differentiation stage of the specific germ cell; scale bar represents 40 μm. C: DNAase 
treated testis section used as  positive control in the TUNEL experiment; scale bar represents 60 μm. 
D: negative control; scale bar represents 50 μm.

We then compared the percentages of apoptosed germ cells over all germ cells 

between the Aire-sufficient and the Aire-knockout mice (figure IV.7, table IV.10). 

Three-week-old LA-Aire-sufficient mice showed on average 1.67% apoptotic cells, 

with a standard deviation of 0.14. Values for 3-week-old HD-Aire-sufficient mice 

were comparable, with 1.59% of apoptotic cells and a standard deviation of 0.1. 

Both values are in good agreement with the average 1.4% reported previously 

(Rodriguez et al., 1997), in which apoptotic cells were measured with the TUNEL-

technique as well. On the contrary, Aire-deficient mice of 3-week age show a 

substantial reduction of apoptotic cells: LA-Aire -/- testis have apoptotic rates of 

1.23% (StDev 0.14) and HD-Aire -/- testis of 1.24% (StDev 0.1), which represents a 

25% reduction when compared to the values of the Aire-sufficient littermates (p = 

0.001 for LA-Aire mice; p = 0.0005 for HD-Aire mice). No anatomic abnormalities 

were detected in the seminiferous tubules and the interstitium of the testis of Aire-

deficient 3-week-old mice. 
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Figure IV.7: Percentage of apoptotic (TUNEL-positive) germ cells
Percentage of apoptotic germ cells  of 3-week-old and 3-month-old LA-Aire-sufficient and HD-Aire-
sufficient (dark-green and bright-green bars) as  well as  LA-Aire-deficient and HD-Aire-deficient 
mice (dark-gray and bright-grey bars). Aire-sufficient mice were mostly heterozygous, but also a 
small number of homozygous animals  was included showing similar apoptotic values. Orange and 
yellow bars present HD-Aire +/- Rag-1 -/- and HD-Aire -/- Rag-1 -/- mice, respectively. 
Morphogene + are mice with the dominant negative mutant transgene of the mismatch-repair 
protein Pms2. Bars  represent the arithmetic mean with standard deviation. Each data set was 
obtained from five mice (except for three HD-Aire +/+, Rag-1 -/-); 100 seminiferous  tubules each 
were evaluated. For exact values see table IV.10.

To exclude an involvement of the adaptive immune system, we generated HD-Aire 

Rag-1-/- mice (see Materials and Methods 1.14). RAG-1 is involved in VDJ-

recombination of lymphocytes (see Introduction 1.1.2.1), and deficiency causes T cell 

and B cell loss. This absence assures that the observed effects in the testes are 

not caused by an attack of lymphocytes or autoantibodies, which are potentially 

able to penetrate the blood-testis barrier (see Introduction 2.1.1.2).

The percentage of apoptotic cells in prepubertal HD-Aire-deficient and HD-Aire-

sufficient mice were similar to the one obtained in HD-Aire-deficient and HD-Aire-
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sufficient mice on a Rag-1-/- background, which excludes an involvement of the 

adaptive immune system in the observed phenotype (figure IV.7, table IV.10). 

We also had a closer look at what specific germ cell subtypes were affected (figure 

IV.8). Spermatocytes from late pachytene stages onward (here labeled 

spermatocytes II)  were mostly affected by apoptosis in 3-week-old LA-Aire- and 

HD-Aire-sufficient testis. In the LA-Aire- (p = 0.08) and HD-Aire-deficient (p = 

0.0003) littermates, a pronounced reduction was observed, with only half as many 

apoptotic late spermatocytes. In spermatogonia, early spermatocytes and 

spermatids the difference was less noticeable. 

Figure IV.8: Percentage of apoptotic germ cells, stratified according to cell differentiation stage
Bars  represent the arithmetic mean with standard deviation of the percentage of apoptotic germ 
cells in 3-week-old HD-Aire- and LA-Aire-sufficient (+/- and +/+) as well as in HD-Aire- and LA-Aire-
deficient mice. Each data set was obtained from five mice and 100 seminiferous tubules  each were 
evaluated. Spg = spermatogonia; Spc I = early spermatocytes; Spc II = spermatocytes from late 
pachytene stages onward; eSpd = early spermatids.

We also had a look at the apoptotic values of germ cells in 3-month-old Aire-

sufficient mice and their Aire-deficient littermates (figure IV.7, table IV.10). The 

causes and/or pathways of the scheduled apoptosis in adult mice seem to differ 

from those in prepubertal mice, in which apoptosis occurs spontaneously (see 

Introduction 2.2.2.1 and 2.2.2.2). This can be observed in transgenic mice 

expressing Bcl2, or over-expressing Bcl-XL, which don’t undergo the prepubertal 

wave of spermatogenesis but show normal sporadic apoptosis later in life 

(Rodriguez et al., 1997).
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Our study found, as reported previously (Rodriguez et al., 1997), substantially 

dropped apoptotic rates in 3-month-old Aire-sufficient testis: 0.28% apoptotic 

cells were detected in LA-Aire-sufficient (StDev 0.06) and 0.34% in HD-Aire-

sufficient mice (StDev of 0.04), which is around one fifth of the 3-week level. 

However, in 3-month-old Aire-deficient mice, we discovered apoptotic values 

increased by factor two. In LA-Aire-deficient testis 0.56% of cells apoptose (StDev 

0.05) and in HD-Aire-deficient mice 0.59% (StDev 0.04)  (p = 0.00005 for LA-Aire 

mice; p = 0.00001 for HD-Aire mice). As in the 3-week-old Aire-deficient tubules, 

no anatomic abnormalities were seen.

As in the testis of 3-week-old mice, the apoptotic values in 3-month-old HD-Aire 

+/-, Rag-1 -/- and HD-Aire -/-, Rag-1 -/- testis were similar to the value in HD-Aire 

+/- and HD-Aire -/- testis only, excluding an involvement of the adaptive immune 

system (figure IV.7, table IV.10).

In 3-month-old testis, all germ cell subtypes in Aire-deficient testis - 

spermatogonia, spermatocytes and spermatids - seem to be affected by the 

increase in apoptosis, though the highest increase was in spermatocytes from 

pachytene stages onward (SpcII), as seen in figure IV.9.

Figure IV.9: Percentage of apoptotic germ cells, stratified according to cell differentiation stage
Bars  represent the arithmetic mean with standard deviation of the percentage of apoptotic germ 
cells in 3-month-old HD-Aire- and LA-Aire-sufficient (+/- and +/+) as  well as in HD-Aire- and LA-
Aire-deficient mice. Each data set was obtained from five mice and 100 seminiferous tubules each 
were evaluated. Spg = spermatogonia; Spc I = early spermatocytes; Spc II = spermatocytes from 
late pachytene stages onward; Spd = spermatids.
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3.2 Scheduled apoptosis in mismatch-repair-deficient mice

The observation that Aire-deficiency leads to around 25% reduced apoptosis in 3-week-

old testis but to twice as much apoptosis in 3-month-old testis, raised the question 

regarding the underlying reasons for apoptosis in Aire-sufficient mice. Two 

hypotheses are reasonable: the first is that the apoptotic wave in prepubertal mice 

establishes a critical ratio of germ cells to their supporting Sertoli cells (Rodriguez 

et al., 1997). The second proposes that mutated DNA, which was generated during 

meiosis I, triggers the cell death (Rodriguez et al., 1997; Mori et al., 1997). 

According to the first ‘homeostasis’ hypothesis, almost any substantial reduction 

in apoptosis - regardless of the cause - would disturb the strict stoichiometry, 

leading to dysfunction of spermatogenesis. However, according to the second 

hypothesis, a reduction in apoptosis would increase the amount of cells with 

mutations, but would not severely affect spermatogenesis per se.

To test those hypotheses, we studied the effect of a dominant negative mutant 

transgene of the mismatch-repair protein Pms2, referred to as morphogene 

(Nicolaides et al., 2005). Inheritance of a compromised version of this gene 

predisposes humans to hereditary nonpolyposis colon cancer (HNPCC) (Nicolaides 

et al., 1998) and, if introduced into cells of bacteria, yeasts, plants and mammals, 

increases the rate of genome-wide mutagenesis (Nicolaides et al., 2005). Pms2 is 

best known as the E.coli MutL homologue and functions in DNA mismatch-repair, 

thereby contributing to genomic integrity. But Pms2 is also a link to apoptosis of 

cells damaged beyond repair, thereby reducing the mutational load; it stabilizes the 

apoptosis-inducing protein p73 (Shimodaira et al., 2003; Ramadan et al., 2005) 

and is a direct target of p53 (Chen and Sadowski, 2005), which triggers the 

intrinsic apoptotic pathway (see Introduction 2.2.2.2).

Pms2-deficient somatic mouse cells apoptose less in response to DNA damage 

(Zeng et al., 2000) and so we investigated the apoptotic rates in transgenic 

morphogene germ cells. Indeed, in 3-week-old mice testis we found the 

percentage of apoptotic cells reduced by almost half (figure IV.7, table IV.10). LA-

Aire-sufficient morphogene testes had 0.94 % and HD-Aire-sufficient morphogene 

testis 0.89% apoptotic cells, whereas the non-morphogene testis showed values 

around 1.6%. Also, in Aire-deficient 3-week-old mice a reduction was observed: in 

that 0.78% of germ cells apoptose in LA-Aire-deficient morphogene and 0.67% in 

HD-Aire-deficient morphogene mice (around 1.2% of germ cells are apoptotic in 

non-morphogene Aire-deficient testis). In 3-month-old transgenic morphogene 

RESULTS
64



mice, no significant difference was noticeable. In all mice, the seminiferous tubules 

appeared normal, without any anatomic abnormalities.

The results showed that the morphogene can reduce the levels of scheduled 

apoptosis in germ cells, and thus can interfere with the critical ratio of germ cells to 

Sertoli cells. Because this does not affect adult spermatogenesis, but increases 

the mutational load, this might be an evidence for a contribution postulated by the 

second hypothesis, which interprets the prepubertal apoptotic wave as a 

consequence of mutated DNA. If this is correct, then up to 80% of germ cells in 3-week-

old Aire-sufficient mice could contain mutations. Because over 80% of cells are 

deleted during this prepubertal time (Rodriguez et al., 1997), this translates into the 

1.6% steady-state level of apoptotic cells scored in the evaluated tissue sections. 
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Table IV.10: Apoptotic values 
The table shows the arithmetic mean and the standard deviation of the percentage of apoptotic 
germ cells  for each data set. Each data set was  obtained from five mice (except for three HD-Aire 
+/+ Rag-1 -/-) and 100 seminiferous tubules each were evaluated. 
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Mice Age Mean StDev

LA-Aire +/- or LA-Aire  +/+ 3-week 1.67 0.14

HD-Aire +/- or HD-Aire +/+ 3-week 1.59 0.10

HD-Aire +/+ Rag-1 -/- 3-week 1.72 0.02

LA-Aire -/- 3-week 1.23 0.14

HD-Aire -/- 3-week 1.24 0.10

HD-Aire -/- Rag-1 -/- 3-week 1.15 0.11

LA-Aire +/- or LA-Aire +/+ 3-month 0.28 0.06

HD-Aire +/- or HD-Aire +/+ 3-month 0.34 0.04

HD-Aire +/+ Rag-1 -/- 3-month 0.46 0.21

LA-Aire -/- 3-month 0.56 0.05

HD-Aire -/- 3-month 0.59 0.04

HD-Aire -/- Rag-1 -/- 3-month 0.67 0.12

LA-Aire +/- morpho or LA-Aire +/+ morpho 3-week 0.94 0.19

HD-Aire +/- morpho or HD-Aire +/+ morpho 3-week 0.89 0.16

LA-Aire -/- morpho 3-week 0.79 0.06

HD-Aire -/- morpho 3-week 0.67 0.13

LA-Aire +/- morpho or LA-Aire +/+ morpho 3-month 0.43 0.10

HD-Aire +/- morpho or HD-Aire +/+ morpho 3-month 0.30 0.05

LA-Aire -/- morpho 3-month 0.31 0.11

HD-Aire -/- morpho 3-month 0.38 0.18



4. Ubiquitin protein quantification in testes of Aire-deficient mice

The first PHD zinc finger of the AIRE protein has been shown to have E3 ubiquitin 

ligase activity (see Introduction 1.2.3 and 1.2.6)  (Uchida et al., 2004), suggesting a 

possible physiological role of AIRE in the ubiquitin proteasome pathway.

The ubiquitin proteasome pathway plays an essential role in a variety of cellular 

processes, such as cell cycle progression, degradation of intracellular proteins, 

membrane receptor endocytosis and apoptosis (Hershko and Ciechanover, 1998). 

In spermatogenesis, the ubiquitin-proteasome system is required for apoptosis 

and the degradation of numerous proteins throughout the proliferative, meiotic and 

haploid phase as well as in the epididymis (see Introduction 2.1.3) (Baarends et al., 

2000). E3 ubiquitin ligases catalyze the attachment of ubiquitin to the amino group 

of the substrates lysine residue, thereby forming an isopeptide bond. Several 

attached ubiquitin molecules form a polyubiquitin chain that serves as a 

recognition marker for degradation by the 26S proteasome (Dahlmann, 2005).

The importance for the ubiquitin proteasome pathway in spermatogenesis was 

demonstrated in mice lacking Uchl-1 (ubiquitin C-terminal hydrolase L-1) (gad 

mice), a molecule controlling the cellular ubiquitin balance by releasing conjugated 

ubiquitin from unfolded proteins (Wing, 2003). Prepubertal testis of gad mice show 

significantly fewer apoptotic cells, and adult mice have reduced sperm counts in 

the epididymis as well as defective spermatozoa (Kwon et al., 2005). Aire-deficient 

testis also show reduced apoptotic levels during prepuberty and reduced sperm 

counts in adulthood. If AIRE functions as an E3 ubiquitin ligase, attaching ubiquitin 

to misfolded proteins, then Aire-deficiency might be detectable as higher free 

monoubiquitin levels in the seminiferous tubules.

We stained paraffin testes sections of three adult HD-Aire-sufficient mice and three 

HD-Aire-deficient littermates with an α-ubiquitin antibody (see Materials and 

Methods 1.12 and 2.6). Positively stained germ cells were quantified in 80 

seminiferous tubules: ubiquitin was clearly detectable (figure IV.11 A and B), but no 

significant difference between Aire-sufficient and Aire-deficient mice was evident. 

Ubiquitin was detectable in 28.1% of the germ cells in Aire-sufficient testis and in 

25.4% in Aire-deficient testis (figure IV.11 E). Germ cells close to the basal lamina 

stained more frequently. Ubiquitin was as well detected in the epididymis and in 

epididymial spermatozoa in Aire-sufficient (not shown) and Aire-deficient mice 

(figure IV.11 D), though no quantification was carried out. 
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Figure IV.11: Ubiquitin protein detection in testis  and epididymis and percentage of ubiquitin-
positive germ cells in seminiferous tubules
Paraffin sections  of seminiferous tubules of Aire-sufficient (A) and Aire-deficient (B) testis stained 
with α-ubiquitin antibody. Ubiquitin-positive cells (brown staining) were detected in germ cell close 
to the basal lamina. C: positive control showing neurons with staining threads and tangles in the 
entorhinal cortex of a Alzheimer patient. D: strong ubiquitin staining was  as  well detectable in the 
epididymis of Aire-deficient (D) mice. The graph (E) shows the arithmetic mean of the percentage of 
ubiquitin-positive germ cells  for Aire-sufficient (+/+) and Aire-deficient (-/-) testis. Each data set was 
obtained from three mice and 80 seminiferous tubules each were evaluated. Scale bar in picture A, 
B and C represents 50 μm, in picture D 40 μm. 

5. Fertility assay with Aire-deficient mice

Male and female APECED patients suffer from gonadal dysfunction. The testicular 

failure, which can be heterogenous, is observed in 14% of the patients and leads 

to reduced fertility or complete infertility (Perheentupa, 2006)  (see Introduction 

1.2.1.2). In APECED patients, autoantibodies against key enzymes involved in the 
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hormonal regulation of spermatogenesis, which might be one of the possible 

reasons for the observed infertility, can be found (see Introduction 2.1.4.1). LA-

Aire-deficient mice show a substantial drop in fertility as well (Ramsey et al., 2002) 

(see Introduction 1.2.5). We already found an unusual pattern of apoptosis in 3-week- 

and 3-months old Aire-deficient mice that is independent of the adaptive immune 

system. Therefore we investigated whether the observed apoptotic pattern 

translates into abnormal mature spermatozoa in the epididymis. In the epididymis, 

post-testicular maturation takes place and spermatozoa gain full motility and the 

potential to fertilize an oocyte (see Introduction 2.1.3).

The testis, epididymis and the epididymial spermatozoa in Aire-deficient mice 

show no anatomic abnormalities (figure IV.12 A and B), but a sperm count with 

spermatozoa of the whole epididymis (caput, corpus  and cauda)  of Aire-deficient 

mice showed a significant decline when compared to Aire-sufficient littermates 

(figure IV.13 A, table IV.14 ). We counted half as many spermatozoa in Aire-deficient 

mice, with a mean of 13.5 x 106 spermatozoa in Aire-sufficient mice and a mean of 

7.7 x 106 spermatozoa in Aire-deficient mice (p = 0.049). In one Aire-deficient 

mouse we observed values 10 times lower. The data were obtained from five mice 

each. Two of the Aire-deficient males were infertile and had no offspring after 

mating with young C57BL/6 females for six months. The remaining three Aire-

deficient males were subfertile and didn’t produce as frequent offspring when 

compared to C57BL/6 mice.

After assessing the morphology and concentration of epididymial spermatozoa, we 

looked at the quality in terms of motility and compared the number of progressive 

(motile), twitching and immobile spermatozoa between the two sets of mice (figure 

IV.13 B, table IV.14). For fertilization, progressive motile spermatozoa are essential 

and their optimal concentration differs between species. Though we didn’t detect a 

significant difference between Aire-sufficient and Aire-deficient mice (figure IV.13 

B), we found the number of progressing spermatozoa in all Aire-deficient mice 

lowered when compared to their Aire-sufficient littermates. The two infertile mice 

had on average only 5.4% progressing spermatozoa, their Aire-sufficient 

littermates twice and four times as many. Nevertheless, those experiments showed 

that Aire-deficiency mainly affects the quantity and to a lesser degree the quality in 

terms of motility of epididymial spermatozoa.
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Figure IV.12: Morphology of epididymis and epididymial spermatozoa
A: H&E stain of Aire-deficient epididymis  with no detectable anatomic abnormality. B: Spermatozoa 
of Aire-deficient mice showing no anatomic abnormalities. Epididymial tissue and spermatozoa 
were investigated in five Aire-sufficient and five Aire-deficient littermates. Scale bar in picture A 
represents 60 μm, in picture B 40 μm. 

Figure IV.13: Fertility assay evaluating the number and motility of epididymial spermatozoa
Graph A shows the arithmetic mean of the amount of spermatozoa in Aire-sufficient and Aire-
deficient epididymides. Graph B shows the arithmetic mean of the percentage of progressing, 
twitching and immobile spermatozoa in Aire-sufficient and Aire-deficient epididymides. All data sets 
were obtained from five mice each.
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Table IV.14: Fertility assay evaluating the number and motility of epididymial spermatozoa
Table shows the exact values for the amount of spermatozoa in Aire-sufficient and Aire-deficient 
epididymides as well as of the percentage of progressing, twitching and immobile spermatozoa in 
Aire-sufficient and Aire-deficient epididymides. 

Mice HD Aire +/- HD Aire -/- (infertile)

Sperm count 7 x 106 8 x 105

Progressing sperm 20.10% 5.35%

Twitching sperm 29.10% 5.35%

Immotile sperm 50.80% 89.30%

Mice HD Aire +/+ HD Aire -/- (infertile)

Sperm count 1.8 x 107 1.1 x 107

Progressing sperm 11% 5.50%

Twitching sperm 12.50% 4%

Immotile sperm 76.50% 90.50%

Mice HD Aire +/- HD Aire -/- (subfertile)

Sperm count 1.75 x 107 1.4 x 107

Progressing sperm 43.50% 37%

Twitching sperm 22.20% 26.60%

Immotile sperm 34.30% 36.40%

Mice HD Aire +/- HD Aire -/- (subfertile)

Sperm count 1.4 x 107 5 x 106

Progressing sperm 30% 24%

Twitching sperm 22.10% 28%

Immotile sperm 47.90% 48%

Mice HD Aire +/- HD Aire -/- (subfertile)

Sperm count 1.1 x 107 7.9 x 106

Progressing sperm 35.30% 26.30%

Twitching sperm 17.10% 36.50%

Immotile sperm 47.60% 37.20%
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CHAPTER V: DISCUSSION

1 The early wave of apoptosis in spermatogenesis: establishment of 

homeostasis between germ cells and Sertoli  cells or triggered by a quality 

checkpoint for genomic health?

In our study we investigated the influence of Aire-deficiency and mismatch-repair-

deficiency on the early wave of apoptosis during the first round of 

spermatogenesis and the long range effects on sporadic apoptosis during 

adulthood. In agreement with previous studies (Rodriguez et al., 1997) we found on 

average 1.65 % of germ cells apoptotic during the first round of spermatogenesis 

and around 0.3% during adulthood (see Results 3.1).

The underlying reasons for the prepubertal, scheduled wave of apoptosis were 

previously unknown. Our results question the proposed hypothesis that a critical 

ratio between germ cells and the supporting Sertoli cells had to be established in a 

short time frame, resulting in apoptosis of the ‘surplus’ germ cells (homeostasis 

hypothesis) (Rodriguez et al., 1997). Additionally, it had been suggested that 

mutated DNA, caused eventually by DNA rearrangements during meiosis, triggers 

the apoptotic wave (checkpoint hypothesis) (Mori et al., 1997; Rodriguez et al., 

1997). According to the homeostasis hypothesis, a substantial reduction of 

apoptosis during prepuberty influences the strict stoichiometry between germ cells 

and Sertoli cells and might disrupt normal spermatogenesis later in life. Rodriguez 

et al. (1997) established that a complete disruption of the scheduled apoptotic 

wave, as observed in transgenic Bcl2 mice, or mice that overexpress Bcl-XL, 

results in sterility and severely reduced numbers of spermatocytes, spermatids and 

spermatozoa during adulthood. In our study we showed that mice carrying the 

morphogene (Nicolaides et al., 2005), a dominant negative mutant transgene of the 

mismatch-repair protein PMS2, have substantially reduced apoptosis at three 

weeks of age. The percentage of apoptotic cells dropped by almost half resulting 

in around 0.92% of apoptotic germ cells versus 1.65% in non-morphogene testis 

(see Results 3.2). The decline in apoptosis was expected because PMS2 stabilizes 

the apoptosis activating protein p73 (Shimodaira et at., 2003) and is a direct target 

of p53 (Chen and Sadowskyt, 2005), thereby contributing to genomic integrity 

through DNA repair and promoting apoptosis of cells damaged beyond repair. But 

the substantially reduced wave of apoptosis in 3-week-old morphogene mice had 

no obvious effect later in life. The morphology and the apoptotic values in 3-month-

old morphogene testes are similar to those in wild-type mice (see Results 3.2).

DISCUSSION
72



This leads to the conclusion that the scheduled wave of apoptosis during the first 

round of spermatogenesis in 3-week-old mice seems not to be a developmental 

necessity to establish a distinct ratio between germ cells and Sertoli cells. 

Certainly, Sertoli cells are crucial for germ cell development (see Introduction 

2.1.4.2)  and their ideal supportive capacity is limited to a particular number of 

germ cells. However, this number might be somewhat flexible, rather than fixed. 

One important function of Sertoli cells is to transduce hormonal signals to germ 

cells, since germ cells lack receptors for FSH and testosterone, the two major 

hormones regulating spermatogenesis (see Introduction 2.1.4.1). Mice with missing 

receptors on Sertoli cells for both hormones, thereby mimicking Sertoli cell 

deficiency, show highly reduced germ cell numbers due to failure to progress 

beyond early meiosis later in life (Abel et al., 2008). On the other hand, a higher 

number of Sertoli cells, which can be induced by FSH or by perinatal induction of 

hypothyroidism, increases the spermatogenic output of the testis (de Kretser, 

2007). These data suggest that a certain ratio of Sertoli cells and germ cells is 

needed for optimized spermatogenesis, but that unless the number of Sertoli cells 

is not significantly diminished, spermatogenesis is not impaired.

Rather than establishing a strict homeostasis between the supporting Sertoli cells 

and the germ cells, we propose that the scheduled outburst of apoptosis in the 

prepubertal mouse might be instead a checkpoint for genomic health. As 

discussed in the introduction, the development of haploid spermatozoa is a 

complex process. All three major phases, the proliferative, meiotic and haploid, are 

prone to errors and DNA damage that eventually jeopardize the genomic health of 

the offspring. So far, several checkpoints are known to be monitoring specific 

developmental steps. This becomes apparent as many mutations affecting various 

cellular processes induce spermatogenic arrest and apoptosis at specific 

developmental stages (de Rooij and de Boer, 2003).

The proliferative phase (see Introduction 2.1.2.2) is particularly important for 

spermatogenesis: spermatogonial stem cells must replicate themselves error-free 

or go through multiple mitotic divisions to become type B spermatogonia. The 

multiple mitotic cell divisions in conjunction with the lifelong continuous 

spermatogonial stem cell renewal after puberty (de Rooij et al., 1998) generate 

spontaneous point mutations, leading from two (Bohossian et al., 2000) to six 

times higher mutational rates in the male than in female germline (Hurst and 

Ellegren, 1998). This mutation rate highlights the need for mitotic checkpoints 

during this developmental phase to keep the germline stable. In somatic cells three 
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mitotic checkpoints are known: the start checkpoint, at which the cell commits to 

enter the cell cycle, the G2/M checkpoint that triggers chromosome alignment on 

the spindle in metaphase, and the spindle assembly checkpoint (SAC) that 

stimulates sister chromatid separation leading to completion of mitosis. The start 

as well as the G2/M checkpoint are able to detect DNA damage and, if not 

repaired, subsequent higher levels of p53 cause cell cycle arrest and/or apoptosis 

(Harrison and Haber, 2006). Not much is found in the literature about specific 

differences in mitotic checkpoints for germ cells when compared to somatic cells. 

Previous results suggest that similar checkpoints are involved, but the checkpoint 

proteins differ between somatic and germ cells (Jeganathan and van Deursen, 

2006).

The meiotic phase (see Introduction 2.1.2.3)  is especially prone to error: in the long 

prophase of meiosis I, the duplicated homologous chromosomes pair during 

leptotene and the sister chromatids have to be held together via the cohesin 

complex. At zygotene, the chromosomes synapse with help of the synaptonemal 

complex. At pachytene, DNA double-strand breaks occur at several locations in 

each sister chromatid, resulting in large numbers of DNA recombination events 

between the homologues. Failure in any of those three processes leads to 

apoptosis of spermatocytes during pachytene (Yuan et al., 2000; Revenkova et al., 

2004; Barchi et al., 2005), though different opinions have been discussed with 

regard to the existence of one or two different checkpoints for synapsis and 

unrepaired DNA damage due to failed recombination (Hamer et al., 2008; Li and 

Schimenti, 2007). After diplotene, in which the synaptonemal complex 

disassembles and the chromosomal pairs segregate, the cells enter metaphase I. 

At this time, the sister chromatids attach to the same pole (monopolar attachment), 

whereas the homologues attach to the opposite spindle pole (bipolar attachment) 

and segregate apart from each other (reductional segregation) during anaphase I. 

In contrast, at metaphase of meiosis II, the sister chromatids attach to the 

opposite poles and then segregate apart from each other (equational segregation) 

during anaphase II, a process that closely resembles mitosis. These distinct types 

of chromosome segregation depend on distinct types of spindle attachment of the 

chromosomes. The spindle assembly checkpoint (SAC), which plays as well an 

important role during mitosis, seems to control the proper attachment during 

metaphase I and metaphase II (Yamamoto et al., 2008), though the specific 

mechanisms might differ in mitosis and meiosis (Jeganathan and van Deursen, 

2006).
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During the haploid or spermiogenic phase (see Introduction 2.1.2.4) intensive 

cytoplasmatic and nuclear reorganization takes place. The development of the 

acrosomal vesicle is accompanied by major morphological changes depending on 

many genes and controlled by a checkpoint (de Rooij and de Boer, 2003). The 

existence of checkpoints was confirmed in several knockout mouse models in 

which virtually all spermatids underwent apoptosis at a specific developmental 

stage (Kang-Decker et al., 2001; Martianov et al., 2002). Almost in synchrony with 

the development of the acrosome, the nucleus condenses into transcriptionally 

inactive DNA. This is due to the replacement of the majority of histones first by 

transition proteins and then by protamines (Meistrich et al., 2003). Though 

protamine packed DNA is more resistant to DNA damage, it has been shown that 

the chromatin of spermatozoa often contains double- or single-strand breaks that 

may have been induced either by the protamine replacement, by reactive oxygen 

species (ROS) or by mutagens (Shaman et al., 2006). The presence of DNA strand 

breaks may often results in apoptosis (Sakkas et al., 2003), suggesting postmeiotic 

checkpoints during the haploid phase (Clemente et al., 2006). Further possible 

checkpoints during the proliferative, meiotic and spermiogenic phase can be 

reviewed by de Rooij and de Baer (2003).

The necessity for checkpoints that monitor the complex and lifelong processes of 

spermatogenesis and result in eventual apoptosis of non-functional germ cells, is 

apparent. Still, this doesn’t explain why one or several checkpoints during the 

initial round of spermatogenesis might trigger such an apoptotic wave. The 

possible explanation might be found in the developmental processes that occur in 

the pre- and neonatal testis. The foundation of spermatogenesis starts in the 

mouse at day 7.25 post coitum (pc)  (Ginsburg et al., 1990) with only a few founder 

cells (primordial germ cells)  (Clark and Eddy, 1975). After migration to the genital 

ridge and differentiation, the cells, now termed gonocytes (McLaren, 2003), 

undergo a prenatal wave of apoptosis (Wang et al., 1998). The surviving cells 

undergo two or three rounds of mitosis, and male gonocytes subsequently enter 

mitotic arrest in the G0/G1 phase of the cell cycle between day 12.5 pc and 15.5 

pc, now referred to as prospermatogonia (McLaren, 2003). After birth, those few 

prospermatogonia establish the spermatogonial stem cell niche and reinitiate 

mitosis at day 1.5 post partum  (pp)  (Vergouwen et al., 1991). During this neonatal 

phase, the number of prospermatogonia increases dramatically (Shinohara et al., 

2000). Until puberty several doublings occur resulting in 2-3 x 104 spermatogonial 
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stem cells which are the source for life-long and continuous spermatogenesis 

(Tegelenbosch and de Rooij, 1993). 

Besides the extensive cell proliferation in the spermatogonial stem cell pool, 

another important process, epigenetic reprogramming, takes places during the 

pre- and neonatal development of the testis. Epigenetic reprogramming regulates 

via DNA modifications like methylation, tissue-specific gene expression, imprinting 

of genes and silencing of transposable elements (Goll and Bestor, 2005). Upon 

fertilization and at the blastocyst stage, the male genome is actively and passively 

demethylated (Santos et al., 2002), whereas parentally methylated imprinted genes 

are excluded (Lane et al., 2003; Morgan et al., 2005). With the differentiation of the 

first two cell lineages - the inner cell mass and the trophectoderm, de novo 

methylation occurs (Santos et al., 2002). At gametogenesis another round of 

reprogramming happens. The genome in the gonocytes is extensively 

demethylated between day 11.5 and 12.5 pc, including imprinted genes (Yamazaki 

et al., 2003). This wave of demethylation controls the expression of several genes 

required for gametogenesis by abolishing the silencing effect of methylation 

(Maatouk et al., 2006). De novo methylation in the male germline starts day 15.5 pc 

in the entire cohort of mitotically quiescent prospermatogonia, thereby silencing 

and imprinting parts of the genome (Bourc’his and Viegas-Pequignot, 2001; 

Trasler, 2006). Methylation is completed by day 17.5 pc in repetitive elements 

(Lees-Murdock and Walsh, 2003), but is only finished after birth at differentially 

methylated regions (DMRs) of imprinted loci (Li et al., 2004). Failure can contribute 

to male infertility and other conditions including cancer, neurological and 

immunological disorders and aging (Rodenhiser and Mann, 2006; Egger et al., 

2004). Not only is epigenetic reprogramming a complex process with several 

cycles of methylation and demethylation, de novo methylation of CpG sites also 

has a high potential of inducing mutations. 5-methylcytosine often spontaneously 

deaminates to thymine, giving rise to C to T transition mutations (Bestor and 

Coxon, 1993). Furthermore, spermatogonia must maintain the methylation patterns 

for a large number of mitotic divisions prior to meiosis which increases the load of 

C to T mutations (Schaefer et al., 2007). 

The intense proliferation of prospermatogonia together with epigenetic 

reprogramming during the pre- and postnatal period might require additional 

surveillance. The prepubertal round of spermatogenesis might be an initial test run 

with specific screening checkpoints of the developing germ cells for mutations and 

epigenetic defects. Affected spermatogonial stem cells and their descents undergo 

DISCUSSION
76



apoptosis, thereby establishing a more pristine pool which builds the foundation 

for lifelong spermatogenesis. In addition, the above mentioned meiotic 

checkpoints might control the germ cells “meiotic competence”. Cells with meiotic 

errors or protein defects in the meiotic machinery are subject to apoptosis as well, 

which can explain why our study found germ cells in 3-week-old mice from late 

pachytene stages onward mostly affected (see Results 3.1). Noteworthy in this 

context is that p53 is present in large amounts in pachytene spermatocytes of 

prepubertal testis, whereas its level decreases dramatically in adult germ cells 

(Rodriguez et al., 1997).

Taken together, we favor that the prepubertal outburst of apoptosis is not a way to 

establish homeostasis between germ cells and Sertoli cells, but is triggered by a 

checkpoint for genomic health. The two hypotheses are not mutually exclusive, but 

the second hypothesis provides a potential connection to the sporadic apoptosis 

that occurs during adulthood. Our study found a substantial reduction of apoptosis 

in 3-week-old Aire-deficient mice (see Results 3.1). Compared to Aire-sufficient 

littermates around 25% less germ cells apoptose during the early wave of 

spermatogenesis. This effect translates into a significant increase in apoptosis later 

in life. In adult, 3-month-old Aire-deficient testis we found on average 0.58% of 

germ cells apoptotic, almost twice as many as in Aire-sufficient littermates. The 

general underlying cause of adult sporadic apoptosis in not well understood, but 

mostly spermatogonia undergo apoptosis during the latter part of the proliferative 

phase, suggesting a checkpoint at this developmental stage (Eddy, 2002). We 

propose that the in our study observed long-range effect of increased apoptosis in 

Aire-deficient mice might be caused by an ineffective prepubertal checkpoint. 

Spermatogonial stem cells with mutations and/or epigenetic defects can survive 

the prepubertal surveillance and give rise to spermatogonia and spermatocytes 

which apoptose at a higher rate, as seen in our experiments, during adulthood as a 

consequence of deleterious mutations. Germ cells that can’t apoptose, as seen in 

the morphogene mouse, would carry a higher mutational load. 

Aire-deficiency clearly seems to have an influence on the early wave of apoptosis 

during the first round of spermatogenesis which correlates with increased 

apoptotic values later in life. Its specific role in spermatogenesis though is unclear. 

The next sections discuss how AIRE, based on its structure and features, could 

potentially influence spermatogenesis and cause the above discussed effects on 

apoptosis in the testis. 
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2. Potential role of AIRE during spermatogenesis

2.1 AIRE as transcriptional activator for gene expression

AIRE’s role in the immune system is well established. In the thymus, AIRE is found 

in medullary thymic epithelial cells (mTECs), promoting the transcription of around 

1500 (Derbinski et al., 2005) peripheral tissue antigen (PTA)-encoding genes 

(Anderson et al., 2002; Liston et al., 2003; Anderson et al., 2005; Kont et al., 2008), 

which represent nearly all organs in the body (Derbinski et al., 2001) (see 

Introduction 1.2.4). In our study we tested whether some of these genes controlled 

by AIRE in the thymus are also under AIRE control in the testis, another location 

with promiscuous gene expression (Chalmel et al., 2007). But the results showed 

that the subset of genes we examined are under different transcriptional regulation 

in the two tissues (see Results 2.). Recent results found AIRE to be responsible for 

transcription of PTA-encoding genes in peripheral lymphoid organs, where 

extrathymic Aire-producing cells (eTACs) were detected (Gardner et al., 2008). 

Around 150 genes were shown to be under AIRE control, representing a 

complementary pool of self-antigens. Hence, AIRE might be in charge in 

controlling the transcription of a different subset of genes in the testis than in the 

thymus. Furthermore, as in the thymus, where not all PTA-encoding genes are 

dependent on AIRE, also the transcripts found in the testis are most likely 

transcribed by many different factors. The fact that male germ cells express a 

diverse group of transcription factors (Eddy, 2002), supports this hypothesis.

The answer to the question of how AIRE promotes the expression of PTA-genes is 

still unclear. AIRE, based on its domains (see Introduction 1.2.3) is a multifunctional 

protein. Its core domains, the CARD, SAND and two PHD zinc fingers, suggest a 

function as a transcriptional activator and therefore regulator of gene expression. 

PHD zinc fingers are known to interact with histones (Mellor, 2006), the structural 

core units of chromatin. Recently, AIRE has been shown to interact with chromatin 

in vivo. Its first PhD zinc finger binds to the aminoterminal tail of unmethylated 

histone H3K4 (H3K4me0), a recognition code for silenced genes (Koh et al., 2008; 

Org et al., 2008), suggesting a role for AIRE as an epigenetic regulator. In mTECS, 

the PTA-encoding genes are usually not highly expressed and therefore 

unmethylated or monomethylated at H3K4 (Org et al., 2006). By binding to 

H3K4me0 and the DNA-dependent protein kinase (DNA-PK)  complex, AIRE could 

function as an transcriptional activator, possibly via the activation of RNA 

polymerase II, and initiate gene expression. The binding properties of AIRE’s first 

PHD zinc finger to H3K4me0 are very similar in DNMT3L (DNA (cytosine-5) 
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methyltransferase 3-like), an important epigenetic regulator in germ cells (Koh et 

al., 2007). As a neighboring gene of Aire, the potential influence of the Aire-

knockout mouse models on Dnmt3l’s function will be discussed in the last section 

of this chapter.

In the testis, a similar mechanism of transcriptional regulation might be possible. 

The previous section discussed the necessity for a prepubertal checkpoint in 

spermatogonial stem cells and their descendants. By scanning the genome for 

mutations or epigenetic defects resulting from pre- and postnatal development, 

germ cells damaged beyond repair would die, resulting in the prepubertal wave of 

apoptosis during the first round of spermatogenesis. The prepubertal quality 

checkpoint and the expression of numerous genes might be closely connected. In 

general, testis development and spermatogenesis require well-ordered and 

sequential changes in gene expression. Microarray studies revealed almost 10,000 

transcripts expressed differentially in a significant manner (Shima et al., 2004). The 

role these transcripts play is unclear and many genes from which these transcripts 

originate are undefined (Schulz et al., 2008). Gene cluster analysis found several 

distinct expression patterns within a time course of testis development (Shima et 

al., 2004): a major increase in expression occurs the first few days after birth and 

around day 10 post partum (pp). The most significant change can be observed in 

two gene clusters starting day 14 to day 30 pp, when numerous transcripts are 

about to get expressed (Shima et al., 2004). Interestingly, many of those transcripts 

starting to be expressed around day 14 pp are spermatid specific transcripts, 

though at this time, only spermatocytes can be observed in the testis. The 

expression of those numerous transcripts in the testis during the prepubertal 

period might be supported by AIRE. In our studies we detected a high amount of 

AIRE protein in 3-week-old Aire-sufficient testis, where 0.44% of the germs cells 

were AIRE positive (see Results 1.2). In comparison, in 3-month-old mice 0.15% of 

germs cells stained positive for AIRE. This equals a 10- to 35-fold lower 

abundance of AIRE compared with that of β-actin per cell. Similar as in mTECs, 

AIRE could bind to unmethylated histone H3K4 of silenced genes, opening the 

chromatin structure, permitting further activators to operate. The observed gene 

clustering of PTA-encoding genes (Johnnidis et al., 2005) and germ cell specific 

genes supports this mechanism (Shima et al., 2004). Assuming AIRE contributes to 

the numerous expression of transcripts during prepuberty, this still doesn’t answer 

if the AIRE-dependent expression is part of a prepubertal checkpoint for genomic 

health. The early expression of spermatid specific transcripts might be an indicator 
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that genes are tested before finally translated into a functional protein at a later 

developmental stage. Our observation that Aire-deficiency alters the apoptotic 

rates in germ cells during prepuberty and adulthood, might be another sign (see 

Results 3.1). In Aire-sufficient 3-week-old mice on average 1.63% of all germ cells 

apoptose, in Aire-deficient mice this value substantially drops to 1.23%, which 

represents a 25% reduction. But later in life, Aire-deficiency is accompanied with 

an increase in apoptosis. Aire-sufficient 3-month-old mice show on average 0.31% 

apoptotic germ cells, whereas in Aire-deficient mice twice as many germ cells die. 

In general, germ cell apoptosis can be driven by different mechanisms and can be 

caspase-dependent or -independent (Lockshin and Zakeri, 2004). The scheduled 

wave of apoptosis during prepuberty and the sporadic apoptosis throughout 

lifetime seem to have different underlying causes and apoptotic pathways. This 

can be seen in transgenic mice expressing Bcl2, which is usually not significantly 

expressed in testis, or overexpressing Bcl-XL, both anti-apoptotic proteins. The 

two mouse models don’t undergo the prepubertal wave of apoptosis and are 

sterile when mature (Rodriguez et al., 1997; Russell et al., 2001). Though the 

number of spermatocytes, spermatids and spermatozoa is severely decreased, 

spermatogonia are unaffected and have normal sporadic apoptosis (Rodriguez et 

al., 1997). The reasons causing sporadic apoptosis throughout adulthood are not 

known. As mentioned earlier, our results suggest a hypothesis in which the adult 

sporadic apoptosis and the prepubertal scheduled wave of apoptosis are linked 

due to a prepubertal checkpoint for genomic health. And AIRE, based on its 

protein structure and its function in the immune system, could potentially 

contribute to this process. During the prepubertal phase of intense gene 

expression, AIRE is highly abundant and might function as a transcriptional 

activator for different subsets of clustered genes. The promiscuous gene 

expression of silenced meiosis- and/or spermatid-specific or other 

spermatogenesis related genes permits screening for mutations during a 

prepubertal checkpoint. The mutations might have been introduced during the 

critical phase of neonatal spermatogonial stem cell proliferation or during pre- and 

neonatal epigenetic reprogramming. Affected spermatogonia and their 

descendants apoptose, explaining why we found almost four times more apoptotic 

spermatocytes and spermatids than spermatogonia in 3-week-old testis (see 

Results 3.1). The apoptosis itself might be a consequence of the unfolded protein 

response, activated by the translation of mutated transcripts. In case of Aire-

deficiency, promiscuous gene expression of certain genes and therefore 

counterselection of germ cells with mutant genes might not take place, as 
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observed in the testis of 3-week-old mice which show far less apoptosis. Though 

our results mostly found a reduction in spermatocytes, spermatogonia and 

spermatids also died at a lower rate. As a consequence, in 3-month-old Aire-

deficient testis, spermatogonia with mutations were not counterselected during 

prepuberty and had passed on their mutations to spermatocytes and spermatids, 

resulting in twice as much apoptosis in 3-month-old Aire-deficient mice when 

compared to Aire-sufficient littermates. Also, all three major germ cell types 

apoptose in 3-month-old Aire-deficient mice at a higher rate, as seen in our 

results. The regular, sporadic apoptosis in Aire-sufficient mice might be caused by 

other quality checkpoints that monitor mutations throughout adulthood. However, 

AIRE’s involvement in apoptosis in adult mice remains questionable.

Interestingly both, the reduction in apoptosis in 3-week-old mice and the increase 

in 3-month-old mice were highly reproducible (see Results 3.1). The data sets were 

obtained from five mice each and for each group the standard deviation proofed a 

low variability. Even when we used mice with different genetic backgrounds, as the 

HD-Aire and LA-Aire-knockout strains, we observed comparable apoptotic values. 

The gene dosage effect described by Liston et al (2004) was not noticeable and 

the for our apoptotic evaluation used heterozygous and homozygous testes didn’t 

show different values. Furthermore, the increase and reduction were also seen in 

HD-Aire-sufficient and HD-Aire-deficient mice on a Rag-1 -/- background (see 

Results 3.1). By using mice with Rag-1-deficiency, we excluded the genetic 

involvement of the adaptive immune system. In healthy mice, intratubular 

lymphocytes are rare (Naito and Itoh, 2008), because the blood-testis barrier (see 

Introduction 2.1.1.2) shelters parts of the seminiferous tubules from the immune 

system, creating in immunologically privileged site. However, under certain 

pathological conditions (Naito and Itoh, 2008), lymphocytes are able to penetrate 

the blood-testis barrier. Also, in young mice, the blood-testis barrier only begins to 

close around day 12 post partum, at the time when the first wave of 

spermatogenesis is about to start (de Kretser et al., 1998). Rag-1-deficiency 

causes combined B cell and T cell deficiency and assures that in Aire-knockout 

mice, which show lymphocyte infiltration in several organs (see Introduction 1.2.5), 

apoptosis in the testis is not induced by penetrating lymphocytes. This might be 

possible because invading, FAS ligand-bearing lymphocytes are able to induce cell 

death in Fas-presenting spermatogonia and spermatocytes (Lee et al., 1997).

Taken together, AIRE, based on its protein structure and function in the thymus, 

might act as a transcriptional activator in the testis. The promiscuous gene 
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expression, AIRE-dependent or not, might be an essential part of a prepubertal 

checkpoint for quality control of germ cells to assure functional lifelong 

spermatogenesis and genomic health. 

2.2 AIRE as E3 ubiquitin ligase

Based on its protein domains, AIRE appears to be a multifunctional protein (see 

Introduction 1.2.3 and 1.2.6). Besides its proposed function as a transcriptional 

regulator, it has been shown that AIRE’s first PHD zinc finger has E3 ubiquitin 

ligase activity (Uchida et al., 2004). Though this has not been confirmed (Bottomley 

et al., 2005), we quantified in our study the amount of ubiquitin protein in testis 

sections of Aire-deficient and Aire-sufficient mice (see Results 4.). In both, 

ubiquitin is highly abundant in more than one fourth of the germ cells, but no 

significant difference in the percentage of ubiquitin-positive germ cells between 

Aire-deficient and Aire-sufficient mice was evident. Our data are preliminary and 

require more research, but AIRE’s potential function in the ubiquitin pathway will 

still be discussed in this section.

The ubiquitin-proteasome pathway plays an essential role in cell cycle progression, 

signal transduction, cell differentiation, DNA repair and apoptosis (Pickart, 2001). In 

the ATP-dependent pathway, ubiquitin, which is conserved in evolution, is 

activated by ubiquitin-activating-enzyme E1 and transferred to an ubiquitin-carrier-

protein E2. This complex is attached to the target protein, a step catalyzed by a 

variety of substrate-specific E3 ubiquitin ligases. Polyubiquitination leads to 

degradation of the targeted protein into peptides by the 26S proteasome. The 

ubiquitin pathway and the unfolded-protein response (UPR) are closely connected: 

an improper folding of newly translated proteins in the endoplasmatic reticulum 

activates the UPR. Translocation of the misfolded protein back to the cytosol 

results in ubiquitination and degradation by the proteasome. If the accumulation of 

the misfolded proteins causes to much cell stress, the cell dies of apoptosis 

(Kaufman, 2002).

The ubiquitin system and the proteasomal subunits are present at all stages in the 

male germline (Wojcik et al., 2000). During the spermiogenic phase of 

spermatogenesis the ubiquitin system seems to be particularly important and 

removal of ubiquitin enzymes at this stage results in male infertility (Baarends et al., 

2003; Kwon et al., 2003). Gad mice which lack Uchl-1 (ubiquitin C-terminal 

hydrolase L-1), a molecule controlling the cellular ubiquitin balance by releasing 
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conjugated ubiquitin from unfolded proteins (Wing, 2003), show significantly lower 

apoptotic values in prepubertal testis and lower sperm counts and defective 

spermatozoa during adulthood (Kwon et al., 2005).

Potentially, AIRE’s function as a transcriptional activator and E3 ubiquitin ligase 

can coexist (Villasenor et al., 2005). After activation of the expression of 

promiscuous genes, translated and due to mutations misfolded proteins would be 

tagged by ubiquitin, a step catalyzed by AIRE, and degraded. In case of to much 

cell stress, the germ cells die by apoptosis during the prepubertal checkpoint. 

However, a potential function for AIRE as E3 ubiquitin ligase attaching ubiquitin to 

misfolded proteins might be detectable as higher levels of free monoubiquitin in 

germ cells of Aire-deficient mice. But our experiments didn’t detect a difference in 

ubiquitin levels between Aire-sufficient and Aire-deficient testis (see Results 4.). 

Also, a direct involvement of AIRE in marking cells with deleterious mutations can 

not explain the decline in apoptosis as seen in our results in 3-week-old Aire-

deficient testis (see Results 3.1). Misfolded proteins, if not tagged by ubiquitin and 

degraded, would accumulate and induce more apoptosis in comparison with Aire-

sufficient mice. But instead of marking misfolded proteins, AIRE could catalyze the 

tagging of members of the BCL2 family and caspases which have been shown to 

be direct targets for ubiquitination (Yang and Yu, 2003), suggesting a regulation of 

apoptosis by ubiquitination in the testis (Kwon et al., 2007). The balance of pro- 

and anti-apoptotic proteins regulated by ubiquitination has been shown to be 

important for the scheduled prepubertal wave of apoptosis as well as for sporadic 

apoptosis during adulthood (Kwon et al., 2007; Wright et al., 2007).

However, AIRE’s ubiquitin ligase activity could play a more indirect role at the level 

of transcriptional regulation. A correlation between ubiquitination and 

transcriptional regulation of transcription factors or other nuclear factors is well 

established (Conaway et al., 2002), and this can lead either to proteasomal 

degradation or indirect enhancement of those factors (Mathis and Benoist, 2007). 

Thus there may be a variety of pathways by which AIRE could influence not only 

the promiscuous gene expression in thymus and testis, but also functionality of the 

prepubertal checkpoint and apoptosis per se. The production of checkpoint 

proteins could be dependent on the degradation of transcriptional inhibitors, 

similar to the inhibitor of NFκB (IκB) whose ubiquitination and degradation allows 

NFκB to enter the nucleus (Palombella et al., 1994). A nonfunctional prepubertal 

checkpoint results in reduction of apoptosis in germ cells of 3-week-old Aire-
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deficient mice, but ultimately increases apoptosis during adulthood, as seen in our 

experiments. 

2.3. AIRE and a direct involvement in apoptosis?

The recent finding that AIRE’s homogeneously staining region (HSR) corresponds 

to a caspase recruitment domain (CARD) (see Introduction 1.2.3) suggests a direct 

involvement of AIRE in apoptosis. The CARD in AIRE is similar to that of the 

apoptosis-procaspase-activating-factor-1 (APAF-1), a molecule involved in the 

intrinsic apoptotic pathway that depends on the release of cytochrome c into the 

cytosol and is regulated by the BCL2 protein family. APAF-1 molecules oligomerize 

into an apoptosome, and each of the APAF-1 molecules binds to procaspase 9 

molecules, which are activated by their proximity to each other and further activate 

downstream caspases to induce apoptosis (Newmeyer and Ferguson-Miller, 2003). 

CARD only interact with other CARD which thins the field of potential interaction 

partners for AIRE. Like APAF-1, AIRE’s CARD therefore might be involved in the 

oligomerization of AIRE proteins and the formation of protein complexes that 

function in inflammation and apoptosis (Park et al., 2007).

In the thymus, AIRE seems to be directly involved in inducing apoptosis. AIRE-

positive mTECs are short lived cells and survive only for a few days before dying 

by apoptosis. Also, Aire transfection of a thymic epithelial cell line results in 

apoptosis after a short time (Gray et al., 2007). It is proposed that the death of 

mTECs and therefore the high turnover rate of those cells helps to maximize the 

presentation of peripheral tissue-restricted antigens to T cells (Ferguson et al., 

2008).

We can only speculate whether AIRE’s cytotoxicity plays a role during 

spermatogenesis. In 3-week-old testis we detected AIRE protein in around 0.44% 

of germ cells (see Results 1.2). No germ cell stage in which all cells are AIRE-

positive was identified, suggesting a sporadic presence for the protein. At the 

same time, almost four times more germ cells, around 1.65%, die by apoptosis 

(see Results 3.1). If AIRE is, as proposed in the previous sections, involved in the 

promiscuous gene expression in the testis as part of a checkpoint for mutations 

and epigenetic errors, the immediate death of AIRE-positive germ cells would be 

counterproductive by affecting healthy germ cells as well. Still, a mechanism, in 

which AIRE, regardless of whether it might be responsible for the promiscuous 

gene expression, only accumulates in germ cells with mutations, might be feasible. 
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Consequentially, the CARDs could oligomerize several AIRE proteins and the 

formation of protein complexes would trigger apoptosis. As shown in our study, 

Aire-deficiency results in a substantial drop in apoptosis in 3-week-old mice, but 

still around 1.2% of germ cells die. This could be due to a different apoptotic 

mechanism. In 3-month-old mice around 0.15% of germ cells are AIRE-positive 

and twice as many germ cells die. The pathways and reasons for sporadic 

apoptosis in adult mice and scheduled apoptosis in prepubertal mice seem to 

differ, but AIRE still could be directly involved in the apoptosis of certain germ cells 

that had accumulated mutations during their development. On the other hand, the 

increased levels of apoptosis in Aire-deficient adult mice might be caused by a 

different apoptotic pathway; one that induces germ cells to die if they have 

mutations which haven’t been deleted during puberty due to a nonfunctional 

checkpoint.

3. Subfertility in Aire-deficient mice

Aire-deficiency is accompanied by reduced fertility (subfertility). In humans, male 

and female APECED patients suffer from gonadal dysfunction and therefore 

reduced fertility (Perheentupa, 2006)  (see Introduction 1.2.1.2). In HD- and LA-Aire-

deficient mice, we observed a significant drop in fertility, as well. In our study we 

evaluated morphology, concentration and motility of epididymial spermatozoa in 

five Aire-deficient and Aire-sufficient mice (see Results 5.). Though those 

traditional parameters provide only limited information, they are still widely used as 

a first line tool in the assessment of male fertility (deJonge and Barratt, 2006). The 

morphology of spermatozoa seemed to be unaffected by Aire-deficiency. Overall, 

no significant difference in the number of progressive spermatozoa was 

detectable, but two of the five Aire-deficient mice were infertile and showed 

severely diminished numbers of progressive spermatozoa in comparison to their 

Aire-sufficient littermates. Most strikingly, the concentration of spermatozoa in all 

five Aire-deficient mice was reduced on average by almost half compared to their 

Aire-sufficient littermates.

The decline in fertility and spermatozoa concentration might have several causes. 

As discussed in the previous sections, AIRE, based on its structure and function in 

the immune system, might be involved in the promiscuous gene expression in the 

testis. This may permit screening of certain genes for mutations or epigenetic 

errors during a prepubertal checkpoint. Consequently, Aire-deficiency might cause 

a reduction in apoptosis in germ cells of 3-week-old mice but higher rates in 3-month-
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old germ cells, which eventually die more frequently as a result of accumulated 

mutations. The higher apoptotic rates in adult testis might directly influence the 

amount of epididymial spermatozoa. The epididymis is a location not only for 

storage and post-testicular maturation, but also for sperm quality control (Baska et 

al., 2008) (see Introduction 2.1.3). Our study only focused on apoptosis in the testis 

and we didn’t consider an additional sperm quality checkpoint in the epididymis, 

but it is possible that defective spermatozoa in the epididymis, which are a result 

of the non-functional prepubertal checkpoint, are eliminated. This and the higher 

apoptotic values in the testis might be responsible for the low sperm counts 

observed in Aire-deficient mice.

But if the higher mutational load doesn’t trigger apoptosis in the testis or 

nonfunctional spermatozoa ubiquitination in the epididymis, affected spermatozoa 

would survive and might be less competent to fertilize an oocyte. In sub- or 

infertile men, it has been shown that spermatozoa often carry chromosomal and/or 

genetic abnormalities (deJonge and Barratt, 2006). Also, several structural and 

functional abnormalities have been observed including an abnormal capacity to 

achieve capacitation, inability to bind to the zona pellucida and/or undergo 

acrosomal exocytosis (deJonge and Barratt, 2006). Knockout mouse models 

revealed numerous autosomal and X- or Y-chromosomal genes that - if affected - 

cause infertility (Cooke and Saunders, 2002; Matzuk and Lamb 2008). Besides 

mutations, epigenetic errors leading to defective methylation are as well connected 

with subfertility (Ludwig et al., 2005). The hypomethylation of certain imprinted 

genes seems to influence the quantity of spermatozoa, since many affected men 

show moderate to severe oligospermia (Marques et al., 2004). Abnormal genomic 

imprinting and other epigenetic errors might be linked to a lower activity of 

DNMT3L (DNA (cytosine-5) methyltransferase 3-like), which will be discussed in 

more detail in the next section.

In APECED patients, the gonadal dysfunction and reduced fertility might have an 

additional cause. Autoantibodies against proteins of the pituitary gland are a 

common diagnosis. The pituitary gland plays an important role in spermiogenesis 

by releasing the hormones FSH and LH, which act on Sertoli cells and Leydig cells, 

respectively (see Introduction 2.1.4.1). Furthermore, in many patients, 

autoantibodies against 17-α-hydroxylase (P450c17), 21-hydroxylase (P450c21) 

and side-chain cleaving enzyme (P450scc) have been detected, all of which are 

involved in steroid synthesis (see Introduction 1.2.1.2). P450scc and P450c17 play 

important roles in the conversion of cholesterol to testosterone. During the meiotic 
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phase, testosterone acts as a survival factor and inhibits apoptosis; during the 

spermiogenic phase, testosterone controls the detachment of spermatids from 

Sertoli cells (Erkkila et al., 1997; de Kretser, 2007). Lower testosterone levels 

therefore increase apoptosis and lower the number of spermatids. Both might 

contribute to lower sperm numbers resulting in subfertility (de Kretser, 2007). The 

tudor-domain-containing-protein 6 (TDRD6)  has been recently identified as a major 

autoantigen in APECED patients (Bensing et al., 2007). In testis of 3-week-old 

mice, Tdrd6  mRNA is highly abundant and a knockout mouse model revealed a 

block in spermiogenesis, resulting in twice as much apoptosis in Tdrd6-deficient 

mice and subsequent sterility (Vasileva et al., 2009). The function of TDRD6 is still 

elusive, but in humans a connection between AIRE and TDRD6 might help explain 

the observed infertility in APECED patients. However, in Aire-deficient mice, a 

different set of autoantigens exist, and autoantibodies against P450c17, P450c21 

and P450scc have not been detected (see Introduction 1.2.5). No research yet 

investigated TDRD6 autoantibodies in Aire-deficient mice, but a potential link 

between the two proteins might reveal information on AIRE’s influence on 

spermatogenesis and apoptosis.

4. Aire and Dnmt3l

In the last sections we discussed how AIRE potentially could play a role during 

spermatogenesis and how its deficiency influences the apoptotic pattern. Here we 

discuss whether the design of the HD- and LA-Aire-knockout strains has an 

influence on the function of the DNMT3L (DNA (cytosine-5) methyltransferase 3-

like) gene, causing the effects observed in our results. 

In the mouse, the Aire locus is tightly linked and partially overlaps with the Dnmt3l 

gene (see Introduction 1.2.2). Dnmt3l consists of 13 exons, spanning around 13 

kb, and is positioned downstream of Aire, but transcribed in the opposite direction 

from telomere to centromere (Aapola et al., 2000; Deplus et al., 2002; Shovlin et al., 

2007). In mouse testis, different transcripts from different promoters can be found 

(Shovlin et al., 2007). In pre- and neonatal prospermatogonia, as well as in 

embryonic stem cells, a transcript encoding the full-length version with all 13 

exons of Dnmt3l exists. The promoter driving this expression is only 5 kb from the 

Aire promoter. Transcription is highest until day 17.5 pc and declines as 

prospermatogonia mature and ceases as the germ cells progress through the 

proliferative and meiotic phase (Bourc’his and Bestor, 2004; La Salle et al., 2004). 

From pachytene stage onward, an alternative promoter located in intron 9 of the 
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Dnmt3l gene is activated. This promoter produces three short transcripts in 

spermatocytes and spermatids, all of which lack significant open reading frames 

and are unlikely to produce functional proteins. The adult Dnmt3l testis transcripts 

are highly conserved between humans an mice, which suggests that these non-

coding transcripts have important functions (Kleene, 2001). In mouse oocytes, a 

third promoter is active. Located upstream in the beginning of exon 1b and only 

used in the female germline, it is located between exon 3 and 4 of the Aire gene. 

As in prospermatogonia, this transcript produces a full-length protein containing all 

conserved motifs.

The DNMT3L protein belongs to the family of DNA (cytosine-5) methyltransferases 

(DNMTs). This conserved family of proteins plays an important role during 

spermatogenesis by mediating cytosine methylation via transfer of a methyl group 

to the 5-positioned carbon of a cytosine within a CpG dinucleotide (Nakao, 2001; 

Aapola et al., 2004). DNA methylation is important for various processes: 

methylation of CpG sites within promoter sequences of genes almost invariably 

silences transcription (Iguchi-Ariga and Schaffner, 1989). In addition to 

transcriptional control, most transposable elements, which comprise 37% of the 

mouse genome (Deininger et al., 2003), have to be - if not irreversibly deactivated - 

maintained in a predominantly methylated state. Their movement in the genome 

can cause gene activation or inactivation, chromosome breakage, improper 

recombination and genome rearrangement with possible mutagenic outcome 

(Yoder et al., 1997; Deininger et al., 2003). Also, their movement leads to DNA 

double-strand breaks which eventually trigger apoptosis (Haoudi et al., 2004). 

Furthermore, cytosine methylation at differentially methylated regions (DMRs) is 

required for the mono-allelic expression of imprinted genes. Paternally imprinted 

genes are methylated and silenced in male germ cells causing expression from the 

maternal gene locus. Failure to establish or maintain the methylation pattern at 

certain imprinted loci is responsible for a number of human disorders (Paulsen and 

Ferguson-Smith, 2001). So far only three paternally imprinted regions, h19-Igf2, 

Rasgrf and Dlk-Gtl2, have been identified and most imprinted genes undergo de 

novo methylation in oogenesis (Reik and Walter, 2001). X chromosome inactivation, 

in which transcription of genes on one of the two X chromosomes in females is 

silenced as a mean of dosage compensation, also depends on cytosine 

methylation (Panning and Jaenisch, 1998).

Besides DNMT3L, other DNMT family members have been found. All of them have 

important functions during development: DNMT1 is considered to be the major 
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methyltransferase (Bestor et al., 1988) and functions in maintaining existing 

methylation patterns (Stein et al., 1982). Deficiency causes genome wide 

demethylation, biallelic expression of imprinted genes (Li et al., 1993), ectopic X 

chromosome inactivation (Panning and Jaenisch, 1996), reactivation of normally 

silent IAP sequences (Walsh et al., 1998) and increased levels of apoptosis 

resulting in developmental arrest at day 8.5 pc. DNMT2 is the most conserved and 

widely distributed of the cytosine methyltransferases. Knockout mice appear 

normal and the specific function of DNMT2 is so far unknown (Yoder and Bestor, 

1998). DNMT3A and DNMT3B are two de novo methyltransferases and both are 

highly abundant in embryonic stem cells, early embryos and developing germ cells 

(Okano et al., 1999). Dnmt3a-deficient mice die around four weeks of age and 

show defects in spermatogenesis (Okano et al., 1999). Germ-cell specific 

inactivation effects imprinting and disrupting of spermatogenesis (Kaneda et al., 

2004). Dnmt3b-deficiency causes embryonic lethality (Okano et al., 1999), but 

germ-cell specific inactivation does not affect spermatogenesis (Kaneda et al., 

2004). In humans, mutations in DNMT3B cause the ICF syndrome characterized by 

immunodeficiency, centromere instability and facial anomalies (Hansen et al., 

1999). Both proteins, DNMT3A and DNMT3B, interact with DNMT3L (Chedin et al., 

2002; Gowher et al., 2005; Suetake et al., 2006). All show strong homology, but 

DNMT3L lacks crucial catalytic motifs which are responsible for its catalytic 

inactivity (Aapola et al., 2000). DNMT3L is the only methyltransferase specifically 

found in germ cells (Aapola et al., 2000) where it regulates the activity of other 

methyltransferases (Gowher et al., 2005; Suetake et al., 2006) and induces de novo 

methylation by activation or recruitment of DNMT3A2 (Suetake et al., 2006; Ooi et 

al., 2007), a germ cell specific isoform of DNMT3A (Hata et al., 2002). DNMT3L-

mediated methylation is needed for meiotic cells to progress through 

spermatogenesis (Zamudio et al. 2008). If knocked out, male and female mice are 

viable, but infertile (Bourc’his and Bestor, 2004). After birth, the testes appear 

histologically normal but show lower germ cell count (LaSalle et al., 2007). In 

young adult mice, only spermatogonia and leptotene and zygotene spermatocytes 

exist and adult mice are completely azoospermic (Hata et al., 2002; Webster et al., 

2005). The Dnmt3l-deficient leptotene and zygotene spermatocytes show ‘meiotic 

catastrophe’ with failure to form synaptonemal complexes leaving nearly all 

chromosomal regions unpaired or engaged in non-homologous synapsis 

(Bourc’his and Bestor, 2004). As a consequence, the germ cells die by apoptosis 

at the pachytene stage (Webster et al., 2005). The observed meiotic catastrophe is 

most likely caused by failure to methylate retrotransposons, DMRs of imprinted 
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genes and other genomic sequences. Several retrotransposons are unmethylated 

in Dnmt3l-deficient mice (Bourc’his and Bestor, 2004), causing possibly activation 

or inactivation of nearby genes (Gwynn et al., 1998). Paternally imprinted genes, 

like h19 loose DNA methylation (LaSalle et al., 2007) and interspersed repeats are 

hypomethylated (Webster et al., 2005). Furthermore, Dnmt3l-deficient testes show 

downregulation of various gonad-specific and/or sex chromosome linked genes, 

suggesting a role in germ cell specific gene expression via methylation (Hata et al., 

2006). This all might lead to changes in gene expression, unwanted interactions 

between dispersed repeated sequences and single- or double-strand breaks 

produced during replicative retroposition, resulting in ‘meiotic catastrophe’ and 

apoptosis in Dnmt3l-deficient testis (Bourc’his and Bestor, 2004).

The design of the two Aire-knockout mouse models (see Introduction 1.2.5) used 

in our experiments might influence the function of the Dnmt3l gene. Although in the 

male HD- and LA-Aire-deficient mouse models, all exons of the Dnmt3l gene are 

untouched, the regions upstream of the two promoters active in the testis are 

affected. In HD-Aire-deficient mice, exon 2 of the Aire gene was deleted by lox/

cre-mediated recombination. This deletion affects the surrounding intronic 

sequences and therefore a small DNA segment of intron 1 of the oocyte-specific 

Dnmt3l transcript. However, in testis, the prospermatogonia and the three 

spermatocyte and spermatid specific transcripts of Dnmt3l are untouched. In the 

LA-Aire mouse, a neo-cassette was inserted at the beginning of exon 6 leading to 

its targeted disruption. The insertion is approximately 1.7 kb upstream from the 

Dnmt3l oocyte promoter and 6.7 kb upstream from the prospermatogonia 

promoter. In both the HD- and LA-Aire mouse models, the disruption of sequence 

elements upstream of the Dnmt3l promoters could eventually lead to hypomorph 

phenotypes. Neither azoospermia nor ‘meiotic catastrophe’ or any visible 

disturbances in meiosis in 3-month-old HD- and LA-Aire-deficient mice were 

detectable in our studies. Still, our results detected the most significant increase in 

apoptosis in spermatocytes from pachytene stages onward, when compared to 

Aire-sufficient littermates (see Results 3.1). Aire-deficient mice also show 

significantly decreased fertility (see Results 5.). This was as well observed in a 

study with hypomorphic Dnmt3l male mice in which the offspring showed also high 

rates of aneuploidy due to loss of the paternal X or Y chromosome during 

spermatogenesis (Chong et al., 2007). The observed subfertility might also be 

connected to significantly lower sperm counts, as seen in our studies. Abnormal 

methylation in imprinted genes were observed in infertile men with oligospermia 
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(Marques et al., 2004; Kobayashi et al., 2007), suggesting a connection between 

failure of imprinting and infertility (Zamudio et al. 2008). If a hypomorph Dnmt3l 

phenotype influences meiosis, an increase in apoptosis might become only 

apparent during adulthood, and not in Aire-deficient mice at 3-weeks of age. But 

the decline in apoptosis in 3-week-old Aire-deficient mice, as seen in our result, is 

not in agreement with this hypothesis. Still, it cannot be excluded that 

hypomethylation in spermatogonia leads to changes in germ cell specific gene 

expression (Hata et al., 2002) and/or even activation of retrotransposons (La Salle 

et al., 2007). Even in the context of a checkpoint for mutations and epigenetic 

defects during prepuberty, a hypomorph Dnmt3l phenotype could influence the 

expression of silenced checkpoint proteins, debilitating the checkpoint and 

decreasing apoptosis. At 3-months of age, the accumulated mutations, together 

with the impaired meiosis, would cause significantly increased apoptotic values.

Whether AIRE or DNMT3L, or maybe a combined effect of both, are important 

factors for the scheduled wave of apoptosis during the first round of 

spermatogenesis remains open. Future research has to reveal AIRE’s specific role 

during spermatogenesis and whether it functions as a transcriptional activator, 

ubiquitin ligase, as a direct inducer of apoptosis or even has an yet unknown role. 

However, our data suggest the presence of an important checkpoint during 

prepuberty for counterselection of germ cells with mutant genes. The observed 

promiscuous gene expression in the testis, Aire-dependent or not, might be an 

essential part of this checkpoint for quality control, which assures functional 

lifelong spermatogenesis and genomic health of the offspring.
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CHAPTER VI: SUMMARY

The autoimmune regulator (AIRE) protein has been found in medullary epithelial 

cells (mTECs) and monocyte-dendritic cells of the thymus. There it mediates 

expression and presentation of a large variety of proteins, including peripheral 

organ-specific proteins. Self-reactive T cells recognizing the self-antigens are 

deleted during negative selection in the thymus in order to establish central 

tolerance. Furthermore, AIRE has been found in extrathymic AIRE-producing cells 

(eTACs) in peripheral lymphoid organs where it expresses a complementary set of 

antigens, suggesting a role in peripheral deletion of autoreactive T cells.

Found in the testis - another tissue with promiscuous gene expression - AIRE 

protein was determined to be sporadically present only in spermatogonia and 

spermatocytes, and the levels of protein are around three times higher in 3-week-

old mice than in mice of 3-month age. Several genes that are under AIRE control in 

the thymus are not controlled by AIRE in the testis. However, in mice with a 

disrupted Aire gene, the scheduled apoptotic wave during the first round of 

spermatogenesis is reduced, and sporadic apoptosis during adulthood is 

increased. In mice deficient for Rag-1, which excludes an involvement of the 

adaptive immune system, the results are the same. We doubt that the scheduled 

wave of apoptosis has to establish a strict stoichiometry between germ cells and 

Sertoli cells (homeostasis hypothesis) because mismatch-repair-deficient mice 

show a substantial reduction of apoptosis during prepuberty with no obvious effect 

on spermatogenesis later in life. Alternatively, the scheduled wave of apoptosis 

might provide a counterselection mechanism during a prepubertal checkpoint for 

germ cells with mutant genes and/or epigenetic errors (checkpoint hypothesis). 

This second hypothesis provides a link between the scheduled and the sporadic 

apoptotic processes. Reduced apoptosis during prepuberty, as caused by Aire-

deficiency, results in higher apoptotic rates during adulthood because defective 

germ cells were not efficiently counterselected during the early wave of apoptosis 

and therefore apoptose at a higher frequency during adulthood due to the 

accumulation of germ cells carrying disruptive mutations.

Based on its domains, AIRE is a multifunctional protein. The question of whether 

the AIRE protein functions as an transcriptional activator in the testis remains 

open. But regardless of its mode of involvement, the promiscuous gene expression 

in the testis might be an essential part of the proposed prepubertal quality control 
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checkpoint, which assures functional spermatogenesis and genomic health. 

Though AIRE’s direct involvement in apoptosis or in the ubiquitin pathway and its 

influence on fertility need to be investigated in future research programs, the 

results of the research described here suggest several potentially fruitful research 

approaches. 
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CHAPTER VII: ABBREVIATIONS

aa amino acids

ABC avidin-biotin-enzyme complex

Aire autoimmune regulator; mus musculus gene

AIRE autoimmune regulator; homo sapiens gene

AIRE autoimmune regulator; mus musculus, homo sapiens protein

Apaf-1 apoptosis-procaspase-activating-factor-1

APC antigen presenting cell

APECED autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy

APS-1 autoimmune polyendocrine syndrome type-1

B cells B lymphocyte

BSA bovine serum albumin

CARD caspase recruitment domain

CD cytoplasmatic domain

CREB CRE-binding protein

cTEC cortical thymic epithelial cell

DAB 3,3’-diaminobenzidine

DC dendritic cell

Dnmt3l DNA methyltransferase 3-like; mus musculus gene

DNMT3L DNA methyltransferase 3-like; homo sapiens gene

DNMT3L DNA methyltransferase 3-like; mus musculus, homo sapiens protein

dNTP deoxyribonucleotide triphosphates

eTAC extrathymic Aire-producing cell

ES cell embryonic stem cell

FBS fetal bovine serum

fwd forward

GAD glutamic acid decarboxylase

GFP green fluorescent protein

H3K4me0 histone H3 non-methylated at lysine 4

ABBREVIATIONS
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HD-Aire knockout Aire-knockout mouse model made by Anderson et al., 2002

H&E hematoxylin and eosin

HLA human leukocyte antigen

HRP horseradish peroxidase

HSR homogeneously staining region

IDDM insulin-dependent diabetes mellitus

Ig immunoglobulin

IHC immunohistochemistry

IL interleukin

IRBP interphotoreceptor retinoid binding protein

ko knockout

LA-Aire knockout Aire-knockout mouse model made by Ramsey et al., 2002

MEM minimal essential medium

MHC major histocompatibility complex

mTEC medullary thymic epithelial cell

NLS nuclear localization signal

OMIM online mendelian inheritance in men

PBS phosphate buffered saline

PCR polymerase chain reaction

pGE promiscuous gene expression

PHD plant homeodomain

POD peroxidase

PRR proline-rich-region

PTA peripheral-tissue antigens

P-TEFb positive transcription elongation factor b

Rag-1 recombination activating gene-1; mus musculus gene

RAG-1 recombination activating gene-1; mus musculus, homo sapiens protein

rev reverse

rpm rounds per minute

SAND SP100, Aire-1, NucP41/P75, DEAF-1 domain
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Sp100 speckled protein 100 kDa

StDev standard deviation

TA annealing temperature

TBA tris-borate-EDTA buffer

T cell T lymphocyte, thymocyte

TCR T cell receptor

TDT terminal deoxynucleotidyl transferase

TE Tris-HCl/EDTA buffer

TH T-helper cell

TM melting temperature

TRA tissue-restricted antigens

Treg regulatory T cells

p percentile

wt wild-type
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